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Editorial

The increasing use of chromatographic methods in the biomedical field
has resulted in such a growth in the number of manuscripts submitted to
the Biomedical Applications Section of the Journal of Chromatography,
that within the past seven years the number of papers published per year
has increased by a factor of six. It is clear that it would be impossible for
the Editorial Board members alone to evaluate all the manuscripts submitted
and to review them from the viewpoint of the highly specialised topics in
volved. In order, therefore, to maintain the traditionally high standard of
the papers appearing, it has been necessary to constitute an unofficial body
of specialist referees. After seven years of cooperation we would like to ex
press our deep gratitude to these coworkers for their efficient and generous
help without which it would not be possible either to increase the quality
of the papers published or to keep the publication time reasonably short.
In this context our gratitude is particularly due to the following specialists:
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P. Haefelfinger (Basel)
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J.G. Hamilton (Nutley, NJ)
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N.C. Jain (Downey, CA)
J.B. Justice (Atlanta, GA)
P.M. Kabra (San Francisco, CA)
T. Kawasaki (Hiroshima)
C. Kazakoff (Saskatoon)
J.J. Kirkland (Wilmington, DE)
P.T. Kissinger (West Lafayette, IN)
W.G. Kramer (Houston, TX)
A.M. Krstulovic (Purchase, NY)
N. Kucharczyk (Cranbury, NJ)
C.K. Lim (Harrow)
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P. Mares (Prague)
E.B. Mawer (Manchester)
C. Michalec (Prague)
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CHROMBIO.1901

PREPARATION OF PENTAFLUOROBENZYL ESTERS OF ARACHIDONIC
ACID LIPOXYGENASE METABOLITES

ANALYSIS BY GAS CHROMATOGRAPHY AND NEGATIVE-ION
CHEMICAL IONIZATION MASS SPECTROMETRY*

ROBERT J. STRIFE and ROBERT C. MURPHY*

Department ofPharmacology, University of Colorado Medical School, Denver, CO 80262
(U.S.A.)

(First received May 16th, 1983; revised manuscript received August 16th, 1983)

SUMMARY

5-Hydroxyeicosatetraenoic acid (5-HETE) and leukotriene B. have recently been shown
to possess potent chemotactic and chemokinetic properties. Because of the very low concen
trations found in certain biological systems, negative-ion chemical ionization mass
spectrometry has been investigated as a potential assay method for detecting these
compounds. A facile derivatization to form the pentafluorobenzyl esters, and clean up are
reported for these compounds at the 15-ng level. Gas chromatographic properties, negative
ion chemical ionization mass spectra, and positive-ion electron impact spectra are reported
for the pentafluorobenzyl ester, trimethylsilyl ether derivatives of 5-HETE and leukotriene
B. isomers.

INTRODUCTION

The metabolism of arachidonic acid by lipoxygenase pathways has been
appreciated for several years [1]; however, the description of the
5-lipoxygenase pathway, which in certain cells leads to the leukotrienes, has
provided further insight into the complex biochemical events mediated by
arachidonic acid metabolites [2]. The recent description of the potent
chemotactic and chemokinetic properties of 5-hydroxyeicosatetraenoic acid
(5-HETE) [3] and leukotriene B4 (LTB4 ) towards the polymorphonuclear
leukocyte [4] has resulted in considerable interest in detecting and measuring

*Presented in part at the 31st annual meeting of the American Society for Mass
Spectrometry and Allied Topics, Boston, MA, 1983.

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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The extent of derivatization of [3H] 12-HETE (15 ng carrier) was further
evaluated by thin-layer chromatographic (TLC) separation of the combined
methylene chloride and 5% ethyl acetate eluates (Table I) using hexane
ethyl acetate-acetic acid (1:1:0.05) as developing solvent. The ~6-trans-LTB4

esters were isolated by further step elution of the Silicar CC-4 column with
2 ml each of 10%, 20% and 30% ethyl acetate in methylene chloride.
Trimethylsilylation was carried out by reaction of the dried eluates with 50 Ml
of bis(trimethylsilyl)trifluoroacetamide-acetonitrile (1:1) at 60°C for 15 min.

RESULTS

After derivatization of the mixture of C19-e23 straight-chain fatty acids with
PFB bromide at elevated temperatures (40° C) by the method of Blair et al.
[12], a brown, viscous residue was always obtained. When the fatty acid
mixture was derivatized with PFB bromide in acetonitrile at room temperature
for 10 min, no such residue was obtained. The extent of the derivatization
under these mild conditions was evaluated by subsequent methylation of any
remaining free fatty acids before GC analysis. As seen in Fig. 1, the room
temperature derivatization of the fatty acids was approximately 90% complete
after 2 min. In data not shown, room temperature derivatization for 10 min
resulted in greater than 95% conversion of the PFB esters.

The room temperature derivatization condition and use of diisopropyl
ethylamine was evaluated for PFB ester formation of hydroxyeicosanoids.

c~
c~

c~

UJ
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o
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CfJ
UJ
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a:
o
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()
UJ
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Cl

i I

5 10
RETENTION TIME (MIN)

Fig. 1. Capillary gas chromatogram of methyl (M) and pentafluorobenzyl (B) esters, after
reaction of straight-chain free fatty acids (5 ,ug) with PFB bromide, 2 min at room tempera
ture, followed by diazomethane treatment. Column 30 m, DB-!, flame ionization detector,
temperature program 220°C up at gOC/min. Carrier gas helium at approximately 1.5 ml/min
at'200°C (0.5% of sample on column).
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radioactivity from the CC-4 column. When microgram amounts were
derivatized, quantitation by UV spectroscopy (Amax 270 nm, € 50,000) gave
identical results for derivatization and recovery. The GC retention
characteristics of these compounds are summarized in Table II.

Mass spectrometry
Fig. 3 is the positive-ion EI spectrum of the PFB derivative of tricosanoic

acid. A molecular ion of low abundance was typically seen for all these straight
chain esters (Fig. 3, m/z 534). The most abundant ion in all cases under EI
conditions was m/z 181 corresponding to a PFB cation, possibly expanded to a
tropylium structure. All straight-chain fatty acids studied had two ions at high
mass due to the loss of C7H zF 5 and a further loss of water from the carboxyl
cation. This was confirmed by high-resolution MS of PFB-tricosanoic acid
(Fig. 3). A series of hydrocarbon ions (m/z 43, 57,71,85 and 97) constituted the
major ion current under EI conditions.

The positive-ion EI mass spectra of the TMS ether, PFB ester of 5-HETE
and A 6-trans-LTB4 are summarized in Table III. The most abundant ions
observed from these molecules (m/z 73 and 181) corresponded to the moieties
introduced by derivatization, rather than being structurally characteristic for

100
181

~
185 181

" rr-OfCH,QF
43 71 0 F f

3S3

335~ MW 534

71

57

43

I,."" "

>
t
u;
Z
ill
t-
~

.J
ill
cr:

l

q5

1 3~53
.' lu~\'i\Ul ..II ,J.iJJj,I.II.ll-''r-L ~l~L---~-'-~~L-~~""
1 0 2bo 3'00 4UO 500

M/Z

Fig. 3. Positive-ion EI (70 eV) mass spectrum of PFB tricosanoate.

TABLE III

SIGNIFICANT IONS IN THE POSITIVE ION EI MASS SPECTRA (70 eV) OF 5-HETE
AND /l6-TRANS-LTB. AS THE TMS ETHER PFB ESTER

5-HETE

/l6-Trans-LTB.

572(1),482(1),421(7),369(3),305(8),215(4), 190(8), 181(42),
150(20),129(16),117(13),105(17),91(20),81(32), 79(34), 75(50),
73(100)

645(1),549(13),459(12),433(3),407(2),395(7), 369(12), 283(4),
217(21),191(16),181(41),171(5),167(5),129(65), 103(7), 91(5),
75(35),73(100)



the eicosanoid. However the 5-HETE-PFB, TMS did yield molecular ions and
ions from the loss of trimethylsilanol (M-90) in low abundance. Information
concerning the position of the hydroxyl substitution on the arachidonic acid
backbone is provided by two ions resulting from a-cleavage to the trimethyl
silyl ether moiety. In 5-HETE these ions are seen at m/z 305 and 369; in .6. 6_

trans-LTB4 similar fragmentations are observed at m/z 549 and 369. The origins
of the abundant ions at m/z 129 and 217 have been previously described [13].

Negative-ion CI mass spectra of each of the PFB esters in this study yielded
abundant ions due to the loss of the PFB radical to give a stabilized carboxylate
anion. Fig. 4 shows the negative-ion CI mass spectrum of the derivatized
tricosanoic acid. This loss is characteristic for all molecules studied thus far
[11, 12, 14]. The TMS ether, PFB ester derivative of 5-HETE (Fig. 5) and
12-HETE (data not shown) also yielded an abundant ion for further loss of
the elements of trimethylsilanol (90 daltons) to produce m/z 301. The
negative-ion CI mass spectra of 5- and 12-monohydroxyeicosanoids were
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Fig. 4. Negative-ion CI (CH4 ) mass spectrum of PFB tricosanoate.
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Fig. 5. Negative-ion CI (CH4 ) mass spectrum of 5-HETE, PFB ester, TMS ether.
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Fig. 6. Negative-ion CI (CH.) mass spectrum of A6-trans-LTB., PFB ester, di-TMS ether.

essentially indistinguishable from each other and these compounds had
identical GC retention times.

The derivatized ~6-trans-LTB4 fragmented under CI conditions to yield the
negative-ion mass spectrum in Fig. 6. The most abundant ion corresponded to
loss of the PFB radical moiety and formation of the carboxylate anion (m/z
479). Two sequential losses of trimethylsilanol yielded the next most abundant
ions (m/z 389 and 299). In all molecules studied the ion currents carried by
the carboxylate anion (M-181) were quite high being 75%, 43%, and 29%
of the total ionization for the fatty acids, mono- and dihydroxyeicosanoids,
respectively. Negative-ion production under CI conditions was approximately
20% greater than positive-ion production optimized for electron impact. Com
paring the abundance of structurally significant ions at high mass (e.g. m/z 369
from Table III and m/z 391 from Fig. 5 for derivatized 5-HETE) and their
percentages of total ionization suggests that a 130-fold increase in sensitivity
can be achieved by utilizing negative-ion CI of these derivatives.

DISCUSSION

The previous procedures for the derivatization of carboxylic acids with PFB
bromide have employed relatively high temperatures and long reaction times
[12,14]. As a consequence, substantial residues (often yellow-brown) from the
reagents themselves are encountered which to some extent limit the total
quantity which can be injected onto the gas chromatograph. Many different
conditions have been used to effect this esterification [12, 14, 15-21].
Kawahara [15, 16] was perhaps the first to use this derivative for analytical
purposes to enhance the measurement of mercaptans, phenols and acids by GC
with electron-capture detection (ECD). However, it was not until 1973 that
Wickramasinghe and co-workers [17, 18] reported useful conditions for
utilizing this derivative to analyze nanogram amounts of prostaglandins. In a
systematic' fashion, optimal conditions were evolved for prostaglandin F2", to
maximize signal while minimizing background in GC-ECD analysis. Waddell
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et al. [14] have recently reported reaction times as long as 30 min at 40°C
and at large excess of catalytic amine. The esterification yield obtained under
the various conditions at the nanogram level has not been clearly established in
any of these reports. In general, 15% at most of the final derivatized sample
[2, 4] and as little as 0.1% [3], is actual,ly introduced into the analytical
system. In cases where a substantial amount of analyte is isolated, total sample
introduction is not important. However, when the amount of isolable material
is small, as with leukotrienes which are present in physiological solutions, it
becomes important to introduce as much of the biological extract as possible,
when the signal measured is not background limited.

We do not feel that the less than quantitative recovery of these derivatives is
due to loss of radioactive impurities. Labelled starting materials were analyzed
by HPLC and TLC. The average recoveries of 80% and greater for the various
derivatized products were quite suitable in light of the small quantities being
handled. LTB4 and its isomers are also susceptible to oxidative destruction,
some of the loss may result from this.

The EI mass spectra of· the PFB ester, TMS ethers of the eicosanoids are
typified by abundant ion currents corresponding to the TMS (mlz 73) and PFB
(mlz 181) moieties. Much less abundant but structurally significant ions were
present at high mass, and the position of the hydroxyl group was suggested by
ions due to a-cleavage of the TMS ether moiety.

Negative-ion CI mass spectra of the TMS ether, PFB ester derivatives of
eicosanoids are typified by the large ion currents carried mainly by the
resonance stabilized carboxylate anion [11, 12, 14]. The abundance of this
ion was striking. Under negative-ion CI with other perfluoronated derivatives
such as those containing perfluoroalkyl moieties, the majority of the ion
current is carried by small fragments from the derivatizing moiety. One possible
explanation of this phenomenon is that the PFB anion is not as stable as the
carboxylate anion. The stability of the benzyl cation in positive-ion MS has
been widely appreciated. Indeed there have been numerous studies of the gas
phase structure of this species and its rearrangement to the more stable
tropylium cation. In contrast, the number of 1T electrons in a tropylium anion
would not fit the (4n + 2) 1T electron rule and it would also be anti-aromatic
[22]. Benzyl anions are not stabilized by such structures. In part this may
provide a rationale for the absence of such a species in these mass spectra.
Nevertheless, the structurally significant carboxylate anions are produced in
high yield with little subsequent fragmentation, which should enable sensitive
detection and quantitation of mono- and dihydroxyeicosanoids using stable
isotope dilution and GC-MS techniques.
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SUMMARY

Computer-aided optimization of a mobile phase haS been applied to the isocratic reversed
phase separation of ten polar adrenocortical steroids, including aldosterone and reduced
metabolites of cortisol and cortisone. A method based on a seven-step procedure for calcula
tion of the Chromatographic Optimization Function (COF) has been used. Logarithmically
transformed retention indices were used for computing multiple polynomial regressions for
the retention times of compounds as a function of solvent composition, with the resultant
COF as a dependent parameter used for selection of the better mobile phase. Peak cross
overs and overlaps are accommodated in this method and the maximum acceptable analysis
time factor is incorporated as well as weighting factors for priority separations. The utility
of this procedure for complex mixtures of closely eluting compounds is discussed with
respect to the Overlapping Resolution Map method and with the COF method of Glajch
and Kirkland as used for automated optimization. Its application to aldosterone-containing
samples from human adrenocortical tumours is illustrated.

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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required, aliquots were thawed and extracted as described previously [4]
except that ethyl acetate rather than dichloromethane was used, because
of the polarities of the compounds involved. For identification of cortisol
metabolites, fresh cell suspensions were incubated with [3H-l,2,6,7] cortisol
(5 ~Ci, special activity 90 Ci/mmol, Amersham International, U.K.) for 24 h.

Separations were carried out isocratically on 150 X 5 mm LD. or 250 X 5
mm I.D. stainless-steel columns slurry packed with ODS-Hypersil (Shandon
Southern, Runcorn, U.K.). Chromatographic conditions were controlled using
a Spectraphysics SP8000 chromatograph and steroids were eluted at a solvent
flow-rate of 1 ml/min at 45°C and detected with a Schoeffel FS770 variable
wavelength spectrophotometer at 240 nm. Organic solvents were obtained from
Rathburn Chemicals (Walkerburn, U.K.) and single glass-distilled water was
prepared from Milli-Q low-conductivity feedstock. Computations were carried
out with an 8K microcomputer (Commodore PET series 2001).

RESULTS AND DISCUSSION

In a preliminary study we examined the feasibility of separating all the
steroids in Table I using reversed-phase HPLC with various binary mobile
phases. Their retention times were established with four such systems based on
different organic solvents compatible with UV detection of 4-en-3-one steroids
(240 nm). A maximum-coverage end-capped Cls-type packing (O:pS-Hypersil)
was used. The binary mixtures consisted respectively of 35% methanol, 20%
dioxane; 20% acetonitrile, and 12% tetrahydrofuran in water. These organic
modifier concentrations were selected because they were of approximately
equal solvent strengths in respect of the range of compounds studied giving
retention times of 19 ± 1 min for the first steroid eluted, 17-iso-aldosterone
using a 25-cm column (Fig. 1). Under the isocratic conditions used this solvent
strength was empirically deemed the best practical compromise between resolu
tion and analysis tim~, and did not signific~tly impair the accuracy or sensitiv
ity of determinations of cortisol, the least polar compound under investigation,
and a major component of adrenal tissue samples. However, none of these
binary systems afforded a satisfactory separation of aldosterone and 180H-B
and all of the other polar steroids. Examples of incompletely resolved or co
chromatographing compounds were observed in each case (Fig. 1).

The primary requirement was to separate and measure aldosterone without
interference from other, unrelated, steroids (Table I) together with the resolu
tion of the 18-hydroxysteroid congeners of aldosterone, 180H-B and 180H-A.
These objectives, and the cross-overs noted on the different binary systems
(Fig. 1), dictated the approach that was taken to computer-aided optimization
of the mobile phase.

Most of the strategies for optimization of solvent composition in HPLC are
based on a formula [11] which defines the three independent factors that affect
resolution, viz. selectivity, efficiency and retention:

R s = 1/4 (a-l)·y'N"-k'/(k'+I) (1)

where R s = resolution factor, N = plate number, k' = solute capacity factor, and
a =selectivity factor (k 2 /k l ).
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Fig. 2. Simplex design for ternary solveat optimization. This is the seven-point method used
by Glajch et al. [9] modified from the ten-point design described by Snee [15].

of the Chromatographic Response Function (CRF) [12]. Unlike the latter it
includes a weighting factor for pairs of interest [10]. The COF is calculated on
the basis of the formula:

k R.
COF = 6 Ai In -._I + B (trn - tz)

i=1 Rid
(2)

where Ri = resolution between ith pair, Rid = desired resolution between that
pair, tz = actual time of analysis, trn = maximum acceptable analysis time, and
Ai and B are arbitrary weighting factors (A may be different for each pair).
If Ri > Rid then Rj = Rid; if tz < trn then tz = trn .

Glajch's procedure [9] calculates the COF for each of the seven chromato
grams defined in Fig. 2 and derives the best polynomial regression for the four
variables, Le. COF and the amounts of the three solvents. The method was
originally designed to optimize the mobile phase without specific identification
of individual peaks and is suited for application to a completely automated
system. If, however, there is a cross-over or an overlap between any of the
peaks, a more complex procedure than that originally described is required [9].
The extension of the method to accommodate cross-overs was deemed
cumbersome by Glajch etal. [9] and a procedure based on resolution contour
maps for each pair of compounds was, therefore, devised by these workers.

The ORM system [9,10] is based on a graphical representation of the
expected overlap between every pair of peaks with four-solvent mobile phases.
It is again derived from data generated by the seven experiments denoted in
Fig. 2 and is expressed in the form of domains (solvent selectivity areas) super
imposed one upon another within the bi-dimensional space triangle (Fig. 2)
defined by the three limiting binary compositions. (Such limiting mixtures are
sometimes referred to as pseudocomponents, here they can be termed pseudo
solvents.) The ORM can accommodate peak cross-overs and it was considered a
significant improvement over the original COF method by Glajch et al. [9].
However, the resulting map only defines the limits of an area corresponding
to a range of mobile phases which result in no overlapping, Le. resolution of
all the peaks under consideration; thus, in the original published form [9]-
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it does not generate a truly unique optimized solution, although recent modifi
cations encompassed in the SENTINEL (DuPont) procedure have rectified this
problem. The total analysis time on the other hand is only optimized in the
sense that a maximum value is determined by the overall solvent strength
selected, and there is no further systematic, interactive optimization of analysis
time. The major disadvantage of the ORM is that if it is applied to a large
number of compounds with similar retention times it is probable that a
complete solution will not result and the overlay intersection of all the solvent
selectivity areas will completely cover the overlapping resolution map. In such
cases a partial solution can sometimes be obtained by excluding solvent-selec
tivity areas corresponding to pairs of minor importance. In the present study,
however, application of the original ORM method to all ten compounds (Table
I) necessitated exclusion of the major compound of interest, aldosterone, in
order to generate a solution because priority weighting factors are not available
with this technique, or with SENTINEL. An alternative procedure based on a
modification of the COF method was, therefore, chosen, with retention data
from the seven chromatograms defined in Fig. 2.

In order to minimize bias to the statistical calculations various transforma
tions of the absolute retention values were calculated and their effects on the
multiple polynomia,l regressions examined. Transformations studied included
the relative retention time (RTn/RTo) in respect of an internal standard, the
logarithm of the absolute retention time and the relative logarithm of retention
times (In RTn/ln RTo). 17-Iso-aldosterone was used as the internal standard
for calculation of relative retention times and their logarithmic transformations
because it showed no cross-overs with other steroids, and a similar retention
time with each of the binary systems (Fig. 1). The relative logarithm of
retention times gave a ten-fold reduction in the probability of deviation from
the calculated regression line when compared with absolute retention values,
and was also an improvement on linear retention indices; it was therefore used
in all subsequent calculations.

Glajch et al. [9] use a statistical procedure in which the COF is a dependent
variable of solvent composition of the mobile phase (solvents A, B, C vs. COF).
In reality, however, it is the relationship between retention times and solvent
composition that reflects the real chromatographic situation. We have, there
fore, calculated all the relative logarithmically transformed retention times, as a
function of solvent composition (solvents A, B, C vs. In RTo/ln RTn). To
obtain this result we do not calculate a single polynomial, as in Glajch's proce
dure [9], but derive instead a separate polynomial regression for the loga
rithmic retention index of each compound in relation to the internal standard
(17-iso-aldosterone). Multiple polynomial regressions (6th degree incomplete)
are derived by our program without preselection of the form of the equation.
In this case the COF is simply a dependent parameter of the relative retention
times calculated according to eqn. 2, and its values used solely to select the
better composition. In our first attempt to define an optimized four-solvent
mobile phase, appropriately transformed retention data were used from the
seven basic chromatograms generated with methanol, dioxane, acetonitrile and
water. This combination of solvents, however, did not generate a satisfactory
solution to the chromatographic problem when the optimized mobile phase





cross-overs, to which the original COF method of Glajch et al. [9] (as distinct
from their ORM procedure) can also be applied. Thus, values of p < 0.01 were
obtained for solvents (A, B, C) vs. In RTo/ln RTn compared with p = 0.05 for
solvents (A, B, C) vs. COF. Furthermore, this method will cope with overlaps
and cross-overs, unlike, for example, the CRF-based method of Berridge for
unattended optimization [13].

Despite observed differences between dioxane-water, methanol-water and
acetonitrile--water binary mixtures (Fig. 1), the failure of the computed
ternary system for these particular solvents is not altogether surprising. Better
resolution is to be expected when the three organic solvents that are selected
are well separated in respect of their proton acceptor, proton donor and
dipole interaction parameters [14]. Dioxane and acetonitrile both belong to
Group VI as defined by Snyder [14], methanol to group II and tetrahydro
furan to group III. These considerations have been extensively discussed by
Glajch et al. [9].

A second set of experiments was therefore carried out to provide the data
for optimizing the mobile phase in respect of methanol, tetrahydrofuran,
acetonitrile and water, as illustrated in Fig. 2. These three organic modifiers
are well separated in terms of their solubility parameters and have been recom
mended as generally preferred solvents for reversed-phase ternary systems [10].
Results are shown in Fig. 3, and the initial values of COF calculated therefrom
in Table II. The desired resolution (Rid) was set at 1 min and a maximum
analysis time (trn) of 22 min was chosen (see eqn. 2), based on the performance
of the columns used in these experiments. The goodness of fit of the model was
controlled by the F-ratio, as discussed by Snee [15], calculated for each com
pound prior to the insertion of the weighting factors and computation of the
optimized mobile phase yielding the maximum COF value. This was done by
sequential calculation of the COF for all possible combinations, initially at 4%
steps in pseudosolvents A, Band C (Fig. 2) followed by 1% steps, once
appropriate weighting factors had been defined, and their effects on the
predicted separations determined.

The optimum calculated mobile phase under these conditions was
methanol-tetrahydrofuran-water (22.4: 4.3: 73.3) corresponding to pseudo-

TABLE II

VALUES OF COF IN SEVEN BASIC CHROMATOGRAMS DENOTED BY FIG. 2 FOR
STEROIDS IN TABLE I, RESULTS OF WHICH ARE ILLUSTRATED IN FIG. 3

Chromatogram

1
2
3
4
5
6
7

COF*

-11.26
-4.59
-8.77
-6.67
-6.49
-1.92
-3.88

*Computed with weighting factor A set at 1 for all compounds, a desired separation factor
of 1 min and a maximum analysis time of 22 min (see eqn. 2); weighting factor B was 0.1.
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sponding to the three-component methanol tetrahydrofuran water mixtures
on either side of the optimum conditions have been plotted in Fig. 4. They
demonstrate the capability of the program to control the predicted retentions
in a systematic manner as well as illustrating the manner in which the
optimized separation differs from its neighbours.

As a final test of its utility, the optimized ternary mobile phase was applied
to an aldosterone-containing sample from a human adrenocortical tumour. The
results are illustrated in Fig. 5 and demonstrate the solution to our original
problem, viz., the separation of aldosterone and 180H-B from UV-absorbing
metabolites of cortisol and cortisone.

This separation is not, of course, necessarily the best obtainable under any
isocratic conditions, but simply the best in relation to the original choice of
solvents comprising the mobile phase and the choice of the ratio between water
and each organic solvent that defines the mobile phase at 1, 2 and 3 in Fig. 2,
i.e. pseudosolvents A, Band C. The range of potential solvent mixtures
explored in this study can best be visualized as a plane intersecting a pyramid
(Fig. 6). The results obtained do not, therefore, rule out a better isocratic
solution with a different choice of A, Band C, particularly as the addition of
an organic solvent to water may change its bulk properties with effects on
retention that are not intuitively obvious [9].

To select a completely optimized isocratic mobile phase without preselection
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Fig. 6. Three-dimensional representation of the range of mobile-phase mixtures available
with four solvents. The conditions searched by computer-aided statistical methods in the
present study correspond to a plane intersecting the tetrahedron, as illustrated.

Fig. 7. Statistical design for searching the complete range of mobile phases afforded by four
solvents. The numbers indicate individual mobile phases for which retention data for all
compounds must be generated. In isocratic reversed-phase separations, some water-rich and
water-poor phases can be eliminated; a twelve-point search design is then required to control
the behaviour of compounds within the mobile-phase conditions represented by the
resultant truncated pyramid.
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of enhanced preCiSIOn in prediction of retention times compared with the
ORM-based seven-step, isoselective multisolvent gradient elution procedure
(IMGE) and the semi-empirical step-selective multisolvent gradient elution
(SMGE) procedure developed by Kirkland and Glajch [18,19]. Ultimately,
a fully systematic procedure for multisolvent gradient elution (Le. without
constraints on the relative proportions of the different organic modifiers
and water) should be possible.
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SUMMARY

Concomitant measurement of monoamine neurotransmitter turnover in discrete rat brain
areas with the use of radiolabeled amino acid precursors permits simultaneous evaluation of
interacting transmitter systems. [3H]Tyrosine and [3H]tryptophan were administered via
indwelling catheters to unrestrained rats. Content and specific activity of norepinephrine,
dopamine, 5-hydroxytryptamine, and the metabolites dihydroxyphenylacetic acid, homo
vanillic acid, and 5-hydroxyindoleacetic acid in addition to tyrosine and tryptophan were
quantified by liquid chromatography with electrochemical detection and liquid scintillation
counting. The method employs a simple extraction procedure without prior cleanup for
chromatography. Neurotransmitter turnover rates that incorporated tyrosine- or tryptophan
specific activities were found to be two to four times greater than those that did not include
them.

INTRODUCTION

Recent efforts to correlate behavioral observations in rodents with neuro
chemical findings have been most successful when data have been evaluated in
terms of central nervous system (CNS) neurotransmitter interactions and
relatively simple neuronal circuits [1-5]. In many instances these interactions
have involved the monoamine neurotransmitters norepinephrine (NE),
dopamine (DA), and 5-hydroxytryptamine (5-HT). Behavioral, neurochemical,

·*Present address: Department of Pharmacology, Texas College of Osteopathic Medicine,
Camp Bowie at Montgomery, Fort Worth, TX 76107, U.S.A.
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and anatomical evidence support the view of the existence of functional
interactions between neuronal elements of the monoamines. For example,
considerable evidence has accumulated that 5-HT neurons provide inhibitory
influences to dopaminergic neuronal activity [1, 6, 7]. The function of these
biogenic amines depends closely on their distribution in particular brain areas.
Therefore, evaluation of specific neurotransmitter roles requires their
assessment in discrete neuroanatomical regions or specific nuclei.

It is not surprising that methods for the determination of monoamines in
brain have been the focus of many investigators for a number of years. Several
analytical methods for their separation, detection, and quantitation have been
employed. Spectrophotofluorometric procedures have been widely used to
assay the biogenic amines [8, -9], but require either the isolation of each
individual compound or the use of compound-specific methods of fluorescence
development and in some instances lack adequate sensitivity. For these reasons
fluorometry has not proven conducive to the simultaneous estimate of a large
number of compounds. Gas chromatography-mass spectrometry while offering
identification of compounds with excellent selectivity and limits of detection
requires equipment that is not routinely available and utilizes relatively
complex derivatization techniques [10, 11]. Radioenzymatic methods rely on
enzymatic labeling of the catechol or indole nucleus with subsequent isolation
followed by counting of radioactivity L12, 13]. This methodology, although
highly sensitive, requires multiple-sample handling steps, considerable technical
skill, and does not permit the simultaneous measurement of the precursors and
metabolites of the biogenic amines under study.

TABLE I

MAJOR PUBLISHED REPORTS OF METHODS MEASURING BIOGENIC AMINE
NEUROTRANSMITTERS, PRECURSORS, AND METABOLITES IN BRAIN

Compounds analyzed

Single compounds
NE
5-HT
MHPG

Catecholamines/metabolites
EPI, NE, DA
NE,DA
DA and metabolites
NE, DA and metabolites

Indoleamine/metabolites
5-HT and metabolites
5-HT and metabolites + TRP

Multiple neurotransmitters/metabolites/precursors
DOPA,5-HTP
DA,5-HT
NE, DA, 5-HT
MHPG, DOPAC, HVA, 5-HIAA
DA, 5-HT and metabolites
NE, DA, 5-HT and metabolites
NE, DA, 5-HT and metabolites + TRP
NE, DA, 5-HT and metabolites + TYR, TRP
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19

20
21-25
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EXPERIMENTAL

Animals
The male Long-Evans hooded rats (450-500 g) used in this work were

progeny of rats originally obtained from Charles River (Wilmington, MA,
U.S.A.) and bred in-house. The animals were housed in stainless-steel wire
cages within a temperature (22 ± ICC), light (12:12 cycle commencing at 07.00
hours), and humidity (50%) controlled environment ventilated with filtered air.
NIH-07 laboratory chow (Ziegler Bros., Gardners, PA, U.S.A.) and distilled
water were provided ad libitum.

Surgical preparation of animals
Administration of the radiolabeled precursor amino acids TYR and TRP was

via a chronic indwelling jugular catheter. Application of the tracer dose in this
manner requires no anesthesia and avoids stress, both of which influence
neuronal activity, while enhancing the precision of the administered doses as
compared to manual restraint and intravenous injection. Animals were surgical
ly implanted with catheters as described originally by Weeks [60] and modified
by Lane et al. [61]. Briefly, the animals were anesthetized with pentobarbital,
an opening made on the ventral neck, and a small polyvinyl chloride
catheter (Tygon@ , 0.01 in. I.D.) inserted into the external facial vein and run
approximately 25 mm toward the heart. The catheter was anchored with
surgical silk and run under the skin to a point above the scapula where it exited
through a small polyethylene harness. The catheter was filled with heparinized
saline and enclosed in a small brass shimstock box attached to the harness. At
least ten days were allowed for the animals to recover from the surgery and
become accustomed to the cannula harness attached to their backs. Function
of the catheter was checked by injection of thiopental 2-3 days before
sacrifice.

Precursor injection
On the day of sacrifice L[3H] 2,6-TYR (specific activity, 30 Cijmmol) and

L[3H(G)] tryptophan (specific activity, 4.5 Cijmmol) (New England Nuclear,
Boston, MA, U.S.A.) were dried under a stream of nitrogen and redissolved in
saline so that 100 J.d of the mixture contained 1.0 mCi of [3H] TYR and 0.5
mCi of [3H] TRP. Animals were injected with 100 Jll of the mixture (33 and
110 nmol of amino acid, respectively) between 09.00 and 11.00 hours and
were decapitated either 60, 90, 120, or 180 min later (n = 3 to 4 animals per
time point).

Tissue dissection and extraction
Brains were quickly removed, rinsed in isotonic saline (40 C), and dissected

on ice essentially according to the method of Heffner et al. [62] using a
modified slicing apparatus. Brain regions were quickly frozen on dry ice,
weighed, and stored at -700 C until extraction.

Individual brain regions were homogenized in' ground-glass tissue grinders
(1.0 ml volume; Radnoti Glass Technology, Monrovia, CA, U.S.A.; 10 ml
volume; Kontes, Evanston, IL, U.S.A.) and extracted essentially according to
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Co et al. [45] with 25 volumes of ice-cold 1.0 M formic acid-acetone (15:85,
v/v) containing epinine (N-methyldopamine) as internal standard. Aliquots
(300 pI) were taken from each homogenate and centrifuged at 1000 g for 10
min at 4°C (Sorvall RC2-B, DuPont Instruments, Newtown, CT, U.S.A.).
Supernatants were extracted with 1.0 ml cold heptane--chloroform (8:1, v/v),
the organic layer discarded, and the aqueous layer dried under nitrogen and
stored at -20°C until analysis « 1 week). Samples were thawed and
redissolved in mobile phase (see below) prior to injection of 20 pI into the
liquid chromatograph.

Apparatus
The chromatographic system consisted of a 25 em X 4.6 mm I.D. Biophase

ODS 5-pm Ci8 column (Bioanalytical Systems, West Lafayette, IN, U.S.A.), a
PM-ll Milton-Roy minipump (State College, PA, U.S.A.), and a Model 7125
syringe-loading rotary injection valve (Rheodyne, Cotati, CA, U.S.A.). A pre
column 2-pm filter (Rheodyne) minimized the accumulation of particulate
matter on the analytical column. The signal from a TL-8A glassy carbon
detector cell was amplified by a Model LC-3 amperometric controller
(Bioanalytical Systems) with output to dual-chart recorders set at 20 and 200
nA full-scale deflections. Two recorders set at different amplification ranges
were used since tissue concentrations of the compounds of interest often differ
by more than an order of magnitude. The flow-rate was 1.5 ml/min with a
back-pressure of 172 bars. Columns were continuously perfused with mobile
phase at minimum flow-rates when not employed for actual tissue analyses.

Chromatography
The mobile phase consisted of 0.15 M monochloroacetic acid in triple glass

distilled water made 0.1 mM with disodium-EDTA and adjusted to pH 3.00
with 10 M sodium hydroxide. This solution was passed through 0.22-pm pore
nitrocellulose filter supported by a coarse-grade fritted-glass funnel (Millipore,
Bedford, MA, U.S.A.) and degassed under vacuum. Sodium octyl sulfate was
added as the ion-pairing agent at 200 mg/l, and acetonitrile added to a final
concentration of 7.3%. The solution was pumped at ambient temperature
during chromatography.

Detector potential was maintained at +950 mV vs. Ag/AgCI reference
electrode. These chromatographic conditions permitted the routine quantita
tion of TYR, TRP, NE, DA, and 5-HT as well as DOPAC, HVA, and 5-HIAA
(Fig. 1).

Scintillation counting
All samples were spiked with i4C-tracer amounts of NE, DA, 5-HT, TYR,

and TRP (ca. 500 dpm each) to provide a measure of the accuracy of peak
collection for these compounds for scintillation counting. Eluate corresponding
to specific peaks was collected quantitatively from the detector in scintillation
vials according to the deflection of the recorder pen. Volumes of 15 ml of
Aquasol-2® (New England Nuclear) were added to individual chromatographic
fractions, and the vials were placed in a Packard Tri-Carb 460 CD Liquid
Scintillation System (Packard Instruments, Downers Grove, IL, U.S.A.) for
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Fig. 1. Chromatograms of (A) 20 ILl of a mixture of working standards containing 1 pmol/lLl
of NM and 3-MT, 8 pmol/lLl of TYR and TRP, and 3 pmol/lLl of all the others, and (B) 4.8
mg of tissue from nucleus accumbens showing quantified peaks. Off-scale deflections were
measured on a second recorder set at 10% of the above sensitivity. Peaks: 1 = L-DOPA;
2 = NE; 3 = TYR; 4 = DOPAC; 5 = NM; 6 = 5-HTP; 7 = DA; 8 = 5-HIAA; 9 = EPN; 10 =
HVA; 11 = 3-MT; 12 = 5-HT; 13 = TRP. See text for chromatographic conditions.

counting of radioactivity. Dual-label CH/14C) efficiencies were computed by
reference to double-quench correction curVes developed from a set of external
standards.

Chemicals
Standard mixtures were prepared from L-norepinephrine bitartrate (NE), L

tyrosine (TYR), dopamine hydrochloride (DA), DL-3,4-dihydroxyphenyl
alanine (DOPA), 3,4-dihydroxyphenylacetic acid (DOPAC), 4-hydroxy-3-
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ment [59]. Neurotransmitter specific activities were used to determine a line
on a log-linear plot across the sacrifice time points by computerized linear
regression techniques. Turnover constants were then computed both with and
without incorporation of the amino acid specific activities [45, 59] .

RESULTS AND DISCUSSION

Voltammetric responses
The response of the electrochemical detector depends upon the applied

voltage and the nature of the compound being oxidized as shown in Fig. 2.
Catechols in comparison to the other compounds of interest were most readily
sensed by the detector with current first noted at about +400 mV. Further in
creases in current response above +600 mV were small. The 3-methoxylated
metabolites of the catecholamines were more difficult to oxidize with current
initiated at an applied voltage of about +700 mY. This group of compounds
reached a plateau in the voltammograms and displayed little additional
response above +800 mV. The 5-hydroxyindoles differed from both these
groups in their electrochemical response. Current was initiated at +450 mV and
reached a plateau at about +700 mV before increasing again at +1000 mY.
Similar voltammograms have been reported previously for 5-hydroxylated
indoles [63]. TYR and TRP required higher applied voltages (+850-+900 mY)
than the other compounds tested to initiate an electrode response. In addition,
the current-potential curves for these amino acids did not plateau in the range
of potentials tested. Other authors have reported Elf2 values for TYR or TRP
greater than +1000 m V [64] .

An operating potential of +950 mV was set for all analyses to obtain
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Fig. 2. Current-potential curves for standard compounds. DA is representative of catechol
compounds (NE, DOPA, DOPAC), HVA represents the 3-methoxylated catecholamine
metabolites (3-MT, NM), and 5-HIAA is indicative of the 5-hydroxyindoles (5-HT, 5-HTP).
The curve for TRP is similar to that for TYR. All curves were generated from the current
response to 80 pmol of each compound.
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times of all the compounds. In contrast, additional sodium octyl sulfate
selectively increased the retention of the amines without substantially affecting
the acids. The mobile phase constituents thus comprised a flexible and versatile
system that could be altered as column performance warranted.

The separation of a mixture of standards is shown in Fig. 1A. Generally,
the catechol compounds were eluted before the indoles and the acidic
metabolites before the 3-methoxylated metabolites. Fig. 1B demonstrates the
effectiveness of the chromatographic conditions for simultaneous determina
tion of these compounds from nucleus accumbens.

Peaks in the chromatogram were identified by co-elution with authentic
standards and by peak superimposition, that is, by addition of known amounts
of standards to tissue samples and comparison of the increased peak heights at
the corresponding retention times. DOPA, 5-HTP, and 4-hydroxy-3-methoxy
phenylene glycol (MHPG) were not routinely identifiable in tissue samples.
Only trace amounts of NM could be normally detected and only in certain
brain regions. 3-MT was observable only in DA-rich areas such as nucleus
accumbens and corpus striatum with levels apparently resulting largely from
postmortem enzymatic degradation of DA [65].

Other potential chromatographic interferences were also checked. Epi
nephrine was eluted immediately after NE, octopamine immediately following
DOPAC, and tyramine and tryptamine between HVA and 3-MT, but these
peaks were not observed in tissue samples. Metanephrine, the 3-methoxylated
metabolite of epinephrine, was eluted with DA but would not have been
present in sufficient amounts in tissue to cause significant interference. The
catecholamine metabolites vanillylmandelic acid, dihydroxymandelic acid, and
dihydroxyphenylene glycol were eluted in the solvent front.

The occurrence of unknown peaks is a concern when unpurified brain
extracts are being chromatographed. A few peaks of this nature were clearly
identified in specific brain regions, but they were generally small and could not
be characterized as monoamine-related. Moreover, these peaks contained no
appreciable radioactivity. With the relatively high potential applied to the
detector and the crude nature of the brain extracts it is possible that one or
more of these peaks represented small TYR- or TRP-containing peptides.

External and internal standardization
The formic acid-acetone homogenization medium employed in these

procedures extracts a large number of compounds of neurochemical interest
[66] in a single unpurified fraction. However, the specificity of the electro
chemical detector in combination with the high-efficiency column makes the
use of a non-specific extraction procedure feasible.

The relatively high voltage applied and the large number of endogenous
compounds oxidized resulted in a gradual decay in detector sensitivity over
the course of a day. Consequently, a mixture of working standards was run
immediately before the first and after the last tissue samples each working day.
The results from analysis of this data indicated that slight changes in retention
times (and peak heights) were also a factor. The mean difference in the peak
heights for all compounds in the working standards mixture except TYR and
TRP from the beginning to the end of the day was 3.0 ± 1.4% with no values
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greater than ± 6-7%. The amino acid changes were greater. TRP declined on
the average 14.4% and TYR 41.5% from the beginning to the end of the day.
A TYR standard was therefore run after every second tissue sample throughout
the day·to more closely monitor this change. The basis for these latter changes
in electrode response can be seen in the voltammogram in Fig. 2. Since neither
amino acid has attained a plateau on the current-potential curve at +950 mY,
relatively little fouling of the electrode would markedly depress the peak
response. The changes in peak responses from beginning to the end of the day
for all the working standards were assumed to occur linearly with respect to
time, and external standard values relative to a specific tissue sample were inter
polated accordingly.

The use of internal standards in quantitative analytical procedures is generally
considered to be superior to direct calibration because it provides an inherent
correction factor. Analyses of the monoamines by liquid chromatography with
electrochemical detection have frequently relied upon dihydroxybenzylamine
(DHBA) or other compounds such as N-methyl-5-hydroxytryptamine added to
tissue samples before extraction and chromatographic separation. Such
compounds mimic'the chemical behavior of the catechols and/or indoles both
in extraction and chromatographic characteristics. Hence, they effectively
control for variable extraction or injection volumes and variations in detector
performance within a day. In this work epinine was used as the internal
standard.

Spiked and unspiked cerebellar homogenates were employed as tissue blanks
to compare the recovery of epinine as internal standard to the recovery of
added amounts of each compound to be measured. Epinine was chosen as
internal standard because it is not detectable in brain tissue of normal animals

TABLE II

COMPARISON OF INTERNAL STANDARD RECOVERY WITH RECOVERY OF
INDIVIDUAL COMPOUNDS IN THE PRESENCE OF TISSUE

Cerebellar homogenates were split and some of the replicates were spiked with known
amounts of authentic standards of the compounds of interest, All replicates were then
carried through the procedure (see Experimental) and the rates of epinine (EPN) recovery
compared with the rates of recovery of the other compounds. The percent recovery values
reported are the means ± S.D. with n = 16 for EPN and n = 25-26 for all other compounds.
Ratios were computed by dividing the mean spike recovery for an individual compound by
the mean EPN recovery.

Compound

EPN
TYR
NE
DA
DOPAC
HVA
TRP
5-HT
5-HIAA

Percent recovery

84.6 ± 12.3
95.6 ± 16.0
85.1 ± 10.4
91.1 ± 12.6
93.1 ± 12.0
83.5 ± 10.6
87.3 ± 11.2
86.7 ± 11.4
92.0 ± 12.8

Ratio to EPN

1.00
1.13
1.01
1.08
1.10
0.99
1.03
1.03
1.09
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and because it had a more acceptable retention time in the elution pattern than
the more frequently employed DHBA. Table II gives the mean recovery of
epinine in the unspiked tissue blanks and the average recoveries of the other
compounds in the spiked homogenates. The ratio of the recoveries of the other
compounds to the epinine recovery range from 0.99 to 1.13 and indicate that
epinine is a valid internal standard in representing the chemical behavior of the
precursors, neurotransmitters, and metabolites quantified in this assay.

Across more than 500 tissue samples analyzed in this laboratory the epinine
recovery averaged 84.3 ± 8.0%. This value is higher than that of most other
compounds used as internal standards employing similar methods (see Table I)
and represents good reproducibility. These attributes ensue from the simple
extraction procedure employed in which little loss of sample occurred through
manipulations to separate or isolate individual compounds.

Recovery of radioactivity from collection of NE, DA, 5-HT, TYR, and TRP
peaks was calculated by comparing the counts of the 14 C-labeled compound
in an eluate fraction to the counts added in the initial 14C-spike. When peak
collection for a particular fraction was complete, the 14C-radioactivity recovery
was within 2--3% of the epinine recovery value. Background radioactivity was
consistently low in both the 3H_ and 14C-channels in the range of 12-15 dpm.

Monoamine turnover utilizing TYR and TRP
Determinations of precursor, neurotransmitter, and metabolite concentra

tions in representative brain regions are shown in Table III. These values are
in excellent agreement with reported values for similarly dissected brain areas
(e.g., refs. 42,45,66,67).

Table IV gives the turnover rates for NE, DA, and 5-HT in the same brain
areas calculated both with and without incorporation of simultaneous changes
in TYR or TRP specific activities. For the turnover rates expressed without
inclusion of the amino acid precursors, half-lives (t%) were calculated for NE,
DA, and 5-HT from the regression lines of the declines in specific activity in
each brain region. The t% values were then substituted into the equation k =
In 2jt% to derive a turnover constant. The product of this constant times the
neurotransmitter concentration in that brain area equals the turnover rate.

The development ·of computational procedures to incorporate TYR or TRP
specific activities into calculation of the turnover constant has been reported
by Neff et al. [59]. These methods were derived to more closely simulate the
results of an intravenous pulse injection of radiolabeled precursor. Incorpora
tion of label into the neurotransmitter is initially rapid, but since a portion of
the labeled amino acid recirculates in the bloodstream for some time, synthesis
of [3 H] neurotransmitter continues at a decreasing rate. If this continued
synthesis is not accounted for, then the computed turnover constant (as cal
culated for Table IV above) will be less than the true value. The amino acid
specific activities were included in the calculation with the decline in neuro
transmitter specific activity by the following equation:

k= 2X M

(AAt + AAt '- NTt - NTt )
1 Z 1 2

where k = turnover constant; M = slope of the regression line for neurotrans-
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mitter specific activity; AA = TYR or TRP specific activity at time t; NT =
neurotransmitter specific activity at time t. These values are also shown in
Table IV. As can be seen, the inclusion of the TYR or TRP specific activities
results in most cases in a two- to four-fold increase in neurotransmitter turn
over rates. This magnitude of change has also been observed by Neff et al.
[59] .

Concentrations of biogenic amine metabolites are currently thought to
provide appropriate indices of the amount of functional neurotransmitter
released [54, 57], and their turnover rates have been reported [28, 56, 68].
The procedure described in this report can also provide data on tissue content
and specific activity of these compounds. Since metabolite formation lags
behind neurotransmitter synthesis, care should be taken that the data points
used to determine the specific-activity regression lines for the metabolites are
only those occurring after the attainment of peak-specific activity, that is,
are on the declining portion of the specific-activity curve.

The described procedure has merit in that it permits the accurate and precise
determination in discrete rat brain regions of the content and specific activity
of monoamine-related substances from precursor amino acids through metab
olites. Furthermore, the inclusion of the amino acid specific activities in the
calculation of the neurotransmitter turnover rates produces a more accurate
biochemical measure. Several studies have demonstrated the effects of brain
TYR and TRP availability on the synthesis of their respective neurotransmitters
[69-71]. The present technique combines ease of sample preparation, internal
standardization, and sensitivity to fulfill the need for simultaneous determina
tion of monoamine turnover for correlation with behavioral observations and
for the study of transmitter interactions.
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SUMMARY

A reversed-phase high-performance liquid chromatographic method for the separation
of peptide hormones has been applied to the measurement of large and small molecular
forms of cholecystokinins in biological tissues. The method was validated for samples
of human plasma and intestinal tissues, and for porcine gut extracts. The two-stage chro
matographic process used semi-preparative reversed-phase packing for initial sample prepara
tion, followed by gradient elution on a Hypersil ODS-5 column. Peptides in the fmol-nmol
range were separated reproducibly, and recovered quantitatively. The method has been
applied to the purification of a novel biologically active CCK peptide from a porcine gut
extract.

INTRODUCTION

Separation methods applicable to peptides include molecular exclusion,
electrophoresis and ion-exchange chromatography [1]. Recently, reversed
phase high-performance liquid chromatography (HPLC) has been shown to
produce good separation of various standard peptides [2-4]. The potential for
high resolution coupled with rapid and reproducible separations using HPLC
suggested that this technique should be suitable for the preparation and
analysis of peptides from biological samples.

HPLC should have several advantages over conventional chromatography of
peptides because, in addition to its high-resolving powE!r, recoveries are very
high and samples retain both immuno- and bioactivity [3]. Furthermore, the
conditions used for analytical separation may be adapted to a preliminary
preparative step permitting clean-up of plasma or tissue samples, removing
most of the protein, salts and lipids, without resorting to conventional solvent

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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extraction or protein precipitation steps when recoveries are often low due to
problems with partition or co-precipitation.

We have investigated this approach for a family of peptide hormones found
in gut and brain, the cholecystokinins (CCKs). The name cholecystokinin was
given to the active principle in gut extracts that caused gallbladder contraction
when injected into a second animal. This agent was first discovered in the
1920s and subsequently isolated and sequenced in the 1960s as a 33-amino acid
peptide [5]. Subsequent studies have identified a series of CCK peptides in gut
and brain of 4, 8, 12, 39 and 58 amino acids [6-10], all sharing a common
carboxyl terminal amino acid sequence. Cholecystokinins have been difficult
to assay reliably using conventional radioimmunoassays in both blood and
tissues firstly because of this molecular heterogeneity which requires
knowledge of the proportions of the various molecular forms to determine the
biological significance of the levels and secondly because of the similarities of
CCKs to a series of related peptides sharing the same C-terminal pentapeptide
sequence, but with different biological effects - the gastrins [11].

Extraction and separation of the CCKs from each other and from gastrins,
by HPLC, prior to radioimmunoassay of fractions using an antibody common
to the C-terminal portion of these molecules, offer the potential of assaying
each form of the peptide individually.

HPLC coupled to bio- and immunoassay procedures has been used in this
study analytically to assay fmol amounts of CCK peptides in plasma and in
intestinal tissues, and preparatively to prepare nmol amounts of pure peptides
from a commercial gut extract.

EXPERIMENTAL

Reagents and materials
Acetonitrile (HPLC 'S' grade 50% transmission at 205 nm) was obtained

from Rathburn Chemicals (Walkerburn, U.K.), sodium chloride and hydro
chloric acid (AristaR grade) from BDH (Enfield, U.K.). Hypersil ODS, 5-pm
packing (Shandon Southern, Runcorn, U.K.) and Lichroprep RP-18 (25-40
pm, Merck, Darmstadt, F.R.G.) were supplied by HPLC Technology (Cheshire,
U.K.). Sep-Pak CIS cartridges were obtained from Waters Assoc. (Northwich,
U.K.). All glassware was siliconised before use, with trimethylsilane (Repelcote,
Hopkin and Williams, Romford, U.K.). Distilled water was prepared and stored
in glass containers. Two stock solutions were used. Solution A was 0.155 molll
sodium chloride, adjusted to pH 2.1 with hydrochloric acid. Solution B was
acetonitrile--water (3 :2). All solvents were filtered before use using a 0.45-pm
Millipore filter (HAWP-aqueous; FHLP-organic, Millipore, Harrpw, U.K.).
Solvents were regularly degassed with helium, through 25-pm solvent inlet
filters).

Radiolabelled NaI25I was purchased from Amersham Radiochemicals
(Amersham, U.K.). Chloramine T and sodium metabisulphite were obtained
from BDH; Norit GSX charcoal and dextran C from Hopkin and Williams.

Pure peptides were used for column calibration: 99% pure CCK 33 and 39
were generous gifts from Dr. V. Mutt (Karolinska Institute, Stockholm,
Sweden); sulphated and non-sulphated CCK 8 were gifts from Squibb, Wirral,
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U.K. The synthetic decapeptide caerulein was generously supplied by
Farmitalia, Milan, Italy. Gastrin 17-1 was obtained from Serono (London,
U.K.) and gastrin 34 was a gift from Dr S. Bloom. The CCK 8 antiserum was
a gift from Dr. V. Go (Mayo Clinic, Rochester, NY, U.S.A.).

Semi-preparative apparatus
LiChroprep RP-18 (25-40 /lm) was slurry packed in 10 X 0.46 cm stainless

steel columns using 20-/lm frits, according to the manufacturer's recommended
procedure. After slurrying the silica in isopropanol the column was packed in
methanol at 200 bar. Columns were equilibrated as follows: 50 ml acetonitrile;
50 ml of solution B; 25 ml each of solutions A and B (1:1), and finally 50 ml
of solution A. Each column was used for four plasma samples (total 40 ml
plasma). After elution of peptides from each sample, columns were washed
with 50 ml solution of B and then equilibrated as above. An Eldex (Owens
Polyscience, Macclesfield, U.K.) high-pressure single-piston pump was used to
load plasma samples at 2 ml/min and elute peptides at 1 ml/min from these
semi-preparative columns. Sep-Pak CIS cartridges were washed with 20 ml each
of methanol, acetonitrile, solution B, 10 mmol/l hydrochloric acid and
solution A before use. Each cartridge was used once only.

100

':b
organic
modifier

Time (min) 72

Fig. 1. Separation of mixture of CCK standards. (.) CCK 4 (Tetrin), (.. ) caerulein
(Ceruletide), (.) CCK8 and (+) CCK 33. 0.05 a.u.f.s.; 225 nm; chart-speed 2 mm/min;
column, Hypersil ODS. Gradient betweeen 0.155 mol/l sodium chloride, pH 2.1 and aceto
nitrile-water (3 :2).
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Analytical apparatus
The high-performance liquid chromatograph (Applied Chromatography

Systems, Luton, U.K.) was equipped with a microprocessor gradient controller,
together with a Rheodyne sample injector (Model 7215) with a 2-mlloop, and
a UV monitor (Cecil Instruments, Cambridge, U.K.). A dual-pen recorder (J.J.
Lloyd, Southampton, U.K.) provided both a UV trace and a gradient profile.
Data were collected and analysed on a Trilab microprocessor and printer
plotter (Trivector Systems, Sandy, U.K.). A reversed-phase octadecylsilane
5-Jlm support (Hypersil ODS) was packed in methanol at 350 bar using
a slurry packer (Magnus 6050) in the recommended manner. Columns were
stainless steel (316 grade), 10 X 0.46 cm and fitted with zero dead volume end
fittings and. 2-Jlm frits.

HPLC analyses were carried out at ambient temperature and monitored at
225 nm, where applicable. The flow-rate was 1 ml/min. A gradient was
established between 0.155 mmol/l sodium chloride, pH 2.1 and acetonitrile--
water (3 :2) as described previously [4] and shown in Fig. 1.

Blood sample preparation
Human blood (20 ml) was collected into lithium heparin tubes containing

8000 IU aprotinin (trasylol, Bayer, Leverkusen, F.R.G.) to inhibit protease
activity. After mixing, the blood was centrifuged at 2000 g for 10 min. Plasma
was removed and stored in glass at ---200 C until required. Prior to semi-prepara
tive HPLC the plasma was diluted and centrifuged at 3000 g for 15 min to
sediment cryoprecipitate. Plasma (10 ml) was diluted with 90 ml of solution A
to render the viscosity suitable for pumping onto the column, and the ionic
strength suitable for solute---column interaction.

Tissue sample preparation
Full-thickness sections of human jejunal, ileal and mid intestine were washed

and stored at 200 C until required. Mucosal layers were separated from muscle
layers by scraping. Two extraction procedures were used; a neutral extraction
to preferentially extract the smaller molecular forms of cholecystokinin and an
acid extraction which primarily extracts the larger forms [8] .

Neutral extraction
Samples (ca. 100 mg) were weighed and plunged into 1 ml of boiling water

for 2 min. Tissues were homogenised for 30 sec with a Potter-Elvejham
homogeniser. After reboiling for a further 15 sec the samples were centrifuged
at 2000 g for 10 min, and the resulting supernatant decanted.

Acid extraction
To ca. 100 mg tissue samples 1 ml of water was added and the samples

boiled for 2 min. The extracts were adjusted to 0.5 mol/l acetic acid by the
addition of 17.5 Jll of glacial acetic acid and the tissues homogenised as above.
The sample was left at 4°C for 30 min, then centrifuged and the supernatant
decanted.
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Semi-preparative chromatography
Diluted plasma supernatants were loaded onto a LiChroprep RP-18 column.

This reversed-phase column packing has a high loading capacity for peptides
in a protein-rich medium. The column was then washed with 10 ml of acidified
saline (solution A) before eluting peptides with 10 ml of organic modifier
(solution B). The sample was reduced to 50% of its original volume by removal
of acetonitrile under nitrogen, 5 ml of solution A were added prior to the
analytical BPLC step.

Tissue samples were processed through Sep-Pak CI8 cartridges (with lower
peptide:protein load capacity) in the same manner as described for plasma.

Radioimmunoassay
Column fractions or standards in acetonitrile--saline (400 pI), trasylol

1000 IU, veronal buffer 0.1 molll, pH 7.6, and antibody 1/40,000 were
incubated in a total volume of 2 ml for three days, followed by addition of
[

1251] CCK 8 (2000 cpm) and a further incubation of three days. The tracer
used was non-sulphated CCK 8 iodinated by the chloramine T method and the
mono-iodinated product separated from other reaction products by ion
exchange [12]. The chromatography used was a gradient of 0.05 molll to 0.5
molll ammonium carbonate on a DE52 (1 X 10 cm) column (Whatman, Maid
stone, U.K.). Separation of bound from free peptide was achieved using char
coal. Activated charcoal (40 gil) equilibrated with dextran C (4 gil) in
phosphate-buffered saline and 500 pI of the mixture added to each tube.
Tubes were centrifuged at 2000 g for 5 min and the supernatants decanted.
Samples were counted in a gamma-counter and the percentage of tracer bound
calculated for standards and samples. Initial binding was 50%, non-specific
binding less than 3% and reproducibility within- and between-assay 10.1%
and 14.2%, respectively. The detection limits for the assay were 12 fmol per
tube for CCK 8, 24 fmol per tube for CCK 33 and 39 fmol per tube for gastrin
17, and for gastrin 34. The antibody had less than 3% molar cross-reactivity
with CCK 4 and less than 0.1% cross-reactivity with other gut peptides.

Bioassay
CCK bioactivity was assayed using an in vivo guinea pig gallbladder contrac

tion assay modified from that of Ljunberg [13]. Fasting guinea pigs (ca. 300 g)
were anaesthetised with Hypnorm (lml/kg intramuscular, Janssen Pharma
ceuticals, Lamberhurst, U.K.) and valium (0.5 mllkg intra-peritoneal, Roche,
Welwyn Garden City, U.K.), the abdomen opened, the gallbladder exposed and
a silk ligature attached to its apex after the gallbladder bile had been removed
by aspiration. The silk thread was attached to a counter-weighted beam, the
other end of which was connected to a linearsyn pressure transducer. The trans
ducer was in turn connected to an amplifier, containing smoothing circuits to
damp out respiratory movements. By stabilising the baseline this modification
allowed greater amplification of the gallbladder contraction signal and made
the assay sensitive to less than 0.2 pmol CCK 8 or CCK 33 - a much greater
sensitivity than previously described in in vivo bioassays. Standard peptides and
samples lyophilised to remove acetonitrile and then reconstituted were assayed
by measuring the amplitude of gallbladder contraction induced following
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Fig. 2. Radioimmunoassay profile of a plasma sample fractionated into l·ml fractions by
HPLC. For reference the elution times of standard CCK 8, CCK 33/39 and gastrin 17 are
shown.

Fig. 3. CCK immunoreactivity in acid and neutral extracts of jejunal mucosa separated by
reversed·phase HPLC into l'ml fractions. The elution times of pure standards CCK 8 and
33/39 peptides and gastrin 34 and gastrin 17 peptides are shown by arrows.

plasma (Fig. 2) and tissue (Fig. 3) sample. Indeed such a separation is a
necessity if a non-specific antiserum which cross-reacts with the common C
terminal portion is used to assay forms of CCK. Gastrins were well separated
from CCKs and from each other. In addition, other forms of immunoreactivity
were present, particularly in plasma which were not biologically active CCKs or
gastrins. These results parallel the separation of standard CCK peptides (Fig. 1)
[4] .

Purification of a novel biologically active CCK peptide was achieved using
HPLC. Chromatography of a commercial gut extract (Boots Pancreozymin,
Boots Pure Drug, Nottingham, U.K.) showed it to contain numerous peptides
detected by UV absorbance (Fig. 4). Only some of these fractions, however,
were likely to be CCKs as shown by the fact that only a few fractions
contained bioactivity. In a more detailed analysis using column fractions both
bio- and immunoactivity were noted in regions corresponding to CCK 8 and
CCK 33/39 and in a region which did not co-chromatograph with these
standards (Fig. 5). This column fraction (fraction 35) was subjected to gel
chromatgraphy of a Sephadex G50SF matrix (Fig. 6) which again showed the
CCK to be intermediate in molecular size between CCK 8 and CCK 33. These
fractions from the Sephadex were then rechromatographed on reversed-phase
HPLC. A single peak was detectable by UV (Fig. 6b) representing considerable
purification of the original extract in a form suitable for determination of
primary structure.

The HPLC system was validated with respect to recovery of peptides using
both labelled and unlabelled peptides added to plasma and tissue samples.
The recovery of F25I] CCK 8 from plasma during the initial extraction pro
cedure was 105 ± 10% S.D. (n = 6) and from the analytical column 98.5 ±
4% (n = 5). Recovery of CCK 8 S04 in this system was 95.6% (n = 3, range
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SUMMARY

A reliable and semi-automated high-performance liquid chromatographic (HPLC) method
is described for the determination of total vitamin C in whole blood. After deproteinization
of whole blood and enzymatic oxidation of I-ascorbic acid to dehydro-I-ascorbic acid, the
latter is condensed with o-phenylenediamine to its quinoxaline derivative. This derivative is
separated on a reversed-phase HPLC column and detected fluorometrically. Total vitamin C
in whole blood can be determined in concentrations as low as 0.2 /lmol/!.

Special attention was paid to the stability of vitamin C in whole blood and of its
quinoxaline derivative in the extract. Results of our investigations showed that total vitamin
C in whole blood is stable for eight days at -200 C, provided ethyleneglycol-bis-(fj-amino
ethyl ether)-N,N,N' ,N'-tetraacetic acid and glutathione are immediately added to the blood
sample. The quinoxaline derivative of vitamin C in the blood extract is stable for at least 24
h if stored in the dark at 4 0 C.

Routine vitamin C determinations can be carried out in a series of 100 samples within
48 h. The within-assay and between-assay coefficients of variation were 3.7% and 4.6%,
respectively. The between-assay analytical recovery of I-ascorbic acid added to whole blood
samples was 97.0 ± 7.0% (mean ± S.D.). Reference values of vitamin C in whole blood of
normal healthy Dutch adults were found in the range 20-80 /lmol/!.

INTRODUCTION

Vitamin C, a water-soluble vitamin, consists of i-ascorbic acid and its
oxidized form dehydro-i-ascorbic acid. Both forms are equally biologically
active [1]. Numerous methods have been described for the analysis of
i-ascorbIc acid and/or dehydro-i-ascorbic acid in various biological samples.
These include the indicator-dye reduction method with dichlorophenolindo
phenol [2, 3], the ketone derivatization method with dinitrophenylhydrazine

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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[3-5], an enzymatic method with ascorbic acid oxidase [6] and high-perfor
mance liquid chromatographic (HPLC) methods with electrochemical [7-9]
and UV detection [10-12].

However, the indicator-dye reduction and ketone derivatization methods are
not very specific and have the drawback that blank values have to be deter
mined by chemical interference in the colour-inducing reaction. The enzymatic
method as described lacks sensitivity for the analysis of the low concentrations
of vitamin C observed in whole blood and is difficult to perform in large-scale
routine analysis. HPLC methods with electrochemical detection allow only the
determination of I-ascorbic acid, while UV measurement suffers from the very
low absorbance of dehydro-l-ascorbic acid. Keating and Haddad [12] described
an HPLC method with UV detection for the analysis of I-ascorbic acid and
dehydro-l-ascorbic acid in foodstuffs. They enhanced the absorbance of the
latter by pre-column derivatization with o-phenylenediamine (OPDA) to
3-(1,2-dihydroxyethyl)furo[3,4-b] quinoxaline-1-one (DFQ). However, their
method has the drawback that I-ascorbic acid may be easily oxidized to
dehydro-l-ascorbic acid during sample handling. This oxidation probably also
occurs during deproteinization of blood when oxygen is released from
oxyhaemoglobin [13]. Due to this oxidation and possible previous oxidation
during blood collection, transport and storage, systematic errors may arise.
Therefore, and since I-ascorbic acid and dehydro-l-ascorbic acid are equally
biologically active, we developed a method for the analysis of total vitamin C
in whole blood by incorporating an oxidation step in the procedure.

After enzymatic oxidation of I-ascorbic acid to dehydro-l-ascorbic acid, the
latter, having insufficient UV absorbance, is condensed with OPDA to the
highly fluorescent DFQ. This derivative is separated from interfering
compounds on a reversed-phase HPLC column. Fluorometric detection then
permits the determination of total vitamin C down to concentrations below
those normally occurring in blood.

MATERIALS AND METHODS

Apparatus
HPLC was performed using a Gilson Model 302 constant-flow pump (Meyvis,

Bergen op Zoom, The Netherlands), a Micromeritics 725 Autoinjector (CLI,
Schijndel, The Netherlands), and a Kratos FS 950 Fluoromat fluorescence
spectrophotometer (Kipp Analytica, Delft, The Netherlands) equipped with a
mercury light source (type FSA 110), an excitation interference filter of 365
nm (type FSA 401) and an emission cut-off filter of 418 nm (type FSA 426).

A Knauer stainless-steel column (80 X 4.6 mm LD.) was home-packed with
ODS-Hypersil 3 11m (Shandon Southern Products, Astmoor, U.K., Cat. No.
580 X 24) by the balanced-density slurry technique using a Haskel pump type
MCP 110 (Ammann Technik, Stuttgart, F.R.G.). Elution profiles were
displayed on a Kipp BD-8 recorder (Kipp Analytica).

Reagents
EGTA-glutathione solution: A solution, containing 0.24 M ethyleneglycol

bis-(t3-aminoethyl ether)-N,N,N' ,N' -tetraacetic acid (EGTA) and 0.20 M
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glutathione, was prepared by dissolving 1.5 g of glutathione (Sigma, St. Louis,
MO, U.S.A.) in 25 ml of double-distilled water and adjusting the pH to 6.5 with
2 M sodium hydroxide. In ·this solution 2.25 g of EGTA (Sigma) was dissolved
and the pH was adjusted to 6.5 with 10 M sodium hydroxide. The EGTA
glutathione solution was stable for at least two months if stored in the dark at
4°C.

Ascorbate oxidase spatulae were obtained from Boehringer (Mannheim,
F.R.G.). o-Phenylenediamine (OPDA) was from Merck (Darmstadt, F.R.G.).

The HPLC mobile phase containing 0.08 M potassium dihydrogen phosphate
and 20% (v/v) methanol, pH 7.8, was flushed with a stream of helium gas for
10 min before use.

I-Ascorbic acid stock standard solution contained about 350 mg/ll-ascorbic
acid (Merck) in 1% (w/v) metaphosphoric acid. This solution was stored in the
dark at 4°C and was stable for at least fourteen days. The I-ascorbic acid
working standard solution was prepared daily by diluting 2 ml of the stock
standard solution with water to 100 ml.

Blood extraction and derivatization procedures
Blood was collected from veins directly into 5-ml plastic tubes containing

0.1 ml of EGTA-glutathione solution. One millilitre of whole blood was
slowly transferred with thorough mixing using a vortex mixer to a 10-ml plastic
tUbe containiI1g 4 ml of 0.3 M trichloroacetic acid (TCA). The tube was
allowed to stand for about 20 min in the dark at 4°C, mixing once after about
10 min. Thereafter the tube was centrifuged at 2000 g and 4°C for 10 min. A
1.5-ml aliquot of the supernatant was transferred to a 5-ml plastic tube. After
adding 0.2 ml of 4.5 M sodium acetate buffer pH 6.2 and an ascorbic acid
oxidase spatula, the tube was pla<;:ed in a waterbath at 37°C for 5 min, mixing
once after about 2 min. After removal of the enzyme-carrying spatula 0.25 ml
of a freshly prepared 0.1% (w/v) OPDA solution was added. After mixing, the
tUbe was wrapped with aluminium foil to screen it from daylight and placed in
a waterbath at 37°C for 30 min. Thereafter the tube was stored in the dark at
4°C for HPLC analysis within 24 h. The centrifuge tube, containing the pellet
and a residual 2 ml of supernatant, was stored in the dark at -20° C for
repeated derivatization and HPLC analysis, if required, within one week.

The working standard solution was derivatized by adding 1 ml to a 10-ml
tube containing 4 ml of 0.3 M TCA and 1.2 ml of 4.5 M sodium acetate buffer
pH 6.2. After adding an enzyme spatula, I-ascorbic acid was oxidized by
heating in a water-bath at 37°,C for 5 min. After wrapping the tUbe with
aluminium foil, the resulting dehydro-I-ascorbic acid was condensed to DFQ by
adding 0.5 ml of OPDA solution and heating in a water-bath at 37°C for 30
min. The tube was stored in the dark for HPLC analysis within 24 h.

Chromatographic conditions
HPLC analysis of DFQ was carried out by injecting 20 ~l of the derivatized

sample extract onto the ODS-Hypersil column. The column was eluted iso
cratically with the mobile phase at a flow-rate of 1.0 ml/min. The effluent was
monitored with the fluorescence spectrophotometer. The recorder was set at
10 mV full scale. Duration of the chromatographic run was about 10 min per
sample.
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Establishing a reference range
From the analysis of vitamin C in whole blood samples of a group of 108

normal healthy Dutch adults (61 males and 47 females), a total range for
vitamin C of 10-105 J1mol/l was found with a mean value of 54 J1mol/!. The
frequency distribution of the vitamin C concentrations in these samples
seems to be non-Gaussian (Fig. 4). For the assessment of a "normal" range,
the distribution free method of Rumke and Bezemer [15] was used. By setting
the limits of percentiles at 2.5% and 97.5% with a reliability of 95%, a
reference range was obtained of 20-80 J1mol/!. Accordingly, a concentration of
vitamin C below 20 J1'ffiol/l would be regarded as helow normal.

DISCUSSION

The procedure described in this paper provides a fast, sensitive and reliable
method for the determination of total vitamin C in whole blood, Le. the sum
of the concentrations of i-ascorbic acid and dehydro-i-ascorbic acid. The
method is suited for large-scale routine analysis. Precision and recovery are
good. The linearity range and sensitivity permit the determination of total
vitamin C in whole blood in concentrations far below and above normal.
Systematic errors due to oxidation of i-ascorbic acid to dehydro-l-ascorbic
acid during sample storage and handling are eliminated by incorporating
this oxidation in the method. Blood samples containing EGTA and glutathione
can be stored in the dark at -20°C for at least eight days without significant
deterioration of vitamin C.
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SUMMARY

A new method for the fluorometric detection of K, and K2 vitamins using post-column
electrochemical reduction is described. Dual electrochemical detection in the reduction/
reoxidation mode for coulometric/coulometric as well as coulometric/amperometric detec
tion appears to be more sensitive and selective towards the plasma background than simple
reductive electrochemical detection, but fluorometric detection after coulometric reduction
offers the best results. Combination of normal-phase chromatography and the described
method is only possible if supporting electrolyte is added post-column, but leads to higher
detection limits.

This highly sensitive method is applied to the determination of vitamin K, in human
plasma samples.

INTRODUCTION

Vitamin K (Fig. 1) is an essential cofactor in a microsomal enzyme system
that activates the precursors of the blood-clotting factors II, VII, IX and X.
In order to obtain quantitative information about the role of vitamin K in
haemostasis a sensitive method of analysis is required.

Several papers describing the analysis of low concentrations of vitamin K1

in milk and plasma using high-performance liquid chromatography (HPLC)
with UV detection have been published recently [1-4]. However, due to the

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.



62

o

trans-vitamin K1(201 (phylloquinone)

o

trans-vitamin K2lSnl lmenaquinone-n)

o

trans- vitamin K1l201- 2,3-epoxide

OH

OH

3

n

3

n
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Fig. 1. Structural formulae of the K vitamins of interest.

unfavourable ratio of the amount of K1 to the other lipids extracted from the
biological material, an off-line multidimensional chromatographic system is
required for the complete separation of K1 from the interfering lipids. Such a
multidimensional chromatography is not practical for routine analysis because
two chromatographic systems are needed. Besides, eluent fractionation with
extra sample handling as evaporation and second injection is necessary. Use of
a more selective and sensitive detection could simplify the assay considerably.

Electrochemical detection of K1 based on the amperometric reduction of the
quinone has been applied to the determination of relatively high concentrations
of K1 in rat plasma [5, 6]. However, detection in the reductive mode appears
to be non-selective towards the plasma background resulting in unfavourable
limits of detection.

The selectivity of detection can be improved by reoxidizing the formed
hydroquinone using a dual-electrode configuration [7]. This can be done with
amperometric [8] as well as with coulometric detectors.

Although amperometric detectors generally offer low detection limits in
the subnanogram range, one of the main drawbacks of dual amperometric
detection is that only a small fraction of the analyte is reoxidized which
results in loss of sensitivity. With coulometric detectors theoretically 100%
of the analyte is converted. This method appeared to be applicable to deter-
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mine K1 levels after oral and intravenous administration, but endogenous
levels (0.1-0.7 ngjml [2], 0.9-7.8 ngjml [4]) cannot be monitored. The
combination of coulometric reduction with amperometric reoxidation appears
to be more promising.

Generally, fluorometric detection is a sensitive and selective method. How
ever, since the K vitamins do not possess native fluorescence, a reduction to the
highly fluorescent hydroquinone is necessary. Methods based on chemical
[9-11] and photochemical reduction [11] have been described. These
methods require post-column addition of reagents which can cause problems
concerning reproducibility in long-term routine analysis.

The aim of our work was to develop an on-line fluorometric detection
method with sufficient selectivity towards the plasma background by applying
a complete electrochemical, i.e. coulometric, reduction after a single chromato
graphic run. The method is applied to the determination of K1 in human
plasma and its capabilities are compared with single and dual electrochemical
detection.

EXPERIMENTAL

Apparatus
The liquid chromatograph was constructed from commercially available and

custom-made parts and consisted of a thermostatted glass eluent reservoir
(293 K), a reciprocating plunger membrane pump (DMP 1515, Orlita, Giessen,
F.R.G.) with a Bourdon-type damping system, a manometer, an injection
device (Model U6K, Waters Assoc., Milford, MA, U.S.A.) and a thermostatted
column (stainless-steel precision-bore tubing, 100 X 3.0 mm I.D.). A fixed
wavelength detector (Model 440, Waters Assoc.) operating at 254 nm, an
amperometric electrochemical detection system (E.D.T., London, U.K.),
a dual coulometric detection system (Model 5100-A, Coulochem, E.S.A.,
Bedford, MA, U.8.A.) and a fluorometric detection system of the double
monochromator type (SFM-23LC, Kontron, Zurich, Switzerland) were used for
detection.

Chromatograms were recorded on flat-bed recorders (BD 8, Kipp & Zn.,
Delft, The Netherlands). Columns were packed by means of an air arrlplifier
booster pump (DSTV-122, Haskel, Burbank, CA, U.S.A.) according to a
procedure described elsewhere [12].

Chemicals and materials
Vitamins K1 , K1 epoxide, K2(20) and K2(30) were kindly donated by

Hoffmann-La Roche (Mijdrecht, The Netherlands). Organic solvents were of
analytical grade (J.T. Baker, Phillipsburg, NJ, U.S.A.). Water was purified by
means of a Milli-Q Water Purification System (Millipore, Bedford, MA, U.S.A.).
Hypersil-MOS 5 JIm (Shandon, Cheshire, U.K.) was purchased from Ahrin (The
Hague, The Netherlands).

Procedures
Chromatography. Capacity ratios were calculated from the retention times

of the compounds and of an unretained compound, for which potassium
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periodate was used. The theoretical plate height was calculated from the
retention time and half the peak width at 0.6 of the peak height. The detection
limits are based on a signal-to-noise ratio of 3.

Removal of oxygen from the mobile phase. Oxygen was removed from the
mobile phase by continuously bubbling through nitrogen that was made
oxygen-free by means of a pyrogallol solution and that was presaturated with
the mobile phase. No attempts were made to remove oxygen from the samples.

Preparation of the plasma samples. Blood samples were taken before and
after oral administration of vitamin K1 to a healthy volunteer. The samples
were collected in heparinized tubes and centrifuged at 1000 g for 5 min. The
plasma samples were stored at 2430 K until analysis.

Isolation of K vitamins from plasma. To 1 ml of plasma in a brown conical
flask 50 ng of K2(30) were added as an internal standard. Then 1 ml of a sodium
chloride solution (0.9%, w/w) was added. The proteins were denaturated by
mixing with 3 ml of isopropanol. After addition of 10 ml of n-hexane the
stoppered tubes were placed on a vertically rotating disk for 1 h at 20 rpm.
After centrifugation for 10 min at 1000 g the upper layer was removed and
evaporated at reduced pressure at ambient temperature. The residue was
dissolved in 1 ml of methanol. Aliquots of 50 III were injected onto the
column. The samples were shielded from light.

RESULTS AND DISCUSSION

Chromatographic phase system
The K vitamins are strongly hydrophobic compounds only differing in

carbon chain length and number of double bonds. These compounds can be
separated by normal-phase as well as by reversed-phase chromatography. In
this study we focussed our main attention on the reversed-phase systems
because of their compatibility with electrochemical detection and reaction
systems. The modifier content has to be very high (90-100%) in order to

20
K

i
10

5

2

90 95 100 %MeOH

Fig. 2. Log-log plot of the relationship between the capacity ratios of vitamins K1 (0),
K2(20) (D) and K 2(30) (0) and the methanol content of the mobile phase.



achieve reasonably small capacity ratios and consequently short analysis times.
Both methanol and acetonitrile can be used as modifier, but we prefer
methanol for the reasons outlined below.

The relation between the capacity ratios of Kl> K2(20) and K2(30) and the
methanol content of the mobile phase is given as a double-logarithmic plot in
Fig. 2.

The phase system was optimized with respect to the selectivity between the
K vitamins and co-extracted plasma constituents. A methanol content of 92.5%
offers the best results, while 95% can be used for higher concentrations of
K vitamins, e.g. after administration of K vitamins. This phase system appeared
to be stable for several months, showing sufficient efficiencies (theoretical
plate number = 2500-3000 on 10-cm columns at a flow-rate of 1 ml/min) to
obtain adequate detection limits.

Electrochemical detection
The influence of the composition of the mobile phase, the concentration of

the supporting electrolyte and the pH on the reduction and reoxidation signals
was investigated for the coulometric detection system. If oxygen is not
removed from the mobile phase, the background current of the reductive
electrode is raised to such an extent that no reduction or oxidation signals can
be observed. Removal of oxygen by bubbling through nitrogen proved to be
satisfactory.

The influence of the electrolyte concentration on the reduction and oxida
tion signals is shown in Fig. 3a and b. Without sodium perchlorate no response
is obtained. At very low concentrations of electrolyte the response increases
with the concentration of the electrolyte. Although the addition of 0.1% of

-i (a)
i (b)
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Fig. 3. (a) Influence of the concentration of NaCIO. on the reduction signals. Conditions:
stationary phase, Hypersil-MOS (5 j.Lm); mobile phase, 5% water in methanol; flow-rate,
1.0 ml/min; applied potential, -400 mY. (0), K , (50 ng); (0), K.(30) (35 ng). (b) Influence of
the concentration of NaCIO. on the oxidation signals. Conditions as for Fig. 3a, applied
potential +400 mY.
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Fig. 4. (a) Relation between the reduction current and the applied potential. Conditions as
for Fig. 3a, mobile phase containing 0.03 M NaCIO•. Potential applied to electrode 2, +400
mY. (b) Relation between oxidation current and potential applied to cell 2 for K, (0) and
K 2(30) (0). Conditions: stationary phase, Hypersil-MOS (5 Ilm); mobile phase, 5% water in
methanol, containing 0.03 M NaCIO•. Flow-rate 1.0 ml/min; potential applied to cell 1,
-400 mY.

perchloric acid results in lower absolute reduction and oxidation potentials, a
concentration of 0.03 M of sodium perchlorate appeared to be optimal with
respect to the signal-to-noise ratio.

In comparison with methanol-water mixtures, the baseline noise levels with
acetonitrile-water mixtures are increased, while the response is about the same
resulting in inferior detection limits.

Typical relations between reduction and oxidation currents and the applied
potentials are shown in Fig. 4a and b. In long-term use the relations between
current and potential tend to change to a small extent, probably due to pol
lution of the electrodes. Regeneration appeared to be possible by changing the
polarities of the potentials of the electrodes overnight. In a phase system con
sisting of 7.5% water in methanol with 0.03 M sodium perchlorate the detec
tion limit of K1 is about 250 pg in the reductive mode and about 150 pg in the
reoxidation mode.

The yield of conversion is determined by injecting known amounts of the
K vitamin and measuring the number of coulombs involved in the conversion.
For the reduction of K1 the yield of conversion to the hydroquinone amounts
to at least 99.6%, which is confirmed .by the signal of the second electrode,
having the same potential as the first electrode (-400 mV), where no peaks
were observed.

Coulometric detectors convert electrochemically active compounds with
absolute half-wave potentials even higher than those of the compounds of
interest, resulting in a decreased selectivity of detection in comparison with
amperometric detection. Therefore we combined the coulometric cells, applied
in the reduction mode, with an amperometric cell in the oxidation mode.
Although with this combination the noise level appeared to be increased to a
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Fig. 5. Comparison of the discrimination power of detection by coulometric reduction (a),
coulometric reoxidation (b) and amperometric reoxidation (c). Conditions: stationary phase,
Hypersil-MOS (5 /lm); mobile phase, 5% water in methanol, containing 0.03 M NaCI04 •

flow-rate, 1.0 ml/min. Applied potentials: (a) -400 mY, (b) +400 mY, (c) cells 1 and 2
-400 mY, ampeI:ometric cell +300 mV vs. Ag/AgCl. 1 = K.(.o) (50 ng), 2 = K 1 (50 ng),
3 =K.(30) (35 ng).

small ext.ent resulting in a detection limit of 280 pg, this combination has to be
preferred to the coulometric detection because of the better selectivity of
detection when determining K1 in plasma, as is shown in Fig. 5a-c.

Fluorometric detection
The influence of parameters such as solvent type, modifier content, sodium

perchlorate concentration, addition of perchloric acid, solvent flow-rate and
the choice of excitation and emission wavelengths, was investigated with the
UV detector placed between the analytical column and the electrochemical
detector, now used as a post-column reactor. Comparison of the UV signals
and the fluorescence signals makes it possible to observe the net changes in
fluorescence yield.

The absence of oxygen is essential for the fluorometric detection of K
vitamins. If oxygen is present, either the K vitamins are not reduced and con
sequently no· fluorescence is observed, or the fluorescence is completely
quenched. The influence of the flow-rate on the fluorescence signal was very
small, which means that the K vitamins are reduced quantitatively at the
normally used flow-rates (0.4-1.5 ml/min).
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Distilled water was passed through Amberlite MB-3. Other reagents and
solvents were used as received. i3-Glucuronidase-arylsulphatase was purchased
from Boehringer Mannheim (Mannheim, F.R.G.).

Apparatus
A JEOL Model JMS-D300 mass spectrometer was employed in conjunction

with the manufacturer's Model JGC-20K gas chromatograph and JMA-3100
mass data analysis system. Aliquots of each standard compound were injected
into the GC-MS system after trifluoroacetylation, and then EI ionization
mass spectra were recorded under the following conditions. A glass column,
1 m X 2 mm LD., was packed with 2% OV-17" on 80-100 mesh Chromosorb
W HP (Gasukuro Kogyo, Tokyo, Japan). Oven and injection port temperatures
were 235° C and 250° C, respectively. Helium was used as a carrier gas, main
taining a column head pressure to 0.9 kg/cm2

• The MS conditions were: ioniza
tion current, 300 p.A; ion source temperature, 200° C; separator temperature,
280°C; EI mode. For selected-ion monitoring, th€ mass spectrometer was set
to monitor m/z 58 for AMT and 10-0H-AMT and m/z 84 for IS-1 at an ioniza
tion voltage of 24 eV, and m/z 232 for NT, 230 for 10-0H-NT and 201 for IS-2
at 70 eV. Other GC---:-MS conditions were the same as those described above,
except that mass fragmentograms were recorded on a Rikadenki Model R-14
four-pen recorder.

Extraction
To a 1-ml aliquot of standard or unknown serum sample were added 200 p.l

of aqueous solution containing IS-1 (1.5 p.g free base per ml), 200 p.l of IS-2
in n-hexane (0.4 p.g/ml) and 0.1 ml of 5 M NaOH. The serum was then
extracted with 6 ml of n-hexane by shaking for 10 min in a mechanical shaker.
After centrifuging at 1300 g for 10 min, 5 ml of the n-hexane layer were
evaporated to dryness. To the residue were added 100 p.l of 0.1% triethylamine
in n-hexane and of trifluoroacetic anhydride. The mixture was reacted at 50° C
for 10 min. After the removal of solvent by evaporation, the residue was
vortexed with 0.1 ml of benzene and 0.1 ml of distilled water followed by
centrifugation. An aliquot of the resultant benzene layer was injected into the
GC-MS system.

For the determination of total quantity including conjugate, serum samples
were treated with 1 M acetate buffer solution (pH 5.2) containing 0.1 U of
i3-glucuronidase and 0.05 U of arylsulphatase at 37° C for 16 h prior to the
above extraction.

Quantitation
Quantitation of AMT and 10-0H-AMT was separately performed from that

of NT and 10-0H-NT. All determinations were carried out by calculating a
peak height ratio to internal standard.

Serum specimens
Blood samples were withdrawn from one male healthy volunteer, who had

received a tablet of AMT (50 mg, Tryptanol®, Merck-Banyu, Japan) with a
glass of water. Serum samples were prepared as usual and then kept at --20° C
until assayed.
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RESULTS AND DISCUSSION

Mass spectra of AMT, trifluoroacetyl (TFA)-NT, TFA-10-0H-AMT, TFA
10-0H-NT, 18-1 and 18-2 are presented in Fig. 3. Both AMT and TFA-10-0H
AMT gave one major fragment ion m/z 58 [CH2N(CH3 h]+' while TFA-NT and
TFA-10-0H-NT showed several" fragment-ion peaks with m/z 232 and 230
[M-(NCH3COCF3 , H)] as base peak, respectively. 18-1 gave one major
fragment ion, m/z 84 [CH2 NO t, whereas 18-2 gave several fragment ions in
addition to the base peak ion m/z 201 [M-CH2CH(CH3ht. In selected-ion
monitoring, these base peak ions were monitored.

Under the GC-M8 conditions employed here, a slight peak separation was
observed between enantiomers of each hydroxy metabolite, but the retention
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Fig. 5. Mass fragmentograms for measurement of (A) amitriptyline (I) and lO-hydroxy
amitriptyline (III), and (B) nortriptyline (II) and lO-hydroxynortriptyline (IV). (a) Blank
serum, (b) blank serum spiked with standard compounds, 50 ng (c) serum treated with ami
triptyline.

,6-glucuronidase-arylsulpJ:1atase. Fig. 5b and c are mass fragmentograms
obtained from serum spiked with authentic compound and internal standard,
and serum sample obtained after drug administration, respectively.

Dynamic range, accuracy and recovery in the determination of each
compound are summarized in Table 1. Linear calibration curves were obtained
over the dynamic range. To check the accuracy and precision of the method,
four serum samples spiked with authentic samples were analyzed at two con
centration levels, 10 and 100 ng/ml. Coefficients of variation at these levels
were less than 7%. This result indicates that the method is accurate and precise.
To determine recovery, n-hexane extracts of blank serum containing internal
standard alone were spiked with authentic sample and then treated according
to the above method. The slope was compared with that found with serum
samples containing authentic sample and internal standard. As shown in Table
I, the overall percentage recovery of AMT, 10-0R-AMT and NT was greater
than 90% and that of 10-0R-NT was about 60%. These recoveries are better
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from samples which had been treated with ~-glucuronidase-arylsulphatase

before extraction. AMT was conjugated to a level of half the total amount
during the period of measurement. The conditions of enzymatic hydrolysis
were checked with three levels of enzymes (0.104 and 0.052 D, 0.208 and
0.104 D, and 0.520. and 0.260 D of ~-glucuronidase and of arylsulphatase,
respectively) using urine samples of a patient treated with AMT. As shown
in Fig. 6, the lowest level of enzyme employed in this study was sufficient for
hydrolysis of conjugates of two hydroxy metabolites, but the enzyme level
was not good enough for conjugates of AMT and NT. Therefore, the values
for the conjugation of AMT and NT presented in Table II were underestimated.
The type of conjugation of AMT in serum has not been identified. It is
probable that the type is N-glucuronide because conjugated AMT in serum was
hydrolyzed to intact AMT by treatment with ~-glucuronidase-arylsulphatase

as shown by this study, and because the N-glucuronide of AMT was suggested
to be present in human urine by Breyer-Pfaff et al. [2]. Such a quaternary
ammonium N-glucuronide has been identified as a unique metabolite of cypro
heptadine [20] and tripelennamine [21] in human urine. Axelrod et al. [22]
reported that N-glucuronide resisted hydrolysis with ~-glucuronidase, which
was rather non-enzymatic. The resistance to ~-glucuronidasewas also confirmed
in hydrolysis of conjugate of AMT, but its hydrolysis was enzymatic as shown
by the dependence of the hydrolysis rate on enzyme concentration. A first
order kinetic analysis of Fig. 6 indicated that over 80% of AMT was conjugated
in human urine. The conjugation of NT in serum was not detected, although
the conjugation of NT was suggested in urine as shown in Fig. 6. It is
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Fig. 6. Releasing profiles of amitriptyline (I), nortriptyline (II), 10-hydroxyamitriptyline
(III) and 10-hydroxynortriptyline (IV) after incubation of urine of a patient (dosed with
amitriptyline) with 0.104 and 0.052 U (0), 0.208 and 0.104 U (6), and 0.520 and 0.260
U (0) of {3-g1ucuronidase and arylsulphatase, respectively.
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considered that secondary amine is more easily conjugated than tertiary amine,
but to our knowledge it has not been described that NT is conjugated in serum.
In contrast to NT, 10-0H-AMT was almost completely conjugated, though the
free component could be detected within a few hours after dosing. This
extensive conjugation is in agreement with results obtained in similar studies
by other workers [9], who found that more than 85% of 10-0H-AMT was con
jugated. About 60% of total 10-0H-NT was conjugated, which was consistent
with data obtained by other workers. Kragh-S¢>rensen et al. [23] showed that
51-85% of 10-0H-NT was conjugated in human plasma after oral administra
tion of NT. From the data of Garland et al. [9] it was estimated that the con
jugation ratio of 10-0H-NT ranged from 56 to 84% in human plasma after oral
administration of AMT.

It is well known that there are wide inter-patient variations in the serum
concentration of AMT. Many studies have been devoted to establishing the
relationship between serum concentrations of AMT and/or NT and clinical
response, but the data are still contlicting. In order to clarify these questions it
would be important to measure not only intact drug but also its metabolites,
because the hydroxy metabolites have pharmacological activities comparable
with AMT, and the biological fate of the drug depends on individual metabolic
activity.
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SUMMARY

A gas chromatographic-mass spectrometric method is described for the simultaneous
measurement of the novel anti-hypertensive drug captopril, and the following metabolites:
captopril disulfide dimer, S-methyl captopril, and S-methyl captopril sulfone. With this
method all derivatives can be chromatographed using conventional gas chromatography of
hexafluoroisopropyl esters in one temperature-programmed run and these can then be
quantitated using selected-ion monitoring techniques.

Using urine or plasma, captopril, S-methyl captopril and the disulfide dimer of captopril
in concentrations as low as 1 ng/ml, 10 ng/ml and 25 ng/ml, respectively can be detected.
The reproducibility of the method is satisfactory both within-assay and inter-assay.

This technique has demonstrated that the pattern of urinary excretion of these
compounds in both man and rat was similar. Excretion of unchanged captopril, S-methyl
captopril and the disulfide dimer over 6 h in man given captopril (50 or 100 mg) chronically
was 18.3%, 0.97% and 3.06%, respectively. Corresponding excretion of these three
compounds in the rat following a single 10 mg/kg dose was 18.3%, 2.69% and 1.8%,
respectively. A possible sulfone oxidation product of S-methyl captopril was not detected in
the urine of either man or rat.

INTRODUCTION

The angiotensin-converting enzyme inhibitor captopril {1-[(2D)-3-mercapto
2-methyl-l-oxopropyl] -L-proline} is a thiol-containing dipeptide based on
proline [1]. This drug is now being widely used as an antihypertensive drug
[2]. Its metabolism has been studied in both man L3, 4] and rat [5,6] and has
been shown to occur entirely by conjugation of the sulfur of captopril either
as thiomethyl derivatives or disulfide conjugates with other thiol compounds

0378'4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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such as cysteine, glutathione and even proteins. Methods used to quantitate
captopril and these metabolites have relied largely on thin-layer chromato
graphic techniques [4] with radioactive captopril or high-performance liquid
chromatographic (HPLC) methods [7-10], and gas-liquid chromatographic
[11] and gas chromatographic-mass spectrometric (GC-MS) methods [12,13]
have also been reported for the measurement of captopril, and in some
instances, the disulfide dimer of captopril [8, 12, 13]. GC methods have relied
on the use of N-ethylmaleimide to derivatize the sulfur of captopril in blood at
the time of collection to prevent formation of oxidized captopril species
[11-13]. Derivatization of the carboxyl group of captopril has been
accomplished using hexafluoroisopropanol esters (11, 13·] or methyl esters
[12]. The most sensitive and specific method appears to be GC-MS using
selected-ion monitoring (SIM) L12, 13]. Recent attention has focused on an
S-methyl metabolite of captopril as a possible inactivation product of captopril
metabolism whose formation may be time-dependent [3]. We present in this
paper a specific GG-MS method for measuring S-methyl captopril and the
sulfone oxidation product of S-methyl captopril in addition to cf.ptopril and
its dimer in plasma and urine. Data are also presented to show the excretion of
these compounds in rat and human urine.

EXPERIMENTAL

Reagents and chemicals
N-Ethylmaleimide (NEM, Sigma), perfluorobutyric anhydride (HFB, Pierce),

1,1,1,3,3,3-hexafluoroisopropanol (HFI) dimethyl sulfate (Fluka, puriss grade),
(4R )-3-( (2S)-3-mercapto-2-methylpropanoyl)-4-thiazolidine carboxylic acid
(YS-980, Santen Pharmaceutical), captopril and captopril disulfide dimer
(Squibb) were used as obtained. All other chemicals were analytical reagent
grade. Ethyl acetate (Merck) was purified over alumina and distilled prior to
use.

GC conditions
The stationary phase was 3% OV-I01 coated on 100-120 Chromosorb W

AW DMCS packed into a 2 m X 2 mm J.D. glass column. Helium (flow-rate
30 ml/min) was the carrier gas. Injector and detector zone temperatures were
280° C. Temperature program conditions were: initial temperature 150°C,
initial hold time 1 min, rate of rise 10° C/min, final temperature 2900 C.

MS conditions
A Finnigan Model 4021 gas chromatograph-mass spectrometer equipped

with an INCOS data system was used for the instrumental analyses. The ion
source temperature was 250° C (corrected) and the electron energy was 70 eV
for electron impact mass spectrometry (ElMS). When positive-ion chemical
ionization mass spectrometry (CIMS) was used, isobutane (Matheson) was the
reagent gas at a source pressure of 0.3 torr and source temperature of 150°C
(corrected)..Extractor voltage settings were 4 V for ElMS and 10 V for CIMS
and these were varied by the data system as function of mass to compensate
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were then related to those obtained from unknown samples containing the
same amount of YS-980.

Urine sampling procedures'
Eight patients (mean age 57.4, range 53-60 years) who had a history of

essential hypertension with normal renal function and who were already
receiving captopril (50-100 mg p.o., t.i.d.) as part of a comprehensive
pharmacokinetic study of this drug were investigated. Patients had been on
captopril for at least two weeks prior to collection of urine for this study. The
bladders were emptied immediately prior to the dose and urine was collected
over a 6-hperiod following the dose of captopril. Urine was immediately
treated with NEM (10 mg/ml urine) on voiding to alkylate the sulfhydryl
group and prevent spontaneous oxidation of captopril to disulfides [4]. Urine
was then frozen in aliquots until assayed.

Rats of either sex (mean weight 274 g, range 250-325 g) were housed in
metabolic cages and captopril (10 mg/kg) was given to rats by gavage of a fresh
aqueous solution (1 mg/ml). Urine was collected over a period of 24 h into
tubes containing 50 mg NEM. Urine was subsequently aliquoted out and
frozen.

RESULTS AND DISCUSSION

The HFI esters of S-methyl captopril and captopril chromatographed readily
on a packed column eluting at 3.4 min and 9.8 min, respectively. Furthermore,
these same conditions also facilitated chromatography of the disulfide dimer of
captopril which eluted at 12.6 min (Fig. Sa). Chromatography of a urinary
extract of a patient receiving captopril (50 mg) chronically using SIM-MS
analysis shows peaks at 3.4 min, 9.8 min and 12.6 min (Fig. 3b), which by
comparison of both EI and CI (isobutane) mass spectra of authentic standards
confirmed the presence of S-methyl captopril, captopril and the disulfide
dimer.

Similarly extracts of rat urine (see Methods) gave an almost identical profile
to that obtained from human urine with only the S-methylcaptopril, captopril
and the disulfide dimer evident. There were some very small unknown peaks in
both rat and human urinary extracts eluting between 4 and 8 min which were
also present in control urine extracts devoid of captopril. It was evident, how
ever, that if urine was stored at room temperature for even relatively short
periods (1 h) or subjected to more than one thawing an extra peak sometimes
appeared in the chromatogram at 5.2 min and levels of S-methyl captopril and
captopril fell. This peak was identified as the sulfone (S-dioxide) of S-methyl
captopril by its EI and CI mass spectra and by comparison with authentic
sulfone prepared from the oxidation of S-methylcaptopril (see Methods)
which gave identical retention times and mass· spectra to the unknown peak
(Figs. 1b and 2b). Although this compound was well extracted from
salt-saturated urine (recovery approximately 50%) there did not appear to be
significant amounts in either fresh rat or human urine obtained over 24 h after
captopril administration.

Captopril, the dimer of captopril and the sulfone of S-methyl captopril gave
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SUMMARY

This paper describes a sensitive method for the determination of 2-isosorbide mononitrate
and 5-isosorbide mononitrate as me~abolites of isosorbide dinitrate at concentrations down
to 2 ng/ml of 2-isosorbide mononitrate in both plasma and urine, and 5 ng/ml and 10 ng/ml
of 5-isosorbide mononitrate in plasma and urine, respectively.

The two mononitrate met!lbolites are extracted at basic pH into ethyl acetate, which is
then evaporated to dryness. The residue is dissolved in a basic aqueous solution, which is
washed with heptane and then re-extracted into ethyl acetate. The metabolites are
quantitated by gas chromatography, using a 63Ni electron-capture detector. Conjugates of
2- and 5,isosorbide mononitrate are determined in urine after enzymatic hydrolysis.

INTRODUCTION

Isosorbide dinitrate (ISDN) is an organic nitrate vasodilator. Very low
plasma levels are reached after oral administration to man, and ISDN is
detectable below its limit of quantitation in the 12-24 h urine only [1]. A
glutathione-dependent enzyme system, glutathione S-transferase, catalyses the
denitration of ISDN during its passage through the liver to give two isosorbide
mononitrates (ISMN): 2-ISMN and 5-ISMN [2].

In a study of the urinary excretion of ISDN in the rat, Rosseel and Bogaert
[3] found (without quantitation) 5-ISMN to be the main metabolite, 2-ISMN
being excreted in much smaller amounts; both mononitrates were largely ex
creted in conjugated form. Concentrations of 14C-labelled ISDN, 2-ISMN, and
5-ISMN in blood were measured radiometrically after thin-layer chromato
graphy [4]; the limit of accurate measurement of ISDN and both metabolites

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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was 2 ng/ml, but 9 ml of blood were needed. Using this method to study the
biotransformation of ISDN after oral administration of 5 mg of [14C] ISDN to
human subjects, Down et al. [5] showed that up to 13% was excreted as free
and conjugated 5-ISMN and 1% as free 2-ISMN. Some gas chromatographic
(GC) methods have been published [6-8], but they either lack sensitivity [6],
or require a large sample volume [6, 7]. Rosseel and Bogaert [8] described a
GC method with electron-capture detection (ECD) using a capillary column for
the simultaneous determination of ISDN down to 0.5 ng/ml, and 2-ISMN and
5-ISMN down to, respectively, 2 ng/ml and 20 ng/ml only, from 2 ml of
plasma.

In a recent paper, Geigenberger et al. [9] determined simultaneously ISDN,
2-ISMN and 5-ISMN in serum and not in urine by GC-ECD using benzene
as extraction solvent.

A rapid and sensitive method of assaying unchanged ISDN in plasma and
urine has recently been developed in our laboratories [1]. Using GC-ECD, this
method can measure concentrations down to 0.5 ng/ml. The extraction condi
tions elaborated for ISDN, however, were not convenient for 2-ISMN and 5
ISMN, and the method therefore did not appear practicable for the
simultaneous assay of ISDN and the two mononitrate metabolites in a single
run due to their different polarity.

This present paper describes a procedure which permits the quantitative
GC determination of free 2-ISMN and 5-ISMN in human plasma and urine. The
conjugated metabolites can also be assayed in urine after enzymatic hydrolysis.
The limits of quantitation are 2 ng of 2-ISMN per ml of plasma and urine,
5 ng of 5-ISMN per ml of plasma, and 10 ng of 5-ISMN per ml of urine.

EXPERIMENTAL

Chemicals and reagents
The two mononitrate metabolites (2-ISMN and 5-ISMN) of ISDN were

supplied by Sanol (Monheim, F.R.G.). The solvents and reagents used are
all of analytical grade: ethyl acetate (Nanograde 3427; Mallinckrodt, St. Louis,
MO, U.S.A.), n-heptane (Uvasol 4366; Merck, Darmstadt, F.R.G.), sodium
hydroxide (Titrisol Merck 9956), potassium carbonate (Merck 4928, used to
alkalinize plasma or urine).

The pH 5 buffer is prepared with 14.8 ml of 0.2 M acetic acid solution and
35.2 ml of 0.2 M sodium acetate solution, which are diluted to 100 ml with
water. {3-Glucuronidase (Sigma, St. Louis, MO, U.S.A.) is bacterial
{3-glucuronidase containing about 61.5 units/g.

Calibration solutions
The methanolic solutions of the two metabolites contain 2-500 ng of

2-ISMN and 5-ISMN per 25 ~l.

Equipment
All the glassware (flasks, glass tubes) is pretreated to prevent adsorption. It is

immersed in toluene containing hexamethyldisilazane, trimethylchlorosilane
and pyridine (1%, v/v, each) for 15 min and rinsed with methanol. The treat-
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ment is repeated every month. Between treatments, the glassware is cleaned as
usual and rinsed with methanol.

A Hewlett-Packard Model 5713 A gas chromatograph equipped with a
Hewlett-Packard electron-capture detector (Model 18 713 A) is used. The
thermoregulators of the detector and the injection port have been modified
to permit continuous adjustment of the temperature. The peak areas are given
by a Hewlett-Packard computing integrator (Model 3388 A). The column is
operated at 123°C with argon-methane (90:10) at a flow-rate of 75 ml/min;
the injector temperature is 162° C and the detector is set at 205° C. The glass
column (1 m X 2 mm I.D.) is washed [10], and packed with 3% QF-1 on Gas
Chrom Q (80-100 mesh) (Supelco, Bellefonte, PA, U.S.A.). The filled column
is flushed with the carrier gas at a flow-rate of 75 ml/min and heated to 150°C
at a rate of 1°C/min. The column temperature is held overnight at 150°C and
increased to 210° C for conditioning by injection of 200 J11 of SHyl 8 (Pierce,
Rockford, IL, U.S.A.) in fractions of 10 J1l. After this treatment, the column is
held at 210°C for 45 min and it is ready for use at 123°C.

Enzymatic hydrolysis of 2-ISMN and 5-ISMN conjugates in urine
One millilitre of urine, 1 ml of acetate buffer (pH 5) and approximately 10

mg of {j-glucuronidase are heated for 16 h at 37°C. The extraction procedure is
then performed as described below for the free mononitrate metabolites.

Extraction of free 2-ISMN and 5-ISMN from plasma and urine
One millilitre of plasma or urine is introduced into a 5-ml glass centrifuge

tube with approximately 100 mg of potassium carbonate and shaken on a
Vortex mixer for 1 min; then 3 ml of ethyl acetate are added. The tUbe is
stoppered and shaken mechanically for 10 min at 250 rpm in an Infors shaker,
then centrifuged for 3 min at 2500 g.

An aliquot of the ethyl acetate phase is transferred to another 5-ml tube and
taken to dryness under a stream of nitrogen at room temperature. Evaporation
must be performed very carefully and stopped just as the tube reaches dryness.

One millilitre of 2 M sodium hydroxide and 2 ml of heptane are added to the
dry residue, and the tube is then shaken mechanically for 10 min at 250 rpm
and centrifuged. The heptane phase is separated and discarded. Then 1 ml of
ethyl acetate is added to the sodium hydroxide phase, shaken for 10 min at
250 rpm and centrifuged. An aliquot of the ethyl acetate phase is transferred
into another tube and carefully taken to dryness, as mentioned above; 150 J11
ethyl acetate are added to the dry residue and the tube is shaken on a Vortex
mixer.

Gas chromatography
A 3-J11 portion of the ethyl acetate solution is injected into the gas chroma

tograph. The content of 2-ISMN and 5-ISMN is calculated from the peak areas
by reference to the two respective calibration curves. These curves are obtained
by extraction of plasma or urine spiked with increasing amounts of 2-ISMN and
5-ISMN (from 2 to 500 ng/ml). Standard samples for the calibration curves are
extracted and plotted every day.
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Study.in man
A healthy male subject, who had been advised to take no drugs during the

14 days preceding the experiment and none besides ISDN throughout the
duration of the study, received 5 mg of ISDN as one Isoket® tablet. Blood
samples were collected before and 0.25, 0.5, 0.75,1,1.5,2,3,4,8,12 and 24
h after the administration of the drug, and centrifuged. Plasma was removed
and stored at -20° C until analysis. Urine was collected during the following
time intervals: 0-4,4-8, 8-12, 12-24, 24-48, 48-72, 72-96 and 96-104
h. The volume was measured and an aliquot was stored at -20° C.

RESULTS AND DISCUSSION

Extraction procedure
No internal standard was used. Attempts to use 1,2-dinitrobenzene and 2,3

dinitrotoluene were unsuccessful: the extraction conditions for 2-ISMN and
5-ISMN are different from those required for these two compounds. The
chromatographic conditions mentioned above do not permit the use of
isomannide mononitrate, which has the same retention time as 5-ISMN.

Hydrolysis of conjugated 2-ISMN and 5-ISMN in urine
Preliminary experiments were carried out to determine the best conditions

for the hydrolysis of the 2-ISMN and 5-ISMN conjugates in human urine.
Stability tests showed that 2-ISMN and 5-ISMN are stable in urine at 37° C for
48 h.

Samples of the same urine fraction, containing the conjugates of 2-ISMN and
5-ISMN, from a volunteer treated with ISDN were subjected to enzymatic
hydrolysis. The reaction was studied in aliquots of this urine incubated with 10
mg of (j-glucuronidase and acetate buffer (pH 5) for 1, 2, 3, 4, 16 and 24 h
at 37°C.

Fig. 1 shows that 5-ISMN is less easily hydrolyzed than 2-ISMN; the
maximum yield of 5-ISMN is obtained after incubation for 16 h whereas that
of 2-ISMN is reached after 4 h.

peak area
(arbitrary units)

30000
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~.
5-15MN

10000 ...................................................................... 2-15MN

)1'
o'

1 2 34 16 24 hours

Fig.!. Effect of incubation time on hydrolysis of 2-ISMN and 5·ISMN conjugates.
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Identical results were found after a further 24-h incubation during which
fresh enzyme (10 mg) was added five times.

Incubation with {3-glucuronidase-arylsulphatase did not modify the
hydrolysis. It may be concluded that the conjugates of 2-ISMN and 5-ISMN
are glucuronides.

Within-day precision
The within-day precision of the method was checked by determining six

plasma and urine samples spiked with different concentrations of 2-ISMN and

TABLE I

WITHIN-DAY PRECISION OF THE ASSAY AND RECOVERY OF 2-ISOSORBIDE
MONONITRATE IN SPIKED PLASMA AND URINE SAMPLES

Amount In plasma In urine
added
(ng/ml) Mean amount Standard Recovery Mean amount Standard Recovery

found deviation (%) found deviation (%)
(ng/ml) (±) (ng/ml) (±)
(n = 6) (n = 6)

2 1.97 0.09 98.5 2.0 0.40 100.0
5 4.8 0.79 96.0 5.4 0.59 108.0

10 9.2 0.73 92.0 9.8 0.43 98.0
50 51 5.8 102.0 51 2.2 102.0

100 99 7.2 99.0 97 4.5 97.0
200 201 7.0 100.5
500 497 41.4 99.4 466 26.1 93.2

Mean 98.2 99.7
C.V. (%) 3.4 5.0

TABLE II

WITHIN-DAY PRECISION AND RECOVERY OF 5-ISOSORBIDE MONONITRATE IN
SPIKED PLASMA AND URINE SAMPLES

Amount In plasma In urine
added
(ng/ml) Mean amount Standard Recovery Mean amount Standard Recovery

found deviation (%) found deviation (%)
(ng/ml) (± ) (ng/ml) (± )
(n = 6) (n = 6)

5 4.7 0.3 94.0
10 11.2 0.8 112.0 9.6 2~0 96.0
50 55 4.2 110.0 59 2.2 118.0

100 98 7.2 98.0 110 5.3 110.0
200 188 9.5 94.0
500 470 26.7 94.0 526 51.7 105.2

Mean 100.3 107.3
C.V. (%) 8.4 8.6
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5-ISMN. The results obtained with the procedure described are given in Tables
I and II.

Day-to-day precision
The day-to-day precision was checked in plasma and urine by determining

two concentrations (10 and 100 ngjml) of 2-ISMN and 5-ISMN, in duplicate,
every day for one week. The results obtained with the procedure described are
given in Tables III and IV.

TABLEllI

DAY-TO-DAY PRECISION AND RECOVERY OF 2-ISOSORBIDE MONONITRATE IN
SPIKED PLASMA AND URINE SAMPLES

Amount In plasma. In urine
added
(ng/ml) Mean amount Standard Recovery Mean amount Standard Recovery

found deviation (%) found deviation (%)
(ng/ml) (±) (ng/ml) (± )
(n = 8) (n = 8)

10 10.6 0.7 106 10.0 0.5 100
100 105 7.8 105 97 4.6 97

TABLE IV

DAY-TO-DAY PRECISION AND RECOVERY OF 5·ISOSORBIDE MONONITRATE IN
SPIKED PLASMA AND URINE SAMPLES

Amount In plasma In urine
added
(ng/ml) Mean amount Standard Recovery Mean amount Standard Recovery

found deviation (%) found deviation (%)
(ng/ml) (±) (ng/ml) (±)
(n =8) (n =8)

10 9.6 1.1 96 10.5 1.3 105
100 104 9.9 104 99 9.6 99

Analysis of control samples
Four plasma samples spiked with concentrations of 2-ISMN and 5-ISMN

unknown to the analyst were prepared in duplicate. The accuracy
demonstrated by calculating the recovery for each concentration is 102.1 ±
5.6% and 94.0 ± 5.7%, respectively, for 2-ISMN and 5-ISMN.

Plasma and urine interference
Fig. 2 shows the chromatograms of an extract of human plasma (1 ml)

and of the same extract spiked with 10 ng of 2-ISMN and 5-ISMN. No inter
ference from normal plasma components was recorded. 2-ISMN and 5-ISMN
are well separated from the normal components of the urine extract.
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SUMMARY

Gas (GC) and liquid chromatographic (LC) assay procedures were developed for analysis
of nimodipine (1,4-dihydropyridine calcium antagonist, BAYe 9736) in blood plasma at
low nanogram concentration levels. To avoid decomposition during gas chromatography,
nimodipine was oxidized to nimodipine pyridine (P) analogue before it was
chromatographed on the OV-17 column and quantitated using an electron-capture detector.
In contrast, the LC procedure involved chromatographic separation and quantitation of the
underivatized nimodipine and of the endogenous P analogue using a 3-~m Spherisorb ODS
column and UV detection. The same plasma extract and three alternative internal standards
were used for both assays. Taking into consideration the fact that the GC assay result
includes endogenous P analogue as well as nimodipine, good correlation between GC and LC
assay data was obtained. Comparison of the results observed with the two procedures con
firmed the accuracy of each procedure and provided an alternative when one of the assay
results was subject to patient plasma constituent interference. The LC assay was also used
for analysis of the demethylated metabolites of nimodipine. To detect sub-nanogram
concentrations of nimodipine in cerebrospinal fluid a combined LC-GC procedure using
an LC clean-up step and a GC quantitation step was also developed. The above GC and LC
procedures were used to obtain preliminary pharmacokinetic data.

INTRODUCTION

Nimodipine [BAY e 9736, isopropyl-2-methoxyethyl-l,4-dihydro-2,6-
dimethyl-4-(3-nitrophenyl)-3,5-pyridine dicarboxylate] is a potent calcium

*Dedicated to the memory of Professor Dr. Otto Bayer.
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UV detector and a Kratos Model 250-1 or Waters Assoc. Model M-45 (Milford,
MA, U.S.A.) pump were used for LC analysis. LC samples were injected on an
Applied Science Labs. Excalibar (15 cm X 4.6 mm, 3-Mm Spherisorb ODS)
column _using either a Waters Assoc. Wisp nOB or a Perkin-Elmer 1SS-100
(Norwalk, CT, U.S.A.) autoinjector. Two alternative chromatographic solvents
were used for column elution. Solvent A consisted of a mixture of acetonitrile
water (57: 43, v/v) while solvent B was a mixture of methanol-water (66: 34,
v/v). Both solvents were pumped at a flow-rate of 0.5 ml/min. The UV detector
was set at either 238 nm or 218 nm wavelength, and a 0.004 to 0.002 a.u.f.s.
detector sensitivity range. Chromatographic peaks were quantitated using either
a Spectra Physics SP 4100 computing integrator or a Waters Assoc. Data
Module in the peak area or peak height mode of calculation. Selection of the
calculation mode was based on the observed peak shape, resolution and base
line.

Analytical procedures
To prevent UV light decomposition of dihydropyridine compounds to

pyridine derivatives during the analysis, all stock solutions of reference and
internal standard compounds were stored in amber glassware. Sample extracts
were prepared in a room illuminated by either diffuse daylight or shielded
fluorescent light fixtures. Since the same initial sample preparation steps were
identical, one 3-ml aliquot of plasma was used for preparation of both the GC
and the LC sample extracts. The 3-ml aliquot of plasma was mixed with a 3-ml
aliquot of an aqueous solution of internal standard prior to extraction with
the organic solvent mixture.

Most samples were assayed by reference to one of the three alternative
standards. However, if the selected internal standard was not resolved from a
plasma sample constituent in a given plasma sample, one of the two alternative
internal standards was used for calculation. The internal standard solution was
prepared by aqueous dilution of stock ng/MI isopropanol solution of each
internal standard in the same volumetric flask to yield a 20 or a 100 ng/ml
concentration of each internal standard. To construct the nimodipine and/or
nimodipine metabolite calibration curve the concentration of the compound of
interest ranged from 10 to 100 ng/ml of the aqueous solution.

Extraction procedure. The plasma sample diluted with the internal standard
mixture was treated with 1 ml of 1 M sodium hydroxide and extracted once
with 17 ml of diethyl ether-hexane (1: 1, v/v) solvent during 5 min shaking.
The recovery of nimodipine and internal standards (A, B, C) during the extrac
tion was checked and found to be at least 96% for nimodipine, nitrendipine (A)
and internal standard Band 92% for internal standard C.

The organic and aqueous phases were separated by centrifugation at 300 g
for 10 min. One 10-ml aliquot of the organic phase was withdrawn for LC
assay while a 5-ml aliquot was used for GC assay. Both aliquots were
evaporated under a gentle steam of nitrogen in a 60°C water bath.

Oxidation of GC extract. Test tubes containing residue of the 5-ml GC
aliquot were filled with gaseous nitrogen dioxide, sealed, and stored for 1 h in
the dark at room temperature. Subsequently, the nitrogen dioxide was flushed
out with argon for 5 min at 60°C. Since nitrogen dioxide is toxic, the filling
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tration in such samples is usually below the detection limit of the direct GC
and LC assays.

Some patient CSF samples containing less than ng/ml concentration of
nimodipine were estimated directly from the LC chromatogram obtained at
high detector sensitivity setting (see Fig. 7). However, subsequent GC analysis
of the nimodipine LC fraction enhanced the selectivity, sensitivity, and
accuracy of the nimodipine determination. For additional confirmation, some
CSF extracts were also analyzed by high resolution, direct inlet MS after LC
purification. MS data were quantitated using a multiple ion detection technique
based on a deuterated nimodipine internal reference standard.

Table IV presents the CSF results observed by the direct LC, LC-GC and
the LC-MS assay procedures. Since each of the above assays is subject to
0.1-0.2 ng/ml error the data presented in Table IV agree within experimental
error. It is also of interest to note that the observed concentration of
nimodipine in CSF is 10-20 times lower than the concentration of nimodipine
in plasma. Since nimodipine is about 95% protein-bound [17] the observed
concentration of nimodipine in CSF is approximately equal to the concentra
tion of the free (unbound) nimodipine fraction in plasma. A similar relation
ship between CSF and plasma concentration of diphenylhydantoin was
reported [18,19].

TABLE IV

COMPARISON OF CEREBROSPINAL FLUID ASSAY BY LC, LC-GC AND LC-MS
PROCEDURES

Sample Assay results (ng/ml)
No.

LC LC-GC LC-MS

621-1 0.3* 0.2 0.3
621-2 0.8 0.8 0.6
644-1 N.P.** 1.0*** 0.4
644-2 0.7 0.8 0.4
657-1 N.P. 0.8 0.9
657,2 0.8 0.6 0.8

*2 ml of CSF were used to obtain this estimate.
**N.P. =Not possible to estimate.
***Interference.

Clinical and pharmacokinetic assay results
The GC and LC procedures were applied to analysis of blood plasma

collected from patients enrolled in sub-arachnoid hemorrhage and migraine
clinical trials and preliminary pharmacokinetic studies in normal volunteers.
Statistical analysis of the analytical data collected from patients indicates that
there is a correlation between the GC and the combined (nimodipine plus
P analogue) LC assay results. Analysis of 80 clinical study plasma samples by
the GC and the LC procedures yielded a correlation coefficient of 0.943.

Table V presents preliminary pharmacokinetic study GC and·· LC assay
results. The GC and the combined LC assay results observed with pharmaco
kinetic data yielded a correlation coefficient of 0.999. It is also of interest to
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Fig. 8. Initial metabolic reactions of nimodipine.

note that although plasma concentration of nimodipine is considerably greater
than the plasma concentration of P analogue, the concentration of the
demethylated metabolites is greater than the concentration of nimodipine. The
above observation suggests that demethylation occurs more rapidly than
oxidation and that the concentration of the demethylated and oxidized
metabolite III (Mm) is highest because it can form as depicted in Fig. 8 by two
sequential reactions. However, the above hypothesis assumes that the elimina
tion and subsequent reaction rates of metabolites observed are similar. It
should also be noted that each one of the metabolic products is subject to
hydrolysis of each ester side-chain and hydroxylation of methyl groups on
the pyridine ring thus the sequence of reactions outlined in Fig. 8 depicts only
a fragment of the overall metabolic scheme which was discussed in a previous
publication [16]. With the exception of demethylation reaction similar
metabolic pathways were proposed to explain nifedipine metabolism [9,10].
As reported previously the observed dihydropyridine metabolic products are
10--500 times less potent than nimodipine while the oxidized pyridine
products did not exhibit vascular activity [15].

However, the analytical procedures described in this publication are not
suitable for analysis of the more polar acidic hydrolysis products of
metabolism. Thus, additional work is ongoing to elucidate pharmacokinetics
and human metabolism of nimodipine.
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CONCLUSIONS

Sensitive and precise GC and LC procedures for assay of nimodipine in
patient and volunteer plasma were developed. The relative standard deviation
and detection limit of both procedures were about 5% and 1 ng/ml, respective
ly. Comparison of the results observed with both procedures indicates that the
GC and LC data can be correlated providing that the GC results are corrected
for the presence of endogenous nimodipine pyridine analogue. Since the LC
assay determines nimodipine directly it should be used as a reference method.

Greater selectivity and sensitivity were achieved by combining an LC
clean-up step with GC quantitation. This procedure allowed measurement of
nimodipine in cerebrospinal fluid and plasma below the ng/ml concentration
range. The direct GC, LC and the LC-GC procedures are also applicable to
analysis of other dihydropyridine calcium antagonists such as nitrendipine.
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TABLE I

REPRODUCIBILITY IN COUNTING

Counts

GMNs GDNs GTN

1 990 1940 329
2 996 1916 372
3 1030 1911 343
4 1046 1952 336

Mean 1016 1930 345
S.D. 26.9 19.5 18.9
C.Y. (%) 2.6 1.0 5.5

TABLE II

REPRODUCIBILITY OF ANALYSES OF [ 14C]GTN AND ITS METABOLITES IN RAT
PLASMA

ng/ml plasma

GMNs GDNs GTN

1 42.7 118.7 27.3
2 43.7 115.7 27.7
3 42.3 116.7 28.3
4 41.7 116.3 24.7

Mean 42.6 116.9 27.0
S.D. 0.84 1.30 1.59
C.Y. (%) 2.0 1.1 5.9

In the RI-HPLC method the detection limit was reported as about 45 pCi
for 14C [15]. The lower limit of detection for [ 14C] GTN was found to be
about 0.2 ng injected, since the specific activity of P 4C] GTN was 224.6
J,LCi/mg.

The time course of plasma concentrations of P4C] GTN and its metabolites
following intravenous administration of [ 14C] GTN in three rats is shown in
Fig. 2. The half-lives of [ 14C] GTN and its metabolites are presented in Table
III. The data give some insight into interindividual differences. It should be
pointed out that the ability to use RI-HPLC which gives satisfactory resolution
with high detection efficiency is a great advantage to evaluate interindividual
differences of pharmacokinetics in small laboratory animals. The disappearance
of p4C] GTN in plasma followed first-order kinetics and was very rapid. By
20 min there was no detectable unchanged P4C] GTN. The elimination half
life of p 4C] GTN was 2.2 ± 0.21 min. This value agrees with the values found
using a GLC method [17]. The appearance of 1,3-P4C] GDN and 1,2
P4C] GDN was very rapid. In the first blood sample taken 2 min after the
administration of [l4C] GTN, peak concentration of GDNs was detected.
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SIMULTANEOUS DETERMINATION OF ELEVEN ANTIEPILEPTIC
COMPOUNDS IN SERUM BY HIGH-PERFORMANCE LIQUID
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(First received March 14th, 1983; revised manuscript received July 29th, 1983)

SUMMARY

A high-performance liquid chromatographic method for the simultaneous determination of
carbamazepine, CGP 10 000 (a common metabolite of carbamazepine and oxcarbazepine), des
methylmephenytoin, 10, ll-epoxycarbamazepine, ethosuximide, GP 47 779 (the active metab
olite from oxcarbazepine, a new drug made by Ciba-Geigy), mephenytoin, phenylethylmalon
amide, primidone, pheneturide, phenobarbital and phenytoin is described. The serum is ex
tracted with ethyl acetate at pH 3.9 and the dried extract is dissolved in 70% ethanol in
water and an aliquot is injected into a Hewlett-Packard 1084 B liquid chromatograph. A
reversed-phase (RP'8) column is used with acetonitrile and water as the mobile phase. The
eluted drugs are detected at 207 nm. The recovery of the compounds varies from 76%
to 95% with the day-to-day precision (C.V.) between 3.8% and 9.8%, the within-day preci
sion between 1.8% and 5.8% and run-to-run precision between 1.0% and 2.6%.

INTRODUCTION

Several high-performance liquid chromatographic (HPLC) methods for the
determination of antiepileptic drugs have been published. None includes in a
simultaneous program all the drugs routinely analysed in our laboratory.
Riedmann et al. [1] described in 1981 the use of HPLC for the measurement
of eight antiepileptic drugs and metabolites. Not included were GP 47 779
(Fig. 1), mephenytoin, desmethylmephenytoin and pheneturide. The peak they

o OH HOOH

ocb - orjg - d)o
O~l.NH dl.NH ifl.NH

2 2 2

Oxcarbazepine GP 47 779 CGP 10 000

Fig. 1. Biotransformation of oxcarbazepine.
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named "carbamazepine metabolite" must probably correspond to CGP 10000
(Fig. 1). Their chromatographic separation time is about 25 min. During the
preparation of this paper, Kabra et al. [2] published a fast liquid chromato
graphic method for five antiepileptic drugs. The chromatography is completed
in less than 2.5 min. But in this short time it is not possible to detect simultane
ously phenylethylmalonamide, mephenytoin and desmethylmephenytoin. The
retention time of 10,11-epoxycarbamazepine is very close to that of the intemal
standard. GP 47 779, CGP 10 000 and pheneturide are not mentioned.
Although CGP 10 000 appears in serum in concentrations between 19% and
220% (mean 52%, n = 19) of the carbamazepine concentration, and therefore
could cause serious interference, it is not mentioned in recently published
simultaneous methods including carbamazepine [2,3].

The present paper describes our HPLC procedure which has been used
routinely in our laboratory for two and a half years. The chromatography of
the eleven antiepileptic substances and CGP 10 000 is completed in about 15
min.

MATERIALS AND METHODS

Apparatus
The high-performance liquid chromatograph is a Hewlett-Packard Model

1084 B, equipped with a variable-wavelength detector (190---600 nm). The
reversed-phase column, LiChrosorb RP-8, particle size 10 ~m, 25 X 0.4 cm
(Merck), is gradient-eluted with 18% to 23% acetonitrile in water for 6 min and
then isocratically for 9 min until the wash program starts. After 16 min the rate
of acetonitrile is 80% and remains so for 2.5 min. After 19.5 min acetonitrile
has returned to 18% and after 2 min of equilibration the chromatograph is
ready for the next injection. Total time is 21.5 min. The flow-rate is 2.4
ml/min, the column temperature 35°C and the column effluent is monitored
at 207 nm.

.The diluter used is a Hamilton digital diluter; the Gerhardt shaker with a
modified tube holder is suitable for horizontally shaking 35 tubes simultane
ously.

Reagents and standards
The buffer is 500 g of ammonium sulfate and 41.4 g of NaH2P04 • H20

dissolved in 1000 ml of water, pH 3.9 [4].
The internal standard is 100 mg of hexobarbital in 100 ml of ethyl acetate,

the working solution 11 ml of internal standard in 2.5 I of ethyl acetate
(Merck).

Acetonitrile and ethanol are LiChrosolv reagents from Merck. The water
used in the mobile phase is first distilled and then filtered through a Millipore
filter type AA with a pore size of 0.8 ~m.

The composition of the drug standard mixture is given in Table 1. It is stable
for at least half a year at room temperature.

Procedure
To 1000 ~l of buffer in a 12-ml Pyrex screw-top tube are added 500 ~l of
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Fig. 3. Representative chromatograms from urinalysis following extraction. (A) Blank urine
with 1.8.; (B) calibration standard containing 0.8 and 8.0 f.Lg/ml of FLU and Met. 1,
respectively. Peaks with relative retention (actual retention times in min are in parentheses):
solvent front, 0.29 (2.06); Met. 1, 0.42 (2.98); FLU, 0.57 (4.16) and 1.8., 1.00 (7.30).

was made to identify the peak that eluted at approximately 18 min (Fig. 2A
from some plasma samples). Retention times for Met. 1, FLU and LS. were
2.83, 3.73 and 6.08 min, respectively. The relative retention of these
compounds is given in Fig. 2.

Fig. 3 shows typical chromatograms obtained from urinalysis following the
extraction step of blank urine containing I.S. (A) and a calibration (spiked)
standard (B) containing both FLU and Met 1. The elution is clean, peaks are
symmetric and sharp. Retention times for Met. 1, FLU and LS. were 2.98,
4.16 and 7.30 min, respectively. Relative retention times are also shown in
Fig. 3.

Fig. 4 shows a mean standard curve (n = 6) in plasma over a two-month
period, where peak area ratios are plotted as a function of spiked FLU and Met.
1 concentration. The inset in Fig. 4 shows an excellent linearity when peak
height ratio (FLU/I.8.) is regressed as a function of FLU concentration (range
0.01-0.05 J.Lg/ml). This validates linearity at the low range and suggests that
either the peak height or peak area ratios may be used to obtain standard
calibration plots.

Linearity of the standard curve was established over an extended range of up
to 10.0 J.Lg/ml FLU and 25.0 J.Lg/ml Met. 1 in plasma. The mean slope of the
standard curves was 1.165 for FLU and 0.053 for Met 1. The variability in the
slope of the standard calibration curves (n = 6) for FLU and Met. 1 over a
two-month period was 6.2% and 7.8%, respectively. The correlation
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SUMMARY

A high-performance liquid chromatographic assay has been developed for the imidazo
quinazoline derivative Ro 13-6438 [D-(- )-6-chloro-1 ,5-dihydro-3-methylimidazo( 2,1-b)
quinazolin-2( 3H)-one], which is under clinical investigation as a cardioactive drug.

The drug is extracted from biological fluids into 1-chlorobutane-1-hexanol (90:10)
and back-extracted into perchloric acid. This extract is chromatographed directly, using a
reversed-phase high-performance liquid chromatographic system with ultraviolet detection at
254 nm. The detection limit in plasma is about 1 ng ml -', using a 1-ml sample. The assay
is rapid, accurate and sufficiently sensitive for the study of the single-dose kinetics of Ro
13-6438 in man following a 7.5-mg intravenous dose.

No instability of the unchanged substance was observed in plasma during storage for one
day at room temperature and for five months at -200 C.

INTRODUCTION

Ro 13-6438 (I) is an imidazo quinazoline derivative [D-(-)-6-chloro-1,5-di
hydro-3-methylimidazo(2,1-b)quinazolin-2(3H)-one, Fig. 1] with positive
inotropic properties and is under clinical investigation as a cardiotonic drug.

For pharmacokinetic studies of I a suitable method had to be developed to
determine the unchanged drug in biological fluids. High-performance liquid
chromatography (HPLC) has proved to be a convenient procedure for this
purpose, and, because of its higher selectivity, fluorescence detection is used
whenever possible [1-3]. Unfortunately, I has no native fluorescence as ex
tensive experiments with a large number of solvents and different test
conditions showed. Therefore, the ultraviolet (UV) absorbance of the substance
had to be used for quantitative determination. The UV absorbance of I is pH-

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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dependent. In aqueous solution at pH 1 two absorption maxima were found,
one at 275 nm and a second at 222 nm, the latter having an extinction
coefficient about twice that at 275 nm. If the pH was raised, the maximum at
275 nm disappeared; at a pH of 6.5-7.0 and above, a maximum at 250-255
nm could be observed with an extinction coefficient nearly as high as that at
222 nm and a pH of l.

During the development of the HPLC system, several possibilities were tried.
In a preliminary method for pharmacokinetic studies in dogs, normal-phase
chromatography was used. Due to endogenous interferences which could not
be eliminated and inadequate sensitivity, this approach was not suitable for
human plasma. Reversed-phase systems with acidic or neutral to slightly
alkaline mobile phases and detection at 222 nm and 254 nm, respectively, were
compared. Less base-line noise was encountered at 254 nm; therefore this
approach was used to develop an assay for I in biological fluids.

Direct injection of the biological material was not possible [4, 5] due to
endogenous interferences. For reversed-phase HPLC, the extraction of a drug
from plasma or urine into an organic solvent followed by back-extraction into
an aqueous phase, which could then be directly chromatographed, has proved
to' be an elegant procedure [6, 7]. This approach was applied to I, thus
avoiding evaporation and redissolving of the extract.

EXPERIMENTAL

Materials
The following solvents and reagents were used without special purification:

n-hexane p.a., 1-hexanol for synthesis, methanol p.a., perchloric acid p.a.
about 70% (E. Merck, Darmstadt, F.R.G.); 1-chlorobutane HPLC grade (Fisons,
Loughborough, U.K.); acetonitrile HPLC grade S (Rathburn, Walkerburn,
U.K.).

A 0.05 M (0.5%) perchloric acid solution was prepared by making up 4.3 ml
of perchloric acid (70%) with deionized water to 1000 ml. For extraction, a
mixture of one part 1-hexanol and nine parts 1-chlorobutane was used. Buffer
solution, pH 6.8 (0.05 M), was prepared by dissolving 13.8 g of NaH2P04 • H20
(p.a. Merck) in about 1950 ml of water (bidistilled), adding about 7 ml of 8 M
sodium hydroxide, adjusting the pH to 6.8, and making the volume up to
2000 ml with water.

I and the internal standards II and III (for structures see Fig. 1) were first
synthesized by Dr. M. Chodnekar and Dr. F. Kienzle of Roche, Basle.

Standard solutions
A stock solution of I in methanol was prepared by dissolving 20 mg of the

compound in 100 ml of methanol by ultrasonication. This methanolic solution
can be stored at -200 C for more than three months without degradation.
Appropriate quantities of the methanolic stock solution were diluted with water
to give solutions within the range of 7.5 to 0.05 Ilg ml- I of 1. These solutions
were used as plasma standards by diluting 0.5 ml with blank plasma to 25 ml,
covering the concentration range of 150 ng ml- I to 1 ng ml- I

.

A stock solution of the internal standard was prepared by dissolving 5 mg of
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TABLE IV

STABILITY OF I IN HUMAN PLASMA

Five replicates in all cases. Statistical calculations are based on logarithms of the data [11].

Storage Amount Amount Percentage difference Confidence interval
condition added found between amount for the difference

(ng ml-') (ng ml-') found and amount between the means
added of the stored and
(%) freshly prepared

sample (%)

One day at 40 39.8 -0.6 -2.5 to +1.2
room (99.4)*
temperature 10 9.87 -1.3 -3.4 to +1.0

(98.7)

Three months at 40 40.3 +1 -0.4 to +2.0
-20°C (101)

10 9.8 -2 -7.2 to +3.5
(98)

Five months at 40 41.6 +4 +1.8 to +6.4
-20°C (104)

10 9.96 -0.4 -2.9 to +2.3
(99.6 )

*In parentheses: percentage of amount added.

plasma of about 1 ng ml- i
. With new, high-quality columns, this limit could be

reduced to about 0.5 ng ml- i .

Due to endogenous interferences, the detection limit in urine was about
10 ng ml- i .

Stability. Plasma samples spiked with 10 and 40 ng ml- i were stored for 24 h
at room temperature and for three and five months at -200 C. The results of
these stability tests are compiled in Table IV. The data indicate that I is stable
in plasma.

NG / ML PLASMA

HOURS

Fig. 3. Plasma concentration-time profile of I of a volunteer (S.H.) following a single Lv.
dose of 7.5 mg of the drug as a microsuspension.
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Many important cancer chemotherapeutic agents, mutagens and carcinogens
are known to undergo a chemical or metabolic conversion to a methylating
intermediate [1, 2]. Included in this category are methylnitrosamine, nitroso
urea, hydrazine, azo, diazo, azoxy, diazotate, nitrosocarbamate, nitrosonitro
guanidine and triazene containing compounds [3], which are precursors to the
methyldiazonium ion. The pharmacologic activity of these agents is thought to
result from the small fraction of methyldiazonium ion that reacts with cellular
macromolecules. The fraction, over 95%, of methyldiazonium ion that does not
covalently bind to large molecules reacts with water to form methanol [4].
Thus the amount of methanol formed in these reactions is a good measure of
the amount of pharmacologically active species that has been produced. It is of
interest to be able to relate the activity of an agent in a cytotoxicity or
mutagenicity cell culture assay to the actual amount of active methyldiazonium
ion formed during the assay procedure. Similarly, for agents that require
metabolic activation, it is important to know the percent conversion of parent
agent to active species that occurs in in vitro metabolic systems. This paper
reports analytical methods for the measurement of methanol formed in in vitro
rat liver microsome preparations and in cell culture assay incubations at
concentrations as low as 10 nmol/ml.

There are a number of problems associated with the analysis of trace amounts
of methanol in aqueous mixtures. The high volatility and polarity of methanol
precludes extensive sample handling and extraction techniques. Derivatization
methods for methanol become unreliable in dilute solutions [5, 6] and
methanol itself is not readily detected using spectrophotometric or electrical
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protonated methanol can form two hydrogen bonds to the ethylenediamine
amino groups. Unfortunately, the efficiency of the ionization process was low
and the net sensitivity was somewhat less than that of methane reagent gas.

We also employed tetramethylsilane as a reagent which has been reported
to selectively form trimethylsilyl adduct ions with alcohols [14]. This report
was confirmed by our results, but we experienced repeated serious losses of
sensitivity related to contamination of the ion source by this reagent gas.

The cytotoxic activity of methylnitrosourea and 1-methyl-3-aryltriazenes
can be measured by incubating these agents with suspended P388 leukemia
cells in Fischer's medium containing 10% (vjv) donor horse serum at pH 7.4,
37°C for defined periods, usually 30 to 120 min. When the drug effect of
treated vs. non-treated cells is related to the drug concentration decrease
occurring during the cell exposure period, these agents are found to have equal
activity [15]. If the concentration decrease is related to the amount of methyl
diazonium ion formed, this provides further evidence that the toxic effect of
presumably randomly generated methyldiazonium ion is independent of parent
drug structure [16]. The relationship between parent drug concentration
decrease, cytotoxicity and methanol formation may be defined more directly
by measuring the amount of methanol formed during the assay incubation
period.

The methanol assay procedure was tested in two experimental systems, an
in vitro cell culture cytotoxicity assay and a microsomal metabolism
preparation. The drugs listed in Table I were incubated with P388 cell
suspension at 37° C by the method described above. Each drug was incubated
for a period of time equal to four half-lives. After inCUbation the samples were
analyzed by GC-MS. Table I shows the measured methanol concentration ex
pected from disappearance of parent druK assuming 100% conversion to
methanol. The small amount of methanol observed in the blank was an
impurity in the dimethylsulfoxide. The impurity was reduced to the amount
observed in the blank by treatment of the dimethylsulfoxide with 10-A
molecular sieves. Acetone has been found to contain less methanol impurity
and may be used as an alternative solvent. The observed value less the blank
corresponds closely to the expected value of methanol indicating that a single
reaction pathway is operating with these agents. The average difference is
-2.5% with a 4.4% standard deviation. Triazenes produce a 50% decrease in
P388 cell growth rate at a dose that leads to the formation of 80 to 120 11M
methanol. The concentrations reported in Table I are below the limits of
detectable toxicity.

Methanol was also measured as a product of the phenobarbital-induced rat
liver 100,000 g microsomal metabolism of 1-methyl-2-benzylhydrazine hydro
chloride. Methylhydrazines are converted to azo, azoxy and azoxycarbinol
metabolites by cytochrome P-450 enzymes [17]. The proposed azoxycarbinols
react chemically to give methyldiazonium ion intermediates and methanol as
a stable product [18]. Measurement of methanol formation would indicate the
extent of conversion of parent drug to the ultimate active species, methyl
diazonium ion. Analysis of the incubation mixture in the absence of substrate
showed high levels of both methanol and ethanol. This material was present in
the glucose-6-phosphate (methanol) and NADP (ethanol) and could not be
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half-life was calculated by regression analysis of the post-distributive log
linear portion of the plasma concentration versus time curve.

RESULTS AND DISCUSSION

The extraction procedure resulted in simple sample preparation. Chromato
grams of an extract of -pre-dose plasma sample and a plasma extract obtained
after a single 45-mg oral dose of primaquine are shown in Fig. 1 (A and B).
The plasma extract from the volunteer receiving primaquine showed a distinct
peak with a retention time of 7 min 36 sec corresponding to primaquine (120
ngjml). This peak was completely resolved from that of the internal standard,
retention time 5 min 12 sec. The peak eluting prior to the internal standard
was an impurity in the internal standard stock and was not observed in extracts
of blank plasma. Chromatograms of blank urine and a urine specimen collected
after a single oral dose of primaquine are shown in Fig. 2 (A and B).

The acetylated and carboxylated metabolites of primaquine described by
Baker et al. [3] did not interfere with the assay. Although these metabolites
appeared in the chromatograms of aqueous stock solutions at retention times
of 14 min and 17 min, respectively, they did not appear in any plasma or urine
extracts possibly due to poor analytical recoveries under the conditions of the
extraction.

I Attenuation

0.01 aufs

A

001 aufs

B

2

o 5 10 0
-Minutes-

10

Fig. 1. Chromatograms of a blank plasma extract (A) and an extract of plasma obtained after
a single 45-mg oral dose of primaquine (B) (primaquine, 120 ng/ml). Peaks: 1 = internal
standard, 2 = primaquine.
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We found no interference with chromatographic separation from the
commonly used antimalarial drugs chloroquine and pyrimethamine or from
endogenous compounds in plasma. A clearly resolved component of the extract
from plasma obtained from a normal subject receiving primaquine (Fig. 1B) did
not appear in blank plasma (Fig. 1A). This may be a metabolite, as yet
unidentified. Additionally, in a number of urine extracts a minor endogenous
component was seen to elute with a retention time between that of the internal
standard and primaquine (Fig. 2). This resulted in a marginally reduced level of
sensitivity in these samples.

The extraction solvent, hexane-ethyl acetate (9:1) gave optimal recovery of
primaquine with minimal extraction of endogenous compounds. Calibration
curves were linear in the range 0-200 ng (r = 0.99) and analytical recovery of
primaquine was 93% (± 5, n = 6). The minimal detectable quantity of
primaquine in plasma which gave a peak three times baseline noise at the
highest detector sensitivity (X 0.0025 a.u.f.s.) corresponded to a level of 1
ng/ml.

The intra- and interassay variation of spiked plasma samples were respective
ly 8.7% (n = 8) and 5% (n = 5) at 25 ng/ml, and 4.2% (n = 10) and 2.7% (n = 5)
at 100 ng/ml.

This assay was applied to a study of the pharmacokinetics of primaquine,
following 45 mg orally, in man (all values are means ± standard deviation,
n = 4). In all cases plasma primaquine levels could be measured throughout the
24 h of the study. Primaquine was rapidly absorbed reaching peak plasma levels
of 150.2 ng/ml (± 28.0) at 2.6 h (± 0.7). The plasma elimination half-life was
6.3 h (± 0.9). Urinary excretion of primaquine over 24 h was 459.5 p.g
(± 315.0) or 1.1% (± 0.7) of the dose. A typical log plasma concentration
versus time curve is shown in Fig. 3.

The advantages of this assay over earlier methods are that it is inexpensive,
sample treatment is rapid and simple, sensitivity is increased while selectivity
is retained and it is capable of measuring primaquine levels after clinically
relevant doses. It may also be possible to quantitate the less stable metabolites
of primaquine using this assay or a minimally modified procedure.
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MATERIALS AND METHODS

High-performance liquid chromatography
A Waters Model 6000A solvent delivery system was attached to a reversed

phase column 25 cm X 4.6 mm LD. The column was packed with Whatman
PXS 5/25 Partisil ODS 3, particle size 5 11m (Whatman Chemical Separations,
Maidstone, U.K.). Samples were introduced onto the column by means of a
Rheodyne loop injector, the volume of the loop being 100111. Sample detection
was carried out electrochemically using a TL5A thin-layer cell assembly with
an LC2A controller (Bioanalytical Systems).

Voltammetry
It was necessary to establish the optimum applied potential to give

maximum sensitivity, low signal-to-noise ratio and rapid equilibration.
Repeated injections of 50 ng of timolol were made under the conditions
described below and the amplitude of the response compared with the applied
potential (Fig. 1). The optimum applied potential was found to be +1.2 V and
this was maintained throughout the study.
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Fig. 1. Voltammogram of repeated injections of 50 ng of timoloI.

Reagents and materials
Timolol maleate was supplied by Merck, Sharpe and Dohme, U.K. and
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RESULTS AND DISCUSSION

Typical chromatograms of blank and spiked plasma are shown in Fig. 2.
Under the conditions described in the text the retention times for timolol
and propranolol were 4.8 and 8.2 min, respectively. The chromatogram of
patient plasma was similar to that of spiked plasma in all respects. The calibra
tion curve was linear from the limit of detection, 2 ng/ml, up to 100 ng/ml
and could be described by the equation: y = 0.02356x + 0.0075. Typical chro
matograms from breast milk are shown in Fig. 3. Under the conditions
described in the text the retention times of pindolol and timolol were 7.0 and
13.5 min respectively. Again the chromatogram of patient breast milk was
similar to that of spiked breast milk in all respects. The calibration curve for
breast milk could be described by the equation: y = 0.01l25x -- 0.00563.
The limits of detection and linearity were as for plasma.

The precision and accuracy of the method applied to plasma and breast
milk are shown in Table I and the coefficient of variation (C. V.) is less than
10% at the 10 and the 50 ng/ml level. Recoveries of timolol were approxi
mately 80% from plasma and 60% from breast milk.

Plasma concentrations of timolol following a single oral dose of 20 mg were
monitored in a young healthy volunteer over a 7-h period (Fig. 4) and the
results were consistent with those reported in earlier studies [5, 8]. A peak
plasma concentration of 58 ng/ml was achieved after 2 h.

Most pharmacokinetic studies with timolol have used GC as the analytical
tool, the method of Tocco et al. being most widely used [6]. That method
involves a derivatization step with heptafluorobutyrylimidazole and we feel
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Fig. 2. Timolol in plasma. A, blank plasma; B, plasma containing 50 ng of timolol (1) and
100 ng of propranolol, internal standard (2).
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Fig. 3. Timolol in breast milk. A, blank milk; B, milk containing 50 ng pindolol, internal
standard (1) and 50 ng timolol (2).
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Fig. 4. Plasma concentrations of timolol in a volunteer following a single oral dose of 20 mg
timolol maleate.

TABLE I

PRECISION AND ACCURACY OF THE METHOD APPLIED TO PLASMA AND BREAST
MILK

Spiked concentration Detected concentration C.V. No. of assays
(ng/ml) ± S.D. (ng/ml) (%) (n)

Plasma 10.0 9.8 ± 0.8 8.2 10
50.0 50.1 ± 3.7 7.4 9

Breast milk 10.0 9.8 ± 0.5 5.1 10
50.0 50.3 ± 2.3 4.6 9
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that the present method is simpler and offers similar sensitivity. The only
published method of greater sensitivity is by mass fragmentography and is
beyond the reach of most laboratories.

The method described here is both sensitive and accurate and provides a
useful alternative to the established GC method for timolol in plasma and
breast milk.

REFERENCES

1 A. Scriabine, M.L. Torchiana, J.M. Stavorski, C.T. Ludden and D.H. Minsker, Arch. Int.
Pharmacodyn., 205 (1973) 76.

2 M.R. Achong, K.M. Piafsky and R.I. Ogilvie, Clin. Pharmacol. Ther., 19 (1976) 148.
3 W.S. Aronow, J. Ferlinz, M.D. Vicario, K. Moorthy, J. King and J. Cassidy, Circulation,

54 (1976) 47.
4 T.J. Zimmerman and H.E. Kaufman, Arch. Ophthalmol., 95 (1977) 60l.
5 J.B. Fourtillan, P. Courtois, M.A. Lefebvre and J. Girault, Eur. J. Clin. Pharmacol., 19

(1981) 193.
6 D.J. Tocco, F.A. De Luna and A.E.W. Duncan, J. Pharm. Sci., 64 (1975) 1879.
7 O.F. Else, H. Sorenson and I.R. Edwards, Eur. J. Clin. Pharmacol., 14 (1978) 43l.
8 J.B. Fourtillan, M.A. Lefebvre, J. Girault and P. Courtois, J. Pharm. Sci., 70 (1981) 573.
9 M.A. Lefebvre, J. Girault and J.B. Fourtillan, J. Liquid Chromatogr., 4 (1981) 483.





251

providing a selective and rapid isolation step prior to HPLC separation. Con
ditions for quantitative extraction of HOPS as an ion-pair with tetrabutyl
ammonium (TBA +) were therefore investigated and the method applied to
determinations of this conjugate in urine. For comparison, the extractability
of the corresponding glucuronic acid conjugate, i.e., 4' -hydroxypropranolol
glucuronide (HOPG) was also investigated.

EXPERIMENTAL

Chemicals
HOPS and HOPG were isolated and purified from urine of dogs dosed with

[4'_3H] propranolol [2, 4]. Their purity was greater than 95% as assessed by
HPLC. The specific activity of HOPS was 0.12 ,uCi/mg and for HOPG 0.07
,uCi/mg. Tetrabutylammonium (TBA +) hydrogen sulfate was obtained from
Aldrich (Milwaukee, WI, U.S.A.). The aryl sulfatase (Aerobacter aerogenes)
was purchased from Sigma (St. Louis, MO, U.S.A.). The chloroform used was
of analytical grade and was washed with water prior to its use. The liquid
scintillation solution (ACS) was purchased from Amersham (Arlington Heights,
IL, U.S.A.).

Instruments
Radioactivity measurements were performed after the addition of 10 ml

scintillation cocktail, using a Beckman Model LS-355 liquid scintillation
counter.

The HPLC system consisted of a Model 6000 high-pressure pump, a Model
U6K injector, a Model 440 UV detector operated at 280 nm (Waters Assoc.,
Milford, MA, U.S.A.) and a CIs-column (5 ,urn, 25 cm X .4.6 mm I.D., Alltech
Assoc., Deerfield, IL, U.S.A.). The mobile phase used was acetonitrile-water
(15:85) in 0.01 M ammonium acetate.

The gas chromatograph-mass spectrometer was an LKB Model 9000S
instrument operated in the electron impact mode at 20 eV, using a glass
column (30 cm X 1.5 mm J.D.) packed with 3% OV-1 on Supelcoport 80-100
mesh (Supelco, Bellefonte, PA, U.S.A.).

Extraction constants
A charged organic compound can be transferred from an aqueous phase to

an organic phase as an ion-pair. The charged compound is extracted as an
association complex with a counter ion, an ion of opposite charge [5, 6].
The extraction of an organic anion, X -, with a counter ion, TBA +, can be
expressed:

TBA;q + X;q ~ TBA +X~rg

The extraction constant, K ex, can be defined:

(1)

K
ex

= [TBA +X -] org (2)
[TBA +] aq [X -] aq

[TBA +X -] org is the concentration of the ion-pair in the organic phase and
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RESULTS AND DISCUSSION

The ion-pair extraction of HOPS and HOPG from an aqueous phase into
chloroform was studied using TBA + as the counter ion. The extraction
constants (Kex ) were determined using fixed concentrations of TBA + and a
range of HOPS and HOPG concentrations, Table 1. A pH of 12 in the aqueous
phase was chosen in order to avoid protonation of the amino group of the side
chain (pKa about 9.5). Log K ex for HOPS was found to be 3.95 ± 0.03 (mean
± S.D.) and for HOPG -0.76 ± 0.06. This difference in K ex of more than four
orders of magnitude indicates a much greater lipophilicity of the TBA + ion-pair
with the sulfate than with the glucuronic acid conjugate.

The relationship between the distribution ratios (D) for HOPS and HOPG
and the TBA + concentration in the aqueous phase at equilibrium (eqn. 4) is
expressed in Fig. 2. At TBA + concentrations > 1.1 . 10 -2 M the log D for
HOPS is > 2, whereas at TBA + concentrations < 5.7 . 10-2 M the log D for
HOPG is < -2. Thus, at the TBA + concentration range of 1.1 to 5.7 . 10-:l M
(shaded area in Fig. 2) there is quantitative extraction of HOPS without extrac
tion of HOPG. The validity of this observation was tested directly by extrac
tion of human urine spiked with radioactive HOPS or HOPG. A TBA + concen
tration of 2.0 . 10-2 M and a pH of 12 gave 99% extraction of HOPS and
negligibe extraction « 3%) of HOPG. Doubling of the TBA + concentration
gave identical results. These findings demonstrate the direct applicability of
the ion-pair extraction approach to biological samples.

Fig. 3 shows an HPLC tracing of a similar extract of urine from a patient
receiving a single 80-mg oral dose of propranolol together with tritium-labeled
drug. The shaded peak, which had the same retention volume as purified HOPS,
was the only peak containing radioactivity. Although the naphthoxylactic acid
metabolite [8, 9] was also extractable as a TBA + ion-pair under the conditions

TABLE I

DETERMINATION OF EXTRACTION CONSTANTS, K ex' FOR HOPS AND HOPG

Organic phase: chloroform; aqueous phase: pH 12. Cx - = Initial concentration of X - in
the aqueous phase; CTBA + = initial concentration of TBA + in the aqueous phase; D = dis
tribution ratio for X -; K ex = extraction constant for X - as a TBA + ion-pair.

Anion X- Cx - • 10' CTBA + D log K ex

HOPS 0.8 1.39 . 10-' 1.14 3.93
1.5 1.39 • 10-' 1.11 3.93
3.0 1.39 . 10-' 1.07 3.94
6.1 1.39 . 10-' 1.07 4.00

Mean ± S.D. 3.95 ± 0.03

HOPG 4.7 0.529 0.080 -0.82
9.5 0.529 0.116 -0.66

19 0.529 0.093 -0.76
38 0.529 0.085 -0.79

Mean ± S.D. -0.76 ± 0.06
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Isolated hepatocytes were prepared from male white rats (Kng:(SD)Br,
King Animal Labs., fed ad libitum) as described previously [6] and incubated
at 37°C in rotating round-bottom flasks in Krebs-Henseleit medium
supplemented with 12.5 roM HEPES [6]. Viability was 95-99% as estimated
by exclusion of 0.2% Trypan blue. Reactions were terminated by addition of
0.5 ml 3 M perchloric acid per ml incubation mixture, and protein was removed
by centrifugation.

HPLC was performed with a Beckman Model 334 gradient chromatograph
with an autosampler and a variable-wavelength detector (flow-cell volume,
20 tIl).

Separation of the metabolites was obtained on a 5-tIm reversed-phase C1S

column (25 cm X 4.6 mm, Altex, Ultrasphere-ODS) with a gradient formed from
solvent A (50 ml methanol, 550 ml 1% acetic acid, 1 ml ethyl acetate, final
pH adjusted to 4.2 with 10 M potassium hydroxide) and Solvent B (420 ml
methanol, 180 ml 1% acetic acid, 1 ml ethyl acetate, final pH adjusted to 4.2
with 10 M potassium hydroxide). The program was as follows: 6 min at 100%
solvent A, 10-min linear gradient from 100% solvent A to 100% solvent B,
hold 4 min at 100% solvent B, I-min linear gradient from 100% solvent B to
100% solvent A, hold 10 min at 100% solvent A before injecting another
sample. Flow-rate was maintained at 1 ml/min and chromatograms were run at
room temperature. Injection volumes were routinely 100 or 200 tIl; comparison
of recoveries of the same amount of standard injected in different volumes
(5-200 tIl) showed that recovery was independent of injection volume over
this range. Quantitation was performed from the absorbance at 250 nm by
both peak height measurements and with a Hewlett-Packard Model 3390A
integrator. Integration values are presented, but were proportionate to peak
height down to the limits of the assay as expressed below.

RESULTS AND DISCUSSION

Because most cellular metabolites are more polar than benzylamine and its
metabolites, an inital isocratic period with 100% solvent A allowed rapid
elution of these compounds with retention of the compounds of interest.
Separation was highly pH-dependent over the range of 3.3 to 6.0, and optimal
separation was obtained at 4.2 with conditions as described in Fig. l.
Separation was very reproducible over a period of several months.

Studies of the recoveries of benzaldehyde, benzoic acid and hippuric acid
from cell incubations (Table I) show good recovery can be obtained by precipi
tation of protein with acid and directly analyzing the protein-free supernatant
following centrifugation. For critical analytical studies, correction for
incomplete recovery would be necessary, especially if cell content is not
constant for different assays. Some retention of the compounds on the
columns occurred, but this was not a problem for routine measurements except
for initial runs following prolonged washes with methanol or following analysis
of relatively high quantities (> 50 nmol). Carry-over from consecutive runs was
typically less than 5%, but was sufficient to require a blank run prior to assay
of zero time or control incubations. Standard error for integrations from four
successive 20-tII injections was less than ± 5%.
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Fig. 2. Illustration of sensitivity of detection of benzylamine oxidation products in isolated
hepatocytes. (A) 20 JLl of the supernatant from acid-treated hepatocytes (0.5 ml 3 M
perchloric acid plus 1.0 ml of 10· cells per ml) were injected and run as in Fig. 1, except
with four-fold higher sensitivity. (B) 20JLl of an identical supernatant with added standards,
36 nmol benzylamine, 0.9 nmol hippuric acid, 0.3 nmol benzoic acid and 0.09 nmol
benzaldehyde, were run as in (A).

For standards diluted in 1 M perchloric acid, quantitation of benzaldehyde
was linear over the range of 10 pmol to at least 5 nmol and of benzoate was
linear over the range of 50 pmol to at least 25 nmol. Quantitation of hippurate
was only linear from 0.25 to 25 nmol because peak broadening occurred with
lower amounts. Quantitation of standards added to hepatocytes had a similar
sensitivity (see Fig. 2), but in our studies of benzylamine metabolism in
hepatocytes [5] only zero-time incubations have concentrations at the lower
end of the linear range. In principal, benzylamine and benzyl alcohol could also
be quantitated by this approach, but neither assay was found to be practical for
cell incubations. The extinction coefficient for benzylamine at 250 nm is
relatively low and because of peak broadening and benzylamine retention by
the column,· acceptable quantitation was not achieved. Benzyl alcohol is not
produced from benzylamine at a level detectable in liver cell incubations and
consequently, assay of this metabolite has not been pursued.

Benzylamine is metabolized in tissues by monoamine oxidase and is readily
assayed in purified preparations of the enzyme by measuring the increased
absorbance at 250 nm due to benzaldehyde formation [3]. However, in cells,
benzaldehyde is rapidly oxidized to benzoic acid, principally catalyzed by an
NAD +-dependent cytosolic enzyme [7, 8]. Benzoate is further metabolized in
mitochondria by conjugation with glycine to form hippurate [9]. Since mono
amine oxidase has a rather high K m value for benzylamine, assay of the
mixture of products is necessary for studies with cells and tissues. The current
method provides a simple and direct assay for this purpose. The method has
been suitable for measuring metabolism of benzylamine, benzaldehyde and
benzoate in mitochondria and other subcellular fractions as well as in intact cell
suspensions. Acid extracts of tissue samples were stable at -200 C for at least
two weeks. The assay is sensitive enough for short incubations (Le., 3-5 min)
and also for systems with low cell concentrations. The entire assay time for the
method as described was 31 min between injections. This program can be
shortened to 21 min if resolution of benzylamine and benzyl alcohol are not
needed.

In conclusion, an HPLC method has been developed which provides a simple
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