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1. INTRODUCTION

The assay of oestrogens in biological fluids has a number of clinical applica-
tions, the chief one being the determination of oestrogen levels in maternal
urine (or blood) in order to aid the assessment of the intrauterine viability of
the foetus [1]. As a result of the importance of these applications, there now
exists such a considerable literature on the subject of the methodologies
available for this assay that it is being reviewed annually by one of us [2]. The
most commonly determined analyte is the 24-h urinary total oestrogen
excretion level and this has been statistically correlated with week of gestation
for “normal” pregnancies [3] leading to the production of reference ranges

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



2

suitable for clinical use. In our latest paper [4] on the subject of this assay we
listed a number of the analytical difficulties experienced with it. Now, it should
be noted that whilst the oestrogens are excreted almost totally as conjugates,
they are normally assayed as free oestrogens (produced by a suitable hydrolysis
procedure) which assists the analyst by reducing the molecular complexity of
the oestrogens in the biological matrix.

There have been a number of detailed studies of the contributions made by
the various oestrogens to 24-h urinary total oestrogen excretion rates. As a
result of these investigations it is generally agreed that, for the three classical
oestrogens (oestrone, oestradiol and oestriol), oestriol accounts for more than
90% of their total excretion rate in late human pregnancy [5]. Moreover, a
recent Belgian study [6] has shown that this total oestriol excretion level is
made up of contributions from the following four conjugates whose
approximate percentages (in oestriol equivalents) are given in parentheses:
oestriol-16-glucuronide (67%); oestriol-3-glucuronide (21%); oestriol-3-
sulphate-16-glucuronide (8%) and oestriol-3-sulphate (3%)*. It should perhaps
be noted that less than 1% of the total oestriol excretion rate was ascribed to
the free steroid. It is logical to predict that analysis of the individual intact
oestrogen conjugates instead of total oestrogens would give results having a
higher clinical efficiency (i.e. fewer false positive and false negative results) for
present applications of oestrogen assays. Further, such multicomponent
analysis (complete oestrogen conjugate profiling) might also prove of value in
the diagnosis of additional abnormal conditions. At present the only published
approach to this problem of multicomponent analysis of complex biological
fluids has involved the use of the sophisticated, expensive and time-consuming
technique of combined gas chromatography—mass spectrometry. Before this
analytical technique can be employed, the conjugates have first to be chroma-
tographically separated, then hydrolysed to form free oestrogens which are
then silylated in order to make suitable volatile derivatives [7]. This type of
method is clearly unsuitable for general routine clinical use.

In contrast, the modern technique of high-performance liquid chromato-
graphy (HPLC) has the ability to separate and quantitate complex aqueous
mixtures in short periods of time (min), with little or no pre-treatment of
sample, and is, therefore, easily automated for routine use. Theoretically, it
should be possible to devise an HPLC system which can separate the four
major oestriol conjugates of pregnancy urine listed above. If this partial
oestrogen conjugate profiling and individual assay could be achieved, then the
routine assay of the total oestriol content would follow and the problems of
poor precision encountered with the present common methods (for total
oestrogens) [8] would be obviated. For these reasons, we have closely
examined the published literature [2] on the subject of HPLC analysis of the
oestrogen conjugates in general and of the above four oestriol conjugates in
particular in order to determine if a system suitable for routine use has yet
been published. Further, we have abstracted the key experimental details in a
unified manner (Tables 1—3) to aid assessment of the present state of the

*These four oestriol conjugates are abbreviated to E,-16-G, E,-3-G, E,-3-5-16-G and E,-3-5,
respectively, for the remainder of the paper.
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art and hence to identify possible areas for improvement. The results of these
combined bibliographic—abstracting studies will now be presented and
discussed.

2. SURVEY OF REPORTED HIGH-PERFORMANCE LIQUID CHROMATOGRAPHIC
SEPARATIONS OF OESTROGEN CONJUGATES

Tables 1—3 contain the key experimental details for a total of eighteen
HPLC separations of one or more of the four oestriol conjugates discussed
above (and of certain other oestrogen conjugates) abstracted from a total of
fourteen papers. The elution order data shown in the tables is taken from chro-
matograms presented by the various authors. The separations are divided into
three tables so as to group them according to the apparent mechanism of
separation. The papers are arranged in chronological order within each table
and each of these will now be discussed in turn.

2.1. Anion-exchange chromatography

Table 1 summarizes the experimental details, abstracted from four publica-
tions [9—12], of six separations of mixtures of oestrogen conjugates obtained
using columns of appropriate support materials. The latter may be divided into
two types: the first being formed of chemically modified celluloses (Table 1,
refs. 9, 10 and 11); the second is Partisil SAX (Table 1, ref. 12), which is a
silica gel bonded with a quaternary ammonium functional group.

A study of the elution order data given in Table 1 shows that all of these
anion-exchange columns can indeed separate mixtures of oestrogen conjugates.
Each of the synthetic mixtures studied contained at least one of the three
oestriol mono-conjugates of interest, but unfortunately none of them contained
the mixed di-conjugate E;-3-S-16-G, probably because it is not commercially
available. However, theoretically there should be no difficulty in separating this
di-conjugate from the three mono-conjugates by anion-exchange chromato-
graphy because it should elute much later than any of the latter. Experimental
evidence indicating the validity of this statement is afforded by the numerical
anion-exchange chromatographic data for the di-conjugate, oestradiol-3-
sulphate-17-glucuronide (see Table II of ref. 11).

We will now consider the separations achieved with these two types of anion-
exchange material starting with the most extensively studied, the modified
celluloses. Of the five separations of oestrogen conjugates shown in Table 1
using columns of these support materials [Table 1, refs. 9, 10 and 11], all
were operated at relatively low eluent pressures because of the non-rigid nature
of the support and this led to the generally long elution times listed in the
table. The highest elution pressure employed with these columns (36 bar) was
achieved by the expedient of mixing a (rigid) diatomite powder with the
cellulose. A study of the separations reported in ref. 11 leads to the conclusion
that all four oestriol conjugates under discussion should be separable from
aqueous synthetic mixtures using anion-exchange cellulose columns operated
under HPLC conditions. Indeed, a chromatogram presented in this paper, and
abstracted in Table 1, probably does show separation of these four oestriol



4

TABLE 1
SEPARATION OF OESTROGEN CONJUGATES BY ANION-EXCHANGE
CHROMATOGRAPHY
Ref. 9 Ref. 10
Sample Synthetic Synthetic
Column
Support ECTEOLA-cellulose ECTEOLA-cellulose
(Baker 300) (Baker 300)—diatomite
(5:1, v/v)
Particle diameter (um) 13 7 for Baker 300
Length (cm) 25 10
I.D. (mm) 3 4
Temp. (°C) 25 70
Elution
Pressure (bar) NG* 36
Flow-rate (ml/min) NG NG

Mobile phase 0.125 M sodium chloride  0.025 M perchlorate
+ 0.05 M sodium acetate, + 0.01 M phosphate,
pH5.0 pH 6.8
Detection UV, 220 nm UV, 220 nm
Elution time** (min) 14 28
Elution order*** E,-3-G, E,-3-G, E,-3-G, E,-3-G, E;-3-S, E,-3-8,

E,-16-G, E,-17-G 170-E,-3-S, 17a-Eq-3-S,

Eqe-3-S, 17a-Eqe-3-S

*NG = not given.
**Elution time is the time taken for the last oestrogen to elute off the column.
***E, = oestrone, E, = oestradiol, E, = oestriol, Eq = equilin, Eqe = equilenin, G =

glucuronide, S = sulphate.

conjugates since the sample applied was an Amberlite XAD-2 methanol extract
of pregnancy urine. Six Kober-positive (i.e. oestrogenic steroids) peaks were
obtained after an elution time of 75 min, four of which may be ascribed to the
four oestriol conjugates. The two additional peaks could possibly be due to
oestrone-3-glucuronide and 16-hydroxyoestrone-3(?16a)-glucuronide as these
are excreted at comparable rates to the oestriol sulphate-glucuronide [13]}. The
finding of fourteen low ultraviolet- (UV)-absorbing peaks (220 nm) from the
same urine sample in the same time period indicates that the modified cellulose
columns are capable of considerable separation of multicomponent mixtures
such as urine.

Interestingly, from a combined study of the abstracted elution order data in
Table 1 and retention data for similar systems reported in the corresponding
references, it is found that the elution order of oestrogen mono-glucuronides
from cellulose anion-exchangers is primarily dependent on the site of conjuga-
tion since the steroid A-ring conjugated oestrogens tend to elute before those
conjugated at the steroid D-ring. (It should perhaps be noted that the same



Ref. 11 (i) Ref. 11 (ii) Ref. 11 (iii) Ref. 12
Synthetic Synthetic Pregnancy urine Synthetic
XAD-2 extract

ECTEOLA-cellulose ECTEOLA-cellulose = ECTEOLA-cellulose uPartisil 10 SAX
(Baker 300) (Whatman ET 41) (Baker 300)
13 11 11 10
25 25 25 25 X 2

3 3 3 4.6
25 70 70 NG
16 30 20 83
NG NG NG 0.8

0.025 M perchlorate

0.25 M perchlorate

0.025 M perchlorate

0.1 M sodium chloride,

+ 0.01 M phosphate, + 0.01 M phosphate, + 0.01 M phosphate, pH 4.8
pH7.0 pH 8.5 rH 6.8
UV, 220 nm UV, 220 nm Uv, Kober, UV, 254 nm
220 nm fluorimetric
25 31 75 75 23
E,-3-G, E,-3-G, E,-3-G, E,-3-S, E,-3-S, 14 peaks 6 peaks (E,;-16-G, E,;-17-G),

E,-3-G, E,-17-G,
E,-3-G, E,-3-G,
E,-3-S, E,-3-S

None of the peaks

E,-16-G, E,-17-G
identified

Eq-3-S, 17«-Eq-3-S,
Eqe-3-S, 17«-Eqe-3-S

order of elution for these conjugates has been reported for a non-HPLC separa-
tion using a modified cross-linked dextran as the anion exchanger [7].)
Further, within the group of oestrogen ring-A glucuronides the elution order is
dependent upon the exact nature of the oestrogen moiety and is as follows:
oestriol, oestrone, oestradiol. In addition, both of these types of relationship
between structure and elution order are also found to hold for the series of
classical oestrogen mono-sulphates [11]. Oestrogens conjugated with sulphate
groups are invariably eluted after the corresponding glucuronide conjugates.
To summarize, the expected elution order of the four oestriol conjugates under
discussion from the modified cellulose anion-exchangers given in Table 1 is
E;-3-G, E;-16-G, E;-3-S, E;-3-S-16-G.

The second type of anion-exchange chromatographic system abstracted in
Table 1 consists of a single separation of a synthetic mixture of oestrogen
conjugates obtained by the use of two columns of Partisil SAX arranged in
series [12]. The mixture separated only included two of the four oestriol
conjugates of interest (both glucuronides). Interestingly, a study of the
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tabulated chromatographic data for oestrogen mono-glucuronides shows that
the specific nature of the oestrogen moiety is the major determinant of the
elution order since these conjugates are eluted in the general order oestriol,
oestradiol, oestrone. This is in contrast to the aforementioned finding for
separations performed using columns of modified celluloses as for these the site
of conjugation is of primary importance. Further, even the elution order of the
two oestriol glucuronides of interest from Partisii SAX differs from that
obtained using the modified cellulose anion exchangers; i.e. E;-16-G is eluted
before E;-3-G. But in all of the anion-exchange systems it is found that
glucuronides are eluted before the corresponding sulphates.

2.2. Ion-pair chromatography

Table 2 summarizes the experimental details, abstracted from four publica-
tions [14—17], of five separations of mixtures of oestrogen conjugates
obtained using columns operated in ion-pair chromatographic modes. We shall
first consider the three separations abstracted in Table 2 involving the use of
columns of octadecyl-silica support materials and cetyltrimethylammonium
bromide (CTMABr) as the ion-pair forming surfactant. The table of abstracted
data shows that these systems separate synthetic and natural mixtures of
oestrogen conjugates in much shorter periods of time (2—13 min) than that
required for the previous group of separations carried out using modified
celluloses. This finding is a direct consequence of the use of modern rigid
support materials which can be operated at elution pressures about an order
of magnitude greater than those compatible with the modified cellulose
columns.

Considering now the application of these chromatographic systems to the
problem of separating the four oestriol conjugates under discussion, a study of
Table 2 shows that only synthetic mixtures containing a maximum of two of
these conjugates have been studied. The first of these separations abstracted in
the table shows that it is possible to separate E;-3-G, oestriol-17-glucuronide
(E3-17-G) and E;3-3-S from a synthetic mixture within 2 min. The paper from
which this is abstracted is ref. 15, and a detailed study of this paper showed
that it contains numerical chromatographic data (Table III of ref. 15) which
indicate that E;-17-G co-elutes with E;-16-G. Thus, it is predicted that an
aqueous synthetic mixture of E;-3-G, E;-16-G and E;-3-S would be separated,
in this order, within 2 min by this chromatographic system. Interestingly, in
the application of this type of high-speed separation to the analysis of
pregnancy urine [17], two of the nine UV-absorbing chromatographic peaks
eluted within 13 min were assigned to E;-3-G and E;-16-G (see Fig. 1). A com-
parative study of the elution order data for the chromatographic systems
abstracted in Table 2 that employ CTMABr leads to the following three correla-
tions. First, that the oestriol glucuronides are eluted before the oestriol
sulphates and, secondly, that oestriol ring-A conjugates are eluted before the
ring-D conjugated isomers. Additional support for these elution orders is
afforded by the tabulated numerical data given in ref. 15. Thirdly, this same
tabulated data also indicate that, within the two groups of classical oestrogen
mono-sulphates and mono-glucuronides, the elution order is primarily
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Fig. 1. HPLC chromatogram of a pregnancy urine extract. Re-drawn from Fig. 2. of ref. 17.

TABLE 3
SEPARATION OF OESTROGEN CONJUGATES BY REVERSED-PHASE
CHROMATOGRAPHY
Ref. 18 Ref. 15 (iii) Ref. 19
Sample Synthetic Synthetic Pregnancy urine
Column
Support uBondapak C,, LiChrosorb RP-18  LiChrosorb RP-8

Particle diameter (um)

Length (c¢cm)

1I.D. (mm)

Temp. (°C)
dlution

rressure (bar)

Flow-rate (ml/min)

Mobile phase

Detection

Elution time*** (min)

Elution order§

10

30
6.4

30.5

NG*
0.89

H,O0—methano}
(9.34:0.66, w/w)

Refractive index

(34 or 54)?

E,-3-G, E,-3-S,
E,-16-G

5
15
3
70

250
NG
0.05 M phosphate,

pH 8.0—acetonitrile

(8:2, v/v)

UV, 220 nm

3

E,-3-G, E,-3-8,
E,-17-G, E,-3-G,
E,-3-G

(coated with
n-pentanol)
5
15
4.5
25

NG

NG

Phosphate buffer,
ionic strength 0.1,
pH 6.5—n-pentanol
(9.81:0.19, v/v)

UV, 280 nm

13 (for E,-16-G)

E;-16-G resolved from
12 other (unidentified)
peaks

*NG = not given.

**THF = tetrahydrofuran.
***Elution time is the time taken for the last oestrogen to elute off the column.
E, = oestrone, E, = oestradiol, E, = oestriol, G = glucuronide, S = sulphate.
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determined by the exact nature of the oestrogen moiety and is oestriol,
oestradiol, oestrone.

The remaining two separations given in Table 2 [14, 16] are of synthetic
mixtures of oestrogens reported in two separate papers and obtained using
columns of 10-um support materials and tetraethylammonium bromide and
tetrapropylammonium bromide as the ion-pair reagents. The first paper reports
a separation involving an oestriol conjugate of direct interest, namely E;-3-S,
and the second paper reports a separation of E;-17-G. In view of the previous
discussion of separations involving this type of chromatography, it would seem
likely that this second separation would also have separated an oestriol
conjugate of interest (E;-16-G) had it been present in the test mixture.

2.3. Reversed-phase chromatography

Table 3 summarizes the experimental details, abstracted from seven publica-
tions [15, 18—23], of separations of mixtures of oestrogen conjugates obtained

Ref. 20 Ref. 21 Ref. 22 Ref. 23

Pregnancy urine Synthetic
(+ internal std.,
16-epiE,-17-G)

extract

Pregnancy urine Synthetic

(diluted)

Spherisorb ODS LiChrosorb RP-18 TSK gel LS -410 TSK gel LS-410

ODS-SIL ODS-SIL
5 5 5 5
1.5 25 30 30
6.4? 9 4 4
21 NG Ambient Ambient
NG 172 NG NG
0.4 2 1 1.5
Water—aceto- Convex gradient:  0.05 M Na,HPO,, 0.05 M Na,HPO,,
nitrile—acetic acid 10% methanol in pH 3.0—THF** pH 3.0—THF
(26.5:6:2, w/w) 0.01 M ammonium (6:1, v/v) (6:1, v/v)
acetate, pH 6.9,
to 100% methanol
Kober, UV, 280 nm Electrochemical UV, 280 nm
fluorimetric
22 38 56 (16-epiE,-17-G) 61
E,-3-57, E,-3-G?, E;-3-G, E;-3-S, E,-16-G E,;-3-G,
E,-16-G E,-16-G, resolved  16-epiE,-17-G, 16-epiE,-3-G,

from 12 other
oestrogen peaks

resolved 6 other
(unidentified)
peaks

E,;-17-G, E;-16-G,
16-epiE;-17-G,
16-epiE,-16-G
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using reversed-phase column chromatographic methods. As was found to be the
case with all the previously discussed separations, none of the synthetic
mixtures chromatographed included all four oestriol conjugates of interest.
However, the first and the fifth of the separations listed in this section included
all but the mixed oestriol di-conjugate. The two separations performed using
columns of TSK gel at a pH of 3.0 [22, 23] are superior to those discussed
previously in that they are able to separate E;-16-G from E;-17-G when both
are present in a synthetic mixture or biological fluid, albeit after a long elution
time (about 30—45 min). Indeed, the authors of one of these two abstracted
papers [22] used this HPLC system to confirm that human pregnancy urine
does not contain E;-17-G, whilst bile from rats fed large amounts of oestriol
was shown to contain significant quantities of both mono-conjugates. The
resolution of the TSK gel column with respect to the separation of these
isomeric oestriol glucuronides progressively decreased as the pH was raised
{23]. Another separation of human urine performed on a reversed-phase
column and abstracted in Table 3 (ref. 19) gave a complex UV chromatogram
with a total of thirteen peaks resolved in 13 min, one of which was identified
by the author as E;-16-G (see Fig. 2). Again, the production of such a complex
chromatogram indicates the high resolving power of these columns.

The second of the reversed-phase separations listed in Table 3 is a high-speed
separation of three oestriol conjugates from a synthetic mixture of five
oestrogen conjugates, achieved in approximately 1 min within a total elution
time of only 3 min. This separation may be compared in terms of order of
elution with the two rapid separations abstracted in Table 2 from the same
paper and with the numerical chromatographic data which were also reported.
When this was done it shows that the elution order of the conjugates off the
reversed-phase column in the absence of CTMABr is E;-3-G, E;-3-S, E;-17-G.

Absorbance

E,-16-G

i 1

0 5 10 15
Time (min)

Fig. 2. HPLC chromatogram of pregnancy urine. Re-drawn from Fig. 4 of ref. 19.



11

This elution order differs from that found in the presence of the surfactant,
which is E;-3-G, E;-17-G, E;-3-S. (In both chromatographic systems the
isomeric 16- and 17-glucuronides co-elute.) This difference in elution order of
the oestriol conjugates means that the first of the correlations between elution
order and molecular structure found for the previous type of chromatography
does not apply to the present reversed-phase system. However, a study of the
numerical elution order data for the reversed-phase system shows that the
other two correlations are still applicable.

3. DISCUSSION ON THE APPLICATION OF HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY TO THE ROUTINE ASSAY OF OESTRIOL CONJUGATES

Although we are aware that there have been a number of reviews published
recently which contain sections on the HPLC of oestrogen conjugates
[24—26], the present account is considered distinctive because of the
methodological details given in Tables 1—3 and for its delineation of the
problem of routine analysis of the four major oestrogen conjugates present in
human pregnancy urine (partial oestrogen conjugate profiling). To proceed,
we shall first discuss the recent work of an American group which has devised
a complex, multicolumn HPLC separation system for an extensive oestrogen
conjugate profile (together with free oestrogens) of pregnant monkey urine
[21]. The initial chromatographic stage in this system involves the use of a
LiChrosorb RP-18 column operated in a convex gradient elution mode (Table
3, ref. 21). The resultant eluate was collected in six fractions which were
evaporated to near dryness, reconstituted in the appropriate mobile phase and
aliquots then subjected to further chromatography involving selective use of
one of four HPLC systems. Even though synthetic mixtures of E;-3-G, E;-3-S
and E;-16-G can be separated by this method, we believe that such a complex
analytical system is not suitable for routine clinical use and it will not therefore
be considered further.

In addition to the above complex, multicolumn separation, another
American research group published earlier (1978) a simple isocratic HPLC
system identical to that given in Table 1 (ref. 12), in which seven oestrogen
conjugates (from a total of eight) were separated from a spiked urine extract.
Indeed, in the list of oestrogens separated were two of the oestriol conjugates
of interest, namely E;-16-G and E;-3-G. Unfortunately, the authors did not
demonstrate any application of this method to the analysis of human
pregnancy urine. Consequently, it is not immediately clear whether this
method would be suitable for adoption by clinical laboratories. However, upon
further study of the paper it became apparent that the method possesses a
certain practical disadvantage which would seem to rule out its routine applica-
tion, namely corrosion of the steel column and tubing by the sodium chloride
in the eluent.

In the discussion now to follow, attention will be concentrated on those five
papers in which one (E;-16-G) or more of the oestriol conjugates have been
separated from human pregnancy urine, in order to ascertain if any of the
published methods could be recommended as a candidate for adoption as a
routine assay procedure. Complete details of the HPLC methods employed
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have been abstracted and are given in Tables 1—3. These methods may be
divided into two groups; namely, those in which the urine, either neat or
diluted, is applied directly to the column (two methods), and those in which
the urine is pre-treated before HPLC (three methods). If it is assumed that the
various HPLC separations are equivalent, then, from the point of view of
suitability as a routine assay procedure, the former methods are preferred and
these will first be discussed in detail below.

The method to be initially considered is that published by Hermansson in
1980 [19]. In this procedure, 20 ul of untreated pregnancy urine were applied
directly to a reversed-phase column (LiChrosorb RP-8) coated with n-pentanol
by the expedient of using 1.9% (v/v) of this alcohol in phosphate buffer, pH
6.5, as the mobile phase. The resultant complex chromatogram (Fig. 2)
obtained by using a UV detector operating at 280 nm included a well resolved
peak, elution time about 13 min, which was assigned, on the basis of a cochro-
matographic and mass spectroscopic study, to the most abundant oestrogen
conjugate E;-16-G. Apparently, therefore, the problem of measuring this
conjugate routinely by HPLC would seem to be solved. However, when this
method was further investigated in the authors’ laboratory it became clear that
the separation, in terms of elution time, is critically dependent upon the
column temperature and is of limited use for studying pregnancy urines
because of its low sensitivity [27]. Further, when an attempt was made to
improve the latter by changing the monitoring wavelength from 280 to
215 nm, the previously clearly separated E;-16-G peak became part of a new
large non-resolved low UV-absorbing peak profile. For these reasons it is
concluded that this method is not suitable for the routine assay of the E;-16-G
content of human pregnancy urine.

The second reported HPLC separation of oestriol conjugates present in
human urine is that published in short note form by Keravis and Durand in
1980 [20]. In this method, a small aliquot of a diluted urine specimen is
applied to a short column of Spherisorb ODS which is then eluted with a
water—acetonitrile—acetic acid mixture. The eluate is then subjected to an
on-line Kober fluorimetric procedure which leads to the production of a
simple, completely resolved chromatogram containing a total of only three
peaks which can be assigned to the following oestriol conjugates: E;-16-G,
E,-3-S, E;-3-G. Unfortunately, because of the brevity of the paper, this assign-
ment of the peaks in the chromatogram and the exact chromatographic con-
ditions are somewhat ambiguous (as indicated in Table 3). Further, the authors
appear only to have measured E;-16-G in the urine specimens studied even
though they should have been able to measure all of the three conjugates listed
above. Primarily, therefore, for these reasons this method cannot at present be
recommended for routine HPLC assay of these oestriol conjugates in pregnancy
urine.

The first of the HPLC studies of pre-treated pregnancy urines to be
considered is that reported very recently by Shimada et al. [22]. In this paper
the Japanese workers adopted the following complex pre-treatment procedure:
first the conjugates present in samples of late-pregnancy urine are adsorbed
onto a column of Amberlite XAD-2 resin which is then washed with water,
eluted with methanol and the resultant eluate is evaporated to dryness and the
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residue reconstituted in a small (?) volume of methanol, which is then
subjected to ion-exchange chromatography using a column of modified
-Sephadex (PHP-LH-20). The oestrogen conjugates were removed from this
column by eluting with 2.5% ammonium carbonate in 70% methanol and this
fraction was evaporated to dryness before reconstitution in methanol. An
aliquot of the resultant solution was then subjected to HPLC under the con-
ditions tabulated in Table 3. The predominant oestriol conjugate, E;-16-G,
was separated after an elution period of some 45 min. When samples of the
pure mono-glucuronide were added to non-pregnancy urines, which were then
analysed by the above method, recovery figures of about 80% were found. It
should be noted that this method involved the use of an electrochemical
detector; it does not, therefore, detect any of the other oestriol conjugates of
interest since these molecules do not contain the requisite free phenolic group.
It is not possible to state if this method separates more of the oestriol
conjugates from urine until the experiments have been repeated using a suitable
UV detector. The present authors have not performed these repeat experiments
primarily because we are of the opinion that the complex sample pre-treat-
ment procedure, together with its long HPLC elution time, rules out the
adoption of this method for routine use.

The next paper to be considered in which oestriol conjugates have been
separated from pregnancy urine is that reported by Van der Wal and Huber
[11]. This was published in 1977 and details of the separation are given in
Table 1. A similar XAD-column—methanol extraction procedure was applied
to the urine as in the previously discussed study. Now none of the peaks in the
complex chromatograms, obtained using either a UV monitor or a Kober fluori-
metric monitor, were identified. However, the authors indicated that they were
continuing to work on the separation in order to develop a routine procedure
for oestrogen conjugate urinary profiles and they were therefore contacted
with a request for information on the progress of their studies. As a result of
this request we were kindly sent a copy of Van der Wal’s thesis [28] which
contains a final 18-page chapter entitled ‘“Rapid determination of estrogen
conjugate profiles in human pregnancy urine. Preliminary report”. A careful
study of this section of the thesis unfortunately leads essentially to the same
conclusion as before, namely, that none of the peaks in the complex chromato-
gram, obtained using an on-line Kober fluorimetric monitor, had been
identified. It was also found that, in order to obtain these chromatograms
reproducibly, the urine samples had first to be subjected to an XAD-column—
methanol extraction pre-separation process. However, the chromatograms
shown provide evidence that differing oestrogen profiles occur during a
pregnancy and also that “various disorders” appear to affect these urinary
steroid profiles. This finding supports the statement made in the Introduction
that oestrogen conjugate profiling might prove of value in the diagnosis of
abnormal clinical conditions. To conclude this discussion of these Dutch
studies, it should be noted that it is now not possible to repeat these HPLC
separations since the ECTEOLA-cellulose column support materials employed
(Whatman ET-41 and Baker 300) are no longer commercially available [25].

The final paper to be considered is that published by Dixon et al. [17],
details of which are given in Fig. 1 and the last column of Table 2. A study of
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this paper showed that the urine specimens were subjected to an XAD-2
column—modified methanolic extraction procedure, before injection onto a
Hypersil ODS column and subsequent jon-pair chromatography. The major
modification of the extraction of the adsorbed conjugates is a final elution of
the XAD-2 column with a 60% methanol aqueous mixture to produce a
solution which is said to give a less complicated chromatogram than that
obtained if pure methanol is employed as eluent. There are a number of
favourable features of this published study which, incidentally, was stated by
the authors to be a preliminary one. First, the two major oestriol conjugates,
E;-16-G and E;-3-G, have been rapidly separated and identified by co-chromato-
graphy and disappearance following enzymatic hydrolysis. The concentration
levels of the former conjugate were quantified using a UV monitor (at both
220 and 278 nm) and also using an electrochemical monitor. Further, unlike
the previously discussed rapid HPLC method of Hermansson [19], this type of
method is not markedly affected by temperature changes [15]. Because of
these advantages, we are of the considered opinion that this method is indeed
a promising candidate method for the rapid, routine assay of at least the
oestriol mono-glucuronides. Clearly, further detailed studies have yet to be
performed in order to validate this recommendation involving the assay of large
numbers of samples and leading to statistical estimates of both the precision of
the method and correlation with a currently widely accepted method. Such
studies are currently underway in our laboratories and the results will, we hope,
form the subject of a subsequent publication on the routine HPLC analysis of
oestriol conjugates in human pregnancy urine.
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5. SUMMARY

The analytical and clinical advantages that would be expected to follow the
adoption by clinical laboratories of a routine HPLC method for the partial
oestriol conjugate profiling of human pregnancy urine are outlined in the Intro-
duction. In order to ascertain if a candidate method for this assay has yet been
devised, a complete survey of the published HPLC separations of oestrogen
conjugate mixtures is presented, in tabular form, and discussed. From this
survey it is concluded that a number of good separations of these steroids
from synthetic mixtures have already been published.

The third and final section of the paper contains the results of a detailed
examination of those papers in which separation of oestriol conjugates present
in pregnancy urine specimens have been reported. The paper is concluded with
the recommendation that the method of Dixon, Lukha and Scott should be
further investigated as a candidate method for adoption by clinical laboratories
for the purpose of oestriol conjugate profiling.
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SUMMARY

A two-step ultrafiltration method combined with anion-exchange chromatography is
described for the separation of lipophilic and strongly lipophobic acids occurring in human
blood, serum and plasma. After treatment with diazomethane, the acid fractions are
separated further by gas chromatography. The acids were identified by their mass spectra.
Profiles obtained from the strongly acidic fraction of blood samples of healthy individuals
are characterized by main peaks corresponding to organic phosphoric acid esters. The peaks
are absent in plasma and serum.

INTRODUCTION

Organic acids are obtained from biological fluids either by extraction [1—5]
or anion-exchange chromatography [6—11]. Highly polar acids, e.g. amino
acids or organic phosphoric acid esters, are lost due to their high water
solubility if extraction methods are applied.

These polar acids can be adsorbed on anion-exchange columns. They are
recovered by washing the columns with strong acids. This procedure requires
the removal of accompanying high-molecular-weight compounds (mainly
proteins) which easily clog the columns. The necessary preseparation can be
done by precipitation [11]. This procedure is therefore more time-consuming
than the extraction procedure and suffers sometimes by the fact that acids are
coprecipitated. Therefore a better method for removing the interfering proteins
is required.

Recently Issachar and co-workers [6, 7] described the profiling of organic
acids obtained from human plasma using ultrafiltration. Although the
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reproduced profiles are of excellent quality, onily a limited number of
compounds could be structurally identified by mass spectrometry. It seemed to
us a challenging task to identify the remaining unknown compounds.

Structure elucidation of unknown compounds requires the separation of
larger samples than used by Issachar and co-workers [6, 7]. When we repeated
the separation technique used by Issachar and co-workers [6, 7}, the micro-
porous filter membrane became very clogged from the start of filtration.
Almost no filtrate was obtained. Therefore we tried to remove the interfering
cell wall components and proteins by ultrafiltration using a filter with rather
large pores (pore size 0.45 um) followed by a second ultrafiltration with a filter
having small pores (exclusion volume MW 10,000). With this method no
difficulties were encountered in obtaining an ultrafiltrate. The second ultra-
filtrate was subjected to adsorption onto an anion-exchange column as
described by Issachar and co-workers [6, 7].

To improve the filtration and to avoid the various rather time-consuming
separation steps, ultrafiltration and anion-exchange chromatography were
combined by using an integrated system. This system could separate acids not
only from plasma and serum but also from whole blood, thus avoiding the
preparation of plasma or serum.

Highly polar and weakly polar acids could easily be separated. They were
identified after derivatization with diazomethane by mass spectrometry. The
results of these investigations are reported in this paper.

EXPERIMENTAL

Materials

Freshly drawn human blood was heparinized and stored at —40°C until used.
Blood samples of individuals who died by accident or suicide were drawn 1 h
to two days after death. Human plasma and serum were obtained from the
hospitals of Bayreuth and Marktredwitz.

Two-step ultrafiltration

A schematic diagram of the ultrafiltration system is shown in Fig. 1. The
system comprised the following components: stock vessel (200 ml) (a), filter
cassette (¢) with a polysulphone membrane filter HVLP (pore size 0.45 um;
Millipore, Neu-Isenburg, F.R.G.), filter cassette (d) with a polysulphone

m1lm L
i

T
I
I
I
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!
I
]

d

Of=————— —

e

Fig. 1. Schematic diagram of the ultrafiltration system. a = stock vessel, b = toothed wheel
pump, c and d = filter cassettes, e = glass column with Dowex 1-X8.
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membrane filter PTGC (exclusion volume MW 10,000; Millipore), glass column
(e) packed with 500 g of Dowex 1-X8 (mesh size 50—100, counter-ion Cl7),
toothed wheel pump (b) (2600 U/min; Multifix, Schwibisch-Gmiind, F.R.G.).
The components were connected by PTFE tubes (I.D. 0.8 cm).

Filtration conditions were as follows: entrance pressure at the HVLP filter,
3 bars, back-pressure at the HVLP filter, 2 bars; entrance pressure at the PTGC
filter, 0.5 bar; back-pressure at the PTGC filter, O bar.

Procedure

To prepare the apparatus for filtration it was rinsed with 100 1 of distilled
water, activated with 10 1 of physiological sodium chloride solution [12] and
washed again with 50 | of distilled water (time: 30 min).

For filtration, 50 ml of the biological fluid (human blood, serum or plasma)
are poured into the stock vessel; then 150 ml of distilled water are added to fill
up the stock vessel (a). The stock vessel] is connected to the filtration apparatus
and to the outlet of the anion-exchange column (see Fig. 1). Then the toothed
wheel pump is started and the filtration conditions are adjusted.

After the filtration (about 2 h) the anion-exchange column is disconnected
and the remaining system rinsed with 800 ml of distilled water. These washings
contain the less polar acids (acid fraction B).

The filtration apparatus can be cleaned by pumping through 20 1 of
physiological sodium chloride solution followed by 20 1 of 0.1 M sodium
hydroxide solution. After standing for 30 min with 0.1 M sodium hydroxide
the apparatus is washed with 100 1 of distilled water.

When not in use filters were stored in 0.1 M sodium azide solution [12].

Isolation of the fraction of polar acids

The anion-exchange column is washed with 1 1 of distilled water. Then the
adsorbed highly polar acids (fraction A) are eluted by treating the column with
2.5 1 of 0.1 M methanolic hydrochloric acid. The eluate is evaporated on a
water bath (40°C) to dryness. The residue is dissolved in 5 ml of methanol,
ethereal diazomethane solution is added until the colour remains yellow and
the solution is concentrated to 1 ml; 1 ul of this solution is used for gas chro-
matographic (GC) and gas chromatographic—mass spectrometric (GC—MS)
analysis.

Isolation of the fraction of less polar acids

The washings of the filter apparatus containing the less polar acid fraction B
are acidified to pH 1 by dropwise addition of concentrated hydrochloric acid.
The solution is extracted three times with 600 ml of ethyl acetate each time.
The combined ethyl acetate extracts are dried over sodium sulphate. The sol-
vent is evaporated to dryness. The residue is treated as described for fraction A
to prepare samples for GC and GC—MS analysis.

Instrumentation for GC—MS

The GC apparatus and conditions were as follows: Carlo-Erba gas chromato-
graph 4160; hydrogen flow-rate, 2 ml/min (OV-101); helium flow-rate, 3
ml/min (OV-1701); 30-m thin-film glass capillary coated with OV-101 or 50-m
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thin-film quartz capillary Durabond OV-1701 (J & W Scientific); injector
temperature, 270°C; oven temperature, 80—300°C (OV-101) or 70—270°C
(OV-1701); temperature programme, 2°C/min; flame-ionization detector.

For MS measurements a Varian MAT 312 mass spectrometer was used with
electron-impact ion source at an electron energy of 70 eV. The mass
spectrometer was combined with a Varian 3700 gas chromatograph. The
columns and temperature programme were identical to those described above.
The instrument was combined with an SS 200 data system, using a PDP 11/34
computer.

High-resolution data were obtained with the same instrument.

'H-NMR measurements were made with a Bruker WM 250 instrument.

Conditions for preparative GC were: Carlo-Erba Fractovap 2400 T, carrier
gas, nitrogen; column, 1.5 m X 6 mm ILD. 3% OV-17 on Supelcoport
100—120; injector temperature, 250°C; oven temperature, 100—270°C; tem-
perature programme, 2°C/min; detector temperature, 270° C; flame-ionization
detector.

Reference compounds

The reference samples, phosphoenolpyruvic acid monopotassium salt,
2-phosphoglyceric acid sodium salt, 3-phosphoglyceric acid sodium salt and
2,3-diphosphoglyceric acid tris sodium salt, were obtained from Sigma
(Munich, F.R.G.). These substances were transformed into the free acids by
anion-exchange chromatography (see isolation of polar acids).

The free acids were transformed into their methyl esters by treatment with
ethereal diazomethane solution.

Trimethylsilylated derivatives were obtained by evaporating the eluate from
the anion-exchange column to dryness, treatment of the residue with an excess
of MSTFA (N-methyl-N-trimethylsilyltrifluoroacetamide) and heating the
‘mixture in a fused tube for 18 h at 60° C. Methy! esters and trimethylsilyl esters
were analysed by GC and GC—MS.

IH.NMR and MS data of the compounds isolated from blood samples by
preparative gas chromatography

1-Methylpyrazol-3-carboxylic acid methyl ester. 'H-NMR (C*HCl;): § = 3.94
(s, 3H, COOCHj3), 4.00 (s, 3H, N—CH,), 6.82 (d, J = 2 Hz, N—CH=CH), 7.4 (4,
J = 2 Hz, N—CH=CH) ppm. MS: 140 (M*, 25%), 110 (19), 109 (100), 82 (18).

Pyrazol-3-carboxylic acid methyl ester. '"H-NMR (C*HCl;): § = 3.94 (s, 3H,
COOCH,;), 6.89 (d, J = 2 Hz, 1H, N—CH=CH), 765 (d, J = 2 Hz, 1H,
N—CH=CH) ppm. MS: 126 (M*, 80%), 95 (100), 81 (2), 71 (2), 68 (6), 66 (5),
59 (3).

2-Methylpyrazol-8-carboxylic acid methyl ester. 'H-NMR (C’HCl;): § =
3.89 (s, 3H, COOCH,;), 419 (s, 3H, N—CH;), 6.84 (d, J = 2 Hz, 1H,
N—CH=CH), 7.47 (d, J = 2 Hz, 1H, N—CH=CH) ppm. MS: 140 (M*, 25%),
110 (19), 109 (100), 82 (18).

Phosphoenolpyruvic acid trimethyl ester. 'H-NMR (C*HCl;): § = 3.86 (d,
J = 4 Hz, 6H, P—OCHs;), 3.92 (s, 3H, COOCH,), 5.65 (dd, J = 2.2 Hz,J=2.6
Hz, 1H, H,C=), 5.98 (dd, J = 2.2 Hz, J = 2.6 Hz, 1H, H,C=) ppm. MS: 210
(M*, 18%), 179 (20), 151 (12), 150 (8), 141 (7), 139 (6), 127 (57), 109 (100),
96 (6), 79 (13).
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1-Phosphocyclopropane-1-carboxylic acid trimethyl ester. 'H-.NMR
(C®*HCL): 6 = 3.80 (d, J = 4 Hz, 6H, P—OCH,;), 3.86 (s, 3H, COOCH,), 1.50 (m,
4H, CH,—CH,) ppm. MS: 224 (M*, 3%), 209 (4), 193 (19), 192 (84), 165 (19),
164 (10), 136 (16), 127 (18), 113 (9), 109 (100), 93 (11), 79 (16), 59 (8),
55 (76).

E,Z-3-Methylphosphoenolpyruvic acid trimethyl ester. IH-.NMR (C*HCl;):
& =1.90 (dd, J = 7.3 Hz,J = 2.8 Hz, 3H, CH,—C=C), 2.08 (dd,J = 7.3 Hz, J =
2.8 Hz, 3H, CH,—C=C), 3.83 (d, J = 4 Hz, 6H, P—OCH;), 3.93 (s, 3H,
COOCH,), 6.26 (m, 1H, H—C=C), 6.57 (m, 1H, H—C=C) ppm. MS: 224 (M*,
11%), 193 (15), 192 (84), 165 (6), 164 (8), 136 (19), 127 (25), 113 (8), 109
(82), 93 (11), 79 (15), 59 (5), 55 (100).

RESULTS

Two-step ultrafiltration

The difficulties encountered in the ultrafiltration of volumes larger than a
few millilitres of biological liquid are caused by the presence of high-molecular-
weight particles, e.g. proteins and also tissue components, clogging the micro-
porous filter. Therefore we tried to remove proteins of high molecular weight
first using a macroporous filter (pore size 0.45 pm). After that filtration step
we removed proteins with a molecular weight larger than 10,000 in a second
step. This stepwise filtration is rather time-consuming. Therefore we combined
the two filtration processes and anion-exchange chromatography and enhanced
the filtration procedure by applying a toothed wheel pump. An advantage of
the method is the possibility of separating large quantities of biological liquids.
The apparatus described in the experimental part is able to filter 20 1 of human
blood within 10 h if used in a continuous manner only by adjustment of the
filtration conditions described in the experimental part. The filtration can be
applied equally well to serum, plasma and blood.

A disadvantage of the method is the destruction of blood cells in the
apparatus, rendering the addition of physiological sodium chloride solution
useless. Therefore we used water to dilute the blood samples. This allowed the
analysis of blood cell components as well.

The polar acids in ultrafiltrates from patients suffering from uraemia can
also be isolated with this method.

The efficiency of the two-step ultrafiltration method using polysulphone
membrane filters was checked by filtration of synthetic mixtures of organic
acids with different polarities. The amounts of acids retained and passed were
determined by preparing methyl derivatives of the acids followed by analysis
of the mixture by GC. The results of these measurements are given in Table I.

Monocarboxylic acids with more than seven carbon atoms are not able to
pass through the filters, nor are dicarboxylic acids with more than twelve
carbon atoms. Dicarboxylic acids up to a carbon number of 12 are partly able
to pass through the filters, the percentage decreasing with increasing carbon
number. Aromatic acids like benzoic acid may pass through the filters, while
the less polar urofuranic acids are mainly retained. Thus separation into a
fraction A of highly polar acids and a less polar acid fraction B is achieved.
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TABLE 1
AMOUNTS OF ACIDS PASSED THROUGH HVLP AND PTGC MEMBRANE FILTERS

Acid Percentage of acid passed
through filters

Heptanoic acid up to undecanoic acid 0
Palmitic acid 0
Stearic acid 0
Oleic acid 0
Tetracosanoic acid 0
Undecenoic acid 0
Sucecinic acid 71
2-Methylsuccinic acid 67
Glutaric acid 65
3,3-Dimethylglutaric acid 63
Adipic acid 63
3-Methyladipic acid 59
Heptanedioic acid 59
Octanedioic acid 55
Nonanedioic acid 44
Decanedioic acid 27
Dodecanedioic acid <1
Benzoic acid 100
Phenylacetic acid 100
Phenylpropionic acid 50
Phenylbutanoic acid 23
Propionylurofuranoic acid 65
Valeroylurofuranoic acid 45
Pentylurofuranoic acid <1
Pentenylurofuranoic acid 2
Propenylurofuranoic acid 7

Separation of fractions A and B

The gas chromatograms of polar and less polar acid fractions of blood,
serum and plasma, after derivatisation with diazomethane, are reproduced in
Figs. 2—5. The compounds identified in the chromatograms are numbered and
listed in Tables II and III. Saturated hydrocarbons were added to determine
retention indices [13]. They are not numbered and not listed in the tables.
Mass spectral data are given only if they have not previously been published,
otherwise the literature is cited.

Since we were not able to identify many of the compounds of the highly
polar acid fraction from their mass spectra, 2 1 of pig’s blood were worked up
as described for human blood. The profiles looked rather similar to those of
human blood. Peaks 13, 23, 27, 32, 37, 40 and 41 could be collected by pre-
parative GC.

High-resolution mass measurements (peak matching) and the analysis of the
'H-NMR spectra allowed structure determination. A commercial sample of
phosphoenolpyruvic acid available as sodium salt was converted to the free acid
by anion-exchange chromatography and treated with diazomethane to prepare
the methylate. The gas chromatogram of the reaction product showed several
peaks. The mass spectra of these peaks were identical with those of compounds
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Fig. 2. Gas chromatogram of the strongly polar methylated acids (fraction A) obtained from
the blood of a healthy male individual aged 20 years.
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Fig. 5. Gas chromatogram of the less polar methylated acids of blood fraction B of a healthy

individual.

13, 23, 27, 32, 37, 40 and 41, isolated by preparative GC. Therefore they were
obviously produced by reaction of diazomethane with phosphoenolpyruvic

acid in the way shown in Fig. 6 [24—30].
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TABLE II
STRONGLY POLAR METHYLATED ACIDS IDENTIFIED IN FIGS. 2—4
Compound Retention  Structure Key ions (m/z) Remarks
No.* index
1 835 H3C—CH=CH—COOCH; [14]1**
2 845 Hac—(I:H—COOCHg [15]
OH
3 853 H3C—ﬁ“COOCH3 [16]
0
4 927 Unknown 89 (70%), 74 (33), 59 (24)
58 (100), 44 (25)
5 967 H3CO0C —COOCH; [15]
6 996 ch—ClH—CHg—COOCHg [17]
OH
7 1084 /Q\/ [18]
O/
8 1118 v 16
HLO—R=0 [16]
N
OCHy
9 1144 H3COOC —CH=CH—COOCH3 [15]
{trans)
10 1153 Unknown 104 (52%), 89 (14), 75 (100),
72 (8), 71 (4), 59 (7), 55 (6),
47 (2), 45 (38), 43 (42)
12 1177 Unknown 153 (4%), 139 (6), 127 (100),

110 (22), 109 (44), 103 (2),
96 (18), 95 (20), 79 (8), 66
(4), 65 (4), 47 (4), 43 (5)

(Continued on p. 26)



TABLE II (continued)

Compound Retention  Structure Key ions (m/z) Remarks
No.* index ‘
13 1191 U:—VT‘COOCHa 140 (M*, 25%), 110 (19), 109  Artefact from
N (100), 82 (18) compound no. 32
]
CHy
14 1220 @—COOCH:; [16]
15 1269 Unknown 139 (2%), 129 (3), 117 (64),
110 (6), 101 (5), 85 (44), 75
(8), 74 (), 64 (8), 59 (10),
58 (6), 43 (100)
16 1290 Unknown 157 (3%), 98 (100), 70 (5), 59
(8), 56 (3), 42 (8), 41 (17)
17 1308 Unknown 150 (2%), 117 (3), 102 (58),
91 (10), 87 (24), 59 (12), 58
(68), 55 (12), 45 (100), 43 (11)
18 1321 CH3OOC—CH2—(IIH—COOCH3 (161
OH
19 1336 Unknown 147 (8%), 103 (60), 100 (21),
88 (100), 87 (46), 74 (26), 71
(86), 61 (28), 59 (42), 57 (22),
44 (56), 43 (62)
20 1847 H3CO0C—CHy—CHy—CH—COOCHy [19]
NH,
21 1362 H3COOC—CH2—-CH2—CH —COOCH3 [19} Artefact from
,3, compound No, 20
HyC” TH
22 1368 Unknown 175 (1%), 161 (5), 129 (7),
116 (12), 102 (84), 88 (6),
74 (42), 58 (4), 45 (22), 44
(21), 43 (18), 42 (100)
23 1400 T COOCH3 126 (M*, 80%), 110 (2), 95 Artefact from
NZ. (100), 81 (2), 71 (2), 68 (6), compound No. 32
66 (5), 59 (3)
i
24 1487 neo— H—coock;  [16]
25 1456 Unknown 128 (62%), 113 (12), 100
(10), 85 (54), 69 (8), 59
(12), 57 (32), 43 (100)
26 1480 H3COOC—CH2—CH2—CH—COOCH3 [19] Artefact from
,11 compound No. 20
H3C” CHy
27 1521 FFCOOCHE) 140 (M*, 25%), 110 (19), Artefact from
\N'N\CH3 109 (100), 82 (18) compound No. 32
28 1531 H3COOC—C—CHp—CHy—COOCH; 188 (M*, 2%), 173 (3), 157

0

(5), 141 (10), 129 (40), 128
(22), 125 (30), 115 (98), 113
(10), 101 (12), 97 (20), 87

(20), 69 (22), 59 (55), 45 (100) Artefact from
H3COOC—C~CHp—CHy—COOCHs3

I}
0
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TABLE II (continued)

Compound Retention  Structure Key ions (m/z) Remarks
No.* index
29 1533 Unknown 198 (12%), 167 (20), 166 (28),
154 (7), 139 (82), 127 (20),
124 (98), 109 (100), 93 (14),
87 (10), 79 (32), 59 (7), 47
(10), 45 (22), 42 (11)
30 1540 04[;\ 144 (M*, 4%), 85 (100), 59 (3),
COOCH3 57 (5), 55 (2), 41 (2)
31 1550 H3CO©—CH=CH—COOCH3 [20]
32 1553 HaC=C~CO0CH; 210 (M*, 18%), 179 (20), 151
5 (12), 150 (8), 141 (7), 139 (6),
| sxx 127 (57), 109 (100), 96 (6), 79
® (13)
33 1590 Unknown 134 (36%), 119 (8), 102 (100),
91 (6), 77 (3), 67 (4), 42 (36)
34 1592 Unknown 168 (2%), 140 (10), 112 (11),
111 (17), 97 (40), 84 (39), 83
(66), 70 (68), 69 (76), 57 (64),
56 (80), 55 (99), 43 (100),
41 (70)
35 1605 @‘CHz"ClH"COOCHB 207 (M*, 1%), 148 (38), 133 Artefact from
A (10), 116 (100), 105 (5), 91
HiC” “CHs (9), 88 (11), 84 (6), 77 (5), @CHz—C.H—COOCHa
56 (10), 42 (16) NH,
36 1620 o//w\coow 3 f21] Artefact from
| compound No. 44
CHy
37 1635 A 224 (M*, 3%), 209 (4), 193 Artefact from
G COOCH, (19), 192 (85), 165 (19), compound No. 32
o 164 (10), 136 (16), 127 (18),
113 (9), 109 (100), 93 (11),
79 (16), 59 (8), 55 (76)
38 1646 ?CHa 202 (M*, 1%), 171 (5), 155 Artefact from
H3COOC—C—CHy—CHp—~COOCH;  (16), 152 (18), 143 (40), H3COOC—C—CHy—CHa—COOCH;
b 129 (26), 128 (32), 115 g
3 (54), 111 (33), 101 (26),

97 (22), 83 (50), 59 (88),
55 (100), 45 (94), 42 (60)
39 1664 Unknown 174 (10%), 163 (20), 160
(12), 131 (60), 128 (100),
127 (59), 115 (12), 105 (20),
103 (22), 91 (96), 77 (22),
65 (26), 59 (8), 55 (12), 51
(21), 42 (82)

40/41 1665/70 H3C—CH=C—COOCHj 224 (M*, 11%), 193 (15), 192  Artefact from
» 5 (84), 165 (6), 164 (8), 136 compound No. 32
cis/trans) 5 (19), 127 (25), 113 (8), 109
® (82), 93 (11), 79 (15), 59 (5),
55 (100)

(Continued on p. 28)
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TABLE II (continued)

Compound Retention  Structure

No.*

index

Key ions (m/z) Remarks

42

43

44

45

46

47

48

49

50

51

52

53

1682

1702

1719

1730

1776

1777

1791

1779

1818

1857

1908

1951

Unknown

OH
H3C00C—~CHp—C—CHp—CO0CH;
COOCH;

O/‘/\?\COOCH:;
H

H3COH,C—CH—CO0CHy
i
®

HpC—CH—CO0CHy
0 OCHy

®

Unknown

HOH,C—CH~CO0CH;

0
]

®

Haf~CH—-CO0CH
0 OH
®

Unknown

Unknown
Unknown

Unknown

223 (3%), 187 (10), 174 (10),
166 (24), 164 (80), 138 (6),
136 (23), 128 (11), 106 (23),
102 (10), 74 (5), 63 (8), 59 (7),
45 (100), 42 (50)

[16]

[21]

212 (M* — 30, 8%), 183 (19), Artefact from

166 (4), 151 (4), 141 (22), compound No.

127 (35), 116 (11), 109 (30),

87 (28), 85 (25), 79 (8), 59

(3), 55 (8), 45 (100)

212 (M* — 30,4%), 183 (100), Artefact from

151 (12), 141 (8), 139 (4), compound No.

127 (34), 116 (8), 109 (30),

87 (4), 79 (5), 75 (4), 58 (8),
57 (4), 45 (3)

233 (6), 202 (5), 174 (76),

146 (16), 143 (18), 116 (100),
103 (40), 88 (32), 84 (8), 75
(20), 58 (18), 57 (19), 45 (56),
42 (44)

198 (M* — 30, 5%), 169 (59),
166 (10), 140 (23), 137 (100),
127 (45), 113 (15), 110 (17),
109 (79), 102 (15), 96 (27),

95 (13), 79 (46)

198 (M* — 30, 4%), 169 (47),
166 (8), 140 (16), 137 (100),
127 (30), 113 (10), 110 (11),
109 (58), 102 (8), 96 (18), 95
(8), 79 (44)

146 (2%), 128 (4), 114 (6), 89
(60), 74 (24), 59 (22), 58 (100),
57 (26), 44 (14), 42 (16)

200 (18%), 169 (5), 168 (3),
143 (5), 141 (12), 140 (44),
127 (31), 115 (8), 83 (5), 72
(4), 59 (5), 56 (28), 55 (31),
43 (8), 42 (100)

209 (2%), 207 (7), 201 (5),

199 (6), 161 (8), 133 (6), 119
(100), 105 (2), 83 (3), 74 (8),
87 (5), 59 (45), 53 (4), 47 (10),
43 (67)

197 (12%), 176 (28), 174 (96),
165 (6), 157 (8), 153 (10), 138
(7), 126 (9), 119 (20), 117 (66),
109 (36), 91 (8), 89 (30), 76 (12),
74 (7), 58 (8), 52 (100)

48

49




TABLE II (continued)

29

Compound Retention  Structure
No.* index

Key ions (m/z) Remarks

54 1972 Unknown

55 1977 Unknown

56 2049

57 2145 Unknown

58 2188 Unknown

59 2348 HaC—CH~COOCH3

79
®e

0=C—NH—CH,—COOCH4

214 (10%), 183 (17), 182 (47),
154 (10), 141 (24), 140 (62),
127 (21), 114 (4), 98 (24), 69
(12), 56 (22), 55 (15), 42 (100)
269 (1%), 149 (100), 122 (8),
95 (4), 85 (4), 75 (5), 68 (6),
53 (3), 42 (9)

r16]

260 (2%), 229 (2), 218 (2),
196 (7), 169 (22), 140 (12),
127 (100), 117 (7), 110 (10),
109 (20), 100 (38), 97 (26),
87 (27), 75 (22), 71 (56),

68 (23), 45 (14), 41 (12)
248 (6%), 246 (10), 177 (8),
169 (9), 140 (6), 127 (27),
116 (100), 111 (10), 100
(22), 88 (8), 87 (6), 71 (14),
68 (7), 56 (5), 45 (6), 42 (9)
336 (M*, 1%), 306 (6), 305
(8), 277 (58), 249 (18), 235
(39), 210 (29), 203 (16),

179 (34), 167 (14), 166 (16),
152 (25), 151 (46), 141 (22),
139 (16), 127 (37), 113 (16),
109 (100), 96 (24), 93 (9),
79 (18)

*Refers to numbered peaks in Figs. 2—4.

** Literature references are quoted in square brackets.

* kK

i
® = P-0CH;
OCHj

Comparison of the mass spectra and retention indices obtained after diazo-
methane treatment of other commercially available glycolysis products (see
experimental part) allowed the identification of compounds 45, 46, 48, 49 and
59. Phosphoenolpyruvate, 2-phosphoglycerate, 3-phosphoglycerate and 2,3-
diphosphoglycerate are therefore the main compounds found in the acid
fraction A of human blood. They are absent in plasma and serum profiles as
expected, since they are typical glycolysis products which occur in the erythro-

cytes.

The composition of the less polar acid fraction B was nearly identical for

blood, serum and plasma (see Fig. 5).
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TABLE III
LESS POLAR METHYLATED ACIDS IDENTIFIED IN FIG. 5.

Compound Retention  Structure

Key ions (m/z)

No.* index
1 1310 H3C—(CH,)g—COOCH; [221**
2 1459 Unknown 140 (12%), 125 (6),
112 (13), 111 (26), 98
(27), 97 (48), 84 (45),
83 (80), 82 (34), 70
(82), 69 (88), 68 (34),
57 (72), 56 (90), 55
(100), 45 (7), 43 (97),
41 (67)
3 1510 H3C—(CH,)1g—COOCH; [22]
4 1710 H3C—(CHy)1p —COOCH; [22]
COOCH3
6 1884 C5Hpg—COOCH; [(22]
7 1910 H3C—(CH, )1/.—C00CH3 [22}
8 - /\/Hi::@i(i(iH3 -
COOCH5
10 2081 Cy7H33—COOCH; 221
11 2110 H3C—(CHy g —COOCH; [22]
12 2227 C1gH31 ~COOCH; [22]
13 2308 Unknown 154 (1%), 140 (2), 128
(2),126 (6), 114 (4),
112 (5), 98 (8), 97 (5),
86 (5), 83 (7), 72 (58),
69 (10), 67 (5), 59
(100), 55 (21), 44 (8),
43 (18), 41 (20)
14 2418 Unknown 239 (8%), 221 (4), 166

COOCgH
15 2494 @ 87

COO0CgHy7

(5), 161 (3), 159 (5),
148 (10), 147 (10), 145
(10), 133 (16), 131
(14), 119 (34), 117
(24), 108 (40), 105
(40), 93 (44), 91 (70),
79 (100), 77 (24), 74
(20), 67 (61), 57 (31),
45 (21), 43 (36), 41
(69)

[22]

*Refers to the numbered peaks in Fig. 5.
** 1 iterature references are given in square brackets.
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DISCUSSION

Clogging of filters is one of the main difficulties encountered in the one-step
ultrafiltration of serum and plasma introduced by Issachar and co-workers [6,
71. This can be circumvented by use of the two-step ultrafiltration described in
this paper. Filters and anion-exchange column can be combined into an almost
automatical system able to work up serum and plasma on a scale between 5 ml
and 20 1, in one day if commercially available filter cassettes are used with
the appropriate volumes.

Issachar and co-workers [6, 7] recommended the addition of oleic acid to
serum before ultrafiltration to replace carboxylic acids, particularly fatty acids,
bound to albumin. Since albumin and consequently also albumin-bound
carboxylic acids can not pass through our filters, as well as fatty acids (see
Table I), the addition of oleic acid does not improve the yield of less polar
acids. To determine if the yield of polar acids could be increased by addition of
oleic acid, we added oleic acid to serum and blood in different amounts. The
results of the analysis demonstrated no effect at all. Therefore the addition of
oleic acid is useless and even causes interference if later the less polar acid
fraction is extracted, since in large amounts it renders the determination of low
amounts of other less polar acids more difficult. Addition of oleic acid is there-
fore not advisable.

The two-step ultrafiltration offers the possibility of analysing blood without
the time-consuming and costly preparation of plasma or serum. The separation
of blood compounds into polar and less polar acid fractions is a major advan-
tage in the analysis of acids occurring in blood, not previously possible.

But the method still suffers from the difficulty of analysing the highly polar
acid fraction quantitatively. The fraction obtained requires further separation.
This is usually achieved by GC after appropriate derivatization, allowing the
quantitative determination of single components. In the case of phosphoric
acid derivatives, the necessary derivatization by methylation or trimethylsilyla-
tion [31] causes the production of several products, rendering quantitative
measurement by summation of the peak heights of the corresponding peaks
difficult.

Since the phosphoric acid derivatives do not show ultraviolet absorption
their detection is also difficult. A possibility just for analysis of phosphoric acid
derivatives may be hydrolysis after separation of the components and deter-
mination of phosphoric acid by reaction with molybdate, as shown by Bessman
et al. [11]. But this method would exclude the analysis of all other polar
components (e.g. amino acids).

In spite of these difficulties at least a semiquantitative analysis can be
achieved by glass capillary GC. Since very often great changes in the composi-
tion of biological fluids are observed, if the metabolism of the individual is
changed this semiquantitative analysis is sufficient to detect such events.
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SUMMARY

Fatty acids were analyzed by a new method which involved their isolation from hexane
extracts of serum or brain tissue in aqueous potassium hydroxide (10 ul) and methylation
directly in this solution with methyl iodide. The resulting fatty acid methyl esters were
partitioned into ethylene chloride (25 pl) and were quantitated by gas—liquid chromato-

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V,
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graphy. The procedure was documented by comparison with conventional methylation
reactions on serum fatty acids. This method, which avoids thin-layer chromatography and
which measures individual free fatty acid concentrations in 20-mg brain tissue samples,
should be of particular value for examining regional free fatty acids in brain following
ischemia and trauma.

INTRODUCTION

The conventional method for separation of free fatty acids (FFA) from
other lipid components in brain tissue extracts is thin-layer chromatography
(TLC) [1—4]. However, TLC procedures usually require sizable quantities
of tissue, prolonged isolation time, and can result in a low recovery of FFA
(e.g. see ref. 5). Furthermore, the variability in the quality of separation of
FFA from di- and triglycerides on TLC plates from different suppliers may
result in erroneously high FFA concentrations [5]. In order to measure FFA
concentrations in small brain tissue samples we developed an alternative
method for their separation and methylation.

The present procedure integrates previously developed techniques [6, 7] for
extraction of FFA and methyl esters with a new method for FFA methylation.
We separated FFA from other lipids in a hexane extract by concentrating them
in a small volume of an aqueous base [6]. To avoid the back-extraction of FFA
into a non-aqueous medium, which is required for some methylation reactions,
we utilized methyl iodide to methylate FFA directly in this basic solution.
The resulting fatty acid methyl esters were partitioned into a small volume of
ethylene chloride [7] and were quantitated by gas—liquid chromatography
(GLC).

In the present report we compare our methyl iodide methylation procedure
with: (1) a conventional method using boron trifluoride (BF3) [8]; and (2) a
previous method developed by our laboratory using trimethyl (a,e,a-trifluoro-
m-tolyl)ammonium hydroxide (TMTFTH) [6] on total saponifiable serum
fatty acids. Documentation of the methyl iodide procedure was initially ob-
tained with serum because its relatively high concentration of polyunsaturated
fatty acids enabled a test of whether our methylation procedure altered double
bonds. Furthermore, the greater availability of serum versus brain tissue
permitted macrochemical analyses thus avoiding the inherent difficulties
associated with trace measurements. Having demonstrated the quality of our
method with serum, we then successfully carried out a “trace analysis” of FFA
concentrations on 20-mg samples of cortical gray matter of cat brain.

EXPERIMENTAL

Materials

Organic solvents and reagents were of reagent grade quality and were
purchased from Fischer Scientific (Pittsburgh, PA, U.S.A.) with the following
exceptions: BF;—methanol (14%, w/v), and standards pentadeconic acid and
Fat and Qil Reference Mix No. 6 from Applied Sciences Labs. (State College,
PA, U.S.A.) and PUFA 1 and PUFA 2 from Supelco (Bellefonte, PA, U.S.A));
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TMTFTH from Regis (Morton Grove, IL, U.S.A.); hexane was HPLC grade
quality. Glassware was soaked in methanolic potassium hydroxide (15%, w/v)
and rinsed well to remove lipid contamination. All glass stoppers and glassware
were handled carefully to prevent skin lipid contamination.

Saponification and extraction of fatty acids in serum

Comparison of boron trifluoride and methyl iodide methylations. Fatty
acids in fresh pooled human serum (0.8 ml) were saponified with 4.0 ml of
15% methanolic potassium hydroxide by incubation in a heating block for 45
min at 65°C. The solution was cooled, and 4.0 ml of 1.5 M phosphoric acid
were added. Following mixing, 1.6 ml of water and 40 ml of hexane were added,
and the mixture was shaken vigorously by hand for 2 min to extract the fatty
acids. Following centrifugation (500 g), most of the hexane phase was removed
to a conical centrifuge tube, and the fatty acids were extracted with 1.0 ml of
0.5 M potassium hydroxide in water. Following centrifugation (500 g) for 1
min most of the lower potassium hydroxide—water phase was removed to
another tube. The solution was then acidified with 1.5 M phosphoric acid,
and 2.0 ml of water and 5.0 ml of ethylene chloride were added. The fatty
acids were extracted by shaking vigorously for 2 min. Following a 1-min
centrifugation (500 g) most of the ethylene chloride layer was removed to
another tube that served as the common source of fatty acids for the methyla-
tions described below. Multiple aliquots (0.1 ml) of this solution were flushed
with nitrogen and stored at —10°C. On the day of assay, six tubes (for each
assay) were removed from the freezer and carefully evaporated to dryness
under nitrogen at 65°C. Ethylene chloride (45 ul) was added to those tubes
that were carried through the boron trifluoride methylation procedure
described below. To the tubes that were carried through the methyl iodide
methylation procedure described below, 10 ul of 0.5 M aqueous potassium
hydroxide were added and the tubes vortexed to dissolve the fatty acids.

i. Boron trifluoride methylation. Following vortex mixing, boron trifluoride
(0.5 ml of 14% BF; in methanol) was added. The solution was mixed by
manual shaking for 15 sec and then incubated for 10 min at 65°C in a
stoppered tube. Following cooling, 1.5 ml of water were added, the tube was
vortexed for 30 sec and centrifuged for 2 min at 500 g. A 10-ul syringe was
primed with ethylene chloride and 5 ul of the ethylene chloride layer were
injected into the gas chromatograph.

ii. Methyl iodide methylation. N,N-Dimethylacetamide (DMA) (50 ul)
and 30 ul of methyl iodide were added with mixing, and the mixture was
incubated in a hood for 10 min at 65°C. Pyridine (60 ul) was then added with
mixing, and the mixture was again incubated for 10 min at 65°C. Following
cooling, 0.5 ml of 0.1 M phosphoric acid and 25 ul of ethylene chloride were
added and the fatty acid methyl esters were extracted by vortexing for 30 sec.
The sample was centrifuged for 2 min (500 g), and most of the upper phase was
removed. Water (4 ml) equilibrated with ethylene chloride was added. The
upper walls of the tube and lower phase were washed by suspending the lower
phase six times with a vortex mixer. Following centrifugation for 2 min (500
g), most of the upper phase was removed. This wash step was repeated. A 10-ul
syringe was primed with ethylene chloride, and the lower phase was drawn up.
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All of the lower phase (5—10 ul) can be removed for injection into the gas
chromatograph. Removal of a small amount of the upper phase did not affect
the analysis.

Comparison of TMTFTH and methyl iodide methylations. Fresh pooled
human serum (1.0 ml) (different batch than described in Comparison of boron
trifluoride and methyl iodide methylations) was saponified as described above
with adjustments in the reagents for the larger volume of serum. Following
extraction of fatty acids into hexane, six 5.0-ml aliquots for the TMTFTH
procedure described below and six 1.7-ml aliquots for the methyl iodide
procedure were removed to 5-ml conical centrifuge tubes, flushed with
nitrogen, and stored at —10°C.

i. TMTFTH methylation. The tubes containing fatty acids in 5.0 ml of
hexane were extracted with 10 ul of TMTFTH according to the procedure of
MacGee and Allen [6]. A 2.5-ul sample—methyl acetate (treated with
anhydrous sodium carbonate) sandwich. was injected into the gas chromato-
graph.

ii. Methyl iodide methylation. The tubes containing fatty acids in 1.7 ml of
hexane were extracted with 10 ul of 0.5 M potassium hydroxide in water. The
tubes were shaken hard for 1 min, centrifuged (500 g) for 1 min, and all of
the hexane layer was removed using a Pasteur pipet and vacuum (drawing off
liquid followed by air drying of the interface). The methylation was carried out
as described above (ii. Methyl iodide methylation under Comparison of boron
trifluoride and methyl iodide methylations).

Brain tissue analysis

Animal preparation. An adult conditioned cat was anesthetized with pento-
barbital, 30 mg/kg, intravenously. The right femoral artery was catheterized
with P.E. No. 90 polyethylene tubing, and the free end was attached to a
Statham strain gauge transducer to record blood pressure and drive a cardio-
tachometer. Blood pressure and heart rate were recorded on a Brush Gould
polygraph. The cat was intubated and ventilated with a Harvard respirator.
The rectal temperature was continuously monitored, and body temperature
was maintained at 38.0 + 1°C with a heating pad.

Periodic blood samples were withdrawn and analyzed for pH, pO,, and pCO,
(Corning Model 168 blood gas analyzer). The adequacy of the animal’s
physiologic status throughout a 30-min control period and during in situ head
freezing was verified by the recording of cardiovascular function and analysis
of blood samples.

Brain tissue fixation by in situ freezing and tissue sampling. A bottomless
plastic cup was attached to the surgically exposed calvarium. The cup was filled
with liguid nitrogen, rapidly freezing the underlying skull and brain. Brain
metabolites of rats [9] and cats [10] fixed by this method fall well within
their normal ranges as defined by other methods. We have confirmed the
validity of this method for the study of stable metabolic states in brains of
monkeys [11] and cats [12].

The entire cat brain was frozen after 15 min of treatment with liquid
nitrogen. After head freezing, the cat was decapitated and the frozen head
stored at —80°C. The head was subsequently cut into 5—7 mm thick coronal
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blocks using a band saw in a —20°C walk-in freezer. Tissue sampling and
weighing procedures were accomplished in a —20°C glove box cryostat. A
2-mm stainless-steel trochar was used to sample cortical gray matter from the
crowns of the gyri lateralis, suprasylvius, and ectosylvius. The tissue plugs were
weighed on a Roller-Smith precision balance.

Extraction of FFA from brain tissue

i. Precision study. For the precision study on brain tissue (Table V), a tissue
sample (159.6 mg) was homogenized by sonication in 3.2 ml of normal saline
(0.9%) in a 50-ml centrifuge tube. Immediately, 12.0 ml of methanol, 25 ml of
hexane, 4.0 ml of 1 M phosphoric acid and a known amount (9.068 ug) of the
internal standard, pentadecanoic acid, were added to the homogenate. The
mixture was shaken vigorously for 1 min and centrifuged (500 g). The hexane
phase was then washed twice with 16.0 ml of 0.1 M phosphoric acid. Most of
the hexane phase was removed to a volumetric flask and the volume was
adjusted to 25 ml with hexane (2 ml). Then five 3.13-ml aliquots of the hexane
extract (each equivalent to 19.98 mg brain tissue) were pipeted into individual
tubes and 10 ul of aqueous 0.5 M potassium hydroxide were added. The tubes
were shaken hard for 1 min, centrifuged (500 g) for 1 min, and all of the
hexane layer was removed using a Pasteur pipet and vacuum (drawing off
liquid followed by air drying of the interface). The tubes were carried through
the methyl! iodide procedure as described above (ii. Methyl iodide methylation
under Comparison of boron trifluoride and methyl iodide methylations).

ii. General procedure. The general procedure for extraction of FFA from
brain tissue involved homogenization of 20 mg of tissue by sonication in
400 ul normal saline in a glass centrifuge tube. Immediately 1.5 ml methanol,
4.0 ml hexane, 0.5 ml of 1 M phosphoric acid and a known amount of internal
standard (1.136 ug pentadecanoic acid) were added to the homogenate. The
mixture was shaken vigorously for 1 min and centrifuged (500 g). Most of the
lower phase was removed and 2.0 ml of 0.1 M phosphoric acid were added and
the hexane phase was washed for 1 min and centrifuged. This wash step was
repeated. Most of the hexane phase was removed to another tube and extracted
with 10 ul of 0.5 M potassium hydroxide in water. The tubes were then shaken
hard for 1 min, centrifuged (500 g) for 1 min, and all of the hexane layer was
removed as previously described. The methyl iodide methylation was then
carried out as described above (ii. Methyl iodide methylation under
Comparison of boron trifluoride and methyl iodide methylations).

Blanks

Blanks for the methyl iodide procedure were obtained on 400 ul of 0.9%
saline using pentadecanoic acid as the internal standard and the procedure
described above (Extraction of FFA from brain tissue, General procedure).

Gas—liquid chromatography

GLC was performed with either a Bendix 2600 gas chromatograph (Bendix,
Ronceverte, WV, U.S.A.) or a Perking-Elmer Sigma 1 microprocessor-controlled
computing gas chromatograph (Perkin-Elmer, Norwalk, CT, U.S.A.). Both
instruments have flame ionization detectors and temperature programming.
Two 182.9 cm X 6.35 mm (4 mm 1I.D.) glass columns were packed with 10%
Silar 10 C on 100—120 mesh Gas-Chrom Q (Applied Science Labs.). The
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temperatures of the injector and detector were 280°C and 250° C, respectively,
for both instruments. The temperature programme for both instruments was
130°C to 220°C at 2°C/min. Peak areas and retention times for the Bendix
instrument were determined with a Hewlett-Packard 3309A reporting
integrator. Fatty acid methyl esters were identified on the basis of their
retention times as compared to standards of known composition (Fat and Oil
No. 6, PUFA 1, PUFA 2).

Calculations

The individual fatty acid concentrations for brain tissue were corrected by
subtracting the corresponding blank values. The paired t-test was used to
determine statistically significant differences between serum fatty acids
analyzed by different methods.

RESULTS

Serum studies

There were no significant differences in serum fatty acid concentrations or in
the precision of the measurements analyzed by the methyl iodide procedure as
compared with the conventional BF; or TMTFTH methods (Tables I and II).

TABLE 1

COMPARISON OF BORON TRIFLUORIDE AND METHYL IODIDE METHYLATION
PROCEDURES FOR ANALYSIS OF FATTY ACID CONCENTRATIONS OF POOLED
HUMAN BLOOD SERUM

Values are means of normalized peak areas * standard deviation (S.D.) from six samples
each for BF, and methyl iodide procedures. Different batches of pooled human blood
serum were used for the analyses in Table I and Table II.

Fatty acid BF, Methyl iodide
16:0 25.62 £+ 0.26 25.34 + 0.24
16:1 2.73 + 0.22 2.54 + 0.20
18:0 4.79 £ 0.26 4.64 + 0.22
18:1 33.58 £ 0.23  33.75 £ 0.37
18:2 27.49 £ 0.25 28.05  0.47
20:4 5.36 + 0.29 5.69 + 0.28
TABLE II

COMPARISON OF TMTFTH AND METHYL IODIDE METHYLATION PROCEDURES
FOR ANALYSIS OF FATTY ACID CONCENTRATIONS OF POOLED HUMAN BLOOD
SERUM

Values are means of normalized peak areas :+ S.D. from six samples each for TMTFTH and
methyl iodide procedures. Different batches of pooled human blood serum were used for the

analyses in Table I and Table II.

Fatty acid TMTFTH Methyl iodide
16:0 24.15+ 0.21 24.46 + 0.22
16:1 4.36 + 0.23 447 + 0.32
18:0 5.38 = 0.20 5.38 + 0.20
18:1 32.17+£0.21 3199 0.28
18:2 2720+ 0.23 27.13:0.25
20:4 6.74 = 0.20 6.58 + 0.20
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A reaction time study determined that the methylation with methyl iodide
was 90.0%, 94.7%, and 100% complete after 2.5, 5, and 10 min of incubation,
respectively, at 65°C (data not shown). Further incubation for 15 or 30 min
did not alter the results. In addition, a negative test with moist starch paper
indicated that the pyridine destruction of excess methyl iodide was complete
after 10 min of incubation at 65°C. FFA methyl esters were stable in ethylene
chloride extracts for as long as seven days (Table III).

TABLE III

STABILITY OF FFA METHYL ESTERS FROM POOLED HUMAN BLOOD SERUM
PREPARED BY THE METHYL IODIDE PROCEDURE

Values are normalized peak areas. The pooled human serum used for the data in this table
is different from that presented in Tables I and II.

Fatty acid Day 0 Day 1 Day 2 Day 3 Day 7

16:0 24.60 24.26 24.54 24.35 24.37
16:1 4.76 5.17 4.41 4.66 4.52
18:0 4.66 4.44 4.75 4.60 480
18:1 31.86 32.16 31.91 31.79 31.76
18:2 27.41 27.47 27.52 27.85 27.75
20:4 6.70 6.50 6.88 6.74 6.80

Brain tissue
The blank concentrations of palmitic, oleic, stearic, arachidonic and

docosahexaenoic acids are presented in Table IV. These blank values were
subtracted from the corresponding brain tissue fatty acid concentrations.

The free fatty acid concentrations in cortical gray matter of cat brain tissue
as determined by the methyl iodide procedure are presented in Table V. A
typical chromatogram of FFA in a 19.98-mg sample of cat brain cortex is
presented in Fig. 1.

TABLE IV
METHYL IODIDE PROCEDURE BLANKS
Values are means + S.D. expressed as nmol for six blanks.

Fatty acid  Blank value

16:0 0.936 = 0.139
18:0 0.533 + 0.092
18:1 0.249 + 0.055
20:4 0.052 + 0.015
22:6 0.112 + 0.056
DISCUSSION

The results of the present study demonstrate that fatty acids can be success-
fully methylated with methyl iodide following their extraction from serum
with aqueous potassium hydroxide. This new method uses non-adsorbing
techniques, small-size glassware, and small amounts of reagents and solvents for
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TABLE V

FREE FATTY ACID CONCENTRATIONS IN CORTICAL GRAY MATTER OF CAT
BRAIN DETERMINED BY THE METHYL IODIDE PROCEDURE

Values are means + S.D. expressed as nmol/g of five aliquots (3.13 ml per aliquot) of a
hexane extract of brain tissue (19.98 mg per aliquot). See Experimental for description of
sample handling.

Fatty acid Concentration (nmol/g wet weight)

16:0 115.90 = 10.97
18:0 86.83 + 6.54
18:1 116.12 + 8.07
20:4 28.29 + 3.86
22:6 56.74 + 8.80
Total 403.87 + 31.54

!I'ﬂ" 1.S.

16:0
18:0
18:1
22:6
14:0 16:1
| |
~.‘l L 1 1 1 1 1 1 L 1 L J
0 8 16 24 32 40
TIME, MINUTES

Fig. 1. Chromatogram of fatty acid methyl esters derived from a 19.98-mg sample of
anterior cortical gyri of the cat brain. Fatty acids were extracted and methylated with
methyl iodide as described in Experimental. FFA were identified on the basis of their reten-
tion times as compared with standards (see Materials). LS. is the internal standard (penta-
decanoic acid). The concentration of the 22:6 FFA appears to be variable between brain
regions in the cat [13]. * = Tentative identification.

isolating FFA and preparing their methyl esters. Loss of FFA by irreversible
adsorption, numerous steps utilizing different glassware, transfer of solutions,
and evaporation or drying is thus eliminated.

Fatty acid methylation with methyl iodide yields results comparable to a
conventional methylation method using BF; (Table I). In addition, similar
results were obtained with the methyl iodide procedure as with our previously



41

described TMTFTH procedure (Table II). FFA concentrations can be success-
fully determined on 20 mg of brain tissue with this new method. Furthermore,
the analysis time is short, about 1 h from homogenization of brain tissue to
injection of the concentrated fatty acid methyl esters into the gas
chromatograph. Recovery of most or all of the methyl esters is a necessary
requirement when measuring FFA in small tissue samples. In addition, poly-
unsaturated fatty acid concentrations are not altered by the methyl iodide
reaction. This method will enable an examination of FFA alterations in specific
brain loci following ischemia, head trauma, and other insults which produce
focal injury.

Other methods for esterification of FFA have certain disadvantages. Diazo-
methane has been used to esterify fatty acids [14]. However, this compound’s
explosive and toxic characteristics have discouraged its use [15]. In addition,
diazomethane has occasionally produced artifacts and it appears to have a
slower rate of esterification [15]. The commonly used BF;—methanol reagent
[8] does not yield quantitative recoveries of fatty acid methyl esters with small
samples (50—150 mg) [15].

Our method is a modification of methods described by Grunert and Bassler
[16], Gehrke and Goerlitz [17] and Johnson and Wong [18]. Grunert and
Bassler [16] used methyl iodide over solid potassium carbonate at 90°C for
fatty acid esterification which, when compared with classical procedures, was
their method of choice. Gehrke and Goerlitz [17] described a silver
salt—methyl iodide procedure which requires preparation of the silver salts of
fatty acids with silver nitrate, evaporation of water, followed by an 8-h incuba-
tion with methyl iodide. Our method, which is considerably less complex and
time-consuming than either of these procedures, completely methylates fatty
acids in 10 min with methyl iodide in 0.5 M aqueous potassium hydroxide at
65°C with N,N-dimethylacetamide as a catalyst. Excess methyl iodide is then
destroyed with pyridine.

We previously described that aqueous bases could be used for the quantita-
tive extraction of free fatty acids from other lipids in the hexane phase
including TMTFTH, trimethylphenylammonium hydroxide, tetramethyl-
ammonium hydroxide, potassium carbonate and potassium hydroxide [6]. In
the present study, the TMTFTH methylation procedure, which is a more
straight-forward method, was initially our method of choice. However, 7 or 8
ul of the TMTFTH extract of the hexane phase had to be injected into the gas
chromatograph to obtain adequate methyl ester peaks. This resulted in a large
solvent response that obscured resolution of the internal standard and made
quantitation difficult. In addition, this large volume of TMTFTH led to a
bothersome blank with a complex of peaks at the same retention times as
palmitic acid and other fatty acids of interest. Thus, this method was
unsatisfactory for the “trace analysis” of FFA concentrations in small
quantities of brain tissue.

For quantitation of FFA in 20 mg of tissue, blanks have to be analyzed with
the methyl iodide procedure. These blanks contain significant amounts of the
fatty acids of interest (Table IV). A small amount of these fatty acids may arise
from desorption from the GLC system, i.e., “memory effects’’ [6], etc. How-
ever, the probable source is trace impurities in the reagents. Fatty acid con-
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tamination from glassware was likely eliminated by soaking with methanolic
potassium hydroxide as described under Materials. This blank is the factor
which limits the size of the tissue sample which can be used for the analysis.

A stability study demonstrated no changes in the concentrations of methyl
esters extracted into ethylene chloride for at least one week at room tempera-
ture (Table III) in agreement with our previous findings [7]. Thus, a large
number of samples can be prepared on one day and the chromatography
performed on subsequent days.

In summary, the present new method utilizes a non-adsorbing technique for
isolation of FFA from other lipids in a hexane extract of brain tissue, i.e.,
extraction with aqueous base. The FFA are then methylated with methyl
iodide directly in this medium, and their methyl esters are partitioned into
ethylene chloride and quantitated by GLC. This method, in which FFA concen-
trations in 20-mg brain tissue can be analyzed will enable a measurement of
regional FFA in brain following such insults as ischemia and trauma.
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SUMMARY

Fatty acids are separated by reversed-phase high-performance liquid chromatography
after derivatization with a fluorescence reagent, 4-bromomethyl-7-acetoxycoumarin. Each
derivative eluted from a column is successively hydrolysed by mixing it with an alkaline
solution, and the produced fluorescence is detected. The derivatives of series of both
saturated and unsaturated fatty acids (C,.,—C,,.,) are simultaneously separated by a con-
tinuous gradient elution method using a methanol-based solvent containing acetonitrile.

The quantitative detection of fatty acids is over a range of 5—1000 pmol per derivatiza-
tion mixture. This method is applicable to the quantitative analysis of free fatty acids in
normal human blood samples and blood samples from diabetic patients. Ten microlitres of

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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blood plasma are sufficient to carry out the determination. The analytical results show good
recovery and good reproducibility. This sensitive method is very useful for the analysis of
fatty acids in very low concentrations.

INTRODUCTION

Free fatty acids in blood are derived mainly from the decomposition of tri-
glycerides in adipose tissues or from the action of lipoprotein lipase. In spite
of their concentration being lower than those of other lipids, free fatty acids
are the most actively metabolized of the lipids. Thus, their analysis in biological
samples is clinically of much importance. Various methods using high-perfor-
mance liquid chromatography (HPLC) have been reported for this purpose
[1, 2]. Although HPLC offers high resolution for the separation of a
complicated mixture of fatty acids, their detection is not so easy because they
generally show neither strong absorption nor fluorescence in the ultraviolet or
visible region, which is widely used as the sensitive detection system for HPLC.
The absorption near 200 nm has been adopted for the detection of non-
derivatized fatty acids [2, 3]. However, such detection is neither sensitive nor
selective. Furthermore, this method is markedly influenced by the properties of
the mobile phase or impurities in it [3]. This is a disadvantage for effective
application of a gradient elution technique to HPLC separation.

In order to increase sensitivity and selectivity, a number of derivatization
methods for fatty acids prior to HPLC separation were developed [4—9]. In
pre-column derivatizations, the use of fluorescence reagents can generally be
expected to provide higher sensitivity. In this respect, 4-bromomethyl-7-
methoxycoumarin [10—13], 9,10-diaminophenanthrene [14], and 9-anthryl-
diazomethane [15, 16], for example, were reported for the fluorometric
detection of fatty acids. However, the methods using them were not very
successful in the simultaneous separation of series of fatty acid derivatives. In
addition, one characteristic of fluorometric detection, i.e. sensitive detection,
was not sufficiently utilized for quantitative analyses such as the determination
of free fatty acids in small amounts of blood samples.

A sensitive detection system for HPLC of carboxylic acids was recently
developed using the fluorescence reagent 4-bromomethyl-7-acetoxycoumarin
(Br-Mac) [17]. Thus, the simultaneous separation of fatty acid derivatives by
this system and its application to the determination of free fatty acids in blood
plasma were investigated in the present study.

EXPERIMENTAL

Reagents and apparatus

Standard fatty acids of even carbon numbers were purchased from P-L Bio-
chemicals (Milwaukee, WI, U.S.A.) and Wako Pure Chemicals (Osaka, Japan),
and those of odd carbon numbers from Nakarai Chemicals (Kyoto, Japan).
Dibenzo-18-crown-6 was obtained from Aldrich (Milwaukee, WI, U.S.A.)
and used without further purification. Br-Mac was prepared according to the
method reported previously [17]. Methanol, acetonitrile, acetone, and water of
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liquid chromatographic quality were used. All other reagents and solvents were
of analytical grade.

The HPLC system was constructed in a manner basically similar to the one
used in the previous work [17], except that fatty acids labelled with Br-Mac
(FA-Mac) were successively mixed with 0.2 M sodium hydroxide in 80%
methanol after they were eluted from the column, and the hydrolysis of
FA-Mac was performed in a mixing coil (stainless-steel tube 3.5 m X 0.5 mm
I.D.). Detailed chromatographic conditions are shown in Fig. 3.

Determination of free fatty acids in human blood plasma

Ten microlitres of plasma were placed in a stoppered glass vessel of 10 ml
volume, and 200 ul of 0.5 M phosphate buffer (pH 6.5), 50 ul of a methanol
solution of C;;.¢ (1 nmol per 50 ul) as an internal standard, and 2.0 ml of an
extraction solution (chloroform—n-heptane, 1:1, v/v) were added to the vessel.
The mixture was vortexed for 2 min and centrifuged (1000 g, 10 min). The
lower organic phase was evaporated to dryness. The residue was dissolved with
200 pl of acetone (100 ul X 2), and the acetone solution was transferred into
a glass ampoule. After evaporating the solvent, 2—3 mg of a finely powdered
mixture of potassium bicarbonate and sodium sulphate (1:1, w/w), 50 ul of
dibenzo-18-crown-6 acetone solution (40 nmol per 50 ul), and 50 ul of Br-Mac
acetone solution (100 nmol per 50 ul) were added sequentially to the ampoule.
The stock solution of Br-Mac was protected from light, stored at 4°C, and
renewed every three days. The ampoule was sealed and covered with aluminium
foil. The reaction mixture was warmed for 30 min at 50°C in the dark. About
50 ul of the resulting solution were injected onto the column.,

Determinations were carried out based on the calibration graph obtained
from a standard mixture of fatty acids treated in the same manner as plasma
samples.

When the concentration of free fatty acids in plasma was higher than the
quantitative range, the plasma was appropriately diluted with water and then
treated. On the other hand, more than 10 ul of plasma were used in the case
of very low concentrations of free fatty acids.

RESULTS AND DISCUSSION

The simultaneous separation of FA-Mac was tried using continuous gradient
elution according to the elution methods used by other workers [12, 13, 17].
When using a mobile phase composed of acetonitrile and water, the derivatives
of fatty acids not only of the same chain length and different degrees of un-
saturation but also of different chain lengths and the same degree of unsatura-
tion could be readily separated. However, it was not easy to separate the
derivatives of fatty acids having different chain lengths and different degrees
of unsaturation, such as the separation between C,4., and C,4.4, and between
Cz0:4 and Cys.;.

It was reported that the concentration ratios of methanol and acetonitrile
in the mobile phase significantly influenced the resolution in the isocratic
separation of fatty acid phenacyl esters [18, 19]. So, the conditions to separate
series of FA-Mac simultaneously were investigated by the gradient elution
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method using a mobile phase of various compositions of methanol and aceto-
nitrile. The second solvent of 90% aqueous methanol solution was continuously
added to the first solvent containing different concentrations of methanol
and acetonitrile, in which the water content was fixed at 30%. Fig. 1 shows the
variation in retention times (tg) of FA-Mac. Although tp decreased with in-
creasing acetonitrile concentration, the slopes of the curves differed among
the fatty acids, as is apparent for between C;g5.3 and Ci4.0, and between C,.4
and Cy4:;. The separation of Cyz.3 and C,4., was better with decreasing
methanol concentration, whereas the separation of C,4.4 and Cy4,, was better
with increasing methanol concentration. From these results, the first solvent of
35% methanol and 35% acetonitrile was adopted.

60 T T T T T

tg  (min)
H
(=)
w > 0O ~

20
1. . . . .
CH;OH 50 40 30 20 10
CH,CN 20 30 40 50 60
Concentration in 1st solvent (%)

Fig. 1. Effect of methanol and acetonitrile concentrations in the first solvent on retention
times (¢tg) of FA-Mac. A standard mixture of FA-Mac was separated by the gradient elution
method using a gradient prepared by adding the second solvent (90% aqueous methanol
solution) to the first solvent (water content was fixed at 30%). The concentrations of both
organic solvents are indicated. 1 = C,,.432 = C,.;3 3 = C,4:334=C,,:4:5 =C,,:4:6 = Cy4.y5
7 =C4:238 = Ci4:539 = Cypupe

As shown in Fig. 2A, tp decreased linearly with increasing column tempera-
ture. By increasing the temperature, tz decreased more for C,¢;; than it did for
Cy0:4. A similar phenomenon tended to be observed between C,3.; and Cy4.¢.
Fig. 2B shows typical resolution factors between adjacent peaks. A decrease of
the column temperature was important for the separation of FA-Mac, especial-
ly between C,3.3 and Cy4.9, and between C,y.4 and Cy4.;. A column temperature
of 40°C was used to shorten the analysis time and to keep the column pressure
as low as possible.
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Fig. 2. Effect of column temperature on retention times (tg) of FA-Mac (A) and on
resolution factors (Rs) between adjacent peaks (B). Chromatographic conditions were the
same as in Fig. 3, except for the column temperature. (A)1=C,,,,;2=C,,;1;3=C,,4.5;4 =
Ciao3 B = Cio:a3 6 = Ci:13 7 =C4:33 8 = Ci1059 = Craty- (B) 1 = C,0:4/Cy4:15 2 = Ci4:3/Crazos
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Fig. 3. High-performance liquid chromatogram obtained from a standard mixture of
FA-Mac. Peaks: 1 = C,.,; 2 = Cy.0:8 = Cai034 = Cy:03 5 = Cig:056 = Cuyi: 7 =Cy3:5 8 =
Ciazi39 = Ciai3 10 = Cyi3311 = Cyi; 12 = Cog043 13 = Cyg:y5 14 = G155 15 = Cy24516 =
Cia:13 17 = C,,.0; 18 = C,,.,. Chromatographic conditions: column, 2560 X 4.0 mm LD,
LiChrosorb RP-18 (5 um); column temperature, 40°C; mixing coil temperature, 50°C;
mobile phase first solvent, methanol—acetonitrile—water, (35:35:30), second solvent 90%
aqueous methanol solution (the gradient was prepared by adding the second solvent to the
first solvent; the dotted lines show the concentrations of organic solvents in the mobile
phase); mobile phase flow-rate, 1.2 ml/min; flow-rate of alkaline solution for hydrolysis,
0.4 ml/min; detector, spectrofluorometer (excitation 365 nm, emission 460 nm).
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The chromatogram shown in Fig. 3 was obtained from a standard mixture of
fatty acids. A methanol solution of standard fatty acids (1 nmol of each)
was placed in a glass ampoule and subjected to derivatization after evaporation
of the solvent. There were few significant peaks on the chromatogram other
than those of fatty acids, except for the presence of the front peaks derived
from an excess of Br-Mac and its decomposition products.

Fig. 4 shows the amount of FA-Mac formed (relative units) versus the
reaction time at different reaction temperatures. The amount of derivative
formed is proportional to the peak height ratio, i.e. the height of the FA-Mac
peak relative to that of internal standard (anthracene). Even at 30°C, the
reaction was completed within 40 min. The reaction was completed within
10 min at 70°C, but several unknown peaks tended to appear. In order to
shorten the reaction time and minimize the production of unknown peaks, a
reaction temperature of 50°C and a reaction time of 30 min were chosen in
this study.

The effect of a catalyst on the reaction yield of FA-Mac is shown in Fig. 5.
Although dibenzo-18-crown-6 is widely used as a catalyst for the derivatization
of fatty acids, the effect of this reagent was not so significant in comparison
with other derivatizing reagents [11, 20]. Even in the absence of the catalyst,
the reaction proceeded smoothly.

A typical result of the quantitative investigation is shown in Fig. 6, which is

20 T T T T T ¥ T T T
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Peak height ratio
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Fig. 4. Effects of reaction time and temperature on- fluorescence intensity. A mixture of
fatty acids (1 nmol of each) was subjected to derivatization. Chromatographic conditions
were the same as in Fig. 3, except that the gradient was prepared by adding 80% aqueous
acetonitrile solution to 65% aqueous acetonitrile solution. Peak height ratios were
determined by dividing the peak heights of FA-Mac by the peak height of anthracene added
in the reaction mixture. (®), C,,.,;(0), C4.,3(8), Ciy.53(8), Cyy.se
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Fig. 5. Effect of dibenzo-18-crown-6 concentration in a reaction mixture on fluorescence
intensity. A mixture of fatty acids (1 nmol of each) was subjected to derivatization for 30
min at 50°C. Chromatographic conditions as in Fig. 4. Peak height ratios were determined in
the same manner as in Fig. 4. (), C,,.,; (), Cy4.,; (4), Cg:p; (8), Cpa:se
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Fig. 6. Calibration graph of fatty acids. The separation was performed under chromato-
graphic conditions shown in Fig. 3. Graphs: 1 = C,,.,;2 = C,,.;; 3 = Ciro:as 4 =Cip.055 =
Ci6:136=C4:0;7=Cyy:5;8 = Ci6:0:9 = Cyy:1310 = Cy ..
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a plot of the ratio of the peak height of each FA-Mac to that of internal
standard (C,,.0). The plot gave linearity in a range from at least 1000 to 5 pmol
(only less than 100 pmol are shown). This result indicates that the derivatiza-
tion method described here can be used to quantitate fatty acids.

The method was applied to the determination of free fatty acids in human
blood plasma samples. Solvent extraction was chosen for pre-purification of
fatty acids in the samples because of its simplicity. The chromatograms
obtained from normal human plasma and from plasma of a diabetic patient are
shown in Figs. 7 and 8, respectively. There were few interfering peaks other
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Fig. 7. High-performance liquid chromatogram obtained from a normal human plasma
sample. Peaks: 1 = Cy,.032 = Cy1y58 = Cgi534 = Cryi03 8 = C0y36 =Cr:i 77 Cisi:8=
Cie:05 9 = Cig:y; 10 = Cyy.y; IS (internal standard) = Cy,.,. Chromatographic conditions as

in Fig. 3.
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Fig. 8. High-performance liquid chromatogram obtained from the plasma sample of a

diabetic patient. Peak numbers as in Fig. 7. Chromatographic conditions as in Fig. 3.
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than free fatty acid derivatives, which were identified by comparing their
retention times with those of standard derivatives.

Analytical recovery and reproducibility were estimated by adding a standard
mixture of fatty acids (Cig.2, Cis:0, and Cig:; = 1.00 nmol; others = 0.30
nmol) to 10 ul of plasma (n = 7). The percentage recoveries and coefficients of
variation (C.V., %) were as follows: C;;., = 100 (2.7); Cy14:y =97 (3.7); Ci5:3 =
97 (3.7); Cis:o = 93 (4.3); Cro:a = 93 (3.0); Cis:r = 97 (3.4); Cyz:z = 99
(2.0); Cy5:0 = 96 (1.8); Cy5:1 = 97 (2.4); Cy5:0 = 90 (4.5).

The results of determinations of free fatty acids in plasma samples are
summarized in Table I. They agreed with the report of other workers [9]. The
concentrations of certain kinds of free fatty acids such as C,0.4, Cis:2, Cis;0,
and C,;5.; significantly increased in the samples of diabetic patients. Their
composition ratios in free fatty acids also differed from those of normal

samples.

TABLE 1
FREE FATTY ACIDS IN HUMAN PLASMA

Results are expressed as nmol/ml; — indicates that the peak was detectable but the determination was
impossible.

Sample Ci;:5 Ci:r Cisia Cino Cooua Cienr Cis:z Cis:o Cian Cisio
Normal
1 5.6 2.7 6.4 14.9 15.6 6.3 57.5 118 145 38.4
2 1.6 - 2.5 5.3 4.6 4.2 18.7 46.6 48.5 15.3
3 2.2 — 2.3 7.0 3.2 8.7 30.5 49.2 45.7 15.2
4 3.7 - 5.1 8.2 12.0 8.8 73.3 68.3 80.3 26.7
5 1.9 — 6.4 5.7 4.2 5.9 42.7 46.7 44.3 18.1
6 2.2 — 5.5 7.0 5.2 4.5 39.0 61.4 54.6 21.9
7 1.5 - 12,8 5.7 4.8 5.6 141 61.2 221 27.7
8 3.0 — 2.2 9.4 3.3 5.2 16.6 54.8 46.8 17.6
9 2.3 —_ 5.1 14.5 5.4 6.5 32.7 61.7 69.3 27.8
10 2.2 — 3.9 7.0 7.0 5.2 27.5 56.2 55.4 20.4
11 3.0 1.7 5.6 10.8 4.0 13.1 56.2 95.9 135 32.4
12 2.6 1.8 7.3 8.4 13.2 7.0 60.3 74.0 129 22.3
13 2.7 2.5 6.2 12.6 7.4 21.8 36.7 71.3 91.8 20.4
14 1.8 — 2.8 6.1 2.5 71 24.1 41.8 46.8 13.9
15 1.6 — 3.4 7.9 5.0 8.7 25.3 70.6 59.8 22.3
Diabetic patient
1 6.3 4.9 22.86 22.2 75.5 12.6 218 258 750< 71.8
2 4.6 4.6 23.1 23.8 74.5 20.9 300 289 750< 66.7
3 5.2 4.1 38.2 38.8 60.0 15.3 240 396 506 61.0
4 9.3 13.2 26.4 42.4 172 21.9 239 454 750< 83.8
5 5.9 6.9 36.0 29.4 102 16.0 380 321 527 54.3
6 8.1 8.4 10.4 23.2 32.6 70.9 307 426 437 114

Although HPLC separation of fatty acids has been widely attempted using
ultraviolet-absorbing reagents [4—10, 19], the sensitivity was not sufficient for
treating very small amounts of blood samples. With such methods, at least
0.5—1.0 ml of plasma or serum was necessary for the determination [9, 19].
In this study, a plasma sample volume of 10 ul was used for precision of
sampling. If precise quantitation is not required, the determination can be
performed using plasma sample volumes of less than 10 ul.
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CONCLUSIONS

A sensitive determination method for fatty acids was developed by
employing fluorometric detection. It is considered that the high reactivity of
Br-Mac and the high sensitivity are useful for treating samples containing very
small amounts of fatty acids.

The simultaneous separation of series of fatty acids was achieved, which was
difficult for HPLC methods using other fluorescence reagents. The analysis
time per sample, however, became relatively long to obtain better resolution. It
might be reduced by using another gradient elution mode or a different
reversed-phase column.
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SUMMARY

We describe an improved high-performance liquid chromatographic method for the
determination of tyrosine, 5-hydroxytryptamine, 5-hydroxyindoleacetic acid, tryptophan
and homovanillic acid in cerebrospinal fluid and nerve tissue, using the new microbore
cartridges with 5 um average particle size. The first four substances are quantified
fluorometrically and the last two electrochemically. Both detectors are connected to the
same integrator through a relay which can be switched as required. Data are collected in an
on-line personal computer and evaluated statistically. An improvement in the method for
extraction and separation of catecholamines is also reported.

INTRODUCTION

In the course of studies on central nervous system function we needed a
high-performance liquid chromatographic (HPLC) method for detecting
changes in the catecholamine and indoleamine systems, i.e. one able to measure
not only the neurotransmitters themselves but also their precursors and metab-
olites. Finding a satisfactory single system presented a difficult problem, for
two reasons. Firstly, the polarities of the compounds differ widely. Secondly,
baseline separation and sharp peaks are required for maximum accuracy, so
that elution times should not be too short or too long. Most of the systems
described in the literature are either not suitable for all the substances which
interested us or do not fulfill this second requirement (e.g. refs. 1—7). Gradient
elution with increasing proportions of organic solvent should be the ideal
system; however, in contrast to Krstulovic et al. [8], we found this to be

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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incompatible with amperometric electrochemical detection and even to a lesser
extent with fluorometric detection. We therefore decided to use two systems.
Catecholamines were determined with a modification of the usual alumina
extraction method (e.g. refs. 9—11). For the other compounds (5-hydroxy-
tryptamine, 5-hydroxyindoleacetic acid, tryptophan, tyrosine, homovanillic
acid) we developed a direct injection method with the following innovations:

(1) Microbore cartridges were used (internal diameter 2.1 mm, 5 um average
particle size), which operate with a low flow-rate, requiring greatly reduced
amounts of mobile phase. The advantage of the cartridge system is that the
column length can be tailored without difficulty to suit the required separa-
tion.

(2) The first cut from the column was diverted into the waste before the
electrochemical detector, thus preventing an overload and disturbance of the
baseline when extracts were injected.

(3) An electrochemical detector and a fluorometric detector were connected
to the same low-price one-channel integrator through a relay, so that all the
peaks, including the amino acids tryptophan and tyrosine, could be quantified
as accurately as possible.

(4) The chromatographic data were stored on discs on-line with the aid of
an Apple Ile computer. Software was developed for transferring data to
statistical programs either in the personal computer, or in the Univac 1100
computer for more advanced evaluation.

MATERIALS

Chemicals were obtained from the following sources: 5-hydroxytryptamine
creatinine sulphate (5-HT) from Serva (Heidelberg, F.R.G.); 5-hydroxyindole-
acetic acid (5-HIAA), L-tyrosine (Tyr), n-octyl sodium sulphate, ethylene-
diaminetetraacetic acid disodium salt (EDTA, Titriplex III) and aluminium
oxide 90 (active neutral for column . chromatography) from E. Merck
(Darmstadt, F.R.G.). L-Tryptophan (Trp), homovanillic acid (HVA), dopamine
hydrochloride (DA), L-adrenaline-D-hydrogentartrate (A), and L-noradrenaline
hydrochloride (NA) from Fluka (Buchs, Switzerland); 3,4-dihydroxybenzyl-
amine hydrobromide (DHBA) from Aldrich Europe (Beerse, Belgium). Aceto-
nitrile and methanol (both chromatographic grade, Merck) were used as
supplied. All solutions were prepared in water that had been double-distilled
in glass.

Chromatographic system A (for Tyr, 5-HT, 5-HIAA, Trp and HVA)

A solvent delivery pump (LC 414, Kontron Analytic, Zurich, Switzerland)
was used in conjunction with an automatic sampler (MSI 660, Kontron)
equipped with a 10-ul injection loop. Pulseless solvent delivery was achieved
with a membrane-type damper (Portmann, Therwil, Switzerland). The column
system, which was at room temperature, consisted of three commercially
available reversed-phase cartridges in series, all with internal diameter 2.1 mm.
The total length was 350 mm (RP-18 Spheri 5, 5 um spherical particle size,
30 mm + 100 mm + 220 mm; Brownlee Labs., Santa Clara, CA, U.S.A.). Two
detectors were used; upstream a fluorescence detector (LC fluorometer FS 970,
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Schoeffel Instruments, Kratos, Trappenkamp, F.R.G.) with a wavelength of
225 nm for excitation and a band pass filter 7-54 for emission; downstream an
electrochemical detector (656 VA, Metrohm, Herisau, Switzerland) with a glassy
carbon working electrode set at a potential of 0.75 V versus the Ag/AgCl
reference electrode. The output of the fluorometer was changed from 10 mV
to 1 V using an FSA 987 computer output, and both detectors were connected
via a relay to the same integrator (HP 3390 A, Hewlett-Packard, Avondale, PA,
U.S.A.). The relay was controlled by the integrator through an intermediate
19400 A sampler/event control module (Hewlett-Packard). By programming
the integrator the relay could be switched at any desired time so that either
the output of the electrochemical detector or that of the fluorometer could be
recorded by one integrator. Between the two detectors an automatic Rheodyne
7040 valve was inserted, which allowed the automatic cut-off of the effluent
after the fluorescence detector. This was also time-controlled by the integrator.
Mobile phase A contained sodium dihydrogen phosphate (0.1 M), EDTA (0.08
mM) and rn-octyl sodium sulphate (0.025 mM) brought to pH 3.5 with
phosphoric acid. It was filtered through a 0.4-um filter and acetonitrile was
added to a final concentration of 8%. It was degassed by stirring under vacuum
(water pump) for 10 min. The flow-rate was 0.3 ml/min, at a pressure of about
175 bars.

Chromatographic system B (for catecholamines)

This was essentially as described above, the Kontron sampler being replaced
by a Wisp 710 B (Waters Assoc., Milford, MA, U.S.A.). The electrochemical
detector was set at 0.65 V and the fluorometer and valve were omitted. The
stationary phase was an RP-18 Spheri 5 column, 100 mm X 4.6 mm (Brownlee
Labs.), average particle size 5 um, and the mobile phase was disodium hydrogen
phosphate 6.7 mM, citric acid 13.3 mM, n-octyl sodium sulphate 2.5 mM,
EDTA 0.05 mM, methanol 13—15% depending on column condition, pH 3.3
[10]. The flow-rate was 1.3 ml/min. The mobile phase was recycled. This had
two advantages: firstly, the stability of the electrochemical detector was
improved; and secondly, the amount of mobile phase used was greatly reduced
(to 2 1 in three weeks; even less than would be required with a microbore
system).

Preparation of extracts

Human cerebrospinal fluid (CSF) samples were obtained from the
Neurological Clinic, Kantonsspital, Basel, and cooled in ice until they reached
the laboratory. They were treated with 1 M perchloric acid (10:1, v/v) to
precipitate protein, then centrifuged for 25 min at 4°C and 9000 g in a Sorvall
RC-5 Superspeed refrigerated centrifuge (Dupont, Newton, CT, U.S.A.). The
supernatant was either injected directly (system A, 10 ul) or stored at —80°C
for not longer than one week. Samples stored before perchloric acid treatment
could be kept for up to three months. In both cases the thawed samples were
recentrifuged for 25 min as above before injection (10 ul).

Lewis rat brain or spinal cord regions (30 mg to 1.3 g) were isolated and
stored at —80°C until used. They were homogenized with cooling in ice in 0.1
M perchloric acid (1:10, w/v) with an ultrasonic cell disrupter, either a micro-
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model from Kontes (Vineland, NJ, U.S.A.) or a Sonicator W 375 (Heat
Systems—Ultrasonics, as supplied by Kontron) depending on the amount. For
catecholamine determinations DHBA (final concentration 10 ¢ M) was added
as internal standard and 0.01% sodium bisulphite as antioxidant. The
homogenates were centrifuged as described above. A portion of the supernatant
was removed for catecholamine isolation and determination in system B, and
the rest stored at —80°C for not longer than a month. After thawing it was
recentrifuged as above before direct injection (10 ul) into system A.

Analysis and quantification of Trp, 5-HT, 5-HIAA, HVA, Tyr

Direct injection of CSF and homogenates into system A caused no problem
with the fluorometer. However, when the electrochemical detector was set to
a sensitivity sufficient for our measurements (usually 5 nA/V) there was an
overload as the initial peak reached the detector, due to water-soluble, easily
oxidizable cell constituents, such as ascorbic acid. To prevent this, the first
part of the efflux was diverted as described above before reaching the electro-
chemical detector, which greatly improved the baseline characteristics. In the
concentration ranges present in our extracts, 5-HT can be determined either
electrochemically or fluorometrically. 5-HIAA and HVA must be determined
electrochemically if any degree of accuracy is required, whereas with 0.75 V
potential Trp and Tyr must be determined fluorometrically. (They can also be
determined electrochemically when the detector potential is higher than 0.9 V;
in our experience, however, the system is then more unstable and much less
specific.)

Retention times are in the order Tyr < 5-HT < Trp < 5-HIAA < HVA.
Therefore, before injection, the relay was set so that the integrator was
connected to the fluorometer until the three peaks Tyr, 5-HT and Trp had been
recorded (about 14 min). The relay was then switched so that the integrator
recorded the output from the electrochemical detector for the rest of the
chromatogram (peaks 5-HIAA and HV A). Because the substances are present in
the extracts in greatly varying concentrations, the integration attenuation was
sometimes changed according to the peak size, which improved the
reproducibility of the determination. Quantitative determinations were made
by comparing the peak areas of the samples with those of standard solutions
using the external standard calibration program of the integrator. Stock
solutions in water (103 M) were made fresh every week, stored at 4°C and
diluted as required. Because no cooled sampler was available, all solutions and
extracts were brought to room temperature only a short time before injection.
The detectors were allowed to stabilize for 1 h each morning before use, and
were re-calibrated if necessary with two or three standard solutions. The
relationship between peak area and amount injected was found to be linear
for each substance in the concentration range in which it is present in nervous
tissue and CSF, except for Tyr which showed a plateau at higher concentra-
tions.

Extraction and quantification of catecholamines
A suspension of aluminium oxide (15 mg/ml) in Tris—HCl buffer
[tris(hydroxymethyl)aminomethane 0.6 M, EDTA 0.05 M, pH 8.6] was stirred
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magnetically for 15 min. Portions (1 ml) were pipetted during stirring into
plastic tubes, to which the supernatants (200 ul) prepared as above were added
(according to a private communication of A. Enz, Sandoz, Basel). The mixture
was shaken for 15 min and centrifuged. The aluminium oxide was washed with
water (3 X 1 ml) and as much as possible of the final washing water was
removed. The catecholamines were eluted by agitation for 5 min in 200 ul of
mobile phase B, brought to pH 2 with phosphoric acid. After centrifugation
the supernatant, usually 20 ul, was injected directly into system B.

Standard solutions containing DHBA (10 ~® M) and the other catecholamines
(251077 M,5-10"7" M or 7.5 - 107 M) in 0.1 M perchloric acid were made
and stored in portions at —80°C for up to six months. Every time tissue
samples were extracted as described above, these three solutions (180 ul each)
were taken through the same procedure. The aluminium oxide was eluted with
mobile phase (200 ul) and 20 ul of the eluate were injected. The internal
standard program of the integrator calculated the ratios of the peak areas of
the catecholamines to those of DHBA and by comparison with these calculated
the catecholamine content of the extracts.

Catecholamines are more stable than indoles at room temperature and the
automatic sampler could be loaded and run overnight.

Computer evaluation

Hardware. This comprised the following components: Apple Ile computer
with screen and optional printer; two floppy disc drives; 7710-A serial interface
(from CCS) for the Apple; cable to connect the two RS 232-C in Apple and HP
integrator.

Software. Our “Multi”-program was written in Applesoft Basic, apart from
a subroutine to transfer the data coming from the integrator to a temporary
store in the Apple’s memory. This had to be written in Assembler (the machine
language) because Basic is not fast enough to handle all the in-coming data.
Where possible, Basic is preferable as it is easier than Assembler to write, read
and modify. Using the Multi-program, the HPLC data can be manipulated in
the following ways:

(1) Chromatograms can be stored in files (Chro-files) on floppy discs. Using
two floppy discs, up to 260 chromatograms with seven calibrated peaks are
available on-line. Each chromatogram is first stored temporarily in the Apple as
described above, then sent to the floppy disc during the next chromatographic
run.

(2) Any Chro-file or series of Chro-files can be called up on the screen or
printed out.

(3) Data needed for statistical calculations can be sorted out from a series of
Chro-files and sent to a single file, together with extra information if required.
This new data file has a previously defined and programmed structure; e.g. an
array (A matrix with N Chro-files and M defined variables). These data files can
be evaluated using private statistics programs or commercial software packages.
One of our Multi-program options creates data files which can be read by
Micro-SPSS 4.1 [12]. These matrix data files can be enlarged vertically, i.e.
the data from other chromatograms can be added at a later date without
difficulty. Faulty or missing data which could be added later are replaced with
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Fig. 1. Chromatograms of perchloric acid extracts prepared as described in text. Injection
volume 10 pl; chromatographic conditions, system A. (A) Lewis rat spinal cord, (B) human
cerebrospinal fluid.

TABLE I

RETENTION TIMES OF SOME CATECHOLAMINES, INDOLEAMINES AND THEIR
METABOLITES AND PRECURSORS

Retention times are given in min.

Compound*® System A System B
Tyr 3.47

NA 3.50 6.24**
DOMA 3.51 4.44**
DOPA 3.54 4.08**
A 3.65 8.90**
DOPEG 3.71 1.19**
DHBA 3.84 12.50**
VMA 4.05 1.36
DA 4.47 19.69**
5-HTP 4.88 11.51
NM 5.17 12.19
MHPG 5.25 1.83
5-HT 8.45 ca. 50
DOPAC 9.12 3.30**
Trp 10.19

5-HIAA 16.59 5.11
HVA 20.96 6.90

*DOMA = 3,4-dihydroxymandelic acid, DOPA = 3 4-dihydroxyphenylalanine, DOPEG
= 3,4-dihydroxyphenylethylene glycol, VMA = vanillylmandelic acid, 5-HTP = 5-hydroxy-
tryptophan, NM = 3-O-methylnoradrenaline, MHPG = 3-methoxy-4-hydroxyphenylethylene
glycol, DOPAC = 3,4-dihydroxyphenylacetic acid.
**Can be extracted from homogenates by Al,O,.
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a selected “‘missing value”. Another option of the Multi-program enables data
to be arranged in a format that can be read by BMDP statistical software (on a
Univac 1100) for sophisticated statistical evaluation of large amounts of data.
With a special program and a corresponding hardware connection developed by
Dr. Christen (URZ, Basel), data from the Apple can be sent to the Univac.

RESULTS AND DISCUSSION

System A

Fig. 1A and B shows typical chromatograms obtained by direct injection
of rat spinal cord extract and human CSF into system A. The first part of the
chromatogram shows the peaks recorded by the fluorometer, the second
part those recorded electrochemically. As can be seen, the switching of the
relay took place without greatly affecting the baseline. In developing our
method we considered baseline separation to be of primary importance. As can
be seen from the figures, we have obtained good separations of Tyr, 5-HT,
Trp, 5-HIAA and HVA, even with extracts. The identification of peaks with
the direct injection method always causes problems. We approached this in
the same way as other authors [4, 12, 13]: multiple detectors (electrochemical,
fluorometric), variable detector potential (0.65—0.95 V), extraction with
alumina (specific for catechol derivatives) and injection into a different
chromatographic system (without octyl sulphate, results not shown). The five
peaks quantified can be considered to be unambiguously identified. Table I
lists typical retention times of the catecholamines, indoleamines and some of
their common metabolites in the two systems. In system A, catecholamines and
their metabolites were eluted in the first 5.5 min, well before 5-HT. An
exception was 3,4-dihydroxyphenylacetic acid (DOPAC), which eluted
between 5-HT and Trp; however, as it has practically no fluorescence under our
conditions, it caused no interference. The electrochemical method would be
more sensitive for 5-HT [4] but as it is present in relatively large quantities in
nerve extracts this is not of great importance. We have tried to obtain improved
separations of CSF using other chromatographic systems, including that of
Gattaz et al. [14], and columns with smaller particle size. However, our latest
results with the column RP-18 Spheri 3 um, length 100 mm (Brownlee) show
that (a) the pressure is so high (160 bars at a flow-rate of 0.3 ml/min) that the
column could not be much lengthened, and (b) the separation on this column
is not good enough to replace our system A. As already reported by others
[15], we found that Tyr, Trp, 5-HT, HVA and 5-HIAA were not stable for
more than a few hours at room temperature, even in the presence of anti-
oxidants, in standard solutions and to a lesser extent also in extracts. All
samples were therefore brought to room temperature only a short time before
injection to prevent errors. Recoveries, determined by the standard addition
method, were as follows: Tyr 83%, Trp 100%, 5-HIAA 100% and HVA 100%
from CSF; and Tyr 98%, 5-HT 99%, Trp 100%, 5-HIAA 100% and HVA 98%
from Lewis rat spinal cord.

System B
Fig. 2 shows a chromatogram of an alumina extract from rat spinal cord
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Fig. 2. Chromatogram of catecholamines extracted by alumina from Lewis rat spinal cord
as described in text. Injection volume 20 ul; chromatographic conditions, system B.

TABLE II
CONTENTS OF SUBSTANCES IN RAT BRAIN AND HUMAN CSF

Results are measured in ng/g fresh weight (rat spinal cord) or ng/ml (human CSF) and
expressed as mean + S EM.

Tyr 5-HT Trp 5-HIAA HVA NA DA
Rat spinal 12,978 + 823.2 = 3830+ 406.6 = 066+ 5599+ 38.3
cord (n = 10) 712 14.9 129 6.9 0.66 13.6 2.02
Human CSF  nd.* 372+ 233+ 318: — —
(n=28) 18 2.2 2.6

*n.d. = not determined.

homogenate injected into system B. The catecholamines NA, A, DHBA
(internal standard) and DA were separated in 20 min. The separation required
only a 100-mm column (5 um) compared with 250 mm using a Bondapak
RP-18 with 10 um average particle size. Alumina extraction is specific for
catecholamines, so peaks could be readily identified. Recovery rates from
standard solutions were 84.7 + 0.4% for NA, 88.9 + 1.3% for A, 84.4 £ 21%
for DHBA and 84.9 + 2.2% for DA (n = 4). These high rates were only obtained
when the alumina was stirred in Tris buffer prior to extraction and may be the
result of better contact between the buffer and the alumina particles. By
eluting the catecholamines from the alumina with mobile phase, instead of
perchloric acid, the initial peak was reduced and the baseline improved without
affecting the yield.

Table II shows the contents of the substances which we found in rat spinal
cord and human CSF. For CSF they are comparable with those found in the
literature [14, 16—18], the main difficulty here being the enormous variation
found in normal persons [17]. For rat spinal cord the values for 5-HT, NA and
DA are similar to those obtained by Zivin et al. [19]. In a more recent publica-
tion [20] values are expressed as pg/mg protein and are therefore not directly
comparable.
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Our present method, like other chromatographic methods, is a compromise.
For instance 3-methoxy-4-hydroxyphenylethylene glycol (MHPGQG), a substance
of great interest in CSF, can only be quantified with two-channel integration.
Other authors [21—24] have used direct injection combined with electro-
chemical detection for both catecholaminergic and indoleaminergic substances.
However, we chose the alumina extraction method for catecholamines because,
when extracts are directly injected, large amounts of interfering non-catechol-
aminergic substances co-elute with the catecholamines. We found that this
made baseline separation and reproducible resuits very difficult to obtain. In
a recent publication Tjaden and de Jong [25] suggest that dual coulometric
electrochemical detection may solve the problem of gradient-induced baseline
shift. This could lead to an improved separation of substances in one run,
which would offer an alternative to isocratic methods such as ours.
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SUMMARY

A definitive method to determine adenine compounds simuitaneously was established by
introducing a new fluorescent reagent into high-performance liquid chromatography. Bromo-
acetaldehyde was the best reagent among the haloacetaldehydes examined. A quantitative
reaction was obtained even for unstable ADP and ATP. A high resolution of adenine
nucleotides was obtained using a column of Hitachi gel No. 3012-N. The method was applied
to the measurement of cyclic AMP in urine, and ADP and ATP in brain and blood. Further,
the sensitivity of the method was increased by a new fluorescence spectrophotometer con-
structed for micro-HPLC. Femtomole amounts of the adenine nucleotides were clearly
separated.

*Presented at the 8th Symposium on Nucleic Acids Chemistry, Sapporo, August 21—23,
1980 (see ret. 18).
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INTRODUCTION

There are a number of adenine-containing compounds such as adenine
nucleosides and nucleotides in natural and synthetic compounds, and develop-
ment of a highly sensitive and selective method of determination is
fundamental to progress in medical, biochemical and chemical studies.

Specific radioimmunoassay (RIA), enzymatic and protein binding assays for
adenine compounds such as cyclic AMP (cAMP) [1] and adenosine [2] have
been developed, if appropriate binding proteins are available.

Adenine compounds are not suitable for conversion into volatile derivatives
for gas chromatography. A liquid-chromatographic method is useful for their
systematic analysis. Recently, high-performance liquid chromatography
(HPLC) has been applied to determine adenine compounds. Detection, how-
ever, is based on ultraviolet absorption of the adenine base and is not selective
[3—6].

It is relevant to use a fluorescence reaction specific for the adenine base.
Kochetkov et al. [7] found that chloroacetaldehyde reacted with adenine base
to produce a 1-Né-ethenoadenine derivative. Secrist et al. [8] examined the
fluorescence characteristics of the derivatives.

Previously, we developed a method in which adenine compounds were
quantitatively converted with chloroacetaldehyde into their etheno derivatives,
which were separated by HPLC [9]. Kuttesch et al. [10] modified the method
to determine adenosine and deoxyadenosine in patients with immunodeficien-
cy diseases. Preston [11] also extended the method to separate adenine and
related nucleotides in an extract of phytoplankton.

In this paper, we shall describe in detail the improved method which was
communicated in brief [18]. A new fluorescence reagent, separation system
and fluorescence detector were adopted. The method was applied to determine
adenine compounds in biological samples.

EXPERIMENTAL

Materials
Bromoacetaldehyde was prepared and crystallized according to the method
of Schukovskaya et al. [12]. Iodoacetaldehyde was prepared as described by

Glinsky [13]. The other chemicals, of reagent grade, were commercially
obtained.

Fluorescence reactions of haloacetaldehydes with adenine compounds

To 500 ul of 10 uM cAMP or a mixture of the adenine compounds (10 uM
each) were added 200 ul of buffer (1 M citrate buffer pH 3, 1 M acetate buffer
pH 3.5—5.5, or 1 M phosphate buffer pH 6.0—7.0) and 40 ul of 1.2 M bromo-
acetaldehyde in a Reacti-Vial (Pierce, Rockford, IL, U.S.A.). The vial was
tightly closed and the mixed solution was heated at various temperatures (80°C
or 100°C) for various times (0—40 min). In place of bromoacetaldehyde, 25 ul
of 8 M iodoacetaldehyde dissolved in dioxane warmed at 60°C, or 10 ul of
4 M chloroacetaldehyde, were added. The reacted solution was analysed by
HPLC to compare the reactivities of the haloacetaldehydes.
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Quantitative reaction of the adenine compounds with bromoacetaldehyde

To 100 ul of the solution of adenine compounds in 0.1 M phosphate buffer
(pH 7) or 1 M acetate buffer (pH 5) at various concentrations were added 10 ul
(for pH 7) or 5 ul (for pH 5) of 1.9 M bromoacetaldehyde. The Reacti-Vial
containing the mixed solution was heated at 80°C for 15 min and stored at 4°C
until HPLC analysis.

High-performance liquid chromatography

A column (10 ¢m X 4.6 mm) of Hitachi gel No. 3012-N (porous polystyrene
polymer beads for anion exchange, mean diameter of 7 um, Hitachi, Tokyo,
Japan) was maintained at 45°C. An eluent consisted of 0.025 M citric acid—
0.05 M disodium hydrogen phosphate—0.4 M sodium chloride buffer (pH 5.0)
and methanol (1:1, v/v). The flow-rate of the eluent was set at 0.2 ml/min with
a Twincle pump (Jasco). The column inlet pressure was 10 kg/cm?. The column
was connected to a fluorescence detector FLD-1 (Shimadzu, Kyoto, Japan)
equippped with a low-pressure mercury lamp of maximum energy at 253.7
nm, a Shimadzu EX-2 primary filter that transmitted radiation in the range
250—400 nm, a quartz flow-through cell of 10-ul capacity and an EM3
secondary filter that transmitted radiation of wavelengths above 400 nm.

Micro-HPLC

A PTFE tube (130 mm X 0.5 mm) was packed with Hitachi gel No. 3012-N
and maintained at 12°C The flow-rate of the eluent mentioned above was set
at 4 ul/min by a microsyringe-type pump Familic 100 N (Jasco).

The eluent was monitored by a fluorescence spectrophotometer.

Fluorescence spectrophotometer for micro-HPLC

The spectrometer was newly constructed and later named FP-110 (Jasco)
(Fig. 1). The light from a low-pressure mercury lamp is filtered to cut off
visible emissions, and is then introduced into an excitation monochromator
through an entrance slit. The light beam is dispersed by an excitation concave
grating (EXCG) of F 2.5 and focused on a flow-through cell of 1.5-ul capacity
through an exit slit. The fluorescence is collected by the emission concave
grating (EMCG), dispersed and focused on an exit slit of an emission mono-
chromator. The emission photomultiplier (EMPM) converts the fluorescence

Fig. 1. A fluorescence spectrophotometer for micro-HPLC. For explanation of abbreviations,
see text.
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intensity to electrical signal. The fluctuation of the emission from the light
source is compensated by monitoring a portion of the emission, which is split
by the beam splitter (BS). The excitation signal level was maintained constant
with the excitation photomultiplier (EXPM) for which high-tension voltage was
regulated with a voltage control unit (VCU).

Determination of cAMP in human urine

Urine samples from healthy men were collected between 15.00 and 17.00
hours. To 0.5 ml of each urine were added 5 ul of 1 mM 2-deoxy cAMP as
internal standard and 0.5 ml of water. Then 200 ul of the diluted urine
were poured on to a column (5 mm X 4.5 mm) of Dowex 50W-X4 (H"). The
column was washed with 800 ul of water. To 50 ul of effluent were added 50
ul of 1 M acetate buffer (pH 5) and 5 ul of 1.9 M bromoacetaldehyde. The
fluorescence reaction was carried out as described under Quantitative reaction.

Determination of adenine nucleotides in brain

A brain weighing 1.6 g was taken from a Wistar rat (210 g body weight) into
3 ml of 0.4 M perchloric acid chilled on ice. The brain was homogenized in a
glass homogenizer. The homogenate was centrifuged at 15,000 g for 20 min. To
100 ul of the supernatant was added an equal volume of 1 M potassium
bicarbonate and the mixture was centrifuged at 3500 g for 5 min, To 50 ul of
the supernatant were added an equal volume of 0.2 M phosphate buffer (pH 7)
and 10 ul of 1.9 M bromoacetaldehyde. The fluorescence reaction was carried
out as described above. A 1-ul aliquot of the reacted solution was injected into
the chromatograph.

Determination of adenine nucleotides in blood

Blood from human brachial vein was drawn into a tube containing disodium
EDTA (100 mg/ml of blood). The tube was centrifuged at 3500 g for 5 min. To
100 ul of the plasma were added 25 ul of 4 M perchloric acid and the mixture
was centrifuged at 15,000 g for 20 min. A 100-ul volume of the supernatant
was reacted as described under Determination of adenine nucleotides in brain.

RESULTS

The adenine nucleotides were well separated without the aid of gradient
elution, as shown in Fig. 2. The column (10 cm X 4.6 mm) used in this
experiment had a higher resolution than the one (50 cm X 2 mm) previously
reported [18], although the other conditions were the same. The column of
Hitachi gel No. 3012-N was very stable and maintained constant resolution
after one year of use. The deoxyadenine nucleotides were separated from the
corresponding adenine nucleotides and eluted just in front of them as indicated
for deoxy cAMP in Fig. 2.

It was demonstrated that each adenine nucleotide was converted with any
haloacetaldehyde into the corresponding 1-N®-ethenoadenine nucleotide, which
was eluted at the same retention time, as shown in Fig. 2.

In Fig. 3, the pH optima of the reactions with bromoacetaldehyde and iodo-
acetaldehyde were 5.0 and 4.0, respectively, whereas with chloroacetaldehyde
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Fig. 2. Chromatogram of authentic compounds: 10 pmol of each were injected. Relative
fluorescence intensity (RFI) of the peak was drawn. The arrow shows the location of the
deoxy cAMP peak.
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Fig. 3. Reactivities of haloacetaldehydes with cAMP at various pH values. e, Bromoacet-
aldehyde; o, iodoacetaldehyde.

it was 4.5 as described before. The reactivity of bromoacetaldehyde was the
strongest, as shown in Fig. 4, The reaction of bromoacetaldehyde reached a
plateau at 100°C for 8 min or at 80°C for 15 min. Iodoacetaldehyde showed
decreased fluorescence after the reaction maximum. Compared with standard
synthesized 1-NS-etheno cAMP, the yield of the reaction with bromoacet-
aldehyde at the plateau was 94%, while the reaction yield with chloroacet-
aldehyde was 80% at 100° C for 30 min. Thus, bromoacetaldehyde was adopted
as the fluorescence reagent.
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Fig. 4. Time courses of the reactions of haloacetaldehydes with cAMP. Each haloacet-
aldehyde was reacted at its own pH optimum as described in the text. o, Bromoacetaldehyde
at 100°C; e, bromoacetaldehyde at 80°C; o, iodoacetaldehyde at 80°C; n, chloroacet-
aldehyde at 100°C.
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Fig. 5. Reactions of various concentrations of bromoacetaldehyde with cAMP at pH 5.

A dose-dependent reaction with bromoacetaldehyde showed a plateau at
90 mM at pH 5 as shown in Fig. 5, or at 170 mM at pH 5. ATP and ADP must
be reacted at pH 7, since the pyrophosphate linkage was hydrolysed to some
extent at pH 5. Two standard reaction conditions were made as described
under Quantitative reaction. The reaction products were stable for as long as
fifteen days when stored at 4° C (data not shown).

Working curves of the adenine nucleotides were linear for injected amounts
between 1 and 160 pmol (data not shown).

The established method was applied to the measurement of cAMP in human
urine after clean-up. In the chromatograms, deoxy cAMP (as internal standard)
and cAMP appeared and were followed by low peaks of unknown compounds
as shown in Fig. 6. To separate deoxy cAMP from cAMP completely, the con-
centration of sodium chloride in the eluent had to be decreased to 0.3 M.
The values obtained with HPLC were compared with those obtained by RIA.
The good correlation is shown in Fig. 7.
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Fig. 7. Correlation between concentrations of cAMP in urine determined by HPLC and RIA.
The concentration of cAMP was measured by RIA [1]. Y =1.07X + 2.25 (r = 0.98).

Fig. 8. Chromatogram of rat brain. The amounts are described in the text.

The adenine nucleotides in rat brain were determined as shown in Fig. 8.
The amounts of AMP, ADP and ATP were 68, 115 and 419 nmol/g wet weight,
respectively. The recovery of the adenine nucleotides, each added with 0.4
M perchloric acid, was 100% from brain or blood.
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ADP and ATP in plasma are shown in Fig. 9. Their concentrations were 13
and 28 uM, respectively. Their concentration in serum was very low, the con-
centration of ATP being 2—3 uM.

To obtain a higher sensitivity, the fluorescence spectrophotometer shown in
Fig. 1 was constructed. It was more efficient to make the light of 253.7 nm
from the low-pressure mercury lamp monochromatic with the concave grating
than with the regular interference filter. The concave grating of F 2.5 used was
the brightest in this kind. The lamp and flow-through cell could be used with
other fluorescence systems. The sensitivity was extremely high, as shown in
Fig. 10. Femtomole amounts of adenine nucleotides were quantitatively
separated by micro-HPLC with the spectrophotometer.
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Fig. 9. Chromatogram of human plasma. The amounts are described in the text.
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Fig. 10. Chromatogram by micro-HPLC. A mixture of the compounds (20 fmol of each
was injected.

DISCUSSION

It was established that the adenine compounds could be determined
simultaneously by HPLC with the new fluorescence reagent. The reaction of
bromoacetaldehyde with adenine compounds was completed in a short time,
and was reproducible because of the high yield and stability of the fluorescence
products. The reaction of bromoacetaldehyde with nucleic acid bases was as
selective as with chloroacetaldehyde except the reaction with guanine base,
which will be described elsewhere. Taking the high resolution of HPLC into
consideration, the method was made selective for the adenine compounds. It
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was relevant for reliable determination to see the peaks of ADP and ATP in
biological samples as shown in Figs. 8 and 9.

These compounds have been separated by inconvenient gradient elution
HPLC assays [3—6, 14] which are not selective and sensitive. They have also
been determined by an enzymatic method with luciferase [15], which is
troubled with a high background. The present method is sensitive enough to
measure cAMP in urine. The values obtained were compatible with those ob-
tained by RIA as shown in Fig. 7, but the present method does not involve the
care required in handling radioisotopes.

Further, the method is widely applicable to the measurement of adenine
compounds in various samples. We have already described substantial findings
such as adenosine in synaptosomes from guinea pig cerebral cortex [16] and
adenine nucleotide release with catecholamines from adrenal chromaffin cells
[17].

The applicability of the method to other adenine compounds can be
widened by changing the separation system. Micro-HPLC as shown in Fig. 10
is also promising to cope with minute volumes of important biological samples.

Thus, the method described is useful for the exploration of adenine
compounds in basic research and clinical fields.
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SUMMARY

Combined gas chromatography—mass spectrometry with capillary and packed column
gas chromatography and a deuterium-abelied internal standard was used to determine
morphine in biological specimens from rats 22 days after abrupt withdrawal. Morphine was
extracted from urine and body organs at pH 9 and the pentafluoropropionyl derivatives were
made for analysis by gas chromatography—mass spectrometry. The stationary phase was
OV-17 and the mass spectrometer was focused on m/z 414 for morphine and m/z 417 for
the internal standard, [NC*H, Imorphine, With fused-silica capillary columns, the sensitivity
of the assay was increased about ten-fold over packed columns. Urinary excretion of total
morphine (free + conjugated) was 22 ng/h (range 11—51 ng/h, n = 8) at 22 days post-with-
drawal. Free morphine was mainly detected in the lung (1.8—6.5 ng/g, n = 7), kidney
(1.5—4.0 ng/g, n = 7) and liver (1.8—4.6 ng/g, n = 4). Traces of morphine were also detected
in brain of some rats. Treatment with the opiate antagonist naltrexone, 10 mg/kg on four
consecutive days before death, failed to change the urinary excretion pattern or the

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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concentration of free morphine in body organs. The biological significance of the residual
morphine, if any, remains to be determined.

INTRODUCTION

A host of analytical methods exist for the determination of morphine and its
congeners in biological material [1—3]. The combination of gas chromato-
graphy and mass spectrometry (GC—MS) with selected ion monitoring
furnishes a method with high sensitivity and unsurpassed specificity. This
technique has been widely used for the quantitative analysis of drugs of abuse
in body fluids and tissue and has emerged as a reference method [4].

We recently showed that rats chronically treated with morphine continued
to excrete the drug for several weeks after abrupt withdrawal [5]. This
persistence of morphine in the body may have important implications in the
withdrawal process and the duration of the abstinence phase. Moreover, if the
residual morphine retains its pharmacological activity it could account for the
physiological disturbances seen in man and animals during protracted
abstinence [6, 7]. The unequivocal identification of free morphine in body
organs or tissue from late abstinent rats would support the notion of an in
vivo depot of opiate associated with tolerance and dependence.

This paper describes a GC—MS method for the quantitative analysis of
morphine by multiple ion detection with a deuterium-labelled analogue as
internal standard. This technique was used to detect morphine in the urine and
body organs of rats killed 22 days after abrupt withdrawal.

MATERIALS AND METHODS

Drugs and chemicals

Morphine hydrochloride was obtained from the pharmacy at Karolinska
Hospital and a deuterium-labelled analogue [NC?H;] morphine was synthesised
by Mass Analysis (Stockholm, Sweden). Naltrexone hydrochloride was a gift
from Endo Labs. (New York, NY, U.S.A.). Pentafluoropropionic anhydride
(PFPA) was bought from Mass Analysis and all other chemicals and solvents
were of the purest grade obtainable through local suppliers (Kebo Grave,
Stockholm, Sweden).

Morphine and natrexone were dissolved in 0.9% (w/v) sodium chloride
to make solutions in the concentration range 0.5—3.0% (w/v) of the opiate. For
constructing calibration curves and for use as internal standard, morphine and
its deuterium-labelled analogue were dissolved in ethanol and calculated as
nanogram of the free base.

Animals and treatment

Male Sprague—Dawley rats (Anticimex, Sollentuna, Sweden) were used as
animal model of morphine addiction. They were chronically treated with
morphine by twice daily (9.00 and 18.00 hours) intraperitoneal injections with
gradually increasing doses. The first dose was 10 mg/kg body weight, which was
maintained for two days, then 20 mg/kg (two days) and thereafter 20 mg/kg
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increments every second day to a maximum of 200 mg/kg. Rats in a control
group were injected with 0.9% sodium chloride.

Morphine withdrawal and abstinence

Rats were abruptly withdrawn from morphine after 22 days of chronic
treatment (10—200 mg/kg). After seven days of abstinence the animals were
moved to metabolic cages and their daily urine samples were collected for the
following fourteen days. The samples were frozen at —20°C until analysed.
At 18, 19, 20 and 21 days post-withdrawal one group of abstinent rats (n = 7)
was injected with 10 mg naltrexone per kg body weight. Another group of
morphine-abstinent rats received injections of 0.9% (w/v) sodium chloride.

At 22 days post-withdrawal all the animals were killed by decapitation after
a few seconds of anaesthesia with chloroform. Body organs (brain, lung and
kidney) were rapidly dissected out, washed free of blood and extraneous tissue
fragments and frozen at —20°C pending analysis. The liver from some of the
rats was also analysed for morphine.

Extraction and analysis of morphine

Total morphine (free + conjugated) was determined in urine whereas only
free morphine was determined in body organs. Two slightly different
procedures were employed for the clean-up of biological samples.

Samples of urine (0.1—1 ml) were transferred into polypropylene test tubes
and diluted to 2 ml with water and/or hydrochloric acid to give a final acidity
of 1 M. Thereafter, 50—200 ng of [NC?H;]morphine were added as internal
standard; the exact amount depended on the concentration of morphine
expected from the results of previous determinations. After mixing, the
samples were autoclaved at 110°C for 30 min to hydrolyse morphine
glucuronide. The samples of urine were allowed to cool and the pH was
adjusted to 9 with ammonium hydroxide—ammonium chloride buffer to give a
total volume of about 4 ml.

The buffered aliquots of hydrolysed urine were extracted with organic
solvent (chloroform—isopropanol, 3:1) by mixing in a shaking table device
for 15 min. After centrifuging at 1400 g for 10 min, the organic solvent phase
was transferred to a new polypropylene tube containing 1 ml of 1 M
hydrochloric acid. The morphine was back-extracted into the aqueous phase
and the solvent was discarded. Finally, the aqueous sample was adjusted to pH
9 and the morphine was once again taken into the organic solvent as described
above. The solvent phase was moved to a clean glass tube with tapered bottom
and evaporated to dryness under a stream of nitrogen at 50°C.

Body organs were thawed at 4°C and quickly homogenized in 5 ml of
ice-cold perchloric acid (0.2 M) with an Ultra-Turrax blender fitted with a
PTFE pestle. To a 3-ml aliquot of the homogenate, 6 ng of [NC*H; ] morphine
were added as internal standard. The pH was then adjusted to 9 with
ammonium hydroxide and bicarbonate buffer and the free morphine was
extracted by mechanically shaking for 15 min with a mixture of toluene—
2-butanol (80:20). After centrifuging, the organic solvent phase was
transferred to another tube containing 0.5 ml of 0.05 M sulphuric acid and
mixed by shaking for 15 min; thereafter the organic phase was discarded. The
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acid aqueous phase was buffered to pH 9 and shaken with 4 ml of dichloro-
methane—2-butanol (80:20) for 10 min. The organic phase was finally trans-
ferred to a small glass test tube and evaporated to dryness under nitrogen.

These two somewhat different extraction procedures for the clean-up of
biological samples reflect the techniques currently used in our respective
laboratories. Neither method is new; and the triple extraction procedure — first
into organic solvent then into an aqueous phase and back into solvent —
recovers about 60—80% of morphine [8]. The actual recoveries with [*H]-
morphine as marker were 64.8 + 3.8% (= S.D., n =5) with tissue homogenates
and 64.9 + 2.4% with specimens of urine. Because we added deuterated
morphine as an internal standard no corrections were made to allow for less
than 100% recovery.

Gas chromatography

For the GC analysis we prepared pentafluoropropionyl derivatives of
morphine. PFPA (100 ul) was added to the residue after evaporation of solvent.
The tubes were sealed with tight-fitting stoppers and placed in a heating cabinet
at 60°C for about 30 min. The remaining PFPA was evaporated under a stream
of nitrogen and the residue was dissolved in ethyl acetate (50 ul) for GC
analysis. These PFPA derivatives of morphine were stable for about one week
when kept in a refrigerator at 4°C.

The packed column was made from a silanized glass tube (130 cm X 3 mm
1.D.) with OV-17 as the stationary phase. The oven temperature was 250°C,
injection port 280°C; helium was the carrier gas at 20 ml/min. A 1—2 ul
sample was injected and the retention time of morphine was about 2.8 min.
The capillary column was made of fused silica (256 m X 0.3 mm L.D.) with
OV-17 as the stationary phase. Column temperature was 270°C, and helium
was used as carrier gas. A droplet (1—4 ul) of the sample was transferred to the
tip of a movable glass needle, and after evaporation of the solvent the needle
together with the sample was moved down to the column. The retention time
of morphine under these conditions was about 1.5 min. Westerling et al. [9]
recently reported a GC—MS assay for morphine in plasma samples employing
glass capillary columns.

Mass spectrometry

An LKB 2091 combined gas chromatograph—mass spectrometer was used for
the assay of morphine in specimens of urine. The operating conditions were
separator 240°C, ion source 270°C, trap current 50 pA, and energy of the
electrons 22.5 eV. The concentration of free morphine in body organs was
determined with a Finnigan 4000 GC—MS unit and an Incos 2300 data system
for data collection. The instrument was operated in the electron impact mode.
The other operating conditions were ion source 250°C, electron emission
current 0.3 A, and energy of the electrons 40 eV. The electron multiplier
voltage was set at 2500 V.

The electron impact mass spectrum of the PFPA derivatives of morphine has
a base peak at m/z 414 and a molecular ion with 30% relative intensity at m/z
577. For quantitative analysis the multiple ion detector was focused on m/z
414 for morphine and m/z 417 for the [NC*H;] morphine internal standard. In
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some runs, the molecular ions at m/z 577 and m/z 580 were monitored in
addition to the base peaks.

RESULTS

Validity of the GC—MS assay of morphine

Linear calibration lines were obtained when the peak height ratio m/z
414/417 was plotted against concentration of morphine in spiked standard
samples. At the high concentration range (0—200 ng/ml) with a packed
column, the regression equation was Y = 0.025 + 0.005X (correlation
coefficient, r = 0.99) and with the capillary column (0—20 ng/ml) Y = 0.027
+ 0.056X (r = 0.99). The intercepts on the ordinate can be attributed to the
presence of about 2% of non-deuterated morphine contaminating the internal
standard. Even at the zero level, when the [NC?H;]lmorphine was added as
internal standard a small background peak appeared at m/z 414.

Typical mass fragmentograms are shown in Fig. 1, representing a run made
with the Finnigan GC—MS with data collecting system. The biological specimen
was kidney and the m/z 414 peak corresponds to about 4.5 ng of morphine in
this organ. The occurrence of mass fragments at m/z 414 and m/z 417 with
very close retention times on this relatively clean chromatogram strongly
supports the presence of morphine. The deuterated compound elutes slightly
earlier than the unlabelled species.
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Fig. 1. Typical mass fragmentograms obtained from the assay of morphine by GC—MS
(Finnigan Model 4000) with data system, The mass fragments at m/z 414 (free morphine)
and m/z 417 (deuterium-labelled internal standard) show almost identical retention times.
The structure of the pentafluoropropionic anhydride derivative of morphine (molecular
weight = 577) used for the analysis is shown.
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The precision of this method of analysis was assessed (A) from the variance
of differences between duplicate determinations and (B) from spiked tissue
homogenates. From duplicate determinations at 100 ng/ml urine, the
coefficient of variation (C.V.) was 5% and at 10 ng/ml it was nearer 10%,
implying a lower precision. Spiked tissue homogenates with 1 ng and 20 ng of
morphine resulted in coefficients of variation of 10.8% and 2.1 %, respectively
(n = 5). At these low concentrations of morphine, the risk of loss of sample
during extraction and GC—MS analysis is diminished by the presence of the
deuterated internal standard.

Urinary excretion of morphine

Fig. 2 shows the excretion profiles of morphine in individual rats for samples
of urine collected between 7 and 22 days post-withdrawal. Total morphine is
plotted on the ordinate because samples were hydrolysed before the assay. In
spite of fairly wide variations among the rats, a similar excretion time course is
evident. The peaked character of some of the curves in the early stage of
sampling is difficult to explain. At 22 days, the median excretion of morphine
was 22 ng/h (range 11—51 ng/h, n = 8). In a preliminary kinetic analysis of
these curves the half-life of morphine excretion for this terminal period, at
18—22 days post-withdrawal, was estimated at ten days [5]. In a group of rats
treated with naltrexone a smilar pattern of morphine excretion was noted
(data not shown).
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Fig. 2. Urinary excretion profiles of morphine in eight individual rats between 7 and 22 days
after withdrawal. Total morphine (free + conjugated) was assayed.

Morphine concentrations in body organs
Table I gives the concentrations of morphine determined in kidney and lung
of rats killed 22 days after abrupt withdrawal. The levels were well above the
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TABLE I
CONCENTRATIONS OF FREE MORPHINE IN KIDNEY AND LUNG OF RATS KILLED
22 DAYS AFTER ABRUPT WITHDRAWAL

One group of morphine-abstinent rats was injected with 10 mg/kg naltrexone on four con-
secutive days before they were killed. A control group received injections of saline.

Body Treatment Concentration of morphine (ng/g)
organ
Median Range n
Kidney  Saline 2.5 1.5—4.0 7
Naltrexone 3.6 0.6—8.2 7
Lung Saline 2.6 1.8—6.5 7
Naltrexone 3.0 1.8—18.8 4

background detection limits (0.2 ng/g). Injections (intraperitoneal) of
naltrexone did not change this distribution pattern of morphine. The liver
contained 1.8—4.6 ng/g morphine (n = 4); the brain contained 1.0—4.6 ng/g (n
= 6), but the levels were below detection limits in the other rats tested.

DISCUSSION

In our previous study on morphine excretion in abstinent rats the concen-
trations of free morphine in tissue and body organs were near the borderline of
the limits of detection. This early study was hampered by the limited sensitivi-
ty associated with the use of packed columns for GC—MS assay, as well as
background from the deuterium-labelled analogue used as internal standard. In
the present method, fused-silica capillary columns furnished a roughly ten-fold
increase in sensitivity and even trace quantities of morphine were readily
detectable in the body organs.

The distribution pattern of residual morphine in late abstinent rats fits with
the results from acute administration of morphine [10]. The kidney con-
tained most free morphine, as might be expected, because rats excrete
substantial amounts of morphine as the base [11]. Free morphine in the liver
could have been the result of enterohepatic circulation as suggested by others
[12}. Even the lung can take part in metabolism of morphine to its
glucuronide, and free morphine might therefore accumulate in lung tissue.

The excretion of morphine in urine was assessed as total morphine (free +
conjugated) making it difficult to compare results with the levels of free
morphine determined in kidney. The peaks seen in Fig. 2 might have resulted
from a higher muscular activity of the rats on these days because they were
regrouped together for the purpose of cleaning the metabolic cages. They had
previously been housed individually for the first week of abstinence. On
mixing, rats were highly active and ran around their cages; vigorous fighting
broke out among some animals.

With the use of highly specific GC—MS methodology and deuterium-labelled
internal standard it seems that the presence of morphine in abstinent rats is
definitely established. But what is its biological significance? This is the crucial
question that remains unanswered in this study. It seems unlikely that the



80

residual morphine remains pharmacologically active because injections of
naltrexone, a specific opiate antagonist, failed to precipitate any of the well
known signs of abstinence. A non-specific binding to tissue components and
anionic groups is the most likely explanation.

Both humans and rats have a protracted abstinence phase associated with
opiate withdrawal that can last for several months. During this period of with-
drawal subtle physiological disturbances persist and addicts undergoing
rehabilitation often tend to relapse to using narcotics [13]. Speeding up the
excretion of residual morphine might prove a worthwhile treatment but
naltrexone showed no clear-cut effects in this connection. Other opioid
antagonists with affinity for subpopulations of receptors were not tested.

This study, making use of rats as an animal model of morphine dependence
and abstinence, further documents the long wash-out constant of morphine
in protracted abstinence [14, 15]. Additional investigations are needed to
establish the significance of the residual morphine, if any, in the opiate with-
drawal syndrome.
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SUMMARY

We describe a rapid and reliable method using high-performance liquid chromatography
for the simultaneous measurement of plasma concentrations of currently prescribed
antidepressants and their main metabolites (amitriptyline, nortriptyline, trans-10-hydroxy-
nortriptyline, clomipramine, desmethylclomipramine, imipramine, desipramine, zimeldine,
norzimeldine, doxepin, desmethyldoxepin, trimipramine and mianserin). The method
involves a single extraction of plasma at pH 10.1 with hexane—acetonitrile (98:2), solvent
‘transfer to and evaporation in a disposable glass tube and subsequent chromatography of
the residue on a CN bonded-phase column using acetonitrile—methanol—phosphate buffer
(pH 7.0) as mobile phase. Protriptyline is used as the internal standard. Calibration curves
remain linear up to at least 200 ng/l1, detection limits are 5 ug/l, absolute recoveries are over
92%, and precision (coefficient of variation) is 6.9%. Norzimeldine and 10-hydroxynor-
triptyline show lower recoveries, protriptyline and 10-hydroxynortriptyline higher detection
limits. Adsorption to glassware and chemical decomposition during analysis are shown to
be negligible. Psychoactive and other drugs frequently prescribed in combination with anti-
depressants have been tested for their chromatographic properties under the same condi-
tions.

INTRODUCTION

Antidepressant drugs are frequently used in psychiatric clinics for treatment
of major depression. Large interindividual variations in plasma concentrations
among patients receiving the same dosage of these drugs have been shown in
several reports [1]. There is no consensus concerning the relationship between

*Present address: Laboratory of Clinical Pharmacology and Toxicology, Central Hospital
Pharmacy, Boerhaavelaan 24, 2035 AC Haarlem, The Netherlands
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plasma concentration and clinical response [2, 3]. However, measurement of
serum concentrations of antidepressants and their metabolites is justified by
the pharmacokinetic variability, and in cases of intoxication or patient non-
compliance. Reliable and sensitive methods should be available. A review of
methodology has recently been published [4].

For application in the clinical laboratory, a large number of gas chromato-
graphic methods (GLC) have been reported, especially for amitriptyline and its
metabolite nortriptyline. The earliest methods used flame-ionization detection
[6, 6] or electron-capture detection [7]. In more recent studies the
introduction of nitrogen-sensitive detectors, which leads to improved
sensitivity, has been described [8, 9]. Some papers report analytical methods
that have been worked out for several of the currently prescribed
antidepressants [6, 8]. High-performance liquid chromatography (HPLC) has
also been used successfully for quantifying antidepressant drugs in plasma
[10—13]. Techniques like ion-pair partition, adsorption and reversed-phase
liquid chromatography have all been applied with a number of different types
of column packing and elution solvents. Methods described in the literature
vary widely with regard to sample treatment. Recoveries and detection limits of
the drugs may differ as well. Some investigators have advocated elaborate
sample preparation techniques [11,12].

Other techniques that have been used for the determination of antidepres-
sants include GLC combined with mass spectrometry and immunoassays. Gas
chromatography in combination with mass spectrometry is sensitive and
specific but not easily adaptable to the clinical laboratory [14]. Immunoassays
are prone to interference [15]. We report a procedure for determining ami-
triptyline, nortriptyline, trans-10-hydroxynortriptyline, clomipramine, des-
methylclomipramine, imipramine, desipramine, zimeldine, norzimeldine,
doxepin, desmethyldoxepin, trimipramine and mianserin in plasma samples by
HPLC. All but two of these antidepressants can be measured simultaneously.
Sample pretreatment is easy and fairly rapid, while recovery and detection limit
of the method are excellent.

MATERIALS AND METHODS

Instrumentation

A high-pressure liquid chromatograph (Waters Assoc., Etten-Leur, The
Netherlands), Model 6000 A, in conjunction with an ultraviolet detector
(Waters Assoc.), Lambda Max Model 480, was used. Extinction was measured
at 254 nm, the sensitivity being 0.02 a.u.fs. The column (stainless steel,
30 cm X 3.9 mm I.D.) was packed with 10 um diameter cyanopropylsilane-
coated silica beads (uBondapak-CN®, reversed phase). The column was
obtained commercially (Waters Assoc.).

The mobile phase was prepared by mixing 625 ml of acetonitrile, 155 ml
of methanol and 220 m! of phosphate buffer pH 7.0. The mixture was filtered
(0.45 um) before use. Chromatography was performed at room temperature,
the flow-rate being 1.5 ml/min.
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Chemicals and reagents

Aqueous solutions were prepared using glass-distilled water. Acetonitrile,
hexane and methanol were analytical reagent (p.a.) grade (Merck, Darmstadt,
F.R.G.).

Sodium carbonate (Ph. Eur.) was used for preparation of the 1.0 M sodium
carbonate solution. The phosphate buffer used for the elution solvent was
made by dissolving Na,HPO, - 2H,0 (Merck) in water (5 mmol/1) and adjusting
the pH to 7.0 with 0.1 M H,;PO, (Ph. Eur.). Higher pH values result in
decreased stability of the column packing materials.

The antidepressants were obtained as hydrochloride salts except for
trimipramine (maleate). Amitriptyline, nortriptyline and trans-10-hydroxynor-
triptyline were obtained from Lundbeck (Copenhagen, Denmark).
Desipramine, imipramine, clomipramine and desmethylclomipramine were
from Ciba-Geigy (Basel, Switzerland). Doxepin and desmethyldoxepin were
from Pfizer (New York, NY, U.S.A.). Zimeldine and norzimeldine were from
Astra (Sodertédlje, Sweden). Trimipramine was from Rhodne-Poulenc (Paris,
France), mianserin from Organon (Oss, The Netherlands) and protriptyline
from Merck Sharp and Dohme (Rahway, NJ, U.S.A.). Methadone hydro-
chloride was Ph. Eur. grade.

Materials

Tubes used for extraction were glass, 100 X 16 mm round-bottomed (Renes,
Zeist, The Netherlands). The tubes were stoppered with polyethylene stoppers
and used once only.

Serum and internal standard were pipetted using disposable tips. The
standard solutions were dispensed by an analytical syringe.

Procedures

Preparation of standard solutions. The experiments were carried out with
two working standard solutions. One working standard (I) was a mixture of
amitriptyline, nortriptyline, trans-10-hydroxynortriptyline, imipramine, desi-
pramine, doxepin, desmethyldoxepin, mianserin and trimipramine. The other
working standard solution (II) was a mixture of zimeldine, norzimeldine, clomi-
pramine and desmethylclomipramine. Both working standards contained 4.0
mg/l of each antidepressant in 0.005 M hydrochloric acid in methanol and were
prepared by 50-fold dilution of stock standards in 0.005 M hydrochloric acid in
methanol. The working internal standard was a 4.0 mg/l solution of
protriptyline, prepared in the same way. An external standard solution,
containing methadone 32 mg/l in 0.005 M hydrochloric acid in methanol was
used for determination of the recoveries. All standard solutions were stored in
the dark at 4°C. No decomposition could be detected after one month of
storage.

Calibration curve measurements. Of the working standard solutions 12.5, 25,
50 and 100 ul were measured into test tubes and 2 ml of plasma were added.
Equilibration took place overnight. These solutions, like patient plasmas, were
treated as described under Plasma sample handling. The ratios between the
peak areas of each drug and the internal standard were plotted against the
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plasma concentration of the drug. Slopes and correlation coefficients were
calculated using a least-squares procedure.

Plasma sample handling. Mix 2.0 ml of plasma, 200 ul of working internal
standard solution (protriptyline) and 200 ul of 1.0 M sodium carbonate
solution in a test tube. Add 8 ml of hexane—acetonitrile (98:2, v/v). Close
the tube with a polyethylene stopper and extract for 10 min by mixing on a
rotator rack. Centrifuge for about 2 min to separate the layers. Put the organic
layer into a second test tube and evaporate almost to dryness under a stream
of nitrogen while warming the tube in a water bath (40°C). Add 200 ul of
mobile phase, mix on a Vortex mixer and keep the test tube in an ultrasonic
bath for 10 sec. Inject about 100 pl into the liquid chromatograph.

For routine measurement, patient blood samples are centrifuged immediate-
ly after collection. The plasma is removed and placed in tubes used for the
assay. If not analysed promptly plasmas are frozen at —20°C and not permitted
to thaw until assay.

Procedure for determination of coefficient of variation. Of the working
standard solutions 125 ul and 250 ul were mixed with 10.0 ml of plasma. In
each of the four spiked plasmas drugs were measured three times, using each
time 2.0 ml of plasma.

Recovery studies. Recoveries of the antidepressants at the 25 pg/l and 100
ug/l levels were determined by adding after extraction 50 ul of an external
standard solution (methadone) to the extract while evaporating the organic
layer. At both concentrations the peak areas relative to this external standard
(@,) were calculated. These values were compared with the ratios (Q,) obtained
by injecting a comparative reference solution, prepared without extraction. The
recovery is the ratio between @, and @,.

The reference solutions were prepared by pipetting appropriate quantities of
the methanolic working standards in extraction tubes, evaporating the
methanol and adding mobile phase to the residue. For determining the recovery
at 25 ug/l, the reference solution consisted of 50 ng of the drugs, 800 ng of
internal standard (protriptyline) and 1600 ng of methadone as external
standard in 200 ul of mobile phase. The reference solution for determining the
recovery at 100 ug/l contained 200 ng of the drugs, 800 ng of protriptyline and
1600 ng of methadone.

Adsorption studies. In order to find out whether our reference solutions
could be interpreted as real references, a comparison was made between the
reference solutions and so-called control solutions. Reference and control
solutions were prepared at both the 25 ug/i and 100 ug/l levels. The control
solutions contained 40-fold quantities of antidepressant, protriptyline (internal
standard) and methadone (external standard) compared to the reference
solutions, in a volume of 8 m! of mobile phase (40-fold volume). On preparing
the control solutions, factors critical for adsorption onto glass, like evaporation
of the methanolic standards and exposure of a small volume of liquid to a
large glass surface area (when dissolving the residue), were avoided. Preparation
took place by pipetting into a test tube appropriate volumes of the methanolic
working and stock standard  solutions (to keep the quantity of methanol
minimal) and diluting to volume without evaporating the methanol. The peak
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areas relative to methadone after injecting about 100 ul of the control solutions
and reference solutions were compared.

Extraction studies. Norzimeldine and trgns-10-hydroxynortriptyline were
investigated for incomplete extraction. At the 100 ug/l level the recovery of
both metabolites was determined as described under Recovery studies. After
extraction, the pH of the remaining plasma was measured for control. The
plasma was extracted for a second time after addition of 200 ul of the
protriptyline internal standard solution. Peak areas were determined relative to
methadone. As a control amitriptyline was run through the same procedure.

RESULTS

Drug determination

The resolution of both standard mixtures of antidepressants after chromato-
graphy is shown in Fig. 1. If the antidepressants were injected as a single
mixture, clomipramine would not be completely separated from amitriptyline
and zimeldine would interfere with trimipramine. There is no interference with
possible peaks from blank plasma.

Calibration curves of some of the drugs are shown in Fig. 2. For all anti-
depressants a good linear relationship between peak area ratios and plasma
levels over a large concentration range is found.

Retention times, coefficients of correlation and variation, recoveries and
analytical detection limits at 254 nm are summarized in Table I. The detection
limit in plasma, defined as twice the noise level by 0.001 a.u.fs., for most
antidepressants is 2 ug/l and for their desmethyl metabolites 5 ug/l. Incomplete
extraction causes the detection limit of 10-hydroxynortriptyline to be a little
higher. For protriptyline, the internal standard, the detection limit has not
been determined. However, because this compound has a minimum extinction
at 250 nm, the detection limit will be high and can be lowered by measuring
nearer to the extinction maximum at 292 nm [16]. As shown in Table I,
recoveries of norzimeldine and trans-10-hydroxynortriptyline are rather low.
In order to find out to what extent adsorption onto glass or incomplete extrac-
tion influenced our results, adsorption and extraction studies were carried out.

The results of the adsorption studies are shown in Table II. Between the
200-ul reference solutions and the 8-ml control solutions no significant
differences were found when peak area ratios of antidepressant relative to
methadone were calculated for either method.

Table III shows the results of the extraction studies. Equal fractions of
norzimeldine and trans-10-hydroxynortriptyline are extracted at the first and
second extraction step. Incomplete extraction appears to be the cause of the
low recovery (Table I) of both forenamed antidepressant metabolites. The
relating chromatograms are shown in Fig. 3.

Selectivity of the method

Several drugs were tested for potential interference with our procedure by
comparing the retention times of these drugs with those of the antidepressants.
We did not determine the extraction of these materials from plasma. Table IV
shows the absolute and relative retention times of the investigated drugs.
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Fig. 2. Calibration curves of spiked plasma. o, ZIM; s, AMI; 2, CLOMI; Y, MIAN; o, 10-OH-
NOR (abbreviations as in Fig. 1).
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Fig. 3. Chromatograms of a mixture of amitriptyline, norzimeldine and trans-10-hydroxy-
nortriptyline (each 100 ng/l plasma) after the first (A) and after the second (B) extraction
from plasma; protriptyline and methadone were added as internal and external standards.
Method as described in the text. Same abbreviations as used in Fig. 1. Each figure is

presented on a different scale. Note the relative ratios of the peak heights.
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TABLE IV

RETENTION TIMES FOR SOME COMMON DRUGS TESTED WITH THE HPLC
PROCEDURE

Generic name Retention time
Absolute Relative to
(min) protryptyline

Phenobarbitone 1.83 0.13
Theophylline 2.07 0.15
Acetaminophen 2.21 0.16
Flupentixol 2.21 0.16
Caffeine 2.25 0.16
Carbamazepine 2.30 0.17
Chlordiazepoxide 2.37 0.17
Nitrazepam 2.37 0.17
Diazepam 2.38 0.17
Oxazepam 2.38 0.17
n-Desalkylfiurazepam 2.38 0.17
Fluphenazine 2.49 0.18
Clopentixol 2.54 0.18
Perphenazine 2.56 0.19
Opipramol 2.68 0.19
Penfluridol 2.89 0.21
Promethazine - 3.07 0.22
Sulpiride 3.17 0.23
Levomepromazine 3.24 0.23
Desmethylmianserin 3.26 0.24
Prochlorperazine 3.47 0.25
Chlorpromazine 3.81 0.28
Sulforidazine 4.24 0.31
Orphenadrine 4.28 0.31
Promazine 4.59 0.33
Phenytoin 5.25 0.38
Thioridazine 5.25 0.38
Propanolol 5.26 0.38
Mesoridazine 5.46 0.40
2-Hydroxyimipramine 6.31 0.46
Methadone 7.66 0.55
2-Hydroxydesipramine 10.51 0.76
Disopyramide 11.35 0.82
Maprotiline 13.32 0.96
Protriptyline 13.82 1.00
DISCUSSION

With the described assay many commonly used antidepressants and their
major therapeutically active metabolites can be measured in plasma. The
method is highly selective within the group of the tricyclics. Antidepressant
therapy in psychiatric patients can be monitored and therapy can be evaluated
in the light of the acquired data.
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Since protriptyline itself is only rarely administered as a drug, while having
about the same solubility properties as the other antidepressants, we selected
it as the internal standard for the assay. In clinical situations where knowledge
of protriptyline or maprotiline concentration (Table IV) is required, an alterna-
tive internal standard should be used. Favourable results will be obtained with
one of the other tricyclic antidepressants. In rare cases, when clomipramine
and amitriptyline or trimipramine and zimeldine are prescribed together,
modification of the eluent will be necessary to achieve peak separation.

Our assay is well suited for routine application in the clinical laboratory
because the extraction procedure is simple (one-step extraction) and fairly
rapid. Extraction procedure and chromatography take about 15 min each.
The assay provides adequate sensitivity and precision for monitoring steady-
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Fig. 4. Chromatogram of a patient’s plasma after extraction. Patient was treated daily with
2 X 75 mg of Tryptizol® and 3 X 50 mg of Nozinan®. Method as described in text.
Abbreviations: inj = injection, solv = solvent peak, pla = plasma peak, LEVO = levome-
promazine, LEVO-S-OX = compound peak, one of which is levomepromazine sulfoxide,
AMI = amitriptyline (85 g/l plasma), DELEVO = desmethyllevomepromazine, 10-OH-NOR
= trans-10-hydroxynortriptyline, NORTRIP = nortriptyline (117 ug/l plasma), PRO =
protriptyline (internal standard).
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state concentrations, as well as subtherapeutic and toxic concentrations of
antidepressants. Recoveries of the antidepressants were determined at concen-
trations of 25 and 100 ug/l. We found high recoveries at both concentrations
(Table I). Low recoveries were found only for norzimeldine and 10-hydroxy-
nortriptyline. Irregular losses of norzimeldine when concentrated by gentle
evaporation have been noted before {17]. However, in our case the low
recovery is explained by incomplete extraction. The incomplete extraction of
10-hydroxynortriptyline compared to nortriptyline can be understood because
of the introduction of a polar hydroxyl group. No reasonable explanation,
however, has been found for the large difference in extraction properties
between norzimeldine and zimeldine., Koteel et al. [13], though working
with similar chromatographic conditions, report very low recoveries of anti-
depressant drugs. Our results suggest that their extraction procedure is not
suitable.

Several authors report loss of antidepressant during determination, most
likely through adsorption to the glassware [18, 19]. According to some,
recovery decreases with decreasing amounts of drug [12, 20]. Evaporation
conditions seem to be critical [18, 21, 22]. We investigated whether inter-
action with the glass surface influenced our results. As shown in Table II,
neither glass surface area nor our way of evaporating significantly influences
the results. So our reference solutions used for the recovery studies can be
interpreted as real references. Lack of adsorption is also suggested by the high
correlation coefficients of the calibration curves. This information underlines
the value of the described assay method.

Since patients treated with antidepressants frequently receive other psycho-
active drugs, among them sedatives and tranquillizers that are structurally
related to the antidepressants, the clinical usefulness of any method for
monitoring antidepressants will largely be determined by the degree of freedom
from interferences by these drugs. Of the drugs tested some interfere with the
described assay of antidepressants, the relevance of which is determined by the
individual drug and by the individual antidepressant.

The described method has been successfully used in our laboratory for
monitoring clinical and forensic cases. As an illustration, a chromatogram
obtained by working up plasma from a patient undergoing antidepressant
therapy is shown in Fig. 4. Also, participation in quality control schemes for
antidepressant drugs has yielded good results.
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SUMMARY

A reversed-phase high-performance liquid chromatographic (HPLC) assay method has
been developed for determining pirlimycin in human serum and urine. The method involves
chloroform extraction of pirlimycin free base followed by derivatization with 9-fluorenyl-
methylchloroformate to form a carbamate ester. The reaction is rapid, reproducible, and
quantitative. 9-Fluorenylmethylchloroformate reacts with amines to form derivatives
sensitive to both ultraviolet and fluorescence detection. Human serum and urine samples
following 50-mg and 500-mg single oral doses of pirlimycin were analyzed. The samples
were chromatographed on an RP-18 Spherisorb 5-um, 250 X 4.6 mm LD. reversed-phase
HPLC column. The eluent for the serum assay was acetonitrile—water (58:42) containing
0.02% acetic acid, and for the urine assay was acetonitrile—methanol—tetrahydrofuran—
water (48:2:1:49). Fluoranthene was used as an internal standard. The assay sensitivity
by ultraviolet detection (Apmayx = 264) was about 5 ng/ml and by fluorescence detection
(M excitation = 270 nm, Aemision = 300 nm) was 0.1 ng/ml. Statistical analysis indicates an
average drug recovery of 101 + 4.2% from serum and 102.0 + 2.62% from urine.

INTRODUCTION

The development of pirlimycin (P), an analogue of clindamycin, required a
sensitive analytical method for its measurement in biological fluids.

A major problem in developing a sensitive high-performance liquid chroma-
tographic (HPLC) assay was the lack of useful ultraviolet absorption by the
lincosaminide family of antibiotics of which pirlimycin is a member. Although
some work has been reported [1] on an HPLC assay for pirlimycin using ultra-
violet end-absorption at 214 nm, the procedure is not sensitive for measuring
nanogram levels of drug in biological fluids.

Alkylchloroformate esters have been used for the gas chromatographic

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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analysis [2—6] and for the HPLC analysis [7] of many amines. However, the
HPLC procedure required heating at 100°C for 1 h which seemed excessive.

Recently, a new chloroformate reagent was developed as an amino-protective
group in the solid phase synthesis of peptides [8—12]. This reagent,
9-fluorenylmethylchloroformate (9-FMCIF), was found to react quantitatively
and rapidly at ambient conditions with the amine group of the piperidine
moiety of pirlimycin. This report describes the development of an HPLC assay
procedure for pirlimycin in human serum and urine using pre-column
derivatization of the drug with 9-FMCIF.

EXPERIMENTAL

Reagents and materials

Pirlimycin - HCl and pirlimycin free base were synthesized within the
Research Division of the Upjohn Company. Fluoranthene and 9-fluorenyl-
methylchloroformate were obtained from Eastman Kodak (Rochester, NY,
U.S.A.) and from Aldrich (Milwaukee, WI, U.S.A.), respectively, and used as
received. Acetonitrile, chloroform, dioxane, and methanol were distilled-in-
glass UV grade from Burdick & Jackson Labs. (Muskegon, MI, U.S.A.) All
other chemicals were analytical reagent grade.

Synthesis of pirlimycin derivative

Method 1. Pirlimycin free base (3.84 + 1073 mol) was dissolved in 25 ml
dioxane and added to 10 ml of 10% (w/v) sodium carbonate. The solution was
cooled in an ice-bath. An equimolar amount of 9-FMCIF was dissolved in
dioxane and then added drop-wise to the above solution with continuous
stirring for about 20 min. The mixture was allowed to stir for an additional
45 min, and then poured into water; the formed derivative was extracted into
chloroform. The extract was evaporated to dryness to yield an oily residue; the
residue was dissolved in diethyl ether and crystalline material was obtained
upon room temperature drying.

Method 2. Equimolar solutions of pirlimycin free base and 9-FMCIF were
prepared in 25 ml and 5 ml acetonitrile, respectively, then mixed. The mixture
was allowed to stand at room temperature for about 45 min. The derivative was
precipitated by adding 50 ml water to the reaction mixture and stirring for
about 20 min. The filtered precipitate was dried under vacuum.

Chromatography instruments

An Altex Model 110A pump, a Rheodyne Model 7125 low-dead-volume
injector, and an LDC Spectromonitor III variable-wavelength UV detector or
Perkin-Elmer LS-5 variable-wavelength fluorescence detector were used. Data
were recorded on a linear dual-channel strip-chart recorder. The column was a
Spherisorb, 5-um, 25 cm X 4.6 mm RP-18 column from Brownlee Labs. fitted
with a Spherisorb, 5-um, 3 cm X 4.6 mm RP-18 guard column, also from
Brownlee Labs.

Operating parameters for serum and urine analysis
Serum samples were analyzed using acetonitrile—water (58:42) containing
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0.02% acetic acid as the mobile phase at a flow-rate of 1.2 ml/min. For UV
detection the absorbance was set at 264 nm, and for fluorescence detection
excitation was set at 270 nm and emission at 300 nm. Under these conditions
using UV detection, the retention times of pirlimycin derivative and fluor-
anthene (internal standard) were 14.5 and 37.5 min, respectively.

For the urine analysis, the mobile phase consisted of acetonitrile-—meth-
anol—tetrahydrofuran—water (48:2:1:49). With the exception of the flow-
rate of 1.5 ml/min, all other conditions were identical to the conditions
employed for serum analysis. Under these conditions using UV detection,
retention times of pirlimycin derivative and internal standard were 28 and 60
min, respectively.

Thin-layer chromatographic (TLC) conditions

Thin-layer chromatography was performed on C,s; reversed-phase TLC
plates with a 200-um layer (Whatman MKC,3F). The developing solution was
acetonitrile—water (80:20) and detection was at 254 nm. Under these condi-
tions the Ry for the pirlimycin carbamate derivative was 0.5.

Human study protocol

Pirlimycin - HCl capsules were administered orally at 50-, 125-, 250- and
500-mg dose levels. Blood and urine samples were taken at recorded time
intervals. Blood samples were taken into non-heparinized tubes, allowed to
clot, and then centrifuged at 1000 g for 10 min. The harvested serum was put
into appropriately labelled vials and immediately frozen. The frozen samples
were stored at —20° C until assayed.

Total urine volume was recorded for each interval before an aliquot was
withdrawn, immediately frozen, and stored at —20° C until assayed.

ASSAY PROCEDURE

Preparation of serum samples

Stock solutions of pirlimycin + HCl (2.088 ug/ml) and fluoranthene internal
standard (9.3 ug/ml) were prepared separately in methanol, while 9-FMCIF
derivatizing reagent, a stock solution (63.8 ug/ml), was prepared in acetonitrile.
A series of standard serum samples of pirlimycin - HCl was prepared by
pipetting pirlimycin - HCI stock solutions into 15-ml centrifuge tubes. The
solvent was evaporated to dryness then reevaporated after adding 50 ul of
internal standard solution; 1 ml of human serum and 0.3 ml of 0.1 M sodium
hydroxide were added to each tube. The samples were extracted twice, each
time with 4 ml of chloroform, then mixed and centrifuged; the chloroform
extract was evaporated to dryness. Similarly, a blank serum sample was
prepared from the same serum specimen. The 10 ul of 2.5+ 10~* M sodium
hydroxide and 50 ul of 9-FMCIF were added to the dry residue, The mixture
was kept at room temperature for 2.5 h, and then 20—40 ul were injected for
analysis into HPLC.

Test serum samples were prepared by pipetting 50 ul internal standard
solution into a series of centrifuge tubes. After evaporating to dryness, 1 ml
of serum and 0.3 ml of 0.1 M sodium hydroxide were added; subsequent steps
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involving chloroform extraction and derivatization were carried out as
described for the standard serum samples.

Preparation of urine samples

Stock solutions of pirlimycin + HCl (10.33 ug/ml) and internal standard (9.3
ug/ml) were prepared in methanol. A series of standard samples was prepared
by pipetting pirlimycin « HCl stock solutions into 15-ml centrifuge tubes;
100 ul of internal standard were added to each tube, then evaporated to
dryness. Blank human urine (1 ml), 0.5 ml of 0.1 M sodium hydroxide and 5
ml of chloroform were added; the samples were mixed and centrifuged and the
choroform extract was evaporated to dryness. Similarly, a blank urine sample
was prepared from the same human urine. The 10 ul of 2.5 - 10 ~* M sodium
hydroxide and 80 ul of 150 pg/ml 9-FMCIF were added to the dry residue.
The mixture was kept at room temperature for about 2.5 h, then 20—70 ul
were injected for analysis into HPLC.

Test urine samples were prepared by pipetting 100 ul of internal standard
into series of centrifuge tubes. After evaporation to dryness, 1 ml urine for low-
level doses and 0.1 ml urine for high-level doses were added to each centrifuge
tube. Subsequent steps of chloroform extraction and derivatization were
carried out as described for the standard urine samples.

Calculations

Peak height ratios were calculated by dividing the peak height of the
pirlimycin derivative by the peak height of the internal standard. The peak
height ratio was corrected by taking into account the corresponding blank
serum samples. A calibration curve was constructed by plotting peak height
ratios versus the concentrations of the pirlimycin « HCl standards. The con-
centration of pirlimycin - HCl in the unknowns was calculated from the peak
height ratios using the slope and intercept obtained by linear-regression analysis
of the calibration curve data. The amount of drug excreted in urine was cal-
culated by multiplying the urine volumes by the analytical concentration.

RESULTS AND DISCUSSION

Synthesis and characterization of 9-FMCIF derivative of pirlimycin

Pirlimycin free base reacts with 9-FMCIF to form a pirlimycin carbamate
derivative and an equimolar amount of hydrochloric acid (see Fig. 1). Hydro-
chloric acid can rapidly convert the unreacted pirlimycin free base into its
hydrochloride salt. Since the salt does not react with 9-FMCIF, only about
50% of the free base can be converted into its carbamate derivative. Sodium
carbonate was used to neutralize the acid in the Method 1 synthesis. This
method is similar to the one reported previously [8]. Since the Method 2
synthesis was carried out without the addition of a base, about 50% yield
was obtained by this procedure. However, Method 2 is much simpler than
Method 1.

TLC and HPLC analysis showed that the synthesized material was a single
component. Elemental analysis, IR, and mass spectrometric analysis supported
the proposed structure.
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Fig. 1. Reaction scheme for formation of carbamate derivative of pirlimyecin.

Chromatographic analysis

Serum and urine samples containing pirlimycin free base were extracted with
chloroform, evaporated and reacted with 9-FMCIF in an organic solvent (aceto-
nitrile). In order to achieve complete derivatization of all the drug, the reaction
had to be carried out in the presence of an inorganic base which could
neutralize hydrochloric acid from the reaction mixture. The use of 18-Crown-6
ether is common for dissolving inorganic ions in organic solvents [13]. Several
trials were made using potassium hydroxide and other inorganic bases in
18-Crown-6 ether to derivatize pirlimycin free base in acetonitrile. However,
these efforts were not fully successful due to the interfering effects of
18-Crown-6 ether and the partial decomposition of the drug derivative. The use
of a very small volume of sodium hydroxide solution in water yielded 100%
derivatization of drug with reproducible results.

Chromatographic experiments were performed using Cg and C,g, 5-um and
10-um particle size, reversed-phase columns, and various mobile-phase composi-
tions consisting of acetonitrile—water, acetonitrile—tetrahydrofuran—meth-
anol—water, acetonitrile—water—acetic acid, and methanol—water—acetic acid.
Among these, a C,; reversed-phase column, having a 5-um particle size and a
mobile phase composed of acetonitrile—water (58:42) containing 0.02%
acetic acid, provided optimum resolution for serum analysis. Fluoranthene was
chosen as an internal standard because of its non-reactivity to the reagent,
complete recovery from biological fluids and high UV-fluorescence detector
response.
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Fig. 2. Chromatogram of human serum extract of (A) blank serum containing internal
standard (I.S.) and derivatizing reagent (9-FMCIF); and (B) serum containing pirlimycin
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Fig. 3. Chromatogram of human urine extract of (A) blank urine containing internal
standard (1.S.) and derivatizing reagent (9-FMCIF); and (B) urine containing pirlimycin
carbamate derivative (P. Deriv.), internal standard (I.S.) and derivatizing reagent (9-FMCIF).
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Fig. 5. Effect of 9-fluorenylmethylchoroformate on pirlimycin derivative formation.
Reaction time = 2.30 h at room temperature.

Fig. 2A shows a typical HPLC chromatogram of an extract of blank human
serum containing internal standard and derivatizing reagent (9-FMCIF). Fig. 2B
shows a chromatogram of serum containing pirlimycin carbamate derivative,
internal standard, and 9-FMCIF. Fig. 3A and Fig. 3B show similar chromato-
grams for blank urine and spiked urine extracts, respectively.

Fig. 4 shows the effect of reaction time on the formation of pirlimycin deriv-
ative at room temperature. The reaction is essentially completed within 1 h.
The derivative is stable for at least 24 h. Fig. 5 shows the effect of derivatizing
reagent concentration upon the extent of formation of pirlimycin derivative.
A molar ratio of drug to reagent of 1:3 gives complete formation of the deriva-
tive.

Extraction efficiency

Serum or urine specimens (1 ml) were spiked with known concentrations of
pirlimycin + HCl and the drug was extracted according to the procedure
described in Experimental. These samples were assayed at 214 nm using chro-
matographic conditions reported by Asmus and Landis [1]. The extraction
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TABLE 1

EXTRACTION EFFICIENCY OF PIRLIMYCIN - HCI FROM HUMAN SERUM AND
URINE

Trial Serum extraction  Urine extraction
efficiency (%) efficiency (%)

1 94.16 98.28

2 94.50 101.50

3 103.33 —

Mean (%) 97.33 99.89

Coefficient of variation (%) 5.3 2.3

efficiency of pirlimycin from serum and urine was calculated by comparing
absorbance with the known standard drug solution at 214 nm. The results,
listed in Table I, show an average extraction efficiency of 97.33% from serum
an 99.89% from urine.

Reaction efficiency

Blank serum or urine (1 ml) was spiked with a known concentration of
pirlimycin - HCI. The sample was extracted and reacted with the derivatizing
reagent (9-FMCIF) in acetonitrile in the presence of a small amount of base as
described in Experimental. The sample was chromatographed along with a
standard solution of the pure derivative in acetonitrile. The results confirmed
stoichiometric conversion of drug into its carbamate derivative.

Assay precision and accuracy

Linear-regression analysis of the calibration curve data indicated no signifi-
cant deviations from linearity for pirlimycin hydrochloride concentrations up
to 2 ug/ml serum and up to 20 ug/ml urine. Correlation coefficients were better
than 0.993 for the standard curves prepared at three different times.

Assay precision and accuracy were established by adding a known concen-
tration (417.6 ng/ml serum) of pirlimycin hydrochloride to several 1-ml blank
serum samples. These replicate samples were extracted, derivatized and assayed

TABLE II

ACCURACY AND PRECISION DATA FOR THE RECOVERY OF PIRLIMYCIN - HCl
FROM HUMAN SERUM

Added (ng/ml) Found (ng/ml) Recovery (%)

417.6 439.11 105.15
421.89 101.03
407.95 97.69
426.51 102.13
436.51 104.53
436.76 104.58
386.81 92.63

Average = 422,22 Mean = 101 + 4.2%

Coefficient of variation = 4.5%
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TABLE III

ACCURACY AND PRECISION DATA FOR THE RECOVERY OF PIRLIMYCIN-HCl
FROM HUMAN URINE

Added (ug/ml) Found (ug/ml) Recovery (%)
5.165 5.346 103.51
5.279 102.22
5.071 98.18
5.051 97.80
5.439 105.31
5.309 102.69
5.373 104.02
Average = 5.26 Mean = 102 = 2.62%

Coefficient of variation = 2.8%

as described previously. The average interday recovery of pirlimycin - HCl
obtained was 101 = 4.2% (Table II).

Table III gives precision and accuracy data for the replicate analysis of
urine samples spiked with a known concentration (5.165 ug/ml urine) of drug.
An average interday drug recovery of 102.0 + 2.62% was obtained.

Applicability of the methodology

The utility of the analytical method for pharmacokinetic studies was demon-
strated by monitoring serum and urine levels of pirlimycin «+ HCl in humans, A
typical serum profile is shown in Fig. 6 for a dose of 500 mg of pirlimycin -
HCI. A typical cumulative urinary elimination profile is shown in Fig. 7 for a
dose of 50 mg of pirlimycin - HCl. A summary of the pharmacokinetic
parameters is given in Table IV. The area under the serum curve (AUC) data
may indicate a non-linear dose response since the AUC for the 50-mg dose is
much less than expected based on the 500-mg dose results. The values of U..

500

DRUG CONC. IN SERUM (ng/mi)

0 1 L 1 1 1 1 1
2 8

4
HOURS

Fig. 6. Pirlimycin + HC! concentration in human serum following a 500-mg oral dose of
pirlimycin « HCl to a human male,
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Fig. 7. Cumulative urinary elimination of pirlimycin - HCl following an oral dose of 50 mg
pirlimyecin - HCI to a human male.

TABLE IV

PHARMACOKINETIC PARAMETERS IN MALE HUMANS FOLLOWING ORAL DOSES
OF PIRLIMYCIN - HCl1

500-mg Dose 50-mg Dose

Subject 1 Subject 2 Subject 1

AUC,8 h(nghml-') 2721 2462 44.5
ke* (h1) 0.097 0.101

* The value of U, used to calculate these rate constants were estimated assuming first-order
kinetics.

were estimated assuming first-order kinetics for the calculation of the renal
elimination rate constants. Therefore, these rate constants should be considered
only as approximations.

Fluoresence detection

Derivatives prepared from 9-FMCIF are highly fluorescent and may be
useful in increasing the assay sensitivity to sub-nanogram levels. A preliminary
evaluation of the fluorescence sensitivity using blank serum samples spiked
with the 9-FMCIF derivative of pirlimycin indicated an analytical sensitivity

of 0.1 ng/ml.



105

ACKNOWLEDGEMENT

Helpful suggestions by Dr. Walter Morozowich are gratefully acknowledged.

REFERENCES
1 P.A. Asmus and J.B. Landis, The Upjohn Company, personal communication.
2 N. Ahnfelt, Acta Pharm, Suecica, 19 (1982) 471.
3 N. Ahnfelt and P. Hartwig, Acta Pharm, Suecica, 19 (1982) 367.
4 K.-E. Karlsson and P. Hartwig, Acta Pharm. Suecica, 18 (1981) 337.
5 K.-E. Karlsson, J. Chromatogr., 219 (1981) 373.
6 K.-E. Karlsson, Acta Pharm. Suecica, 19 (1982) 49.
7 G. Giibitz, R. Wintersteiger and A. Hartinger, J. Chromatogr., 218 (1981) 51,
8 J. Meienhofer, M. Waki, E.P. Heimer, T.J. Lambros. R.C. Makafske and C.-D. Chang,
Int. J. Pept. Protein Res., 13 (1979) 35.
9 E. Atherton, H. Fox, D. Harkiss, C.J. Logan, R.C. Sheppard and B.J. Williams, J. Chem.
Soc., Chem. Commun., 13 (1978) 537.
10 E. Atherton, H. Fox, D. Harkiss and R.C. Sheppard, J. Chem. Soc., Chem. Commun.,
13 (1978) 539.
11 C. Chang and J. Meienhofer, Int. J. Pept. Protein Res., 11 (1978) 246.
12 L.A. Carpino and G.Y. Han, J. Org. Chem., 37 (1972) 3404.

13

Crown-Ethers, Technical Bulletin, PCR, Gainesville, FL.






107

Journal of Chromatography, 309 (1984)107—114
Biomedical Applications
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

CHROMBIO. 2119

MEASUREMENT OF MAPROTILINE AND OXAPROTILINE IN PLASMA
BY HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY OF
FLUORESCENT DERIVATIVES

U. BREYER-PFAFF* R. WIATR and K. NILL

Department of Toxicology, University of Tiibingen, Wilhelmstrasse 56, D-7400 Tiibingen
(F.R.G.)

(First received November 29th, 1983 ; revised manuscript received February 21st, 1984)

SUMMARY

The antidepressant maprotiline and its hydroxylated analogue oxaprotiline were assayed
in plasma by solvent extraction and formation of fluorescent derivatives, which were
purified by thin-layer chromatography and quantitated by high-performance liquid chro-
matography with fluorescence monitoring. The procedure possesses a high sensitivity,
accuracy and reproducibility, and metabolites of the drugs did not interfere.

INTRODUCTION

Maprotiline (Ludiomil®) is a tetracyclic antidepressant with well
documented clinical efficacy [1]. Introduction of an alcoholic hydroxy group
into its side-chain leads to oxaprotiline (Fig. 1), a compound currently being
tested for its therapeutic activity in depressive disorders [2, 3]. In the course of
clinical studies, it is desirable to obtain information on plasma drug levels, since
unsatisfactory response may be a consequence of very low as well as of
extremely high levels [4].

The double radioisotope derivative method of Riess [5] does not seem
suited for routine laboratory use unless very large series have to be analysed.

ruerunH PSP |
[HZCHZCHZN\[H CHng CHZN\CH
3 3

OH

Maprotiline Oxaprotiline

Fig. 1. Structures of maprotiline and oxaprotiline.

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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Whereas several gas chromatographic procedures have been described for the
analysis of maprotiline in plasma [6—9], the application to oxaprotiline has
only been realized using a mass spectrometer as detector [10]. The only
published procedure for the determination of both compounds [11] used high-
performance liquid chromatography (HPLC) of the unchanged drugs with
absorbance monitoring at 214 nm. This necessitated extraction with a very
unpolar solvent and implicated low recoveries. Higher percentages were
recovered in a similar HPLC assay of maprotiline and desmethylmaprotiline
[12], but the applicability of the method to oxaprotiline analysis was not
tested. Since the latter drug produces low plasma levels, the formation of
fluorescent derivatives in toluene extracts appeared promising.

EXPERIMENTAL

Materials

Blood was obtained from patients under treatment with divided doses of
maprotiline (125 mg/day Ludiomil) or oxaprotiline (150 mg/day C-49802
B-Ba; Ciba-Geigy, Basel, Switzerland). Samples were drawn in the morning
before ingestion of the first drug dose and placed into heparinized tubes.
After centrifugation, plasma was stored at —20°C for up to eighteen months
without apparent loss of drug. Blank plasma was obtained from drug-free
healthy volunteers.

Reference compounds were donated by the following companies:
maprotiline  hydrochloride, desmethylmaprotiline  methanesulphonate,
oxaprotiline hydrochloride, desmethyloxaprotiline hydrochloride, desmethyl-
and didesmethylimipramine hydrochloride, desmethylclomipramine
hydrochloride by Ciba-Geigy; nortriptyline hydrochloride by Tropon (Cologne,
F.R.G.); and E-10-hydroxynortriptyline by A. J¢rgensen (Lundbeck,
Copenhagen, Denmark). Hydroxylated maprotiline metabolites were isolated
from patient urine and their structures elucidated by nuclear magnetic
.resonance and mass spectrometry [13].

Fluorescent derivatives of maprotiline and oxaprotiline were obtained on a
preparative scale by reacting 0.2 mmol of drug hydrochloride in 1 ml of water
with 100 mg of potassium bicarbonate and 0.4 mmol of 5-dimethylamino-
naphthalene-1-sulphonyl chloride (dansyl chloride, Merck, Darmstadt, F.R.G.)
in 2 ml of acetone. The mixture was stirred for 30 min at 45°C. The oily
precipitate dissolved upon extraction with three 2-ml portions of chloroform.
The residue of the chloroform extract was subjected to thin-layer chromato-
graphy (TLC) on five sheets precoated with silica gel (Polygram Sil G/UV,s4,
Macherey-Nagel, Diiren, F.R.G.) in hexane—acetone—toluene (21:2.5:1 for
dansyl maprotiline, 21:4:0.7 for dansyl oxaprotiline). The compounds were
eluted from the gel using chloroform and recrystallized from chloroform—
hexane. Dansyl derivatives of other reference compounds were prepared on a
small scale by the procedure used for analytical work.

Plasma level assay
Principle. In the determination of maprotiline oxaprotiline (400 ng/ml)
served as an internal standard, while didesmethylimipramine (30 ng/ml) was
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the internal standard in the measurement of oxaprotiline. Plasma extracts were
treated with dansyl chloride to form the dansyl derivatives of drug and internal
standard. These were extracted and pre-purified by TLC, the conditions being
chosen in a way that the two compounds had identical Ry values. Eluates of
the spots were subjected to HPLC with fluorescence detection.

Procedure. To plasma (1 ml) the internal standard was added in water:
40 ul of oxaprotiline solution (10 ug/ml) for maprotiline analysis or 10 ul of
didesmethylimipramine solution (38 ug/ml) for oxaprotiline analysis. After
addition of 250 mg of sodium chloride, 35 ul of 10% sodium deoxycholate
solution and 100 ul of sodium hydroxide (0.2 mol/l), the sample was extracted
twice with 1.5 ml of toluene. In maprotiline analyses, the organic phase was
reduced to about 1 ml in a rotary evaporator and extracted with 0.5 ml of
sulphuric acid (5 mmol/l). In assays of oxaprotiline, the toluene phase was
extracted without evaporation. The aqueous phase was washed with 1 ml of
hexane, residual hexane being removed under a stream of nitrogen. Then it was
mixed with 0.1 ml of potassium bicarbonate (0.6 mol/l) and 0.6 ml of dansyl
chloride solution (1.5 mg/ml in acetone) and incubated in open tubes for 20
min at 45°C. Following addition of 0.3 ml of L-proline solution (2.5 mg/ml
in water), the incubation was continued for 20 min. Residual acetone was
removed by blowing a stream of nitrogen for 5—10 min at 30°C and the
aqueous solution was twice extracted with 1 ml of hexane. The extract was
brought to dryness under a stream of nitrogen in tapered tubes, the residue
being concentrated in the tip by rinsing the tube with 0.3 ml of hexane. The
extracts were sensitive to light and had to be stored frozen unless processed
immediately.

For TLC the dansyl derivatives were spotted at 1.5-cm distances on 20 X 20
cm sheets coated with silica gel (see above). In maprotiline analyses, chromato-
grams were run to a height of 16.5 cm above the starting line in hexane—
acetone—toluene (21:4:0.7), dried for 2 min and subsequently run in ethanol—
water (15:10) to a height of 7.5 cm. For the determination of oxaprotiline,
running distances were 12 and 6 cm in the first and second solvent,
respectively. Chromatograms had to be run and dried in the dark. The spot
containing the dansyl derivatives of drug and internal standard (for Rp values
see Table I) was visualized under light of 365 nm and removed after lightly
spraying with water. The gel was extracted twice with 0.5 ml of a freshly
prepared solution of 0.1% diethylamine in methanol. The eluate was
evaporated in tapered tubes and the residue concentrated in the tip as above.
For HPLC it was dissolved in 50 ul of hexane—ethanol (4:1) and a 10-ul aliquot
was injected.

The column (300 X 4.5 mm) contained 7-um silica gel particles (Nucleosil
50-7, Macherey-Nagel). The eluent was hexane—absolute ethanol (95:5, v/v)
at a flow-rate of 1.8 ml/min. Fluorimetric detection was done at excitation and
emission wavelengths of 365 and 420 nm, respectively, with the fluorometer
(FFM 32, Kontron, Munich, F.R.G.) set at medium sensitivity for maprotiline
determinations and at high sensitivity for oxaprotiline analyses. For quantita-
tion, peak height ratios of dansylated drug and internal standard were read on a
calibration curve produced by processing blank plasma samples with additions
of known quantities of maprotiline or oxaprotiline.
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Between-series reproducibility was examined by running control samples
with each series of patient plasma. These contained 200—400 ng/ml
(721—1442 nmol/l) of maprotiline or 20—50 ng/ml (68—170 nmol/l) of
oxaprotiline. Absolute recovery in maprotiline analysis could be derived from
a comparison of peak heights of substances obtained from plasma with peak
heights of standards containing known quantities of dansyl derivatives.

A series of twelve plasma samples can be processed by one person within
two days.

RESULTS

Selectivity and sensitivity

Table I presents Rp values in TLC and retention times in HPLC of dansyl
derivatives of secondary and primary amines that are administered as anti-
depressants or produced as antidepressant drug metabolites. It can be seen that
in the modification used for maprotiline analysis, secondary amines devoid of a
hydroxy group (nortriptyline, desmethylimipramine) would interfere with the
determination of maprotiline, whereas all its metabolites are separated from it.
Similarly, oxaprotiline differs from its demethylated metabolite in its
behaviour on HPLC.

TABLE I

CHROMATOGRAPHIC BEHAVIOUR OF DANSYL DERIVATIVES OF DRUGS AND
DRUG METABOLITES

Dansyl derivative of Running distance in TLC (cm) Retention time
under conditions for in HPLC
(min)
Maprotiline Oxaprotiline
Maprotiline 4.1 3.3 3.8
Desmethylmaprotiline 3.0 2.5 5.2
3-Hydroxymaprotiline 1.8 1.4 7.6
3-Hydroxydesmethylmaprotiline 1.2 1.0 11.3
2-Hydroxymaprotiline 2.0 1.6 7.0
Oxaprotiline 3.5 2.9 6.8
Desmethyloxaprotiline 3.4 2.8 8.7
Desmethylimipramine 3.9 3.0 3.8
Didesmethylimipramine 3.2 2.6 5.4
Desmethylclomipramine 4.2 3.3 3.9
Nortriptyline 4.5 3.6 3.8
E-10-Hydroxynortriptyline 4.5 3.6 10.3

Examples of chromatographic traces are presented in Figs. 2 and 3. No
definite peaks appeared at the retention times of dansyl oxaprotiline and
dansyl didesmethylimipramine when blank plasma had been subjected to the
analytical procedure. A small peak was, however, present at the retention
time of dansyl maprotiline, which corresponded to about 2 ng of the drug (Fig.
2A). It could be disregarded in assays of clinically relevant maprotiline concen-
trations, but it was a reason not to use maprotiline as an internal standard for
oxaprotiline analyses which had to be more sensitive by a factor of 5.
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Fig. 2. HPLC fluorescence records obtained upon maprotiline analysis in plasma (1 ml). (A)
Blank plasma. (B) Blank plasma with additions of 10 ng of maprotiline and 400 ng of oxa-
protiline as internal standard. (C) Plasma from a patient ingesting maprotiline 150 mg per
day; it was found to contain 290 ng/ml (1045 nmol/l) maprotiline. 1 = dansyl maprotiline,
2 = dansyl oxaprotiline.
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Fig. 3. HPLC fluorescence records obtained upon oxaprotiline analysis in plasma (1 ml). (A)
Blank plasma. (B) Blank plasma with additions of 2 ng of oxaprotiline and 30 ng of dides-
methylimipramine as internal standard; in this case a 40% aliquot was injected. (C) Plasma
from a patient treated with oxaprotiline 150 mg per day; it was found to contain 32 ng/ml
(109 nmol/1) oxaprotiline. 2 = dansyl oxaprotiline, 3 = dansyl didesmethylimipramine.

The detection limit of maprotiline was about 10 ng/ml (Fig. 2B) and
reproducible determinations could be made at 20 ng/ml (72 nmol/l) and higher.
Oxaprotiline was detected at minimal levels of 2 ng/ml (Fig. 3B) and could be
quantitated at 5 ng/ml (17 nmol/l).
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Accuracy and reproducibility

Calibration curves revealed a strictly linear dependence of the peak height
ratio of dansylated drug and internal standard on the drug quantity added
(r = 0.994, n = 43 for maprotiline 20—400 ng/ml, and r = 0.998, n = 30 for
oxaprotiline 10—80 ng/ml).

Control samples analysed along with each series of patient plasma gave the
results listed in Table II. Duplicate determinations of maprotiline in 48 samples
from patients resulted in a mean difference of 6.1%.

The procedure for oxaprotiline determination was further controlled by a
blind analysis of seven spiked plasma samples prepared by a laboratory of Ciba-
Geigy at Basel. A very good accuracy becomes apparent from the results
presented in Table III. At levels of 10 ng/ml (34 nmol/l) or above, the values
found did not deviate by more than 4% from the theoretical ones. In addition,
a series of seven pooled patient plasma samples was analysed by the present
procedure and at Ciba-Geigy by gas chromatography—mass spectrometry.
Maximal differences amounted to 4 ng/ml or 14% at concentrations of 4—32
ng/ml (14—109 nmol/l).

TABLE II

RESULTS OF ANALYSES OF CONTROL SAMPLES RUN IN DIFFERENT SERIES OF
MAPROTILINE AND OXAPROTILINE ASSAYS

Compound Concentration (ng/ml free base) Percentage of n
theoretical
Added Found value
Maprotiline 200 193 =+ 15% 96+ 7* 8
300 312 27 104+ 9 9
400 405 27 101+ 7 9
Oxaprotiline 20 185+ 1.5 92+ 7 6
40 382+ 5.5 95 + 14 8
50 496+ 2.7 99+ 5 11
*Mean + S.D.
TABLE 111

THEORETICAL AND EXPERIMENTAL VALUES IN A BLIND ANALYSIS OF PLASMA
SAMPLES SPIKED WITH OXAPROTILINE

Sample Oxaprotiline concentration (ng/ml free base)

No.
Added Found

1 1.1 0

2 10.7 10.5

3 21.7 22.5

4 32.3 33.5

5 32.3 33

6 42 .4 44

7 53.1 52




Recovery
In the entire analytical procedure for maprotiline the recovery of dansyl
maprotiline amounted to 58% and that of dansyl oxaprotiline to 60%.

Values in patient plasma

Maprotiline plasma levels in twenty patients ingesting 125 mg per day
slowly increased during weeks 2—4 of treatment. After four weeks they varied
from 34 to 225 ng/ml (128 + 56 ng/ml or 461 * 202 nmol/l, mean + S.D.)
[14]. Higher concentrations are observed in single cases at a daily dose of 150
mg (Fig. 2C).

Twenty-five depressed patients ingesting oxaprotiline 150 mg per day mostly
had constant plasma drug levels from two to four weeks after initiation of
treatment. Interindividual variation was considerable, with steady-state values
ranging from 9.5 to 74 ng/ml (34 + 15 ng/ml or 116 = 51 nmol/l).

DISCUSSION

The analytical procedure described here could be shown to satisfy the usual
quality criteria. Its sensitivity is sufficient for measuring plasma maprotiline
and oxaprotiline concentrations well below the range of values occurring upon
treatment with clinically effective drug doses. While it does not allow separate
determination of several antidepressants with secondary amino groups, no
disturbance is caused by the corresponding primary amines and other known
drug metabolites. A similar procedure not involving a purification by TLC has
recently been published for the assay of metapramine [15].

As has been documented earlier [14], the range of values measured in
plasma of maprotiline-treated patients agreed well with that reported by other
authors. Also oxaprotiline levels are similar to those obtained by a HPLC
procedure without derivatization [11].

Though the present method is somewhat laborious, this draw-back seems to
be compensated for by avoiding the use of radioactive reagents or expensive
instrumentation. In comparison with an alternative HPLC method {11] it has
the advantage that the first extraction step can be carried out with toluene;
this results in a higher recovery and thus improves the reliability of the assay.
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SUMMARY

A high-performance liquid chromatographic method is described for the analysis of
pirlindole [2,3,3a,4,5,6-hexahydro-8-methyl-1H-pyrazino(3,2,1-7k ))carbazole hydro-
chloride], a new antidepressive drug. The drug was extracted from plasma into dichloro-
methane, and the analysis was carried out on a reversed-phase column, the effiuent being
monitored by fluorescence detection. The method is selective and sensitive (limit of detec-
tion 1—2 ng/ml plasma). Urine analysis was done by direct injection of the diluted sample.
The method was applied to the analysis of plasma and urine samples of eight healthy male
volunteers who received a 75-mg oral dose of a tablet formulation of pirlindole. The method
was also applied to a study in three beagle dogs which received pirlindole (1 mg/kg) by
infusion (0.1 mg/kg/min) and orally (10 mg/kg) to estimate the absolute bioavailability of
the drug.

INTRODUCTION

Pirlindole* [2,3,3a,4,5,6-hexahydro-8-methyl-1H-pyrazino(3,2,1-jk )carbazole
hydrochloride] is a new antidepressive drug. Its clinical efficacy is comparable
to amitriptyline. Imipramine, desipramine and maprotiline, but the mechanism
of action is different. Pirlindole has in vitro and in vivo monoamine oxidase A
inhibitory activity which is reversible and short-lasting. The drug also inhibits

*Euthym®, manufactured by Cassella Riedel Pharma GmbH, Frankfurt/Main, F.R.G.;

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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the neuronal re-uptake of norepinephrine and serotinin into presynaptic
vesicles. It does not possess anticholinergic activity [1, 2].

Up to now no selective analytical method has been available to measure the
pharmacokinetics of the unchanged drug in body fluids. This paper describes
a selective and sensitive high-performance liquid chromatographic (HPLC)
method for the determination of pirlindole in plasma and urine and its applica-
tion to man and dog.

EXPERIMENTAL

Apparatus and materials

The chromatograph consisted of a pump (M6000, Waters, Eschborm,
F.R.G.), an automatic injector (WISP 710, Waters), and a fluorescence detector
(650-10LC variable-wavelength monitor, Perkin Elmer, Offenbach, F.R.G.)
operated at excitation 295 nm and emission 340 nm. The separation column
was a 300 X 3.9 mm I.D. stainless-steel tube packed with uBondapak Cs
reversed phase (particle size 10 um, Waters).

The mobile phase consisted of the components acetonitrile (HPLC grade S,
Rathburn Chemicals, Walkerburn, U.K.), methanol (Riedel, Seelze, F.R.G.,
No. 32 213), and 0.05 M phosphoric acid (Riedel, No. 30 417), buffered at pH
3.5 with aqueous tetraethylammonium hydroxide (Riedel, No. 16 262). All
chemicals and solvents were of analytical reagent grade at least and used
without further pretreatment. Stock solutions of pirlindole were freshly
prepared in distilled water every day.

Analysis of plasma and urine samples

To 1.0 ml of plasma were added 0.1 ml of an aqueous solution of 0.1 M
Na,—EDTA (Riedel, No. 34 549, Idranal III) and 5 ml of dichloromethane
(Riedel, No. 32 222) saturated with 0.1 M aqueous Na,-EDTA. The mixture
was agitated in stoppered 10-ml glass tubes for 20 sec. After centrifuging (6000
g, 5 min, 5°C) to separate the layers, 4 ml of the organic phase were transferred
to a tapered tube and mixed with 0.1 ml of a freshly prepared methanolic
solution of 0.01 M Na,—EDTA. This solution was evaporated to dryness in a
stream of nitrogen at 55°C in about 25 min. The dry residue was taken up in
0.2 ml of the mobile phase, acetonitrile—methanol-—phosphoric acid (40:1:60,
v/v), agitated using a Vortex mixer for 10 sec and centrifuged for 1 min before
injection into the chromatograph. The above procedure was duplicated for each
plasma sample.

Pirlindole peak height was measured and plasma concentration calculated by
reference to a calibration curve. Urine samples (50 ul diluted in 500 ul of
mobile phase, acetonitrile—methanol—phosphoric acid—PIC B-7, 35:1:70:1.3,
v/v) were analysed by direct injection into the chromatograph. Plasma and
urine samples are stable in the frozen state and dark at —20°C for at least one
year.



117

The HPLC method was applied to the analysis of pirlindole in plasma and
urine samples of eight healthy male volunteers (27—57 years, body weight
63-—88 kg), who had given informed consent. All subjects received the drug as
a 75-mg tablet. The method was also applied to a study in three fasted beagle
dogs, two male and one female, body weight 14—18 kg, which received
1.0—1.1 mg/kg pirlindole by infusion (0.1 mg/kg/min) and 10 mg/kg pirlindole
per os (aqueous solution).

Calculation of pharmacokinetic parameters

Calculation of the area under the plasma concentration—time curve, AUC.,
the terminal half-life of elimination, ti,, total plasma clearance, Cliot, and the
absolute bioavailability, f, were based on the RIP-fitting procedure [3] using a
desk computer (WANG 2200). When analysing human data, areas were
calculated by means of the trapezoidal rule. Mean transit times of pirlindole
after intravenous (Tvs) and oral (Tsys) administration were estimated to obtain
information about the steady-state volume of distribution Vg (Vg = Cliot X
Tvss) and the rate constant k, of the drug’s entrance (‘‘invasion”) into the
central compartment from the gastrointestinal tract. k, does not relate to
absorptive processes alone, but rather reflects the joint effects of several sub-
processes including most often distribution into readily accessible side compart-
ments [4]. The concept of moment analysis from plasma data is valid if the
drug was cleared exclusively from the central compartment, and if invasion and
elimination were strictly first-order processes.

Statistics

Mean values are given as arithmetical means together with their standard
deviations (S.D.). Statistical analysis of calibration curves was done by linear-
regression routine on a desk computer (WANG 2200). A new non-parametric
regression procedure [5] was used for comparison of two analytical methods
for determination of pirlindole in plasma.

RESULTS AND DISCUSSION

Chromatography and recovery from plasma

Pirlindole was added to human plasma and extracted at physiological pH.
Good separation of the drug from the endogenous matrix was obtained on an
octadecylsilyl reversed-phase column, eluting with an acetonitrile—methanol--
phosphoric acid mobile phase as described above (Fig. 1).

This chromatographic procedure is also suitable for dog and rat plasma. The
recovery of pirlindole from plasma was determined by referring the peak height
to a calibration curve obtained by analysing aqueous solutions of the drug, and
amounted to 78 =+ 3%.

Calibration

Pirlindole was added to plasma to give six replicate samples at five concentra-
tions between 5 and 100, ng/ml (Cagded). This is the concentration range
typically found in the plasma of human subjects following an oral dose of 75
mg. The samples were processed as described and the peak height of the
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Fig. 1. (A) Chromatogram of an extract of human plasma (blank). (B) Chromatogram of an
extract of human plasma to which had been added pirlindole to give a plasma concentration
of 50 ng/ml (rfu = relative fluorescence units).

fluorescence signal (k) depends linearly on the concentration of pirlindole. The
linearity of the calibration curve holds up to 500 ng/ml as the analysis of sup-
plementary samples has shown,

Precision

The precision of the method [8] was expressed as standard deviation (S.D.)
or relative standard deviation (C.V.) of the measured concentration values
Cfound- The within-run precision changed with Cioyng in an approximately

TABLE I

PRECISION (C.V.) OF THE HPLC METHOD FOR DETERMINATION OF THE
CONCENTRATION OF PIRLINDOLE IN PLASMA (Ctound)

Crounda = (0.99 £ 0.02) X Caggeq-

Cadded Ctoung * S.D. Coefficient of variation
(ng/m]) (ng/ml) (C.V., %)
5 51:+1.1 21.6
10 9.0+ 0.9 10.0
20 194+ 1.3 6.7
50 45.2+ 2.3 51
100 99.7 £ 5.1 5.1
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linear relationship S.D. ~ 0.4 + 0.047 X Ctound in the concentration range of
therapeutic relevance (Table I). The between-run precision was 6.9% for a spiked
plasma sample.

Accuracy

Accuracy [6] — referred to as bias of (Cadged — Cround) of €ach of the con-
centrations — was tested from the same samples that were used for testing
precision (Table I). Regression of Cagded Versus Ctound shows that Ctoung is very
similar to Cagded [Ctound = (0.99 + 0.02) X Cadded].

150 W ng/mi plasma

100

50

hours
1.0 7 % dose B
(cumulative)
0.5 A
T T T 1
6 12 18 24
hours

Fig. 2. Plasma levels (A) and urine excretion (B) of pirlindole in eight fasted healthy male
volunteers after a single oral dose of 75 mg of pirlindole (tablet).
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Sensitivity

As the standard deviations of six blank samples and of six replicates in the
low concentration range are nearly equal (S.D. ~ 0.4 ng/ml), the limit of
detection (L.D.) was taken as 3.0 X S.D. This means the L.D. is in the range of
1—2 ng/ml pirlindole when extracting 1 ml plasma for analysis.

Selectivity

The selectivity of the method was imparted by the chromatographic system
and the fluorescence detection wavelength, Additional evidence for the
selectivity is that the fluorescence of the main metabolites in plasma of man, dog
and rat do not interfere in the chromatographic analysis of pirlindole. The
HPLC procedure has been validated by reference to a second analytical
technique measuring fluorescence [7]. Human plasma samples were prepared
by admixing known amounts of pirlindole. Equivalent results were obtained
from both analytical methods measuring the plasma concentration of pirlindole
(slope B = 0.987), as could be shown by non-parametric linear-regression
analysis [5].

Application of the HPLC method

In routine practice, plasma and urine samples are analysed as independent
duplicates. Calibration of the instrument is adjusted daily. By processing five
freshly prepared external plasma or urine standards containing a known
amount of pirlindole (Cgang) in the upper expected concentration range, the
calibration line hgang = f X Cgang is constructed by plotting the peak heights
of the blank-corrected fluorescence signals of the five samples against Cgang
and joining the mean peak height at Cgung with the zero coordinates. For
purposes of quality control, another series of deep-frozen plasma or urine
samples with a lower but known content of pirlindole (Ceontrol) between zero

TABLE II

PHARMACOKINETIC ' PARAMETERS OF PIRLINDOLE CALCULATED FROM
CONCENTRATIONS IN PLASMA AND URINE OF FASTED HEALTHY MALE
VOLUNTEERS AFTER A SINGLE DOSE OF A 75-mg TABLET

Volunteer  Cpmax tmax ty, terminat AUCw AUCex  Clioilf Cly
No. (ng ml') (h) (h) (ngml-*h) (%) (th™) (1h-1)
1 17.1 2.00 0.98 37.2 4.3 2016.1 4.5
2 474 1.25 1.07 69.1 2.9 1085.4 3.4
3 82.2 1.75 3.10 148.8 5.7 503.9 1.4
4 72.3 1.00 1.90 98.2 59 763.1 2.7
5 42.8 1.25 2.00 67.1 o 1117.7 4.1
6 148.8 1.75 6.51 3834 49 195.5 1.4
7 33.7 2.00 5.19 87.5 14.5 856.6 34
8 17.5 1.50 2.06 67.2 5.3 1115.9 2.1
Median 45.1 2.03 78.3 971.0 3.1
Minimum 171 1.00 0.98 37.2 195.5 1.4
Maximum 148.8 2.00 6.51 383.4 2016.1 4.5
X 57.7 2.85 119.8 956.8 2.9

S.D. 43.6 1.99 111.3 537.5 1.2
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and Cgiang are measured. Whenever there is a tendency of exceeding 2 S.D. of
Ccontrol, outine analysis is stopped in favour of a trouble-shooting programme.

The HPLC method has been applied to the analysis of pirlindole in plasma
and urine following a 75-mg oral dose as a tablet to eight healthy male
volunteers. The plasma concentration—time course (Fig. 2) could be measured
in all cases, and pharmacokinetic parameters were calculated (Table II). Only
0.4 £ 0.2% of the administered drug was excreted unchanged in the urine (Fig.
2 and Table II). The mean value of renal clearance was low (Cl,=2.9+ 1.211/h).
The drug was also administered intravenously (1 mg/kg) and orally (10 mg/kg)

1000 - ng/ml plasma No.3

100 A

10 \
6 hours
1000 7 ng/ml plasma No.4
100
10 T T T T T 1
1 2 3 4 5 6 hours

Fig. 3. (Continued on p. 122)
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Fig. 3. Pirlindole plasma levels in three beagle dogs which received a single dose of 1 mg/kg
by infusion (0.1 mg/kg/min) (e) and 10 mg/kg (aqueous solution) orally (o). (—), RIP-fitting

[3].

TABLE III.

PHARMACOKINETIC

PARAMETERS

OF PIRLINDOLE CALCULATED FROM PLASMA

CONCENTRATIONS IN FASTED BEAGLE DOGS WHICH RECEIVED THE DRUG (1 mg/kg) BY
INFUSION (0.1 mg/kg/min) AND ORALLY (10 mg/kg AS AQUEOUS SOLUTION)

T, = lag-time, Tghg = Tsys — Tvss:

Dog No. Dose Cpmax AUCw AUCex Clgot, Tyss Vs 14 terminal
(mg/kg) (ng/ml) (ng/ml h) (%) (1/h) (h) ()] (h)
(infusion
end)
Infusion
3M 1.14 400.2 434.2 15.0 36.82 2.71 99.7 2.12
4 M 1.11 446.6 433.4 4.9 46.08 1.61 74.2 1.26
5F 1.03 420.0 409.2 15.0 39.06 2.76 107.8 2.27
X 422.3 425.6 4063 236 939 1.88
S.D. 19.0 14.2 4.83 0.65 17.5 0.55
Cpmax  !max AUCe AUCex Tsys Tabs ka Ty tis terminal [
(ng/ml) (h) (ng/mlh) (%) (h) (h) (1/h) (h) (h) (%)
Oral administration
3M 355.7 0.5 1154.3 25.7 3.74 1,03 09709 001 2.69 30.3
4 M 308.2 1.0 876.0 7.2 2.22 0.61 1.63%93 0.00 112 22.4
5F 285.1 1.0 1100.6 19.2 3.19 0.53 1.8868 0.21 1.75 27.7
X 316.3 1043.6 3.05 0.72 1.4990 0.07 1.85 26.8
S.D. 36.0 147.6 0.77 0.26 0.4737 0.12 0.79 4.0
Range 0.5—1.0
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to three beagle dogs to estimate the absolute bioavailability of pirlindole (26.8
+ 4.0%). The plasma levels after single oral dosing were characterized by the
absorption constant 2, = 1.5 + 0.5 h™", Cpmax = 316.3 + 36.0 ng/ml, tmax =
0.5—1.0 h, AUC,, = 1043 t 148 ng/ml h™', and the terminal half-life -of
elimination, t, = 1.85 + 0.79 h. Total plasma clearance (Cliot = 40.7 + 4.8 1/h)
and steady-state volume of distribution (Vg = 93.9 £ 17.5 1) were estimated
from the corresponding intravenous data (Fig. 3 and Table III).
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DETERMINATION OF BEPRIDIL IN BIOLOGICAL FLUIDS BY
HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY

KUNG-TAT NG*, JANET A. PLUTTE and LEONARD J. GALANTE
McNeil Pharmaceutical, Spring House, PA 19477 (U.S.A.)

(Received January 27th, 1984)

SUMMARY

A rapid, selective and sensitive assay has been developed for the determination of the
anti-anginal drug, bepridil, in biological samples. The lowest concentration of bepridil which
can be measured accurately and precisely in a 2-ml plasma or urine sample is 10 ng/ml.
The standard curve is linear in the concentration range 10—2000 ng/ml. Accuracy and
precision of the assay, expressed as relative deviation and coefficient of variation (inter-run)
are < 6.5% at all concentrations in the linear range. No interfering peaks are observed. Using
an automatic injector and a laboratory computer system, 48 samples are analyzed routinely
in an 8-h day.

INTRODUCTION

Bepridil hydrochloride, 8-[(2-methylpropoxy)methyl]-N-phenyl-N-(phenyl-
methyl)-1-pyrrolidineethanamine monohydrochloride monohydrate, is a new
cardiovascular drug currently undergoing clinical evaluation for the treatment
of angina pectoris. Its anti-anginal and anti-arrhythmic properties have been
demonstrated in animal studies [1—7] and in clinical studies [8, 9].

Recently a gas chromatographic (GC) assay for bepridil was reported [10]
which uses nitrogen-specific detection. This GC assay has a detection limit of
5 ng/ml using 2—3 ml of plasma. However, some clinical plasma samples may
require reanalysis with adjusted amounts of added internal standard because
they fall outside the anticipated concentration range. A gas chromatographic—
mass spectrometric (GC—MS) assay for the determination of both stable-
isotope-labelled and unlabelled bepridil in human plasma was also reported
[11]. Accuracy and precision for the GC—MS assay were only 30% at 20 ng/ml
or below.

In the present paper, a new high-performance liquid chromatographic

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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Fig. 1. Chemical structures of bepridil (Bp) and the morpholine analogue of bepridil (MBp).

(HPLC) assay for the determination of bepridil in biological fluids is described.
The detection limit is 10 ng/ml. The standard curve is linear between 10 and
2000 ng/ml. The method is highly reproducible (inter-run coefficient of varia-
tion < 6.5%) and accurate (relative deviation < 3%). The assay has been
automated to analyze 48 or more samples during an 8-h working day.

EXPERIMENTAL

Reagents

Hexane and methanol were of HPLC grade (Fisher Scientific, Fair Lawn, NJ,
U.S.A)). Ammonium hydroxide (58%) and orthophosphoric acid (85%) were of
ACS grade (Mallinckrodt, Paris, KY, U.S.A.). Monobasic potassium phosphate
and dibasic sodium phosphate used in the preparation of the pH 7.4 buffer
were of certified ACS grade (Fisher Scientific, Fair Lawn, NdJ, U.S.A.). The
10% triethylamine (TEA) solution used for the mobile phase was prepared by
diluting 100 ml of 99% TEA (Eastman Kodak, Rochester, NY, U.S.A.)to 11
with distilled water followed by titration to pH 3.3 with orthophosphoric acid
(85%).

A morpholine analogue of bepridil (Fig. 1, MBp) was used as the internal
standard. Bepridil (Fig. 1, Bp) was obtained as the hydrochloride salt (McNeil
Pharmaceutical, Spring House, PA, U.S.A.).

Liquid chromatography

The HPLC system consisted of a Beckman Model 112 solvent delivery
system and a Beckman Model 160 UV absorbance detector equipped with a
254-nm wavelength filter. The column was 10 cm X 4.6 mm I.D. packed with
5-um RP-18, Spheri-5 sorbent (Brownlee Labs., Santa Clara, CA, U.S.A.). A
3 cm X 4.6 mm [.D. 10-um RP-18 guard column from Brownlee Labs. was also
used. The mobile phase was methanol—water—10% TEA solution (68:22:10,
v/v). The mobile phase was prepared fresh daily and filtered through a 0.45-um
Millipore® filter (Millipore, Bedford, MA, U.S.A.). The column was
conditioned with approximately 30 ml of the mobile phase prior to use. After
conditioning the column, the flow-rate was maintained at 2.0 ml/min. The
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Fig. 2. Typical chromatograms from extracted human plasma samples. (A) Blank. (B)
Sample seeded with 400 ng/ml of bepridil and 800 ng/ml of the internal standard. (C) A
clinical sample obtained 2 h following a 400-mg oral dose; the bepridil concentration was

calculated to be 719 ng/ml.

retention times were 4.4 min for bepridil and 7.0 min for the internal standard
(Fig. 2). Samples were injected using a Waters Intelligent Sample Processor
(WISP-710B, Waters Assoc., Milford, MA, U.S.A.).

Equipment

Disposable screw-top bottles (volume, 14.5 ml) with polyethylene-lined
caps and 12-ml centrifuge tubes (conical bottom) were used for extraction.
Prior to use, all glassware was soaked in detergent for 2 h, rinsed thoroughly
with distilled water and heat-treated for 3 h at 270°C. Polyethylene-lined
screw caps were soaked in n-heptane for 1 h and dried at 60°C before use.

Plasma standard solutions

Plasma standards (volume, 10.0 ml) containing 10—1000 ng of bepridil per
ml of plasma were prepared as follows: 0.5 ml of a methanolic solution of
bepridil hydrochloride (conversion factor to bepridil free base = 1.149), con-
taining the appropriate amount (200—20,000 ng equivalent) of the bepridil
free base, was added to 9.5 ml of drug-free plasma.
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Extraction procedure

An aliguot of plasma or urine (1.0—2.0 ml), containing bepridil as a standard
or an unknown was placed in a 14.5-ml disposable screw-top bottle. To this
were added 2.0 ml of pH 7.4 phosphate buffer, 0.4 ml of a methanolic internal
standard solution containing 1600 ng of internal standard (MBp) and 9.5 ml of
hexane. The capped bottle was shaken for 10 min on a table-top shaker (Eber-
bach) at 240 oscillations per minute and centrifuged at 1000 g for 10 min. An
8-ml aliquot of the supernatant hexane layer was pipetted into another 14.5-ml
screw-top bottle containing 4.0 ml of methanol and 0.2 ml of 0.58%
ammonium hydroxide solution. The bottle was capped, shaken and centrifuged
as before. A 7.0-ml aliquot of the supernatant hexane layer was transferred to
a 12-ml centrifuge tube and evaporated to dryness under a stream of dry
nitrogen at room temperature. The residue was reconstituted in 200 ul of the
HPLC mobile phase. This was mixed on a Vortex Genie® (Scientific
Instruments, Springfield, MA, U.S.A.) at a speed setting of 6 for 10 sec. All of
the resulting solution was transferred to a limited-volume insert tube (Waters
Assoc.) which was placed onto the sample carousel of the Waters Intelligent
Sample Processor (WISP-710B). A 100-ul aliquot of this solution was
subsequently injected into the HPLC system,

Quantitation and data handling

Standard curve data were generated by analyzing a series of plasma standards
(10—2000 ng/ml). Data were analyzed by linear-regression analysis (peak height
ratios versus plasma concentration) using the reciprocal of the variance of the
peak height ratios as the weighting factor. Concentrations of bepridil in
unknown plasma samples were determined using the calculated peak height
ratios and the linear-regression equation.

A Hewlett-Packard 3354 Lab Automation System was used for automatic
data acquisition, temporary data storage, data analysis and report generation.
Calibration functions, calculated bepridil concentrations and final reports were
generated using internally developed application software.
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Fig. 3. Bepridil plasma concentration versus time following oral administration of a single
400-mg dose of bepridil hydrochloride to a fasted healthy human volunteer.
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RESULTS AND DISCUSSION

Sensitivity

Bepridil and the internal standard (MBp) absorb ultraviolet strongly at 254
nm in the acidic mobile phase (for bepridil €54 nm = 12,500). When 1 ng of
bepridil was injected into the liquid chromatograph under the above
conditions, a peak with a signal-to-noise ratio of 33 was obtained. The lowest
concentration of bepridil that has been determined quantitatively in 2-ml
plasma/urine samples is 10 ng/ml (relative standard deviation < 6.5% for
precision). This detection limit is adequate for therapeutic drug monitoring
since the average plasma concentration of bepridil at 72 h following oral
administration of a single therapeutic dose (400 mg) is approximately 15 ng/ml

(Fig. 3).

Stability

Freshly prepared plasma/urine standard solutions were compared to
plasma/urine standard solutions frozen at —5°C for one month. The variations
in peak height ratios at each drug concentration between 10 and 2000 ng/ml
were insignificant. Furthermore, bepridil and the internal standard were found
to be stable in dried plasma/urine extract or in mobile phase at room tempera-
ture overnight. Therefore, injection of samples can be performed on the day
following extraction without observable changes in peak height ratios.

Recovery

Recovery of bepridil from plasma/urine was calculated by comparing the
slope of the detector response curve to that of the standard curve (peak height
for internal standard normalized to 1.0). This ratio was found to be 51.6
0.2%. After correction for volume losses, the intrinsic extraction efficiency for
bepridil from plasma/urine was determined to be 66.3 * 0.3%. The extraction
efficiency for the internal standard (at 800 ng/ml) was 54.2 + 2.6% (mean *
S.D. from twelve determinations).

Selectivity
The selectivityof the assay is shown in Fig. 2. No interfering peaks due to

endogenous materials or metabolites of bepridil were observed in plasma/urine
samples from various studies involving mouse, rat, rabbit, dog, monkey and
man. The extraction procedure is highly selective for bepridil. An experiment
was conducted in which plasma samples from eight rats were pooled. These
samples were obtained 3 h following oral administration of a 100 mg/kg dose
of [*C]bepridil. Samples from this pool were assayed for total radioactivity
and extracted using the present procedure,

Total radioactivity and unchanged bepridil content in the resultant plasma
extracts were determined. The results, when expressed as percentages of the
total radioactivity in the samples before extraction, were 5.1 + 0.2% and 3.2 +
0.2%, respectively (six determinations each). Because the extraction efficiency
for bepridil from plasma is 66%, it can be calculated that the overall extraction
efficiency for bepridil metabolites is only 2.0 + 0.2%. The 33-fold difference in
selectivity is attributed to the hexane—methanol partitioning step.
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TABLE I

SUMMARY OF STANDARD CURVE DATA GENERATED ON THREE CONSECUTIVE
DAYS OF ANALYSIS OF BEPRIDIL IN PLASMA (n = 6)

Actual Calculated Standard Precision Accuracy
concentration concentration® deviation (%) (%)
(ng/ml) (ng/ml) (ng/ml)
10 10.0 0.2 2.4 0.0
25 25.0 1.3 5.2 0.0
50 49.1 3.1 6.3 —1.8
100 101.2 5.2 5.1 1.2
200 204 .4 11.2 5.5 2.2
400 396.2 7.9 2.0 —-1.0
600 611.0 27.5 4.5 1.8
800 793.3 30.9 3.9 —0.8
1000 1025.9 43.1 4.2 2.6

*Calculated from the equation: [Bepridil] = (peak h‘;’gshg ralt(l)o—a—— 0.004) where 2.35 « 1073
and 0.004 are the slope and intercept of the regression equation, respectively. The regression
equation was obtained by method of least squares with data weighted by 1/variance.

Standard curve

Standard curve data generated by analyzing plasma standard solutions are
presented in Table I. Linear-regression analysis (peak height ratios versus
bepridil plasma concentrations) using reciprocals of variance as weighting
factors gave a slope of 2.35+107° = 0.01 - 1073 (mean *+ S.D.), a y-inter-
cept of 0.004 = 0.003 and a correlation coefficient of 0.999 with a Student’s
tof 171.

Similar standard curve data have also been generated for spiked urine
samples. Excellent accuracy and precision were obtained. For smaller sample
volumes, assay sensitivity was reduced proportionally. Using 1-ml plasma
samples, the standard curve was found to be linear between 20 and 4000 ng/ml.

TABLE II

DATA SUMMARY OF SEEDED CONTROL SAMPLES TO ILLUSTRATE THE
LONG-TERM STABILITY IN INTER-RUN ASSAY PRECISION (n = 36)

Actual bepridil Calculated bepridil  Inter-run assay

concentration concentration* precision**
(ng/ml) (ng/ml) (%)
100 98.8 6.4
400 394 .4 5.6
800 805.4 5.3

*Mean of 36 values derived from 18 daily calibration curves.
**Relative standard deviation.
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Accuracy and precision

Accuracy and precision of the assay were measured by the relative difference
between the mean experimental bepridil concentration and the theoretical
value, and the relative standard deviation, respectively (Table I). Duplicate
frozen seeded control samples at three different concentrations were blind-
coded and analyzed with plasma samples from each clinical study. The data for
one such study are presented in Table II (inter-run precision < 7% at all three
concentrations over a period of one month).

Application of the procedure to plasma samples

To date, the procedure has been employed successfully in analyzing over
5000 biological samples from mouse, rat, rabbit, dog, monkey and man. Fig. 3
shows a typical plasma concentration versus time profile from a subject
following oral administration of a single 400-mg capsule dose of bepridil
hydrochloride. Serial blood samples were drawn up to 72 h after dosing. The
13 ng/ml plasma concentration observed at the final time point is above the
detection limit of the assay (10 ng/ml).
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Methylamino acids such as 3-methylhistidine (3-MeHis), N*-monomethyllysine
(MML), N¢ N¢-dimethyllysine (DML), N¢ N¢,N¢-trimethyllysine (TML), NG NG.
dimethylarginine (NY,NY.DMA) and NO N'CG.dimethylarginine (NG N'CG.
DMA) are normal constituents of human urine [1]. These are also the
constituents of several tissue proteins of various organs [2]. Specific sites of
histidine, lysine and arginine residues of the proteins are methylated after
protein synthesis. The methylated amino acids are released upon protein
degradation and excreted into urine without being reutilized for protein
synthesis [3]. Muscle and connective tissue proteins constitute the
predominant proportions of the structural proteins of the animal body.
Connective tissue proteins are not methylated. Of muscle proteins, actin
contains 3-MeHis residue [4], and myosin contains 3-MeHis, DML, TML and
NG,NG-DMA residues [5]. 3-MeHis in urine originates only from these two
proteins [2, 6, 7] and large amounts of DML, TML and NG,NG-DMA in urine
originate from muscle proteins.

Any gross change in the amounts or turnover rates of the muscle proteins
may therefore be reflected in a change in the amounts of methylamino acids
in urine in the presence of pathological changes of muscle tissue. Accurate
determination of the concentrations of methylated amino acids in biological
samples is essential because their concentrations in some instances are very low,
but no specific assay has been reported. Methylated amino acids have been
determined mostly by ion-exchange chromatography and a number of methods
have been published specifically for their analysis {2, 8—12]. Recently we devel-
oped a method for the isolation of 3-MeHis from biological specimens and its
characterization by glass capillary gas chromatography (GC) [13].

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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This present report describes a method for the derivatization and detection
of N&.MMA, N NG.DMA, NC N'G.DMA, MML, DML and TML using a glass
capillary GC technique and gas chromatography—mass spectrometry (GC—MS).

EXPERIMENTAL

Materials

NG-Monomethyl-L-ar inine (NG-MMA) [di-(p-hydroxyazobenzene-p'-
sulphonate)], NG,N -dimethyl-L-arginine [di-(p-hydroxyazobenzene-p’'-
sulphonate)], NG,N C"'-dimethyl-L-arginine [di-(p-hydroxyazobenzene-p’-
sulphonate)], N-e-methyl-L-lysine - HCl and N-e-trimethyl-L-lysine, bis(p-
hydroxyazobenzene-p'-sulphonate) were obtained from Calbiochem-Behring
(La Jolla, CA, U.S.A.). N-e-Dimethyl-L-lysine - HC]l was synthesized according
to the method described by Benoiton [14]. The arginine and lysine bis(p-
hydroxyazobenzene-p'-sulphonate) were converted to the free base form after
esterification, as reported below, and MML and DML crystallized as
hydrochlorides were used as such.

Derivatization

The preparation of methylarginine and methyllysine derivatives is a two-step
process, initially requiring esterification of the carboxyl groups. As
esterification agent, the mixture of dry acetyl chloride 5% in n-propanol was
chosen; 5 ml of the esterification mixture were added to 0.2 umol of MML,
DML and 25 mg of TML, N®-MMA, N® NC.DMA and N® N'G.DMA. Each vial
was sealed, mixed and left to react overnight at 90°C. Samples were evaporated
to dryness under vacuum, then MML and DML were N-acylated with 250 ul of
trifluoroacetic anhydride and 750 ul of ethyl acetate in sealed vials at 110°C
for 30 min.

In order to remove p-hydroxyazobenzene-p'-sulphonic acid, NG-MMA,
NG,NG-DMA, NG,N'G-DMA and TML propyl ester, each dissolved in 0.2 ml of
n-propanol were passed through a column (7 X 1 cm) of silica gel 60 extra
pure (70-—230 mesh ASTM) (E. Merck, Darmstadt, F.R.G.) packed with
chloroform and equilibrated with 20 ml of a mixture of n-propanol—acetic
acid— water (4:1:1). The column was eluted with 25 ml of the equilibration
mixture; the first 15 m!l of intensely yellow effluent, containing p-hydroxy-
azobenzene-p’-sulphonic acid, were discarded and the next 10 ml of effluent
were evaporated to dryness under nitrogen. TML, NG-MMA, NG,NG-DMA and
NG,N GpMA propyl ester in amounts of 0.2 umol each were subsequently
trifluoroacetylated as previously described. The completeness of the derivatiza-
tion steps was checked by thin-layer chromatography. After evaporation, the
residue was dissolved in 1 mi of ethyl acetate to give a final concentration of
0.2 mM of each amino acid; 1 ul was sufficient for analysis (0.2 nmol).

Apparatus and instrumental conditions

NCG.MMA, NG NC.DMA, NG N'G.DMA, MML, DML and TML derivatives give
sharp, symmetrical peaks on common stationary phases such as pretested
QF-1, SE-30,0V-1,0V-17 and OV-101 (Applied Science Labs., State College,
PA, U.S.A)) in packed columns, but when biological samples are analysed,
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resolution is not as good as that of the standard pool because of interfering
peaks. For this reason glass capillary columns were chosen.

A high-resolution dedicated gas chromatograph 3900-B (Dani, Monza, Italy)
equipped with. a flame ionization detector was used. The glass capillary column
(20 m X 0.85 mm O.D., 0.30 mm I.D., Duran 50) was prepared according to
the barium carbonate procedure described by Grob et al. [15] and given a
0.15-um thick Pluronic F-68 coat using the static procedure. The split injection
mode was used. Temperatures were as follows: oven programmed from 60 to
200°C, detector 280°C, injector 300°C. Carrier gas was hydrogen (oxygen-free)
with a flowrate of 0.7 ml/min. Splitter flow was 15 ml/min. The chromato-
graph was equipped with an Infotronic CR S-124 digital integrator for deter-
mination of peak areas for quantitative work. For quantitative studies, internal
standardization with 1,2,4,5-tetramethylbenzene (TMB) (B.D.H., Poole, U.K.)
dissolved in ethyl acetate (0.2 mM) was used.

RESULTS AND DISCUSSION

A typical gas chromatogram of synthetic NG.MMA, NG NG.DMA, NG N'G.
DMA, MML, DML and TML derivatives is illustrated in Fig. 1. The separation is
quite good and preliminary experiments using the isolation procedure of
Kakimoto and Azakawa [1] from rat and human urine and the derivatization
procedure described for synthetic substances indicated there were no inter-
fering peaks in these biological samples (Fig. 2).

Briefly the isolation procedure was carried out as follows: an amount of
urine containing 10 mg of creatinine was passed through a column (0.9 X 5 cm)

NGN-CDMa ’—
N TML

Lvs NG, N7 oma

NO MMa

MML ARG T™EB

DML

MLLW@%’MU&

150 —¥ T T T y
220 200 150 100 70

@
[=]
2 {o————— INJECT

°C

Fig. 1. Typical chromatogram of synthetic methylated basic amino acid derivatives. A Duran
50 glass capillary column (20 m X 0.85 mm 0O.D., 0.30 mm 1.D.) was used with a 0.15-um
thick Pluronic F-68 coat. The split injection mode was used. Injector temperature was
220°C. Flame ionization detector was set to 250°C. Oven temperature programme: 60°C
for 5 min, raised at 5°C/min to 220°C, held constant for 5 min.
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Fig. 2. Typical chromatogram obtained from the assay of urinary human methylated basic
amino acids measured in umol/g creatinine. N¥TML = 55, NG NG-DMA = 49. GLC condi-
tions for separation as in Fig. 1.

of AG 50 W X 4 resin, H* form, 100—200 mesh (Bio-Rad Labs., Richmond,
CA, U.S.A)). The column was washed with 20 ml each of water and 1 M
pyridine, and the adsorbed basic amino acids were eluted with 20 ml of 3 M
ammonium hydroxide. The eluate was evaporated to dryness under vacuum.
The residue was dissolved in 2 ml of water and the solution was passed through
a column (0.9 X 5 cm) of Bio-Rex 70 resin NH; form, 100—200 mesh
(Bio-Rad Labs.). The resin was washed with 20 ml of water, and the retained
amino acids were eluted with 20 ml of 2 M ammonium hydroxide. The eluate
was evaporated to dryness under vacuum and the residue was submitted to the
derivatization procedure described for synthetic substances.

Recovery of these methylated basic amino acids added to human and rat
urine in amounts of 100 ug each was always 90—95% (S.D. = 3%). The limit of
sensitivity of the method was 2.0 nmol/ml. The reproducibility was determined
by repeated analyses of the synthetic mixture of the six methylated basic
amino acids. The intra-assay coefficient of variation, calculated from ten chro-
matograms in sequence, was 0.10% . The inter-assay coefficient of variation
(n = 10) was 0.15%. For each of the methylated basic amino acids the sample
concentration injected was plotted against the ratio between the area of each
amino acid and that of the internal standard. With concentrations up to 10
pmol/ml of each amino acid a linear relation (regression coefficient = 0.99)
was found. The identity of GC peaks of the methylated basic amino acids
tested was elucidated by GC—MS (Figs. 3—5).

With the exception of TML, all the derivatives tested gave fragmentation
patterns consistent with the structure of propyltrifluoroacetyl derivatives
(mass spectra of methylarginines are unreported because quite expected).
Figs. 3 and 4 show the mass spectra of MML and DML. Both show a very
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Fig. 4. Mass spectrum of DML. GLC—MS conditions and fragment ions as given in text.

intense peak at m/z 180 and the molecular ions are m/z 394 and 312,
respectively. The mass spectrum of TML is shown in Fig. 5. The spectrum
consists chiefly of one very intense peak at m/z 180, common to all the
methyllysine derivatives tested. The molecular ion at m/z 267 is an artefact
probably resulting from the extremely easy thermal degradation of TML;
in fact the molecular weight of the TML derivative is 327. At the bottom
of Fig. 5, the mass spectrum analysed by direct inlet system MS shows the
molecular ion at m/z 312, indicating thermal degradation of the TML deriva-
tive. For this reason, gas—liquid chromatography (GLC) of the TML derivative
gives no warranty of reproducible results and further studies are required to
quantify the thermal phenomenon. In order to make easier quantitative GLC
determination of those methylated basic amino acids at present available as
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Fig. 5. Mass spectrum of TML. GLC—MS conditions and fragment ions as given in text.
At the bottom mass spectrum analysed by direct inlet system MS,

di-(p-hydroxyazobenzene-p'-sulphonate) salts, we are preparing them according
to the methods of Benoiton [14] and Kakimoto and Azakawa {1].

The present method could be useful for the quantitative determination of
methylated basic amino acids in human urine in conditions involving
pathological changes of muscle tissue.
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Since the discovery of y-aminobutyric acid (GABA) in the nervous system,
various methods for its quantitation have been developed [1—11]. Most of them,
however, display low sensitivity [2—4], require expensive equipment [5—9]
or are difficult to handle [10, 11].

The introduction of high-performance liquid chromatography (HPLC)
represented a considerable improvement in analytical techniques and it has
been used for the determination of a great number of compounds. HPLC
has also been applied to the measurement of amino acids [12, 13], and some
HPLC methods for GABA determination have recently been reported [14—16].
The purpose of the present work is to describe a new rapid method for GABA
analysis in physiological samples using a simple reversed-phase HPLC procedure
with o-phthalaldehyde (OPA) pre-column derivatization,

MATERIALS AND METHODS

Chromatographic equipment

A Beckman HPLC apparatus Model 344 was used. The chromatographic
system included a controller Model 421 CRT, a pump Model 112, an injection
valve Model 340 with a 20-ul loop, and a data processor/recorder Chromatopac
C-R1B (Shimadzu) for peak integration. Analyses were performed on a 150 X
4.6 mm LD. column, pre-packed with 5-um Ultrasphere-ODS (Beckman). The
detector consisted of 2 Gilson Spectra/Glo fluorometer with a 15-u] micro-
flow cell, a quartz-halogen lamp, and the combination of 360-nm excitation
with 455-nm emission filters. The sensitivity dial of the fluorometer was
usually set at 100 range units.

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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A Beckman 121/MB automatic amino acid analyser was used for free GABA
determination.

Reagents

The following chemicals were purchased: amino acid standard solution from
Beckman; GABA from Sigma (St. Louis, MO, U.S.A.); methanol (HPLC grade),
concentrated hydrochloric acid and 2-ethanethiol from Scharlau (Barcelona,
Spain); acetic and boric acids from E. Merck (Darmstadt, F.R.G.); and OPA
from Fluka (Buchs, Switzerland). Distilled, deionized water was used, further
purified by passage through a filter for adsorption of organic substances
(Norganic, Millipore) and a 0.4-um Millipore filter.

Chromatographic conditions

Optimum chromatographic conditions were as follows: isocratic solvent of
water—methanol (20:80) with a flow-rate of 1.0 ml/min. All analyses were
performed at room temperature (22—25°C).

Esterification of GABA and amino acid standard mixture

To obtain the corresponding methyl ester derivatives, an amino acid standard
mixture solution containing eighteen a-amino acids (2.5 mM) and the GABA
solution (1.7 mM), were diluted (X 100, by vol.) with absolute methanol
containing hydrochloric acid at a final concentration of 0.1 M. The esterifica-
tion reaction was maintained overnight at room temperature.

Saponification of the GABA methyl ester derivative

The saponification reaction of GABA methyl ester was obtained by diluting
an aliquot of the esterified sample five times with 0.2 M sodium hydroxide and
heating the resultant solution at 60° C overnight in a sealed tube. For quantita-
tion of free GABA, the sample was acidified by adding concentrated hydro-
chloric acid immediately before analysis.

Tissue GABA extraction and esterification

Sprague—Dawley female rats were killed by decapitation and their brains and
oviducts were rapidly dissected and frozen in liquid nitrogen. Tissues were then
weighed and resuspended in 25 vols. (w/v) of a solution of absolute methanol
containing 0.1 M hydrochloric acid, and ground with a glass homogenizer. The
tissue GABA extraction and the esterification reaction were left overnight at
room temperature. Samples were centrifuged at 5000 g for 10 min and the
clear supernatant was used for analysis.

Derivatization procedure

The method used is essentially that of Hill et al. [17] with minor modifica-
tions. Two hundred microlitres of sample were mixed with 50 ul of 0.5 M
potassium borate buffer (pH 10.5); 50 ul of methanol and 100 ul of 2-ethane-
thiol solution (10 ul/ml in absolute methanol) were then added to this mixture.
The amino acid derivatization was initiated by adding 100 ul of OPA solution
(10 mg/ml in methanol) and the reaction was acidified 1 min later with 100 ul
of acetic acid (5% in methanol) in order to lower the pH to 5—6. Then 20 pl of
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the final solution were injected into the chromatographic system. The 2-ethane-
thiol and OPA solutions were kept in light-protected tubes and prepared
weekly.

RESULTS

The carboxyl group of GABA was esterified as described in Materials and
methods and the progress of the reaction was monitored at different times by
measuring the remaining unmethylated GABA. Determinations were performed
with an automatic amino acid analyser until the non-reacting GABA was
below the detection limit (= 100 pmol.). Fig. 1 shows the gradual decline in the
reaction mixture of free (unmethylated) GABA with time. Conversion to the
methyl derivative is complete after 4 h. Recovery of the free form of GABA
following saponification with sodium hydroxide ranged between 98 and
100%, demonstrating that the amino acid had previously been totally converted
to the methyl ester form.

When the GABA methyl ester was combined with OPA, it produced a
fluorescent compound which, in our optimum chromatographic conditions,
eluted in a well defined peak within a short time (4.9 + 0.12 min), as shown
in Fig. 2A.

In order to ascertain the resolution of GABA from a-amino acids, a mixture
of eighteen a-amino acid methyl esters was added to the GABA standard. Fig.
2A depicts a typical chromatogram obtained. It can be seen that the a-amino
acid mixture eluted in a broad peak well ahead of GABA. Moreover, the methyl
ester of two 8-amino acids (8-alanine and $-aminoisobutyric acid), which might
be present in physiological samples, also eluted far away from the a-amino
acids and were well separated from the GABA peak (Fig. 2B).

Flow-rates higher than 1.0 ml/min and a methanol content greater than 80%
shortened the analysis time but diminished the resolution of the GABA peak.
The converse conditions improved the resolution, but a longer analysis time
was required. The optimum derivatization reaction time was 1 min. A shorter
reaction time diminished the fluorescence response but longer periods, up to
10 min, did not improve it.

The fluorescence response of GABA was examined in the 1—100 pmol range.

1004

% free GABA

501

o] T T
1 2 3 Hours 4

Fig. 1. Declining concentration of free GABA with increasing esterification time, Each point,
represented as a percentage of the initial amount (100%), is the mean of two determinations.
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Fig. 2. Arrows indicate the GABA methyl ester peaks in four different situations: (A) in a
mixture of eighteen o-amino acids; (B) as in A with g-alanine (peak ahead of GABA) and
g-aminoisobutyric acid (peak siower than GABA) included; (C) in a chromatogram of brain
extract representing 13.3 pg of tissue; (D) in a chromatogram of oviduct extract representing
6.6 ug of tissue. In all cases the recorder attenuation was set at 2°.

Fig. 3. Typical chromatogram showing the analysis of 1 pmol of GABA (arrow). Recorder
attenuation was set at 2!,

The analysis of 1 pmol gave peak heights with a signal-to-noise ratio higher than
2 (Fig. 3), demonstrating the high sensitivity of this method. The regression
line between GABA amount and fluorescence response was calculated with
data obtained from assays performed on three different days, and was linear
over the concentration range studied (r = 0.99, P < 0.05).

Tissue GABA determination
Brains and oviducts of five female rats were processed as described in
Materials and methods and the free GABA content in pellets (non-extracted),



143

supernatants (non-esterified GABA), and in saponified supernatants (extracted
and esterified GABA) was measured with the aid of an amino acid analyser. In
addition, GABA from five other animals was extracted and measured as
previously described [4]. Brain and oviduct GABA values were considered to
be the total GABA content in these tissues.

TABLE I

FREE GABA CONTENT IN TOTAL, PELLET, SUPERNATANT AND SAPONIFIED
SUPERNATANT OF RAT BRAIN AND OVIDUCT

Data are expressed as mean * S.D. and percentage of the total amount.

Total Pellet Supernatant Saponified supernatant

umol/g % umol/g % umol/g % umol/g %

Brain 2.01+0.19 100 <0.032 <1.6 <0.095 <4.7 1.96:+0.15 97.5
Oviduct 4.65:0.31 100 <0.087 <138 <0.024 <4.4 4.45:0.32 95.7

Table I shows the free GABA content found in pellet, supernatant, and
saponified supernatant, expressed in umol/g original tissue and also as a
percentage of total GABA. It can be seen that the non-extracted and non-
esterified GABA are less than 2% and 5%, respectively, and that the GABA
ester obtained in the supernatant, measured as free GABA after saponification,
is 95—98% of the total GABA.

The GABA derivative was further analysed with the HPLC method. Fig. 2C
and D shows typical chromatograms obtained from samples of both structures,
brain and oviduct. The GABA peak was well resolved and the coefficients of
variation obtained from the five samples analysed were 2.2% and 4.0%, respec-
tively, for brain and oviduct.

The accuracy of the described method was assessed by comparing GABA
values obtained from brain and oviduct with those measured by the amino acid
analyser. The results obtained by these techniques differed by less than 5%.

DISCUSSION

Various methods have been developed [1—11] for the quantification of
GABA since its discovery in the nervous system more than 30 years ago [18,
19]. Recently, GABA—OPA [12, 13], dansyl-GABA [14, 15] and trinitro-
benzene sulphonic acid—GABA derivatives [16] have been measured by HPLC.
The present study describes a new HPLC method for GABA determination
which quantifies its methyl ester after derivatization with OPA.

Although our method is based on obtaining the methyl ester of the amino
acid, the derivative is actually formed during the tissue extraction step; hence
there is no complicated handling procedure and this is one of several advantages
over other OPA methods. The mobile phase needed is less harmful to the
stationary phase than that of Lindroth and Mopper [12], Jones et al. [13] or
Caudill et al. [16], thus increasing the life of the chromatographic system. The
run time is quite short (less than 7 min) and the sensitivity (less than 1 pmol)
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is satisfactory. The method has adequate precision (coefficient of variation =
4%), and, because of the isocratic procedure, the equipment needed is relatively
inexpensive. Dansyl derivative methods [14, 15] also offer all of these
advantages but the preparation of the sample is difficult and time-consuming,
and the recovery of the derivative is relatively low, e.g. 87% [14]. Finally, the
method described by Caudill et al. [16] is suitable, although the retention time
of GABA is almost three times longer than in the present method.

Although it is not known why the 8- and y-amino acid methyl esters elute
later than the a-amino acids, it may be hypothesized that the absence of polar
lateral chains in §- and y-amino acids, the blocked carboxyl group and their
capability to adopt a more extended conformation after derivatization than the
a-amino acids, make them more hydrophobic [12] thus allowing greater inter-
action with the stationary phase and subsequently increasing retention times.

Measurements of GABA levels in human cerebrospinal fluid may be helpful
for diagnosis and therapy of brain disorders, thus the reported method provides
with a rapid, sensitive, selective and relatively inexpensive assay for this
purpose.
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5-Hydroxytryptamine (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) are
related as neuroregulators to physiological function (sleep regulation and sexual
behaviour) [1, 2]. Tryptophan regulates 5-HT synthesis in the brain through a
rate-limiting enzyme, tryptophan hydroxylase [3—7]. Tryptophan is known to
be photosensitive [8—13]. We demonstrated that tryptophan promotes the
photodecomposition of bilirubin in the presence of riboflavin [14]. Rubaltelli
et al. [15] and Antoni et al. [16] also demonstrated that the urinary excretion
of tryptophan metabolites of the kynurenic pathway decreased in hyper-
bilirubinaemic infants treated with phototherapy.

Recently several methods have been reported for the simultaneous
separation of tryptophan, 5-HT and 5-HIAA in brain [17—24], cerebrospinal
fluid [23], serum [19, 23, 25, 26] and lung tissue [20]. Some reports have
described an analysis for tryptophan metabolites in urine [27—33]. We propose
a method for the simultaneous quantitative assessment of tryptophan, 5-HT
and 5-HIAA in urine. We measured urinary tryptophan and its metabolites in
hyperbilirubinaemic infants treated with phototherapy.

EXPERIMENTAL
Reagents
The reagents used were all of the highest purity. L-Tryptophan and

5-hydroxytryptamine were purchased from Wako (Tokyo, Japan), 5-hydroxy-
indoleacetic acid was from Aldrich and 5-hydroxytryptophan (5-HTRP)

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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from Sigma (St. Louis, MO, U.S.A.). Disodium hydrogen phosphate, potassium
dihydrogen phosphate, acetic acid, sodium acetate, sodium sulphate and
anhydrous methyl alcohol were obtained from Wako. A creatinine kit was
purchased from Daiichi Chemical Co. (Tokyo, Japan).

Apparatus

Chromatography was performed with a Hitachi 635 S pump, and
fluorescence detection was accomplished using a Hitachi 650-60 fluorescence
spectrophotometer with an 18-yl flow cell (excitation 285 nm, emission 340
nm). Monitor outputs were recorded on a Hitachi 050 recorder. The column
was a stainless-steel Unicil C;5 (25 cm X 4 mm I.D., 10 um particle size) ob-
tained from Gaskuro (Tokyo, Japan). Sample injections were made with a
100-ul Hamilton syringe.

Chromatographic conditions

Stock solution consisted of 4.8 g of acetic acid, 1.64 g of sodium acetate
and 28 g of sodium sulphate in 1000 ml of distilled water. The low concentra-
tion eluent (solvent 1) was made by diluting the stock solution with distilled
water (1:1, v/v). The high concentration eluent (solvent 2) was a mixture of
stock solution—water—anhydrous methyl alcohol (4:3:1, v/v). The column was
equilibrated to solvent 1 for at least 10 min before injection. Solvent 1 flowed
for just 10 min after sample injection and was followed by solvent 2 for 20
min. The flow-rate was 1.0 ml/min.

The column was stored in 50% methyl alcohol when not in use.

Sample preparation

Standard solutions of each compound were prepared by dissolving the
respective compounds in 0.2 M phosphate buffer pH 5.6. Urine samples from
fourteen hyperbilirubinaemic infants treated with phototherapy were collected
before treatment, after 48 h of phototherapy and 24 h after the treatment was
brought to an end. The urine was stored at —18°C. Samples were centrifuged at
300 g for 10 min and filtered through a Millipore membrane, pore size 0.45 um
(Millipore, Bedford, MA, U.S.A.); 20 ul of each sample were injected on the
column. These procedures were performed in dimmed light. The concentration
of each compound in urine was determined by its peak height and expressed in
umol/g of creatinine.

Photoirradiation in vitro

Urine was put in a petri dish with 10 ug/ml riboflavin, and was illuminated
under a blue white light (intensity 3 mW/cm?/sec, FL. 20BW-NU, National Co.,
Osaka, Japan), which cuts off ultraviolet rays.

Identification of peaks

Initial identification of the peaks of interest was based on retention time and
co-chromatography with the reference compounds. The peaks of samples were
compared with stopped-flow spectra of the reference compounds.
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RESULTS

The separation of a test mixture of tryptophan, 5-HT and 5-HIAA by two-
step gradient with low and high eluents is shown in Fig. 1a. Analysis of these
compounds was complete about 30 min after injection.

The reproducibilities of the peak heights were 5.2% (tryptophan), 5.1%
(5-HT) and 3.4% (5-HIAA) as shown in Table I. The system was routine tested
with a standard mixture before analysis of the samples. Retention times of all
compounds showed daily variations of up to 1.0%.

Detection by fluorescence was found to be sensitive at excitation 285 nm
and emission 340 nm for these substances. Standard curves of peak height
versus amount injected were linear in the range of at least 15—300 pmol for
tryptophan, 3-—75 pmol for 5-HT and 25—750 pmol for 5-HIAA.

Chromatograms of urine of the newborn infants are shown in Fig. 1b.
Tryptophan, 5-HT and 5-HIAA were all detected in basal urine. The peak of
5-HTRP overlapped an unknown peak. The identification of the compounds
was performed by spiking the urine samples with the standards. The stopped-
flow spectra of each peak corresponded to those of the standards as shown in
Fig. 2.

Standard
SHIAA
SHT

Ex 285 nm 5-HTRP

Em 340 nm TRP

a
0 10 20 3 min

Urine

l !
b
M L

0 1] 20 30 min

Fig. 1. (a) Chromatogram illustrating the separation of reference compounds detected by
native fluorescence with an excitation wavelength of 285 nm and emission cut-off filter
of 340 nm. The amounts of 5-HTRP, 5-HT, tryptophan (TRP) and 5-HIAA are 50 pmol,
50 pmol, 200 pmol and 500 pmol, respectively. (b) Separation of the urine sample.
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TABLE 1
REPRODUCIBILITY
Peak height (mm), Retention time (min)
Mean S.D. C.V.(%) Mean S.D. C.V. (%)
5-HT 76.0 3.9 5.1 8.6 0.1 0.8
TRP* 60.2 3.1 5.2 103 0.1 0.8
5-HIAA 1465 5.6 3.8 13.2 0.1 1.0

*TRP = tryptophan.

EM. WAVELENGTH (nm)

320 360 400 3100 380 420 asn 320 360 400 440
—353
SHIAA
STANDARD
SAMPLE /\

Fig. 2. Stopped-flow spectra of the reference compounds and the urine sample.

The concentrations of urinary tryptophan, 5-HT and 5-HIAA before photo-
therapy were 43.5, 1.4 and 49.4 umol/g of creatinine, respectively. In in vitro
study, the amounts of tryptophan, 5-HT and 5-HIAA in the urine decreased
markedly by photoirradiation (Fig. 3). However, the urinary excretion of
these compounds was not influenced by phototherapy in the infants with

hyperbilirubinaemia (Table II).
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%
100
TRP
50+
SHT
+
SHIAA
0 1 2 3 n

Photoirradiation time

Fig. 3. Photodecomposition of tryptophan metabolites in vitro.

TABLE II
EFFECTS OF PHOTOTHERAPY ON TRYPTOPHAN METABOLITES IN URINE

Results are given as umol/g of creatinine (mean + S.D.).

Before therapy After 48 h of therapy 24 h after end of therapy

TRP 435+ 8.1 46.1+ 10.4 50.9 + 9.6
5-HT 1.4:0.2 14+ 03 1.5+0.3
5-HIAA 494 + 4.6 509+ 7.9 474 + 9.4
DISCUSSION

Several methods have been employed for the separation of urinary
tryptophan and its metabolites: Denkla’s method, ion-exchange [29, 32, 33],
and straight-phase {28] and reversed-phase high-performance liquid chromato-
graphy [27, 30, 31]. The method described in the present report is suitable for
analysis of very small samples with minimum quantities of tryptophan and its
metabolites. The sensitivity of the determination was found to be suitable for
the analysis of urinary tryptophan and its metabolites in neonatal urine
without tryptophan loading. This method guarantees a quantitative determina-
tion of tryptophan and its metabolites via 5-HT.

It has been shown that, in jaundiced infants treated with phototherapy,
the excretion of tryptophan metabolites of the kynurenine pathway
(kynurenine, 3-hydroxykynurenine and 3-hydroxyanthranilic acid) was lower
in comparison with untreated infants [15, 16]. When the urine of jaundiced
newborn infants was exposed to light in vitro, tryptophan and its metabolites
via 5-HT decreased significantly. However, the excretory pattern of tryptophan
metabolites via 5-HT in jaundiced newborn infants after phototherapy did not
differ from that before phototherapy.
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There is no evidence that the photoirradiation directly induces the altera-
tions in vivo. We stress the importance of defining the dose—effect relationship
in phototherapy to avoid overexposure of newborn infants.
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Diamine oxidases [diamine:oxygen oxidoreductase (deaminating), EC
1.4.36] (DAO) catalyse the oxidation by molecular oxygen of various
diamines, such as putrescine and cadaverine, to the corresponding amino-
aldehydes, hydrogen peroxide and ammonia. The aminoaldehydes are in
equilibrium with their cyclic condensation products, Al-pyrroline and A'-
piperideine, for putrescine and cadaverine, respectively (Fig. 1).

m%'@mf—’@

H,0, +NH,

Pu

m ——
N N QHO O
H, H H OZ*NH N

2 M2
Ca

Fig. 1. Scheme of DAO-catalysed oxidation of putrescine (Pu) and cadaverine (Ca).

0378-4347/84/$03.0¢ © 1984 Elsevier Science Publishers B.V.
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Since DAO activity has been considered a useful parameter in various clinical
studies [1, 2], many different assays for DAO activity have been proposed.
Methods using radioactive substrate {3, 4] achieve maximum sensitivity, but
often only simple instrumentation is available in analytical laboratories and
alternative procedures are demanded. In this connection, the potentials of high-
performance liquid chromatography (HPLC) have been recently exploited by
Pietta et al. [5]. Their method estimates hydrogen peroxide using coupled
peroxidase-catalysed oxidation of a fluorogenic compound.

Because of the criticism by Neufeld and Chayen [6] of coupled peroxidase
assays we avoided this approach. It was our aim to reach the sensitivity of the
method of Pietta et al. [5] by direct evaluation of a stable derivative of the
reaction product. For this purpose the classical method of Holmsted et al. [7]
was followed. This method is based on the treatment of Al-pyrroline with o-
aminobenzaldehyde (OAB) to give a condensation product (2,3-trimethylene-
1,2-dihydroquinazolinium ion) which is spectrophotometrically analysed.
Sakamoto and Samejina [8] modified this procedure by converting the con-
densation product to the 2,3-trimethylene-4-quinazolone (triMQ@), Fig. 2) which
can easily be estimated by gas chromatography with a higher sensitivity than
that attained by spectrophotometry.

By exploiting the still higher sensitivity of HPLC we expected to obtain at
the same time a more rapid method than that described by Sakamoto and
Samejina [8]. In order to demonstrate the suitability of the described
procedure, enzymatic activity in pea seedling extracts and bovine plasma
samples was measured.

EXPERIMENTAL

Materials

Putrescine dihydrochloride and cadaverine dihydrochloride as well as ethyl
acetate for HPLC were purchased from E. Merck (Darmstadt, F.R.G.). OAB
was prepared by reducing o-nitrobenzaldehyde [9]. A solution of Al-pyrroline
was obtained by treating y-aminobutyraldhyde diethyl acetal (Janssen, Beerse,
Belgium) with 50 mM hydrochloric acid.

DAO from pea seedlings was prepared according to the method of Hill [10]
up to Step 4, giving an enzymatic preparation with a protein content of 1.87

(o}
® ?
CHO  HN N Ny
- N cro, N
NH.
, OHC N N/
H
OAB

triMQ
@ n
CHO  H,N A ~n
> Cro,
g
NH, OHC N NF
H

OAB tetraMQ

Fig. 2. Scheme of post-enzymatic reactions used for derivatization of aminoaldehydes which
are produced by reaction of DAO with putrescine and cadaverine.
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mg/ml. Bovine plasma samples were obtained in heparinized tubes by routine
venous puncture from a normal healthy adult animal and stored frozen until
analysis.

Pure triMQ was obtained on a preparative scale from A!-pyrroline according
to the procedure described below. 2,3-Tetramethylene-4-quinazolone
(tetraMQ@, Fig. 2) was obtained in the same manner from A!-piperideine. This
was produced by reaction of pea seedling DAO with cadaverine.

Chromatographic conditions

The HPLC unit consisted of a Twincle pump, an injector and a Uvidec 100
111 ultraviolet detector (Jasco, Japan). Analyses were performed using a
LiChrosorb Si 100 column (250 X 4.6 mm, particle size 7 um) (Merck). Ethyl
acetate was used as an eluent at a flow-rate of 2 ml/min. Absorbance was
measured at 268 nm.

Post-enzymatic reaction conditions

In a set of screw-capped test tubes, samples containing 0.1 m! of 10% tri-
chloroacetic acid and 20 nmol of Al-pyrroline in 1 ml of aqueous solution were
treated with 0.1 ml of 10 mM OAB for different times at various temperatures
(room temperature, 50°C and 80°C). Then 0.5 ml of 1 M CrO, in 2 M sulphuric
acid was added and the mixtures were kept for different times at the
temperatures mentioned above. The solutions were made alkaline with 5 M
sodium hydroxide and extracted with 3 ml of diethyl ether containing 20 nmol
of tetraMQ, which served as internal standard. The organic phase was removed
and a second extraction with 3 ml of diethyl ether was performed. The com-
bined organic phases were evaporated to dryness; the residue was redissolved in
50 ul of ethyl acetate and 5-ul portions were analysed by HPLC. By comparing
ratios between peak heights of triMQ derived from A!l-pyrroline and tetraMQ,
the yield of the reaction was evaluated. Maximum yields were obtained either
at room temperature after 2-h treatment with OAB and 4-h treatment with
CrO; or by two treatments of 15 min at 80°C. These latter conditions were
used in the subsequent experiments.

Calibration curve

In 1 ml of 25 mM phosphate buffer pH 6.5, amounts of cadaverine varying
between 1 and 20 nmol were enzymatically converted to Al-piperideine by
addition of pea seedling DAO and OAB in a large excess and warming the solu-
tion at 37°C for 20 min. The reaction was stopped by the addition of 10%
trichloroacetic acid. Then 10 nmol of Al-pyrroline were added as internal
standard and the mixtures were subjected to the procedure described above
except that tetraMQ was not added before the extraction step. TetraMQ and
triMQ obtained from cadaverine by enzymatic oxidation and from
A'-pyrroline, respectively, were analysed by HPLC and the ratios between their
peak heights were calculated and plotted against the amounts of cadaverine.

DAO essay
Various aliquots (2—5 ul) of the enzyme preparation from pea seedlings or
different volumes of bovine plasma (0.2—0.5 ml) were diluted to 1 ml with
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phosphate buffer (pH 6.5 for pea seedling extracts, pH 8.0 for plasma). After
the addition of 1 umol of cadaverine and 1 umol of OAB the mixtures were
kept for 10 min at 37°C. The reaction was stopped with 10% trichloroacetic
acid and the mixtures were treated as described above. DAO activity was
calculated from the amount of tetraM@ formed by enzymatic oxidation of
cadaverine:

nmoles tetraMQ

Activity (mU/ml) =
10 (min) X sample volume (ml)

One U is defined as the amount of enzyme which catalyses the oxidation of

1 umol of substrate per min under the described conditions.

RESULTS

In Fig. 3 the HPLC profile of an enzymatic assay is shown. Under the con-
ditions described the retention times of tetraMQ@ and triMQ were 3.9 min and
6.8 min, respectively.

A linear relationship between the ratios of the peak heights (Ry) of tetraMQ
and triMQ and the amount of oxidized substrate was found in the range 1—20
nmol according to the equation

Ry, = 0.532 X oxidized cadaverine (nmol) + 0.091 (r = 0.997)

By this method tetraMQ@ could be determined in amounts at least as low as
0.2 nmol, and therefore 0.02 mU of DAO could be detected. The reproducibili-
ty of the method was determined by repeated analyses of the same DAO
preparation from pea seedlings. Enzyme activity and reproducibility were
21.5 + 0.82 mU/ml (mean + S.D., n = 5).

1
2

DL

Tt T v v
0 2 4 6 8
min

Fig. 3. HPLC profile of a sample assayed for DAO activity. Peaks: 1 = tetraM@Q; 2 = triMQ.

Five bovine plasma samples obtained from the same animal on different days
during two weeks were tested. The DAO activity was found to be between 0.92
and 1.82 mU/m] with a mean of 1.14 mU/ml.
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DISCUSSION

The reactions shown in Fig. 2, which were described by Sakamoto and
Samejina [8], were shown to be a reliable and simple basis for a method to
trap short-chain aliphatic aminoaldehydes and allow the determination of the
DAO-catalysed oxidation product of cadaverine and putrescine. By increasing
the temperature, the previously reported reaction times can be decreased.
Because of the stability of triMQ and tetraMQ, samples can be stored for
several hours at room temperature without loss.

Cadaverine was preferred to putrescine as substrate because of the
commercial availability of y-aminobutyraldehyde diethyl acetal. Thus A'-
pyrroline could be used as internal standard.

The extraction of triMQ and tetraMQ from aqueous solution in an organic
phase eliminates possible interferences deriving from biological material. More-
over, the convenient evaporation of organic solvents allows highly concentrated
samples to be obtained, thus increasing the detection sensitivity. The separation
of triMQ and tetraMQ by HPLC on silica is very effective and the short
retention times are suitable for routine analysis.

The present method does not reach the sensitivity of the radiochemical
method, which is still the procedure most used in putrescine metabolism
studies [11]. We can state, however, that, because of its high reliability, the
described method appears to be a useful alternative procedure for DAO activity
assay in plant extracts and animal plasma samples. Additional experiments are
required to apply this method to tissue homogenates.
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Monoamine oxidase (MAO; monoamine O,:oxidoreductase, EC 1.4.3.4) is
the enzyme which catalyses the oxidative deamination of monoamines. It has
a broad substrate specificity and it plays a major role in the catabolism of
monoamines in the central nervous system. Two forms of MAO, designated
MAO A and MAO B, have been identified both in vivo and in vitro in animal
brain [1]. They are demonstrable by their preference for different amines
as substrates and by their sensitivity to specific inhibitors. MAO A preferential-
ly deaminates norepinephrine and 5-hydroxytryptamine and is selectively
inhibited by clorgyline. MAO B deaminates benzylamine and §-phenylethyl-
amine and is sensitive to inhibition by deprenyl and pargyline [2].

MAO activity can be determined by a large number of different techniques.
These include spectrophotometry {3, 4], fluorometry [5, 6}, polarographic
monitoring of oxygen consumption [7], and measurement of ammonia [8] or
hydrogen peroxide [9] formed in the reaction. The most frequently used are
radiochemical assays because of their specificity and sensitivity [10—12].
However, radiochemical assays require time-consuming extractions and use of
rather expensive isotopes.

High-performance liquid chromatography (HPLC) is an accurate and a
sensitive method to assay many of the catecholamine-metabolizing enzymes
[13]. MAO A activity and non-specific MAO activity have been determined
using HPLC with fluorescence detection [14]. This communication describes
a fast, simple assay for MAO B activity using benzylamine as substrate,
deproteinization with perchloric acid and detection of the product benz-
aldehyde at 254 nm.

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

Reagents
Benzylamine hydrochloride and benzaldehyde were obtained from EGA-

Chemie (Steinheim, F.R.G.). Pargyline was from Sigma (St. Louis, MO, U.S.A)).
Clorgyline was purchased from May & Baker (Dagenham, U.K.). Methanol,
HPLC grade, was from Orion Pharmaceutical Co. (Espoo, Finland). Sodium
heptane sulphonic acid was from Eastman-Kodak (Rochester, NY, U.S.A.).
All other reagents were of analytical grade and purchased from commercial
sources.

Sample preparation

Female rats weighing about 200 g were killed with carbon monoxide. Brains
were quickly removed and homogenized in four volumes of cold 0.9%
potassium chloride. Homogenates were kept in small aliquots at —20°C until
assayed. Protein determinations were carried out using a Bio-Rad protein assay
kit (Bio-Rad Labs., Richmond, CA, U.S.A)).

Assay
The enzyme incubation mixture contained the following components in a

total volume of 0.5 ml: 0.35 ml of 0.2 M sodium phosphate buffer pH 7.2,
0.1 ml of brain homogenate and 0.05 ml of 2 mM benzylamine. The mixture
was incubated for 30 min at 37°C except for the study of time course. The
reaction was stopped by the addition of 50 ul of 4 M perchloric acid. Protein
was removed by centrifugation. A 20-ul aliquot was injected into the liquid
chromatograph.

Chromatography

The modular liquid chromatographic system consisted of a Waters Model
6000A pump, a Waters Intelligent Sample Processor (WISP) Model 710 B
(Waters Assoc., Milford, MA, U.S.A.), a 150 X 4.6 mm, 5-um Ultrasphere-ODS
column fitted with a 45 X 4.6 mm precolumn (Beckman Instruments,
Fullerton, CA, U.S.A.). The eluted components were detected by ultraviolet
(UV) absorption at 254 nm with a Waters Model 441 fixed-wavelength
detector. The elution was carried out isocratically at ambient temperature using
40% methanol containing 50 mM sodium phosphate and 1 mM heptane-
sulphonic acid. The pH was adjusted to 3.2 with sodium hydroxide. The flow-
rate was 1.5 ml/min. The enzyme activity was calculated as nmoles
benzaldehyde formed per min per mg protein.

RESULTS AND DISCUSSION

Fig. 1 shows typical chromatograms obtained with crude rat brain
homogenate. The blank (Fig. 1A), i.e. homogenate without substrate, shows
that no interfering peaks are present in the described assay system. The
retention time for the product benzylaldehyde is 5.2 min (Fig. 1B). It can be
further decreased down to 3 min by increasing methanol and phosphate con-
centrations or omitting the ion-pairing reagent. The assay system was developed
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Fig. 1. Chromatograms obtained with MAO preparations: (A) blank, i.e. rat brain
homogenate incubated without benzylamine; (B) homogenate incubated with 0.2 mM
benzylamine; (C) homogenate incubated with 0.2 mM benzylamine and 10 nM pargyline.
Chromatographic conditions: 5-um Ultrasphere-ODS column (4.5 X 150 mm); mobile phase,
40% methanol in 50 mM sodium phosphate buffer, pH 3.2, containing 1 mM sodium
heptanesulphonic acid; flow-rate, 1.5 ml/min; detection at 254 nm;sensitivity, 0.01 a.u.f.s.,
injection volume, 20 yul.

mainly for rapid screening of MAO B inhibitors, which would have interfered
with the product in other elution systems.

Since the inhibition of MAO activity with pargyline decreases the size of the
peak with retention time corresponding to benzaldehyde (Fig. 1C), it can be
concluded that no endogenous compounds are present in the system. It also
confirms the specific and sensitive inhibition of MAO B activity by pargyline.
The activity was not diminished in the presence of 10 nM clorgyline which
selectively inhibits MAO A [10].

The calibration curve indicates a linear relationship between the peak height
and the amount of benzaldehyde from 0.2 to 20 nmol/ml. The detection limit
with signal-to-noise ratio of 5:1 was 150 pmol/ml, making it possible to detect
very low MAO B activities.

The rate of aldehyde formation expressed as growing height of the benz-
aldehyde peak on the liquid chromatogram showed a linear relationship ¥ =
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9.27X + 0.47, r = 0.996 (n = 3), with up to 60 min of incubation time. The
standard error between data points was less than 3.0%. Linearity was also
demonstrable between the amount of enzyme preparation for 10—250 ug
protein and enzymatically formed benzaldehyde during 30 min of incubation
at 37°C. Tt is described by the equation Y = 0.13X + 0.33 with r = 0.994 and
C.V. < 5.0% between data points (n = 3).

The reproducibility of the assay using the standard procedure (n = 6) was
2.5%, expressed as coefficient of variation. This precision was achieved without
the use of an internal standard and illustrates the excellent properties of HPLC
techniques for accurate enzyme activity determinations. Since the sample
recovery is 100%, no internal standard is required.

The MAO B activity in whole rat brain (n = 6) with 0.2 mM benzylamine
as substrate was 1.28 + 0.03 nmol/min/mg protein. This value is in close
agreement with the values obtained by radiochemical assay [15].

MAO B activity has recently been assayed also using gas chromatography
(GC). However, these techniques require derivatization procedures before
the products of MAO reaction can be determined. The derivatization of
hydrogen peroxide for GC is fast but produces high blanks {16], while the
derivatization of aldehydes for GC is slow [17].

The described HPLC method is precise, sensitive and rapid, allowing the
handling of about sixty samples per day and thus making it useful for rapid
screening of MAO B activity in different tissues.
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Platelet activating factor (PAF) is a mixture of at least two 1-O-alkyl-2-
acetyl-sn-glycero-3-phosphorylcholines in which the length of the alkyl
substituent can vary. It is reported that the natural product is a mixture of
straight chain C;; and C,s homologues in 9:1 mol/mol proportions [1].
Although PAF was first recognised by virtue of its potent effect on the aggrega-
tion and degranulation of platelets [2], more recent research has demonstrated
a wider spectrum of biological activity including induction of leukocyte
aggregation, chemotaxis and chemokinesis, generation of superoxide and
lysosomal enzyme release [3]. A variety of cell types synthesise and release
PAF following stimulation {4].

Psoriasis is an inflammatory skin disorder characterised by an epidermal
neutrophil infiltrate. Biologically active concentrations of arachidonic acid
metabolites have been shown to be present in the involved skin of psoriatics
[5] and may, by virtue of their chemotactic properties, be relevant to the
pathogenesis of the neutrophil infiltrate. As PAF is also chemotactic and
chemokinetic for human neutrophils [6], we were interested in measuring PAF
in the skin of psoriatic patients and have developed a rapid, isocratic high-
performance liquid chromatographic (HPLC) procedure for the recovery of
substantial amounts of PAF-like biologically active material from psoriatic
plaque.

PAF itself does not absorb in the UV above 200 nm and, in order to permit
the use of phosphorylcholines as markers for the elution of PAF, solvents
which permit the eluent to be monitored at 210 nm or lower must be
employed. To be able to process a reasonably large number of samples an
isocratic HPLC method is preferred, and it is essential that the column provides

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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reproducible retention volumes for the analyte. In addition, the method
should ensure the separation of PAF from other lipids which have similar
biological activity, and from the metabolite, lyso-PAF, which is biologically
inactive [7].

The HPLC separation of phospholipids on a variety of stationary phases has
been reviewed [8]. The majority of systems described have employed silica gel
phases eluted with hexane—alcohol mixtures containing varying proportions of
water often with the admixture of acid or base [9]. In 1981 Briand et al. [10]
described gradient elution HPLC using a DIOL-bonded LiChrosorb packing
material, eluted with acetonitrile—water solvent mixtures, for the separation
of phosphorylcholines and reported the improved peak shapes obtained using
this material. Several HPLC separation methods have been reported for PAF
itself [11—13], but none of these has, to date, satisfied all of the criteria

mentioned above.
MATERIALS AND METHODS

Psoriatic plaque was obtained from volunteer patients by gentle scraping of
the lesional areas, a technique yielding 250—1000 mg scale. Scale from separate
individuals was used, none of whom had received any treatment for at least two
weeks.

Lipids were extracted by disintegrating (Polytron, Kinematica, Luzern,
Switzerland) in chloroform—methanol (2:1, v/v) (100 ml/g scale). After
centrifugation (2000 g, 10 min) and decanting, 20% of its volume of water was
added to the supernatant, the mixture was shaken and allowed to separate.
The lower layer was collected and evaporated to dryness. The extract was then
applied, in solution in chloroform—methanol (2:1), as a streak to a 20 X 20 cm
thin-layer chromatographic (TLC) plate (Silica gel G, 500 um; Anachem,
Luton, U.K.) and developed in chloroform—methanol—acetic acid—water
(560:25:10:4, v/v), in a filter-paper-lined, pre-saturated glass tank at room
temperature. A second TLC plate was developed simultaneously, with two
marker spots of lecithin and lyso-lecithin, which were visualised using iodine
vapour. PAF runs on this system between the two markers (typical Ry 0.26)
and this region of the plates was scraped off and extracted with chloroform—
methanol—water (1:2:0.8, v/v). After centrifugation (2000 g, 10 min), 25% by
volume each of water and chloroform were added to the supernatant and the
mixture was shaken. The lower layer was recovered and evaporated to dryness.
’[I‘lhis] procedure obviates the carry-over of silica gel into the organic extract

HPLC was performed on a 10-um LiChrosorb DIOL (Technicol, Stockport,
U.K.) 25 cm X 4.6 mm column using a solvent mixture of tert.-butylmethyl
ether—methanol—water—ammonia (200:100:10:0.02, v/v). The relative
amounts of the first two solvents may be varied over a wide range in order to
achieve convenient retention volumes for specific compounds. Using the
solvent mixture described above, the UV monitor could be operated down to a

limit of 207 nm. The chromatography was performed on a Waters Model 6000
pump with a Rheodyne valve injector and a Pye Unicam PU 4020 variable-
wavelength detector. Solvent flow-rates between 1 and 2 ml/min were used
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throughout. Radioactivity eluting from the column was monitored, either on a
Reeve Analytical (Glasgow, U.K.) radioactivity monitor, or by fraction collec-
tion and scintillation counting.

The chemokinetic activity of the fractions collected from the HPLC system
was determined by an agarose micro-droplet assay [15].

[1*C1PAF, ['*C]lyso-PAF and [*H]PAF were obtained from Amersham
International (Amersham, U.K.) and all phospholipids were supplied by Sigma
(Poole, U.K.). The chromatographic solvents were of HPLC grade (Fisons,
Loughborough, "U.K.). Synthetic PAF and lyso-PAF were obtained from
Cambridge Research Biochemicals (Cambridge, U.K.). A 9:1 w/w mixture of
C,s and C;¢ PAF has been used to represent “authentic” PAF.

RESULTS AND DISCUSSION

The majority of published methods for the HPLC of phosphorylcholines
which have used solvents with sufficient UV transparency to permit monitoring
at 210 nm or lower, employed silicic acid columns with aqueous organic
solvents. In our hands these methods failed to give reproducible retention times
for the two phosphorylcholines, lecithin and lysolecithin, the major sources of
difficulty lying in the varying activity of the column and in the near saturating
quantities of water required to provide reasonable retention volumes for these
very polar substances.

One publication has reported [10] the use of DIOL LiChrosorb packing
material in this field, and its bonded nature might be expected to provide a
packing material with more controlled activity than silicic acid itself. Polar
solvents are required to elute the cholines from this column and we have used
a mixture of tert.-butylmethyl ether, methanol and water with the addition of
a trace of ammonia. The latter improves the peak shape considerably over the
use of a neutral solvent mixture. This solvent can be used down to 207 nm and
is sufficiently volatile to be removed easily by blowing dry with nitrogen at
45°C.

Fig. 1 shows a chromatogram obtained from the injection of a mixture of
phospholipids onto this system. The profile of recovered radioactivity from
coinjected ['*C]PAF and ['*C]lyso-PAF is also shown. PAF is separated from
lecithin, lyso-lecithin and from Ilyso-PAF. Sphingomyelin, with which PAF
comigrates on TLC, is also separated from PAF.

We have applied this system to the extraction of PAF from human psoriatic
scale. The final analysis for PAF depends upon chemokinetic activity and it has
been important to employ a procedure which would separate PAF from other
biologically active lipids, such as arachidonic acid metabolites [5] and from
complement-derived peptides [16]. The lesional psoriatic scale obtained from
volunteers was first extracted using the method of Folch et al. [17]. The total
lipid fraction produced was then separated on a TLC system in which PAF ran
at a low Ry between lecithin and lyso-lecithin. All the arachidonic acid metab-
olites were eluted to the top of the plate. The region of the TLC plate
containing the PAF was then extracted and the material thus obtained applied
to the HPLC system described above. One-minute fractions (1.5 ml) of the
eluting material were collected, evaporated to dryness and assayed for
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Fig. 1. HPLC traces for the separation of phosphorylcholines at 210 nm (solid line) and of
[**C]PAF and ['*C]lyso-PAF using an on-line radioactivity monitor (dashed line).
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from successive 1-min fractions collected from an HPLC column are shown for 100 ng
authentic PAF (a) and for extracted psoriatic scale (b).
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leukocyte chemokinetic activity. Samples of authentic PAF and [*H]PAF were
also run on the same system and the fractions were collected as before. The
profiles of the biological activity and radioactivity so obtained are shown in
Fig. 2. Here the excellent coincidence of the maxima of biological activity and
radioactivity for a sample of authentic PAF (Fig. 2a) and a sample of extracted
psoriatic scale (Fig. 2b), can be seen. This result has been confirmed in three
patients and it seems clear that PAF-like material can be extracted from this
source. Comparison of the levels of biological activity obtained from psoriatic
scale with a dose response curve for authentic PAF indicates that some 20—100
ng of PAF-like material are extractable from 1 g of scale.

Whether the PAF-like material is released from polymorphonuclear
leukocytes (PMNs) already present in psoriatic lesions, or is necessary for the
initial migration of PMNs into the affected site, remains to be established, as
does the structural identity of the PAF-like material we have isolated. We are
now preparing mass spectrometric identification and assay procedures firstly to
confirm these findings and, secondly, to enable more precise quantitation. The
chromatographic methods described here should also prove to be of use in the
separation of other classes of phospholipids.
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Mexiletine [1-(2,6-dimethylphenoxy)-2-aminopropane] is a class 1 anti-
arrhythmic drug effective in the management of ventricular arrhythmias [1, 2].
Its electrophysiological properties are similar to those of lidocaine, but it
differs from the latter in that it is active orally and that it has a long elimina-
tion half-life. Effective plasma concentrations fall in the range 0.75—2.0 mg/l
[3, 4]; an unacceptable frequency of serious side effects occurs at plasma con-
centrations higher than 2.0 mg/1 [5].

Various gas chromatographic (GC) methods for the determination of
mexiletine in serum or plasma have been published. In addition to flame-
ionization detection [6, 7], both nitrogen-sensitive [8—12] and electron-
capture [13—17] detection have been used. Some procedures [11—13] require
a back-extraction of the drug in order to obtain a clean sample and all except
one method [7] require 1.0 ml or more of serum or plasma. So far, only one
of these methods has been adapted to monitor serum mexiletine levels during
therapy [7]. A disadvantage of this method is that 2,7-dimethylquinoline,
the external standard used, besides being very different in structure from
mexiletine, is kept in solution in chloroform, a solvent that is known to react
with amino compounds {18, 19]. Also due to the volatility of this solvent, the
concentration of the reference standard may vary on storage. A modification
of this method has recently been reported [20]. In this case, 2,7-dimethyl-
quinoline is kept in acidic aqueous solution and used as internal standard and
chloroform is replaced by dichloromethane as extracting solvent.

A simple GC method using flame-ionization detection for the routine
monitoring of mexiletine serum levels is described herein. Only 500 ul of serum
or plasma are required and the internal standard used, besides being a primary
aliphatic amine like mexiletine, is stable for several months when kept in
aqueous solution.

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

Reagents and materials

All chemicals used were analytical reagent grade: isopropanol, n-pentane
and diethyl ether were distilled before use. Mexiletine hydrochloride and its
two metabolites, 1-(2,6-dimethyl-4-hydroxyphenoxy)-2-aminopropane hydro-
chloride and 1-(2-hydroxymethyl-6-methylphenoxy)-2-aminopropane oxalate
were gifts from Boehringer Ingelheim Canada (Burlington, Canada), whilst
rimantadine hydrochloride (1-methyl-1-adamantylmethylamine) was given by
Du Pont de Nemours (Wilmington, DE, U.S.A.).

Synthesis of N-acetylmexiletine

To 500 mg of mexiletine base dissolved in sodium-dried diethyl ether, 1 ml
of acetic anhydride was added and the resulting solution was stirred for 3 h at
room temperature. The solvent in the reaction mixture was then evaporated
under vacuum and the residue was redissolved in 100 ml of diethyl ether. This
ethereal solution was washed successively with 15 ml of 2 mol/l hydrochloric
acid, 15 ml of 2 mol/l sodium hydroxide and water, dried over anhydrous
sodium sulphate, filtered and evaporated to dryness to give an oily residue
which was crystallized from methanol as a white solid; m.p. 70.5°C (uncor-
rected); IR (KBr disc) 3250 (NH), 1615 (CO), 1530 (NH) cm™!;electron-impact
mass spectrum (solid inlet, 70 eV) m/z 100 (100%), 58 (80%), 44 (37%),
43 (35%), 77 (14%), 91 (11%), 122 (7%).

Instrumentation

A Hewlett-Packard gas chromatograph Model 5711A equipped with a
flame-ionization detector and an integrator was used. The coiled glass column
(1.2 m X 4 mm 1.D.) which was packed with 100—120 mesh Gas Chrom Q,
coated with OV-17 3% was preconditioned at 250°C for 16 h and treated with
hexamethyldisilazane before use. The injection and detector temperatures were
set at 250°C and 300°C, respectively, while the column. temperature was kept
at 180°C. The nitrogen (carrier gas) flow-rate was 60 ml/min and the hydrogen
and air flow-rates were 60 and 240 ml/min, respectively.

Extraction procedure

A 0.5-ml aliquot of serum sample was rendered alkaline by the addition
of 1.0 ml of sodium hydroxide (2 mol/l); 0.5 ml of rimantadine hydrochloride
solution containing 2.5 mg/l of the base was added as internal standard and
the mixture was extracted twice with n-pentane containing 3% isopropanol.
The organic extracts were combined and evaporated to dryness in a water-bath
at 44°C. The residue was dissolved in 100 ul of diethyl ether, 2 ul of acetic
anhydride was added and the resulting solution was returned to the water-bath
for 10 min and afterwards analyzed by gas—liquid chromatography (GLC).

Calibration curves

Aqueous solutions of mexiletine hydrochloride and of rimantadine hydro-
chloride were added to serum or plasma. The concentration range of mexiletine
used was 0.1—5.0 mg/l and the concentration or rimantadine hydrochloride
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was 2.5 mg/l. All the samples were extracted and analyzed using the procedure
described above. Calibration curves based on the area ratios of mexiletine to
the internal standard were constructed using six different concentrations of
mexiletine analyzed in duplicate for each sample. The data were subjected to
linear-regression analysis to give the appropriate calibration factor.

RESULTS AND DISCUSSION

The structure of synthesized acetylmexiletine was confirmed by solid-inlet
mass spectrometry. A sample of this compound gave a single peak having the -
same retention time as that of the derivatized mexiletine in the serum samples.
Analysis of mexiletine as its acetyl derivative was necessary in order to
eliminate interference from the serum or plasma constituents. Rimantadine
is also a primary amine and it reacts with acetic anhydride under the same
conditions as mexiletine. Derivatization of both compounds was optimal
and reproducible using the conditions described herein.

Acetic anhydride was used by Kelly [6] to form the acetyl derivative of
mexiletine prior to GLC analysis. The reaction was carried out using a large
volume of the reagent (20 ul) and excess reagent was evaporated at 60°C under
nitrogen. The present method uses only 2 ul of acetic anhydride and therefore
no evaporation of excess reagent is necessary. The reaction is complete within
10 min.

L
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Fig. 1. Representative gas—liquid chromatograms of (A) blank human serum and (B) serum
sample containing 0.8 mg/l mexiletine obtained from a patient stabilized on 200 mg of
mexiletine four times a day. Peaks: M = mexiletine; R = rimantadine, internal standard.
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n-Pentane containing 3% isopropanol was preferred to other low-boiling-
point extracting solvents such as diethyl ether or dichloromethane since it gave
a cleaner extract. When serum samples were spiked with mexiletine to give
final concentrations of 0.5, 2.0 and 5.0 mg/l and extracted as described except
that rimantadine was used as an external standard, the recoveries were 94%,
96% and 99%, respectively. The same procedure was repeated for rimantadine,
with similar results. In this case, mexiletine was used as the external standard.

Fig. 1A is a chromatogram of an extract of blank serum treated with acetic
anhydride while Fig. 1B is a chromatogram of a similarly treated sample con-
taining 0.8 mg/l mexiletine; the internal standard was added prior to
extraction. The retention times of the acetyl derivatives of mexiletine and
rimantadine were 4.0 and 5.7 min, respectively.

The calibration curve was linear between 0.1 and 0.5 mg/l. The mean con-
centration, standard deviation and coefficient of variation for intra- and inter-
day analysis of spiked serum samples containing 0.2, 1.0 and 5.0 mg/l
mexiletine are given in Table I. The selectivity of the assay was checked against
the parahydroxy and the ring monohydroxymethyl derivatives of mexiletine
which have been shown to be the two major metabolites of mexiletine [21, 22]
as well as against the following cardiovascular drugs, hypnotics and
tranquillizers: disopyramide, lidocaine, procainamide, diltiazem, nifedipine,
verapamil, isosorbide nitrate, prazosin, hydralazine, amiloride, flurazepam,
diazepam, lorazepam, triazolam, chlorpromazine and theophylline. Interference
from the above mentioned drugs was checked by analyzing the serum of several
cardiac patients taking one or more of these compounds thus indicating
selectivity of the mexiletine assay against the metabolites of such drugs as well.

TABLE 1

INTRA- AND INTER-ASSAY VARIATIONS IN GC MEASUREMENT OF SERUM
MEXILETINE (n = 4)

Concentration  Intra-assay Inter-assay
(meg/l)

Mean = S.D. C.V. Mean *+ S.D. C.V.
(mg/1) (%) (mg/1) (%)

0.2 0.21  0.01 4.76 0.21 + 0.01 4.76
1.0 0.95 + 0.03 3.16 0.99 + 0.04 4.04
5.0 5.01 + 0.08 1.60 493+ 0.19 3.85
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Ellipticine derivatives were first described as natural antitumour alkaloids
[1, 2]. It was later shown that hydroxylation in position 9 (9-hydroxy-
ellipticine, 9-OH-E) and quaternization of the pyridine nitrogen (N,-methyl-9-
hydroxyellipticinium acetate, 9-OH-NME) increase the antitumour activity
(Fig. 1). This last compound (Celiptium®) is actually one of the most efficient
anticancer drugs in this series and has been retained for clinical use in man [3,
4].

R= —CH, : 9_OH_NME 2
R= —CH,—CH,—CH, : 9_OH_NPE (3

Fig. 1. Chemical structure of ellipticines: 1 = 9-hydroxyellipticine (9-OH-E); 2 = N*-methyl-
9-hydroxyellipticinium acetate (9-OH-NME); 3 = NZ2-propyl-9-hydroxyellipticinium acetate
(9-OH-NPE).

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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Up to now, a reversed-phase high-performance liquid chromatographic
method using an internal standard (N?-propyl-9-hydroxyellipticinium acetate,
9-OH-NPE) has been described [5]; detection was by ultraviolet (low sensitivi-
ty) or fluorescence (high sensitivity but requires extraction plus derivatization)
measurement. It seemed of interest to develop a sensitive and specific detection
method directly utilizable for biological samples without derivatization.

The 9-hydroxylated ellipticine derivatives are easily oxidized in a two
electron process in p-quinone-imine structures [6, 7}, for example by a
peroxidase such as horseradish peroxidase in the presence of hydrogen
peroxide. On the other hand, the one-electron electrochemical oxidation of
9-OH-E and 9-OH-NME has been described by Moiroux and Armbruster [8].
These two reactions are summarized in Fig. 2. We took advantage of this
property to develop the electrochemical detection of the 9-hydroxylated
ellipticines. Experimental conditions for the two compounds, 9-OH-E and
9-OH-NME, are discussed.

The proposed technique was used to carry out a pharmacokinetic investiga-
tion of Celiptium after intravenous infusion and compared with fluorescence
detection.

CH,
HO. +
NN—CH,
P forH)
N
o CHy
Electrochemical + . Horse
one electron ~-H —2H radish
oxidation -e” ~-2e” peroxidase
(8) (6,7)

CH,
‘0. +
NN—CH,
P (OI' H)
N
'L CH,

Fig. 2. Two reaction schemes for oxidation of 9-hydroxylated ellipticine.

MATERIALS AND METHODS

Chemicals and reagents

9-Hydroxyellipticine (9-OH-E), N?-methyl-9-hydroxyellipticinium acetate (9-
OH-NME) and NZ-propyl-9-hydroxyellipticinium acetate (9-OH-NPE) were
provided by LABAZ Labs. (Sanofi Group, Sisteron, France). Aqueous solutions
of the compounds were kept at 4°C for one month without any degradation.

9-OH-NPE was used as internal standard for the determination of 9-OH-
NME.

Methanol was chromatographic grade (Merck, Darmstadt, F.R.G.); sodium
tetraphenylborate, ammonium acetate and glacial acetic acid were obtained
from Merck.
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All mobile phases were filtered through a type FH 0.5-um Millipore filter,
and renewed every week.

Apparatus

The chromatographic system consisted of a high-pressure pump (solvent
delivery system, Model 6000A, Waters Assoc., Milford, MA, U.S.A.), and an
injection device (Model U6K, Waters Assoc.). The electrochemical detector
comprised a Faraday cage enclosing a TL-5 glassy carbon electrode and an LC-4
controller, both from Bioanalytical Systems (West Lafayette, IN, U.S.A.). A
Waters Assoc. uBondapak C,g reversed-phase column (30 X 3.9 mm 1D,
particle size 10 um) was eluted isocratically at room temperature. Chromato-
grams were traced on a PE Servotrace recorder at a speed of 0.5 ¢cm/min.

Procedure

The study of electrochemical detection raised two analytical problems:
determination of the oxidative potential and optimization of the mobile phase.

The influence of the oxidative potential on the peak heights of 9-OH-NME,
9-OH-NPE and 9-OH-E was investigated by 0.05-V stepwise change of the
electrode potential from 0.1 to 1.1 V. This study was performed using the
mobile phase methanol—water (606:40) with 100 mmol/l ammonium acetate
adjusted to pH 6 with glacial acetic acid, at a flow-rate of 1.5 mi/min.

In order to study the effects of pH, the mobile phase was adjusted to various
pH values between 4.7 and 7.0 by decreasing the ratio of acetic acid. The
influence of counter-ion concentration was investigated using increasing
amounts of ammonium acetate from 10 to 250 mmol/l.

Preparation of biological samples

Blood samples were taken for a period of 7 h after administration of 160 mg
of 9-OH-NME. They were collected in heparinized tubes and centrifuged at
1000 g for 5 min. Aliquots (200 ul) of plasma were spiked with 10 ul of 9-OH-
NPE as internal standard (final concentration 100 ng/ml). Both drug and
internal standard were extracted three times with ethyl acetate (3 X 1 ml) after
addition of 5 ul of sodium tetraphenylborate (0.5%, w/v, final concentration)
as counter-ion. For electrochemical determination, the combined upper organic
phases were evaporated to dryness under a gentle stream of nitrogen and
the residue was redissolved in 200 ul of mobile phase. For fluorimetric deter-
mination, we used the method described by Muzard and Le Pecq [ 5].

RESULTS AND DISCUSSION

Determination of oxidative potential

It is known from the literature [6] that 9-OH-NME is polarographically
active. In Fig. 3, the relation is given between the potential applied to the
glassy carbon electrode and the peak heights of 9-OH-NME, 9-OH-NPE and
9-OH-E. It can be seen that at a potential of about 600 mV, an adequate signal
for the three compounds is obtained using the mobile phase methanol—water
(60:40), with 100 mmol/l ammonium acetate, adjusted to pH 6 with acetic
acid.
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Fig. 3. Effect of oxidative potential on peak heights of different compounds.
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Fig. 4. Influence of pH of mobile phase on peak heights of different compounds.

Mobile phase composition

The peak heights of the three compounds were measured as a function of pH
and ammonium acetate content of the mobile phase (Figs. 4 and 5). In the pH
range 4.7—7.0, detection efficiencies for 9-OH-NME. and 9-OH-NPE were
maximum between 5.7 and 6.2, while that of 9-OH-E was between 4.5 and 5.
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Fig. 6. Representative chromatograms of (a) a blank plasma extract, (b) an extract of plasma
from a patient (adding 9-OH-NPE at 100 ng/ml of plasma) 1 h after administration of 160

mg of 9-OH-NME. Calculation from this chromatogram gave the original plasma concentra-
tion as 187 ng/ml.
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At these pH values, addition of ammonium acetate has a beneficial effect on
the efficiency of detection. It seems that a concentration of 200 mmol/l
optimized the peak heights of the three compounds.

For determination of 9-OH-NME with use of 9-OH-NPE as internal standard,
the optimal composition of the mobile phase was found to be methanol—water
(60:40), 200 mmol/l ammonium acetate, adjusted to pH 6.0 with glacial acetic
acid. In these conditions, the retention times of 9-OH-NME and 9-OH-NPE
were 3.6 + 0.2 min and 5.5 +* 0.2 min, (n = 50), respectively, Fig. 6a shows
the chromatogram of a control plasma sample while Fig. 6b represents a
chromatogram of a plasma sample containing 187 ng/ml 9-OH-NME. There was
an absence of interfering peaks in control plasma for all subjects examined.

Calibration, linearity, sensitivity, reproducibility

Calibration curves, determined every day, were obtained by analysing
spiked plasma from healthy volunteers with various concentrations of 9-OH-
NME. They were linear over the range 30 ng/ml to 1 ug/ml. These calibration
curves were used for calculating the 9-OH-NME concentration in samples from
patients by the internal standard method.

The lowest amount of 9-OH-NME detectable, defined as five times the noise
level, was 250 pg. This amount corresponds, for the 10 ul injected into the loop
column, to a concentration of 25 ng/ml.

A serum spiked with 100 ng/ml 9-OH-NME was always assayed, along with
plasma extracts, to check the status of the chromatographic system, after
addition of 100 ng/ml 9-OH-NPE as internal standard. Injections of 10 yl were

9 OH.NME

\

ng/ml
1000

Time (h)

Fig. 7. Concentration of 9-OH-NME as a function of time obtained by analysis of plasma
samples from a patient who had received 160 mg of 9-OH-NME.
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made three times a day and over a period of ten days. The coefficients of varia-
tion were 1.5% and 4.8%, respectively.

Preliminary clinical application

The method described was tested and compared with fluorimetric detection
on blood samples from a patient suffering from a metastatic breast carcinoma
and receiving a 60-min infusion of 100 mg/m? 9-OH-NME. Fig. 7 shows the
plasma concentration—time course. The decline of blood level appears to be
biphasic as described by Gouyette et al. [9]. The results obtained for
fluorimetric and electrochemical detection were well correlated (r = 0.997).

The principle of the method could be potentially applicable to all ellipticine
derivatives bearing a preserved phenolic function (i.e. glutathione or cysteine
adducts recently observed in human and animal bile and urine [10, 111]).
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Norfloxacin [1-ethyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-
quinoline carboxylic acid; MK-366] is a new quinolone antibacterial agent.
Because of its pharmacokinetic properties [1] and broad spectrum of activity,
norfloxacin is considered one of the most effective chemotherapeutic agents in
urinary tract infections. Experimental studies performed on animals
demonstrated that the distribution of the drug in both tissues and organic
fluids is rapid, and the concentrations reached are higher than the
corresponding serum levels [2]. A recent clinical study [3] demonstrated that
norfloxacin eradicates relapsing prostatic infections.

0378-4347/84/803.00 © 1984 Elsevier Science Publishers B.V.



178

To our knowledge, no previous study has been attempted to correlate the
pharmacological effects of norfloxacin with its tissue concentrations. In the
present communication, we describe an extraction and quantitation procedure
for measuring norfloxacin concentrations in human prostate and kidney after
oral administration of the drug. Serum, urine and tissue levels were deter-
mined by a high-performance liquid chromatographic (HPLC) method modified
from the procedure of Boppana and Swanson [4].

EXPERIMENTAL

Chemicals

Norfloxacin and three of its metabolites (Fig. 1) with modifications in the 7
position {7-(3-oxo-1-piperazinyl), M-1; 7-[(2-aminoethyl)amino], M-2; and
7-[(2-acetylaminoethyl)amino], M-3 } were provided by Merck Sharp & Dohme
(West Point, PA, U.S.A.). Acetonitrile (HPLC grade), methylene chloride, and
mono- and dibasic phosphates were all from Merck (Darmstadt, F.R.G.)

[o]
'/\N N NORFLOXACIN

NH,
0
F OOH
| .
o "
H
H.N N C2aHs
N
0

Fig. 1. Chemical formulae of norfloxacin and of its three major metabolites.
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Samples
Specimens were obtained from patients scheduled for either prostatectomy

or nephrectomy because of neoplastic and/or chronic infectious pathologies.
All patients were below the age of 70 years, had no drug allergies and had
serum creatinine concentrations below 2.0 mg/dl. Norfloxacin (400 mg) was
given orally at time O the evening before surgery and again 11 hlater (8.00 a.m.);
at the same times urine specimens were collected. The first blood sample was
taken before anaesthesia at 12—13 h; a second blood sample and a tissue
fragment (either prostate or kidney) was taken during surgery at 14—15 h. All
specimens were kept at —20° C until extraction.

Extraction procedure

The tissues were homogenized in 10 vols. of cold 0.4 M perchloric acid with
an Ultra-Turrax TP 10-N homogenizer (Janke Kunkel, Staufen, F.R.G.) running
for two cycles of 30 sec at 20,000 rpm, with a pause of 1 min. The homogenate
was centrifuged for 15 min at 1500 g (TJ-6 centrifuge, Beckman, Ireland), the
pellet discarded and the supernatant adjusted to pH 7.5. A 4-ml fraction was
lyophilized and resuspended to 1 ml with 0.05 M sodium hydroxide. Serum (1
ml) and urine (200 pl) samples were mixed with 100 ul of 0.05 M sodium
hydroxide in a 50-ml plastic centrifuge tube (Falcon Plastics, Oxnard, CA,
U.S.A.). Methylene chloride (8 ml) and 0.5 M sodium phosphate buffer pH 7.5
(0.5 ml) were added to all the samples and the tubes were shaken for 10 min
in a Dubnoff mechanical shaker (150 cycles/min). Separation of the two phases
was achieved by centrifugation at 1500 g for 10 min and 7 ml of the organic
phase (lower layer) were transferred to a second tube. Fresh methylene
chloride (8 ml) was added to the first tube and the same extraction procedure
was repeated twice. The organic phases collected from the three extractions of
the same sample were pooled (21 ml). Sodium hydroxide (0.3 M) was then
added to the serum (250 ul), to the tissue extract (250 ul) and to the urine
(500 ul) samples. The tubes were shaken for 10 min and then centrifuged at
1500 g for 10 min. The aqueous phase (upper layer) was collected in Eppen-
dorf tubes and frozen (—20°C) until the HPLC assay; 25-ul aliquots were used
for chemical analysis.

Chromatography

The equipment used was a Waters HPLC apparatus with a Waters M 6000A
pump (Waters Assoc., Milford, MA, U.S.A.), a U6K injector, a Model 440
absorbance ultraviolet detector (wavelength 280 nm), a Leeds Northrup
Speedomax XL-682 linear recorder (paper-speed 0.2 cm/min) and a Hewlett-
Packard HP 18850A integrator. The chromatographic separation was achieved
in a Vydac 10-um anion-exchange column (25 ¢cm X 4.5 mm; Separations
Group, Hesperia, CA, U.S.A.), connected to an AXGU 10-um anion-exchange
precolumn (Rainin Instruments, Woburn, MA, U.S.A.). The mobile phase used
was a mixture of acetonitrile and 0.05 M phosphate buffer pH 7 in HPLC grade
water (20:80, v/v) at a flow-rate of 1.2 ml/min. The mobile phase was prepared
daily. The phosphate buffer was filtered through an HA 0.45-um filter, while
the acetonitrile was filtered through an FA 0.5-um filter (Millipore, Bedford,
MA, U.S.A.). The mixture was continuously stirred under vacuum for 30 min
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before use. For our control, known amounts of norfloxacin were added to
tissue, serum and urine specimens from untreated patients to measure the
efficiency of the extraction procedure and to assess inter-assay variations.
Solutions of norfloxacin and of its metabolites, prepared in 0.5 M sodium
hydroxide and maintained at 4°C, were used as the inter-assay standardization.
For the mathematical data processing a Texas Instruments TI-59 programmable
calculator and a PC-100A printer were used, with a specifically developed
computing program.

RESULTS AND DISCUSSION

Fig. 2A—D shows the HPLC separations of norfloxacin from human pros-
tate, kidney, urine and serum, respectively. Quantitation of the compound was
obtained by comparing the peak areas from the samples with the peak areas of
known amounts of norfloxacin solutions injected directly into the HPLC sys-
tem. The retention time of norfloxacin, both in the standards and in the
extracted samples, was 7.10 min. No interference was observed during the assay
between norfloxacin, its major metabolite (M-1 had a retention time of 4.20
min, unmarked peaks of Fig. 2) and the endogenous substances in the clinical
samples.
standard solution in 0.3 M sodium hydroxide. Standard curves prepared by
adding known amounts of norfloxacin to the samples were linear from 1.0 to
500 pg/ml in urine and from 0.01 to 2 ug/ml in kidney; an analogous linearity
was found in both serum and prostate samples.

(B)
(A)

ST

ST

DETECTOR RESPONSE
DETECTOR RESPONSE
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Fig. 2. HPLC chromatograms from human prostate (A), kidney (B), urine (C) and serum (D),
after two 400-mg doses of norfloxacin. The norfloxacin peaks are marked with a star. The
concentrations of the standard samples of norfloxacin (ST) were 5 ug/ml for A, B and D and
50 pg/ml for C; the calculated norfloxacin concentrations in these samples were 1.14 ug/g
of prostate (A), 0.61 ug/g of kidney (B), 115.0 ug/ml of urine (C) and 0.60 ug/ml of serum
(D). The unmarked peaks represent the M-1 metabolite of norfloxacin.

Extraction recoveries from prostate, kidney, urine and serum were 90%,
60%, 80% and 60%, respectively. The inter-assay coefficient of variation was
2.2% (eighteen assays) for a 1.25 ug/ml standard.

Table I shows the typical norfloxacin concentrations found in two out of
twenty patients examined so far. The data indicate that after only two 400-mg
administrations norfloxacin reaches concentrations in the prostate and kidney
similar to those attained in the serum. The tissue levels of norfloxacin, com-
pared with the in vitro minimal inhibitory concentrations (MIC, 90%) [5, 6],
confirm that the drug attains concentrations in the prostate and kidney that are
effective to control infections sustained by the most common pathogens in-
volved in urinary tract infections. The very high concomitant urinary levels are
described also by other authors [1, 4] and account for the high rate of success
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TABLE I

NORFLOXACIN CONCENTRATIONS IN URINE, SERUM AND EITHER PROSTATE OR
KIDNEY IN PATIENTS WHO INGESTED TWO 400-mg DOSES BEFORE SURGERY

Patient  Urine 1 Urine 2 Serum 1 Serum 2 Prostate Kidney
Control 11 h from 14 h from 15.5h from 15.5hfrom 15.5h from
(ug/ml) 1st dose 1st dose, 30 1st dose,2h 1st dose,2h 1stdose,2h

(ug/mi) min from from 2nd from 2nd from 2nd
2nd dose dose dose dose
(ug/ml) (rg/ml) (ng/g) (ng/g)
D.S.R. 0.00 146.25 0.60 1.10 1.14
1.G. 0.00 115.00 0.40 0.55 0.61

in the treatment of lower urinary tract infections, even due to highly resistant
bacterial strains [7].

In our study we have demonstrated a correlation between the clinical
observations in complicated and relapsing urinary infections such as prostatitis
[3] and the pharmacokinetic properties of norfloxacin, which is able to reach
effective antibacterial levels in the examined tissues even after only two 400-mg
oral doses.
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Microdosage de deux antifibrinolytiques (acide e-aminocaproique et acide
tranexamique) par chromatographie liquide et détection fluorimétrique
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(Regu le 16 janvier 1984)

L’acide e-aminocaproique (AEAC, acide 6-aminohexanoigue) et l’acide
tranexamique (AMCHA, acide trans-4-aminomethylcyclohexane carboxylique)
sont essentiellement utilisés en thérapeutique comme agents antifibrinolytiques
(inhibiteurs de la conversion du plasminogéne en plasmine) dans différents
processus hémorragiques [1, 2].

D’autres indications proposent leur emploi dans 1’oedéme angio-neurotique
[38, 4], dans certaines réactions allergiques ou comme anti-inflammatoires.

Deux voies sont possibles pour 1’évaluation de ces composés: (1) 1'une
indirecte faisant appel aux différentes méthodes d’exploration de la coagulation
[5] ou de lyse du caillot [6]; (2) l’autre plus directe par détermination du taux
sanguin de P’antifibrinolytique lui-méme.

Dans ce cas, différentes techniques ont été développées jusqu’a présent et
mettent en jeu: 1’électrophorése [7], la chromatographie sur papier [81, la
chromatographie sur colonne échangeuse de cation [9], en phase gazeuse
[10], en phase liquide [11]. Cette technique appliquée a I’AEAC met en
oeuvre une détection fluorimétrique des dérivés obtenus aprés dansylation.
L’emploi de la fluorescamine [12] nous a semblé représenter un gain de temps
et une simplification du dosage de ces composés.

MATERIEL ET METHODE
Appareillage
L’appareil utilisé comprend une pompe haute pression (Touzard et

Matignon, Vitry-sur-Seine, France) Type E.C.-93 équipée d’une vanne d’injec-
tion a boucle de 20 ul (Rhéodyne 71-25, Berkeley, CA, E.U.), un spectrofluori-

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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métre (Shimadzu Type RF-530, Touzard et Matignon), comportant une cuve
de 12 pul. La longueur d’onde d’excitation est de 390 nm, celle d’émission 475
nm. La colonne est une LiChrosorb RP 18 (10 um, 25 cm X 4.6 mm [.D.) (E.
Merck, Darmstadt, R.F.A.). L’appareil est raccordé (sortie 1 mV) a un en-
registreur Omniscribe (Houston Instruments).

Préléevements étalonnage

Les prélévements sanguins (5 ml) sont recueillis dans des tubes de verre sans
anticoagulant (Vacutainers) immédiatement centrifugés 4 1000 g pendant 10
min. La fraction sérique est conservée jusqu’au dosage a 4°C. L’étalonnage est
réalisé en surchargeant des sérums par des solutions d’AEAC ou d’AMCHA a
différentes concentrations.

Réactifs

Acide e-aminocaproique et acide tranexamique (EGA-Chimie, Strasbourg,
France), acétonitrile qualité HPLC (Carlo Erba, St Cloud, France), fluores-
camine (Fluram, Laboratoires Roche, Neuilly-sur-Seine, France).

Méthode

A 20 pl de sérum, mélanger 2 ul de solution aqueuse d’étalon interne (3 g/
d’AMCHA pour le dosage sérique de 'AEAC et 1 g/l A’AEAC pour celui de
PPAMCHA), et déprotéiniser par 20 ul d’acétonitrile. Aprés 3 min de centrifuga-
tion (10,000 g), prélever 5 ul de surnageant et le mélanger a 100 ul de tampon
phosphate 0.025 mol/l ajusté a pH 8. La fluorescamine (100 ul d’une solution
a 300 mg/l dans l’acétone) est ajoutée rapidement en maintenant le tube en
agitation sur un vortex. Injecter 20 ul dans le chromatographe. La phase mobile
est constituée par un mélange acétonitrile—eau—acide acétique—tetrahydro-
furanne (300:690:5:5) contenant 40 mmol/l d’acétate de sodium. Avant
usage, la phase mobile est passée sur filtre Millipore (0.45 pm). Le débit est de
2 ml/min soit une pression d’environ 14 MPa.

RESULTATS

La Fig. 1 montre le tracé obtenu avec le sérum d’un patient traité par
AEAC ainsi qu’un chromatogramme d’un sérum exempt d’AEAC et AMCHA.

L’étude de la linéarité a été effectuée sur du sérum surchargé en AEAC ou en
AMCHA aux concentrations suivantes: AEAC: 62.5, 125, 250, 500, 750 et
1000 mg/l; AMCHA: 25, 50, 100 et 200 mg/l. La relation entre les concentra-
tions et le rgpport de hauteur du pic du dosage et de 1’étalon interne s’est
avérée linéaire pour les deux composés dans lintervalle des concentrations
indiquées plus haut. Le recouvrement entre les gammes aqueuses et sériques
traitées dans des conditions identiques a donné des valeurs de 94—103% pour
PAEAC et de 98—105% pour ’AMCHA.,

Des limites de détection des produits, compte tenu des valeurs des blancs
sériques sont de 6 mg/l (AEAC) et de 4 mg/l (AMCHA).

La reproductibilité a fait 1’objet de dix déterminations pour chaque niveau
et figure dans le Tableau I. Des dosages répétés pendant dix jours de deux pools
de sérum pour chaque antifibrinolytique ont donné les résultats suivants:
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AMCHA
AEAC
_J M .
2 min
—_—

Fig. 1. Chromatogramme obtenu sur un blanc sérique (a) et lors d’un traitement par 'AEAC
(b} (52 mg/l).

9.2 mg/l (C.V. = 3.7%);

AEAC: 127.8 + 2.6 mg/l (C.V. = 21%); 2511
1.9 mg/l (C.V. = 1.9%).

AMCHA: 528 + 1.3 mg/l (C.V. = 2.4%); 101.4

o

DISCUSSION

Ces deux antifibrinolytiques sont caractérisés par une clairance rénale élevée
[13], ce qui implique des administrations répétées afin de rester dans des
zones thérapeutiques (AEAC = 100—400 mg/l; AMCHA = 10—50 mg/l), et
des risques d’accumulation lors d’atteintes rénales.

Dans ces conditions, 1’évaluation des taux plasmatiques permet une meilleure
adaptation de la posologie et d’anticiper éventuellement sur ’apparition des
problémes hématologiques. Mais, pour cela, il est nécessaire de disposer d’une
méthode rapide de dosage et c’est pourquoi ’emploi de la fluorescamine
comme agent de dérivation apporte une solution simple et rapide a ce
probléme, le temps de manipulation étant réduit 4 une déprotéinisation.
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TABLEAU1
£TUDE DE LA REPRODUCTIBILITE

Chaque concentration a fait ’objet de dix déterminations.

Concentration  Eecarttype  C.V.*

(mg/l) (mg/1) (%)
AEAC 62.5 6.1 1
125 3 2.4
250 3 1.1
500 16 3.1
1000 28 2.8
AMCHA 25 1 3.3
50 1.5 2.8
100 1.3 1.2
200 2 1.1

*Coefficient de variation.

La technique décrite permet le dosage de I’'un ou l’autre des produits en
inversant 1’étalon interne, ces antifibrinolytiques n’étant pas utilisés simultané-
ment en thérapeutique. De plus, la prise d’essai de 20 ul de sérum peut étre trés
facilement diminuée car seulement 5 ul du surnageant sont repris, le facteur
limitant étant constitué par le matériel qui ne se préte pas toujours a un travail
sur des microvolumes.
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Sotalol hydrochloride {4-[1-hydroxy-2-(isopropylamino)ethyl]methanesul-
phonanilide hydrochloride, Fig. 1} is a f-adrenoceptor blocking drug which
differs in molecular structure and ionic character from the other g-blockers in
use, e.g. propranolol, metoprolol and atenolol, the high-performance liquid
chromatographic (HPLC) analysis of which we described earlier [1]. Sotalol
has an arylethanolamine structure similar to that of the f-receptor agonist
isoprenaline, differing only by the aryl substituent, i.e. sotalol has a methane-
sulphonamide group instead of two hydroxyl groups. Furthermore, the acidic
nitrogen of the metanesulphonamide group (pK, = 8.3) and the basic nitrogen
of the amino group in the side-chain (pK, = 9.8) yield the zwitterionic
character of the sotalol molecule. This property requires modifications in the
extraction procedure as described for the other f-blockers mentioned above

[1].
H3C—

~N~©—EH0H~CH2—NH2—CH<CH3
) ® CH3

Fig. 1. The molecular structure of sotalol and the charges of the acidic (pK, = 8.3) and the
basic (pK, = 9.8) centre at the isoelectric point (pH 9.0).

o=0N=0

Different methods have been described for measuring sotalol concentrations
in biological fluids. Garrett and Schnell {2] reported a fluorimetric assay, Walle
[38] agas—liquid chromatographic method, and Lefebvre and co-workers [4, 5]
an HPLC method with fluorimetric detection. However, no method was
described for the determination of sotalol levels in tissues. Since we are

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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interested in the pharmacokinetic behaviour of different B-adrenoceptor
blocking drugs in plasma and in tissues [6—8], which are target organs for their
pharmacological effects, an HPLC method with ultraviolet (UV) detection for
sotalol was developed in order to be able to quantify this hydrophilic
compound in plasma as well as in organs.

EXPERIMENTAL

Standards and reagents

All reagents used were reagent grade and purchased from E. Merck
(Darmstadt, F.R.G.). Only deionized glass-distilled water was used. The racemic
mixture of sotalol - HCl was kindly supplied by Bristol-Myers (Bergisch-Glad-
bach, F.R.G.).

Standard solutions from 2 mg/ml to 10 ng/ml were obtained from an

aqueous stock solution (2 mg/ml). This solution was stored at 4°C for up to
one month.

HPLC instrumentation and conditions

The HPLC system consisted of a constant-flow pump (Gynkotek, 600/200),
an autosampler (Waters, WISP 710 B), a reversed-phase column (Knauer, 10 cm
X 4 mm; Shandon ODS 5 um), a spectrophotometer with a deuterium lamp
(Kratos, Spectroflow 773) and a computing integrator (Spectra Physics, SP
4100).

The mobile phase was methanol—water—acetonitrile (55:45:20) containing
1% acetic acid and 0.005 M of dodecyl sodium sulphate. The flow-rate was 1
ml/min and the monochromator of the spectrophotometer was set at 227 nm.
The spectrophotometer was connected to the integrator; areas were measured.
Chromatography was carried out at ambient temperature.

Sample preparation

Plasma and tissue samples of five organs (heart, muscle, lung, liver, kidney)
from light—dark synchronized male Wistar rats of about 150—180 g body
weight were used. The rats were sacrificed by decapitation, and blood was
collected in 12-ml conical glass tubes containing 50 ul of heparin (250 1.U.).
After centrifugation (900 g, 15 min), 1-ml plasma portions were pipetted into
12-ml screw-capped glass tubes and kept at —-35°C. The organs were dissected
out, rinsed in ice-cold 0.9% saline solution, blotted on filter paper, weighed,
frozen in liquid nitrogen and finally stored at —35°C.

Plasma extraction

The extraction procedure is summarized in Fig. 2. The 1-ml plasma samples
were thawed and 2 ml of acetonitrile were added. After vortexing, then
centrifuging for 10 min at 800 g, 2.5 ml of each supernatant were transferred
to 12-ml screw-capped glass tubes and evaporated to dryness under a stream of
dry nitrogen. The residues were redissolved in 1 ml of buffer (0.5 M borate
buffer, pH 9.0) by vortexing. Then 6 m! of extraction mixture (benzyl alcohol—
chloroform, 60:40) were added, mixed by shaking for 10 min and separated
by centrifugation for 10 min at 800 g. Aliquots of 5 ml of the organic layer
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1
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!
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:

T
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10" vortex

i
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I
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Sml org. layer
+5mi n-heptane v
+0.1m{ 0.1N H50,

T
30" vortex
10" centrifugation

samples through org. loyer vl

HPLC viI

Fig. 2. Schematic outline of the extraction procedure.

were transferred to 12-ml screw-capped glass tubes; 5 ml of n-heptane and
0.1 ml of 0.05 M sulphuric acid were added, and the tubes were vortexed for
30 sec, then centrifuged for 10 min at 800 g. Finally, aliquots of the aqueous
layer were injected into the HPLC system.

Tissue extraction

The extraction procedure is summarized in Fig. 2. To each sample of frozen
tissue (0.5—2.0 g wet weight) 3.5 ml of methanol were added. The samples
were homogenized with an Ultra-Turrax homogenizer in glass tubes at 4°C.
After centrifugation at 7000 g for 10 min, 3 ml of each supernatant were trans-
ferred to 12-ml screw-capped glass tubes and evaporated to dryness under a
stream of dry nitrogen. The further procedure was as described for the plasma
samples (see Fig. 2).

Standard curves and recovery studies

Blank plasma and tissue samples from untreated rats were spiked with
varying amounts of sotalol. These samples were treated as described above and
standard curves of added concentrations versus peak area were calculated.
From these data recovery in each organ was calculated over the whole con-
centration range. Sotalol plasma and tissue concentrations ex vivo were deter-
mined in the respective tissues after 60, 110, 160 and 210 min after intra-
venous injection of 6 umol/kg sotalol + HCl in rats.
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RESULTS AND DISCUSSION

The aim of the present investigation was to develop a method to be able
to quantify sotalol concentrations in organs as well as in plasma, the deter-
mination of which is necessary for pharmacokinetic studies. The methods
described by Garrett and Schnell [2] and Lefebvre and co-workers [4, 5] are
similar as regards the extraction procedure. Using HPLC with fluorimetric
detection, Lefebvre and co-workers [4, 5] succeeded in lowering the detection
limit of sotalol to 20 ng/ml of plasma, whereas Garrett and Schnell [2]
achieved a detection limit of 100 ng/ml ten years ago when using only a
spectrofluorimetric method without HPLC. In preliminary experiments we
were unable to reproduce a recovery of 60% (as calculated from refs. 4 and 5)
from plasma with the extraction procedure described by Lefebvre et al. [4];
only a recovery of 38% for plasma and even less for tissue was obtained. Since,
for the intended pharmacokinetic studies, extraction of sotalol from tissues is
the most crucial point, a new HPLC method with UV detection for sotalol was
developed by which low drug concentrations could be detected and reproducib-
ly quantified in plasma as well as in various tissues.

In order to optimize the extraction procedure and to increase the recovery
from tissues, various solvents were tested in preliminary studies. The extraction
procedure finally adopted is depicted in Fig. 2. To precipitate the protein,
methanol or acetonitrile was used (Step I), instead of perchloric acid as
described for sotalol by Lefebvre et al. [4, 5] and Garrett and Schnell [2],
since the samples had to be evaporated (Steps II and IIT). Methanol was a better
solvent for homogenizing the tissue samples while acetonitrile yielded a better
precipitate of the plasma proteins (Step I).

The mixture used for extraction of the redissolved sotalol from buffer (Step
IV) was the result of a study on the extraction behaviour of 13 solvents and
48 binary mixtures of these solvents [9]. The best results concerning extrac-
tion (Steps IV and V) and back-extraction (Steps V and VI) into 0.05 M
sulphuric acid were obtained by a mixture of 60 parts of benzy! alcohol and 40
parts of chloroform, with which about 69% of sotalol was extracted from the
buffer solution (pH 9; Step III) into the aqueous layer (Step VI). The extrac-
tion ratio from buffer (pH 9) into the organic layer (Steps III and 1V) was 74%
and the ratio of the back-extraction from this layer into 0.05 M sulphuric acid

TABLE I
DATA FOR SOTALOL OBTAINED FROM SPIKED PLASMA AND TISSUE SAMPLES

Organ No. of Concentration® Cotrelation Recovery (%)
samples (ng/sample) coefficient (mean + S.EM.)
Plasma 12 44— 880 0.999 584 +22
Heart 12 88—1760 0.999 415+ 2.6
Muscle 12 88—1760 0.981 439+ 1.7
Lung 12 88—1760 0.997 38.4+1.7
Liver 12 881760 0.994 36.1+0.8
Kidney 12 88—1760 0.999 50.5+ 2.1

*Depending on the plasma and tissue concentrations expected in the pharmacokinetic
studies.
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(Steps V and VI) was 93%. Thus, the above-mentioned 69% of total recovery
from buffer resulted. When plasma samples were spiked, an extraction ratio of
about 60% was obtained (Table I). At Step V of the extraction procedure
addition of an equivalent volume of n-heptane was useful to change the density
of the organic layer; thus about 90% of the aqueous phase could be taken by
a syringe through the organic layer (Step VI). Addition of n-heptane had no
effect on the recovery. In accordance with Lefebvre et al. [5], sulphuric acid
was superior to hydrochloric acid in the ratio of the back-extraction of sotalol.

The mobile phase used was a ternary mixture of methanol, water and aceto-
nitrile containing acetic acid and counter-ion which proved to be the best of
various mixtures studied. Addition of acetonitrile (20%) to the mobile phase
decreased the retention time of sotalol.

The HPLC method described has been successfully used to study the kinetic
behaviour of sotalol after a single application of the drug (6 umol/kg,
intravenously) in plasma and five organs of the light—dark synchronized rat.
Fig. 3 shows chromatograms obtained from blank, spiked (44-—440 ng/ml,
depending on the plasma concentrations expected in the pharmacokinetic
studies) and ex vivo plasma samples (60, 110, 160 and 210 min after applica-
tion). As can be seen, the sotalol peak is well separated from the other peaks
and at least 10 ng/ml could be detected. The correlation coefficients between
drug concentrations and peak areas were greater than 0.99 for plasma and all
organs except muscle for which a correlation coefficient of 0.98 was calculated
(Table I). The recovery was 58% from plasma and 36—50% from the organs
(Table I). Representative chromatograms of blank and ex vivo samples of all
five organs are depicted in Fig. 4. In tissues sotalol concentrations of at least

SPIKED STANDARDS

()

’[ML

min Hz “ 6 8 1- 1 ] -1

ng/mi 0 “ 220 440
EX VIVO SAMPLES X
|
|
' |

] 1 ] 1
ng/mt 876 " 1764 3018
min p. injection 60’ "' 160° 210

Fig. 3. Representative chromatograms of sotalol in plasma samples. Upper panel shows
spiked plasma samples in which sotalol was added at 0—440 ng/ml. Lower panel shows chro-
matograms of ex vivo samples; sotalol was injected intravenously into rats (6 umol/kg), and
plasma samples were taken 60—210 min after drug application. The concentrations obtained
are indicated.
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Fig. 4. Representative chromatograms of sotalol in heart (A), muscle (B), lung (C), liver (D)
and kidney (E). Upper panel shows blank tissue samples of the respective organs from
untreated rats. Lower panel shows the corresponding ex vivo samples (6 umol/kg, intra-
venously) which were isolated 210.min after drug application. The concentrations obtained
are indicated.

40 ng/g could be measured. As can be seen, there is no baseline separation of
the sotalol peak in lung tissue, but the separation allowed sotalol concentra-
tions to be determined in this organ even 210 min after drug application.

In conclusion, the HPLC method presented here provides the applicability of
a liquid—liquid extraction of a zwitterionic compound and the short-wave UV
detection of this compound within a pharmacokinetic study not only in plasma
but also in such target organs as heart, muscle, lung, liver and kidney.
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Bupranolol [1-chloro-2-(2-hydroxy-3-tert.-butylamino)propoxy-4-methyl-
benzene, Fig. 1] is the only §-adrenoceptor blocker with a chlorine substituent
in the molecule. Until now, no methods have been available for the quantitative
determination of bupranolol in plasma and tissues. On account of the chlorine
atom, bupranolol does not fluoresce when activated at about 220 or 280 nm,
as demonstrated for other g-blockers and which can easily be measured and
quantified by spectrofluorimetric detection following high-performance liquid
chromatographic (HPLC) separation (see, for example, refs. 1—3). Since we
are interested in the structure—activity relationship of p-blockers of different
polarities including their pharmacokinetic behaviour [4, 5] an HPLC method
with ultraviolet (UV) detection at 200 nm for bupranolol was developed to be
able to determine plasma and tissue levels of this lipophilic compound.

Cl

o
@O—CHz—CHOH—CHz—NH—?*CH3
CH3

CH3

Fig. 1. The molecular structure of bupranolol.

EXPERIMENTAL

Standards and reagents

All reagents used were at least reagent grade and purchased from E. Merck
(Darmstadt, F.R.G.). Only deionized glass-distilled water was used. The racemic
mixture of bupranolol - HCl was kindly supplied by Sanol Schwarz (Monheim,
F.R.G.). Standard solutions from 2 mg/ml to 10 ng/ml were obtained from an
aqueous stock solution (2 mg/ml). This solution was stored at 4°C for up to
one month,

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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HPLC instrumentation and conditions

The HPLC system consisted of a constant-flow pump (Gynkotek, 600/200),
an autosampler (Waters, WISP 710 B), a cyano column (Bischoff, 12.5 ecm X
4.6 mm; Shandon CPS 5 ym), a spectrophotometer with a deuterium lamp
(Kratos, Spectroflow 773) and a computing integrator (Spectra Physics, SP
4100).

The mobile phase was acetonitrile—water (70:30) containing 0.1%
phosphoric acid. The flow-rate was 1.5 ml/min and the detection wavelength
200 nm. Chromatography was carried out at ambient temperature.

Sample preparation

Plasma and tissue samples of four organs (heart, muscle, brain, lung) from
light—dark synchronized male Wistar rats of about 150—180 g body weight
were used. The rats were sacrificed by decapitation, and blood was collected in
12-ml conical glass tubes containing 50 ul of heparin (250 I.U.). After
centrifugation (900 g, 15 min) 1-ml plasma portions were pipetted into 12-ml
screw-capped glass tubes and kept at —35°C. The organs were dissected out,
rinsed in ice-cold 0.9% saline solution, blotted on filter paper, weighed, frozen
in liquid nitrogen and finally stored at —35°C.

Plasma extraction
The extraction procedure is summarized in Fig. 2. The 1-ml plasma samples

PLASMA TISSUE

0.5-2.09 tissue
+Sml 0.4N HCIO,

homogenization

10’ centrifugation

1ml plasma supernatant
+«0.5ml 2N NaOH +03ml 10N NaOH
mixing
+3mt 10% chloroform +6mi 10% chloroform
in n-heptone in n-heptane
15’ shaking
10’ centrifugation

I 2.5ml org. tayer I Sml org. layer

water -bath {55°C)
stream of dry nitrogen

+ 100 ul mobile phase

10" vortex

|

HPLC

Fig. 2. A schematic outline of the extraction procedure.
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were thawed and 0.5 ml of 2 M sodium hydroxide (saturated with sodium
chloride) was added. Then 3 ml of a mixture of 10% chloroform in n-heptane
were added; the tubes were shaken for 15 min and the layers separated by
centrifugation. Aliquots of 2.5 ml] of the organic layer were transferred to
12-m) screw-capped conical glass tubes and evaporated in a water bath at 55°C
under a stream of dry nitrogen. After cooling the dry tubes in an ice bath,
100 ul of the mobile phase were added to redissolve the residue. The tubes were
vortexed for 15 sec and aliquots (50-—80 ul) were injected into the HPLC
system.

Tissue extraction

The extraction procedure is summarized in Fig. 2. The frozen tissues
(0.5—2.0 g wet weight) were homogenized in 5 ml of 0.4 M perchloric acid
(saturated with sodium chloride) with an Ultra-Turrax homogenizer in glass
tubes at 4°C. After centrifugation at 7000 g for 10 min, the supernatants were
transferred to 12-ml screw-capped glass tubes containing 0.3 ml of 10 M
sodium hydroxide and vortexed for 10 sec. Then 6 ml of the extraction
mixture (10% chloroform in n-heptane) were added; the samples were shaken
for 15 min and centrifuged for 10 min at 800 g. Aliquots of 5 ml of the organic
layer were transferred to 12-ml screw-capped conical glass tubes. The further
extraction was as described for the plasma samples (Fig. 2).

Standard curves and recovery studies

Blank plasma and tissue samples from untreated rats were spiked with
varying amounts of bupranolol. These samples were treated as described above
and standard curves of added concentrations versus peak area were calculated.
From these data recovery in each organ was calculated over the whole concen-
tration range.

Bupranolo! plasma and tissue concentrations ex vivo were determined in the
respective tissues 60, 90, 120 and 150 min after the intravenous injection of
6 umol/kg bupranolol - HCI to rats.

RESULTS AND DISCUSSION

The HPLC system described provides for the first time a method of
determining bupranoiol concentrations not only in plasma but also in target
organs such as heart, muscle, brain and lung, which are important when
studying the kinetic behaviour of B-adrenoceptor blocking drugs [3—5].

Fig. 3 shows chromatograms of blank and spiked plasma samples from
untreated rats and ex vivo plasma samples. As can be seen the extraction
procedure employed yielded clean samples without interfering peaks in the
chromatograms measured at 200 nm. Concentrations as low as 1 ng/ml plasma
could be quantified. Chromatograms of blank and ex vivo samples of
bupranolol in the four organs studied are depicted in Fig. 4. The
chromatograms of the tissue samples also do not show any interfering peaks.
The detection limit from tissue was about 10 ng/g.

The data obtained from spiked standard samples are shown in Table 1. As
can be seen, the correlation coefficients for plasma and all organs were greater
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SPIKED STANDARDS

b I

min 0 2 4 6 8
ng/ml 0 88 43 88

EX VIVO SAMPLES

b by

ng/ml 233 519
min p. injection 150° 120° 90° 60

Fig. 3. Chromatograms of bupranolol plasma samples. Upper panel shows spiked plasma
samples in which bupranolol was added at 0—88 ng/ml. Lower panel shows chromatograms
of ex vivo samples; bupranolol was injected intravenously into rats (6 umol/kg) and plasma
samples were taken 60—150 min after drug application. The concentrations obtained are
indicated.

L

A

A
0 2 4 6 8 min

.
ex vivo
extracted
compound
| ! | !
A N

concentration: 295ng/g LLnglg 18ng/g L17ng/g

sample volume
injected: 60wl 40 il 30wl 50 pl

Fig. 4. Representative chromatograms of bupranolol in heart (A), muscle (B), brain (C) and
lung (D). Upper panel shows blank tissue samples of the respective organ from untreated
rats. Lower panel shows the corresponding ex vivo samples which were isolated 150 min
after drug application (6 pmol/kg). The concentrations obtained are indicated.
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TABLE 1

DATA FOR BUPRANOLOL OBTAINED FROM SPIKED PLASMA AND TISSUE
SAMPLES

Organ No. of Concentration® Correlation  Recovery (%)
samples (ng/sample) coefficient (mean + S.EM.)
Plasma 10 8.8—264.0 0.999 96.6 + 0.8
Heart 10 17.6—52.8 0.988 26.8+2.3
Muscle 10 8.8—264.0 0.992 215+138
Lung 10 44.0—880.0 0.995 249+ 1.7
Brain 10 88.0—1320.0 0.995 2656+ 2.4

*Depending on the plasma and tissue concentrations expected in the pharmacokinetic
studies.

than 0.98. The recoveries achieved were 97% from plasma and 22—27% from
the organs. The difference in the recoveries from plasma compared to those
from the tissues is similar to the difference we found when studying the kinetic
behaviour of propranolol [1, 2], which is a f-blocker of nearly the same
polarity as bupranolol. These lipophilic compounds have a strong affinity for
tissue membranes which results in a lower recovery from tissues than from
plasma. A dependency of the bupranolol recovery upon the amount of tissue
extracted as described for propranolol [1, 2] could not be observed.

In conclusion, the HPLC system presented for the determination of
bupranolol concentrations has shown its applicability within a study on the
kinetic behaviour of this drug (6 umol/kg, intravenously) in plasma and four
organs of the rat [4]. It has been shown that it is possible to quantify
substances in biological material by short-wavelength UV detection without
difficulty.
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high-performance liquid chromatography

J. GODBILLON* and M. DUVAL

Ciba-Geigy Biopharmaceutical Research Center, B.P. 308, 92506 Rueil-Malmaison Cedex
(France)

(Received January 27th, 1984)

Pharmacokinetic studies in man have demonstrated that the g-blocker
metoprolol is eliminated from the body mainly in the form of metabolites;
only a minor fraction of the given dose is recovered as unchanged drug in urine
[1]. Four urinary metabolites were identified (compounds I—IV in Fig. 1) and
quantified after administration of a single dose of *H-labelled metoprolol [2].
Two of them, a-hydroxymetoprolol (1) and O-desmethylmetoprolol (1I) possess
Bi-receptor blocking activity in the cat [2] and dog [3] but are five to ten
times less potent than the parent drug. Metabolite I, whose plasma concentra-
tions are about 50% of those of metoprolol in healthy subjects [4, 5], accounts
for 10% of the dose in urine. Metabolite II is rapidly oxidized to an inactive
amino acid (III) and recovered in only minor amounts in human body fluids
[2, 4, 5]. The other two metabolites, III and IV, have no pharmacological
activity; they account, respectively, for about 65% and 10% of an oral dose
(2].

Several methods have been described for the assay of the active metabolite
(I) in plasma or urine {6-~10].

Metabolite III is highly water-soluble so that extraction from biological
fluids cannot be achieved. The only method available involves three evapora-
tion steps and two derivatization stages before gas chromatography [5]. Its
limit of quantitation is 0.5 ug/ml of urine.

We describe a simpler high-performance liquid chromatographic (HPLC)
method for the major metabolite, III, involving direct injection of diluted
urine. It allows the assay also of a-hydroxymetoprolol which is the major bio-
transformation product in plasma. The applicability of the method is
demonstrated.

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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Fig. 1. Chemical structure of metoprolol and of its known metabolites.

EXPERIMENTAL

Chemicals and reagents

Metoprolol tartrate was supplied by Ciba-Geigy (Basle, Switzerland).
Metabolites I—IV were supplied by Hissle (M&lndal, Sweden). All solvents and
reagents were of analytical grade. Solution A for the mobile phase was made of
2.9 mmol (238 mg) of anhydrous sodium acetate and 40 mmol (2.3 ml) of
acetic acid in 1 1 of water (pH 3.5 buffer).

Reference solutions
These were prepared in water from the hydrochloride of III and the
p-hydroxybenzoic acid salt of 1.

Sample preparation

A 0.5-ml volume of urine is diluted to 20 ml with distilled water. A 1-m}
aliquot of the diluted urine and 100 ul of water or of agueous reference
solutions are mixed in a glass tube; 60 ul are injected onto the column.

Chromatography

The chromatography was performed on a Hewlett-Packard instrument, Model
1081 B, equipped with a variable-wavelength detector (Schoeffel SF 770) set
at 222 nm.
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The column was a stainless-steel tube (25 ¢cm X 4.7 mm I.D.) filled with
LiChrosorb RP-8, 5 um (E. Merck, Darmstadt, F.R.G.). The slurry, made of
3.6 g of LiChrosorb (preliminarily dried at 110°C for 2 h) dispersed in a
mixture of 10.8 ml of n-heptane and 10.8 ml of isopropyl alcohol, was forced
into the column with n-heptane. The column was rinsed with 50 ml of ethanol
before use. The degassed mobile phase acetonitrile—solution A (70:30, v/v)
was used at a flow-rate of 1 ml/min. The mobile phase and the column were at
room temperature.

The retention times were about 10 and 13 min for metabolites III and I,
respectively. The top pressure was about 90 bars.

Calibration curves

Calibration samples were prepared by adding 100 ul of reference solutions
containing both metabolites I and III as described in the sample preparation
procedure. The added amounts corresponded to concentrations ranging from
16.5 umol/l (5 ug/ml) to 329.5 umol/l (100 ug/ml) for metabolite III and from
11.9 ymol/l (5 pug/ml) to 237.5 umol/1 (100 ug/ml) for metabolite 1.

The calibration curves were obtained by plotting the peak height of each
metabolite versus the concentrations. Their equations were calculated by the
least-squares method using linear regression. For routine analysis, a calibration
curve is established every day from five to seven calibration samples, each
sample being injected once.

RESULTS AND DISCUSSION

Urine interferences

Metabolites I and III are well separated from the urine components. Urine
from several volunteers was tested. A typical chromatogram of blank urine and
spiked urine is shown in Fig. 2.

Accuracy, precision, reproducibility, limit of quantitation

Metabolites I and IIT can be measured with good precision and accuracy at
concentrations down to 5 ug/ml (11.9 umol/l for I and 16.5 umol/1 for III)
(Table I).

Selectivity

The parent drug metoprolol and the other known metabolites (Fig. 1) did
not interfere in the assay of metabolites I and III.

The acidic metabolite (IV) was eluted in the solvent front. The relative
retention times were 1, 1.19, 1.77 for III, T and metoprolol, respectively. Two
peaks were observed for metabolite II (relative retention times 1 and 1.19).
As this metabolite, which is an intermediate in the formation of metabolite
111, accounts for less than 0.4% of the dose excreted in urine [4], it will not
interfere significantly in the assay of I and III.

Provided the concentrations of metoprolol are higher than 14.6 umol/l
(5 ug/ml), the unchanged drug can be simultaneously assayed with the two
metabolites, with comparable precision and accuracy (Table I).
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Fig. 2. Chromatograms corresponding to 1 ml of diluted blank urine (A) and to 1 ml of
diluted urine spiked with 5 nmol of metabolite III, 3.6 nmol of metabolite I and 4.4 nmol

of metoprolol (B).

TABLE I

ACCURACY, PRECISION, REPRODUCIBILITY AND QUANTITATION (SPIKED SAMPLES)

Metabolite III a-Hydroxymetoprolol Metoprolol
(metabolite I)

Amount added

(upmol/1)* 165 329 659 1318 1977 119 475 1188 146 292 87.7
Amount found

(xmol/1)* 175 33.3 655 134 1983 121 46.3 1165 127 28.9 86.2
Number of

replicates 6 18 18 18 18 6 6 8 6 6 6
Coefficient of

variation (%) 4.5 5.2 3.4 3.4 27 7.0 15 1.8 6.8 4.9 1.5
Mean recovery

(%) 106 101 100 102 100 102 97 98 88 99 99

*The data are expressed in umol of free base per 1.

Application

The urinary excretion data given in Fig. 3 indicate that the present method is
suitable for the assay of these metabolites after administration of metoprolol.
The results given were in agreement with those already reported [2, 5]. The
limit of quantitation for a-hydroxymetoprolol is higher than that obtained by
Lennard and Silas [10] by HPLC with fluorimetric detection (200 ng/ml).
However, it appeared sufficient for pharmacokinetic studies with metoprolol

[11,12].
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3. Urinary elimination (24-h) of metoprolol metabolites I (s) and III (e) after

administration of a single oral dose of 100 mg of metoprolol tartrate (292 umol of
metoprolol base). (—-), Subject 1; (- - -), subject 2.
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Esmolol, methyl 3-{4-[2-hydroxy-3-(isopropylamino)propoxy]phenyl Jpro-
pionate + HCl is a novel, cardioselective ultra short acting beta-adrenergic
receptor antagonist with a duration of action of 10—15 min in anesthetized
dogs [1]. The key feature of esmolol as an ultra short acting beta blocker is the
ester linkage in the compound [2]. Rapid hydrolysis of the ester functionality
results in methanol and 3-{4-[2-hydroxy-3-(isopropylamino)propoxy]phenyl }

9 ?H H /CH3 Blood and Tissue
Hsc-o-c-cnz—cnz-Qo-cuz-tl:-cn2-N-ci >

H CH; Esterases

ESMOLOL

0
1 OH H ~CH;
“0-C-CH,~CH, OCH,-C-CH,-N-CH  ~ + CH,0H
N “NCH3

Meothanot
I

Fig. 1. Hydrolysis of esmolol resulting in methanol and I.

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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propionic acid (I, Fig. 1). Based upon in vitro isolated tissue studies, I is a beta
blocker, but is 200-fold less potent than esmolol [3]. With conventional drugs,
metabolic transformation converts the parent compound into metabolites that
have faster elimination rates, thus facilitating the removal of the drug from
the body. In contrast, metabolism of ultra short acting therapeutic agents like
chloroprocaine [4], succinylcholine [5], and esmolol [6] results in metabolites
that have elimination half-lives much longer than the parent compound.

Since esmolol has an elimination half-life of less than 15 min in man [6],
long term pharmacological and toxicological effects, if any, are more likely to
be caused by I and not esmolol. This is especially true in chronic studies where
the possibility of accumulation of I may occur. Thus, a good understanding of
the pharmacokinetics of esmolol requires careful monitoring of blood levels of
esmolol and 1.

This paper describes an isocratic reversed-phase high-performance liquid
chromatographic (HPLC) method for measuring I. In addition, application of
the method to measure blood levels of I during a dose range-finding study of
esmolol in man is also presented.

EXPERIMENTAL

Chemicals

I and its internal standard, 3-{1-amino-[3-(4-chlorophenoxy)]2-propanol }
propionic acid were synthesized at American Critical Care (McGaw Park, IL,
U.S.A.). Methylene chloride (spectro grade) and acetonitrile (HPLC grade) were
purchased from J.T. Baker (Phillipsburg, NJ, U.S.A.); perchloric acid (70%) and
sodium acetate were purchased from Mallinckrodt (St. Louis, MO, U.S.A.).
Sodium heparin was purchased from Organon (W. Orange, NJ, U.S.A.).

Sample preparation

Heparinized blood (1 ml) was transferred to 20 mm X 125 mm tubes
(Scientific Products, McGaw Park, IL, U.S.A.) containing 10 ml of methylene
chloride. After capping, the tubes were manually mixed vigorously for 15 sec
before placing the tubes on a mechanical shaker (Eberbach, Ann Arbor, MI,
U.S.A)) for 10 min. The tubes were then centrifuged at 1700 g using an IEC
Centra 7-R centrifuge (International Equipment, Needham Heights, MA,
U.S.A.) for 10 min. A 0.5-ml aliquot of the reddish aqueous phase was removed
and transferred to 100 mm X 13 mm tubes (Scientific Products) containing a
100-ul aliquot of the internal standard solution (0.1 mg/ml). The samples were
mixed for 15 sec using a Vortex Genie mixer (Scientific Products). A 500-ul
aliquot of 14% perchloric acid was added to the tubes followed by mixing on a
Vortex Genie mixer for 15 sec. The samples were centrifuged at 1700 g for 10
min and the resultant supernatants analyzed by HPLC.

Sample analysis

The samples were analyzed using a Waters Assoc. (Milford, MA, U.S.A))
Model 6000A pump, Model 440 UV detector with a 280-nm filter, Model 710A
automatic injection system, and a 30 cm X 3.9 mm uBondapak phenyl column
packed with 10-um particles. The mobile phase consisted of 0.01 M sodium
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acetate—acetonitrile—glacial acetic acid, pH 3.7 (87:12:1), set at a flow-rate of
2.0 m]l/min.

Recovery and reproducibility

Recovery of I from blood was examined by spiking varying amounts of the
compound into blood and comparing these samples with results obtained with
aqueous standards. Reproducibility of the assay was determined by preparing
standard curves over a 500-fold range and examining the variability at each
concentration,

Clinical protocol

Six healthy males, 20—30 years old (mean 23.2 years) and weighing
67.5—82.5 kg (mean 73.4 kg), participated in the study. All the subjects were
paid and signed a written consent form. Each subject received constant
increasing intravenous infusions of 10, 40, 100, 150, 200, 300, 450, and 650
ug/kg/min of esmolol for 60 min on eight consecutive days. The minimum
period of time between treatments was 23 h. In each treatment, blood samples
were collected into heparinized tubes before (—1 min), at 30 and 60 min after
initiation of the infusion, and at 5 and 15 min after stopping the infusion.
Selected samples from six of the doses were assayed for I.

Data analyses

Identification of the individual peaks was accomplished by referring to the
elution time (R;) of water standards. Quantitation of I was accomplished by
using a Hewlett-Packard Model 3356 Laboratory Automation System (Palo
Alto, CA, U.S.A.) which determined the ratio of the peak areas of I to that of
the internal standard.

RESULTS

A representative chromatogram of I and the internal standard is shown in Fig.
2. Endogenous blood components did not interfere with the accurate
quantitation of both compounds. By using water standards as references, the
HPLC peaks with R; of 7.3 and 9.7 min were identified as I and the internal
standard, respectively. Under the conditions of analysis, esmolol had an R; of
23.4 min (data not shown).

The recovery of I from whole blood averaged 96.9% and appeared to be in-
dependent of concentration (Table I). The high recovery of I at the detection
limit of the assay (1.0 ug/ml blood) probably reflected a low signal-to-noise
ratio, with endogenous blood components contributing to the observed
detector response. Over the concentration range examined, the assay was highly
reproducible with an average coefficient of determination of 5.8% (Table I) and
linear with a correlation coefficient of 0.999 (data not shown).

The assay was used to measure blood levels of I during a Phase I dose-range
finding study of esmolol in man. Increasing doses of esmolol were intravenous-
ly administered to normal volunteers. Blood levels of I were determined
during and immediately after 1-h infusions of esmolol and the results are
summarized in Table II. During the 1-h infusion period, blood levels of I did
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Fig. 2. HPLC chromatogram of whole blood spiked with I (7.3 min) and the internal
standard (9.7 min). All other peaks are endogenous to blood.

TABLE I
RECOVERY AND REPRODUCIBILITY OF THE HPLC ASSAY FOR I IN BLOOD

Concentration  Recovery* = S.D.  Coefficient of determination**

(rug/ml) (%) (%)
1.0 127 + 20.3 10.9
2.5 83.6 + 10.0 8.3
5.0 902+ 9.1 7.1

10 904+ 14 2.6
25 96.0+ 1.5 6.9
50 940+ 3.2 7.0

100 98.4+ 6.4 4.6

250 95.2 + 10.0 1.4

500 970+ 99 3.4

Mean + S.D. 96.9 + 12.2 5.8 £+ 3.0

*n = 3 at each concentration.
**p = 6 at each concentration.

not reach steady-state after any of the doses. The metabolism of esmolol to I
did, however, appear to follow linear kinetics since a plot of the average blood
concentration of I versus the dose of esmolol at the end of 1-h infusion showed
an excellent linear relationship (Fig. 3). The average blood concentrations at
the end of the infusion period were 1.52, 4,18, 10.2, 17.0, 32.9, and 35.6
ug/ml blood after esmolol infusion rates of 40, 100, 200, 300, 450, and 650
ug/kg/min, respectively (Table II).

DISCUSSION

I is an amphoteric compound having two pK, values such that it will be
doubly charged at physiological pH. Therefore, the partition of I into non-polar



207

TABLE I

CONCENTRATION OF I (pg/ml) IN WHOLE BLOOD FROM THE DOSE-RANGE
FINDING STUDY OF ESMOLOL IN NORMAL VOLUNTEERS

Values are expressed as mean + S.D.

Dose of No. of Concentration of I (ug/m1l)
esmolol subjects
(ug/kg/min) (n) Sampling time* (min)
30 60 65 75

40 2 BDL** 152 +0.276 165t 0.587 152+ 0.537
100 3 BDL 4,18 + 0.718 5.34+ 1.88 6.41+ 1.65
200 6 2.96 + 1.10 10.2 + 290 11.8 + 2.83 13.6 + 2.11
300 1 4,32 17.0 19.0 25.5
450 3 11.2 =+ 4.37 329 +£9.04 357 105 35.1 +12.8
650 1 13.1 35.6 43.7 43.6

*Sampling times are as follows: 30 and 60 min after start of infusion; 65 and 75 min are
5 and 15 min after termination of infusion, respectively.
**BDI, = below detection limit (1 ug/ml).
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Fig. 3. Average blood concentration of I as a function of dose at the conclusion of 1-h
infusion of esmolol in normal subjects (n = 1—6).

organic solvents is very low resulting in quantitative recovery of the compound
in the aqueous layer. Under the conditions of the extraction, esmolol
preferentially partitions into the methylene chloride layer resulting in < 5%
remaining in the aqueous layer [7]. Deproteinization of the red aqueous layer
with perchloric acid after extracting blood with methylene chloride results in a
supernatant suitable for analysis by HPLC.

Data from the human dose range finding study demonstrated linear increases
in blood concentrations of I as a function of esmolol doses indicating that
saturation of metabolic and/or elimination process(es) during the 1-h infusions
did not occur. Blood levels of I attained at the end of the infusion period were
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10 to 15 times greater than corresponding levels of esmolol [7], but results
from an efficacy study in healthy volunteers, however, demonstrated a good
correlation between beta blocking effects and blood concentrations of esmolol

[6].
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Ceftriaxone is a member of the “third generation’ of cephalosporin anti-
biotics characterized by a relatively broad antibacterial spectrum, including
moderate activity against many strains of Pseudomonas aeruginosa. In addition
to its broad antibacterial spectrum, ceftriaxone exhibits a uniquely long
elimination half-life, is resistant to §-lactamase producing organisms, and
diffuses well into extravascular spaces, including the cerebrospinal fluid (CSF).
These characteristics offer potential clinical advantages which may lead to
increasing use of this drug to treat bacterial meningitis and a variety of other
serious infections.

Current published methods for determining ceftriaxone in biological fluids
include bioassay of total antibacterial activity [1] and high-performance liquid
chromatography (HPLC) [2—4]. The bioassays tend to be cumbersome, require
a relatively long turnaround time, are susceptible to interference from
concurrently administered antibiotics, and exhibit considerable random varia-
tion inherent in the assay system. Two of the previously described HPLC
methods [2, 3] require a different mobile phase for determining the
ceftriaxone concentration in each of these biological specimens: bile, serum,
and urine. Another recent method uses normal-phase column chromatography
[4].

We describe here a reversed-phase HPLC method using ion-pair chromato-
graphy to quantitate ceftriaxone in body fluids. This method utilizes the same
chromatographic conditions and column for serum and urine. Additionally,
by use of this same method, ceftriaxone can be measured in CSF as well. The

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



210

method requires a small sample volume, provides sensitivity and precision,
simplifies sample preparation and analysis, and allows rapid turnaround time.

EXPERIMENTAL

Materials and reagents

Ceftriaxone analytical standard was supplied by Hoffmann-LaRoche
(Nutley, NJ, U.S.A.). Monobasic and dibasic potassium phosphate (Baker
Analyzed) were obtained from J.T. Baker (Phillipsburg, NJ, U.S.A.). Fisher
Scientific (Fairlawn, NJ, U.S.A.) was the source of HPLC-grade acetonitrile,
methylene chloride, and the paired-ion reagent, hexadecyltrimethylammonium
bromide (HDTMAB).

A stock standard solution of 1.0 mg/ml ceftriaxone in deionized water was
prepared monthly and stored at 5°C. The mobile phase was prepared in the
following sequence to prevent the buffer salts from crystallizing out of
solution. Acetonitrile (400 ml) was added to 2.73 g of HDTMAB followed by
the addition of 200 ml of deionized water. HDTMAB was completely dissolved
prior to the addition of 7.5 ml of a 1 M monobasic—dibasic potassium
phosphate buffer (pH 7.0). The volume was made up to 1 1 with deionized
water and degassed under vacuum prior to use.

Chromatography

Chromatography was performed utilizing a Waters Assoc. (Milford, MA,
U.S.A.) M-45 solvent delivery system in conjunction with a Perkin-Elmer
(Norwalk, CT, U.S.A.) oven and LC-55 UV/VIS variable-wavelength spectro-
photometer. The detector was interfaced with a Perkin-Elmer Sigma 10 data
system which provided the retention times and the integrated area under the
peaks. A 5-um 25 X 0.45 cm LiChrosorb RP-8, reversed-phase column
(Supelco, Bellefonte, PA, U.S.A.) was used for analysis. The effluent was
monitored at 280 nm at a flow-rate of 1.6 ml/min, while the oven temperature
was maintained at 40°C.

Procedure

Standard curves were prepared by adding ceftriaxone stock solutions (1
mg/ml) to drug-free serum or urine to yield final concentrations of 5, 20, 50,
100, 200, and 400 ug/ml. A 200-ul aliquot of sample or standard (serum or
urine diluted 1:10 with deionized water) was added to 200 ul of acetonitrile in
a 1.5-ml Eppendorf tube. The tubes were vortexed and centrifuged for 5 min
at 21,000 g in an Eppendorf 3200 centrifuge. The supernatant was trans-
ferred into a clean tube and extracted with 500 ul of methylene chloride. Each
tube was vortexed for 20 sec and centrifuged for 5 min. A 10-ul volume of the
upper aqueous phase was injected onto the column.

The concentration of ceftriaxone in CSF was determined by calibrating with
aqueous standards in the range 0.5—50 ug/ml. CSF specimens were only
centrifuged and 10 ul was injected onto the column without prior sample
preparation.
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RESULTS

Typical chromatograms obtained from serum are shown in Fig. 1. The
retention time of ceftriaxone was 7.0 min. Similar chromatograms were ob-
tained from CSF and urine specimens. Concentrations and peak areas were
linearly related over the respective ranges in serum, urine, and CSF.
Least-squares regression of the ceftriaxone standard curve generated the line
Y = 0.98X — 0.15 with a correlation coefficient of 0.99.

Day-to-day variation was established by analyzing freshly prepared serum
ceftriaxone concentrations of 5, 10, 20, 50,100, 200 and 400 ug/ml. The average
coefficient of variation (C.V.) was 5.5% with a range of 2.5—11.3% (Table I).
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Fig. 1. Chromatograms of (A) drug-free serum; (B) a patient’s serum sample in which the
determined concentration of ceftriaxone was 29.4 ug/ml; (C) a control serum containing
50 ug/ml ceftriaxone. The retention time of ceftriaxone was 7.00 min.

TABLE I

DAY-TO-DAY VARIATION OF FRESHLY PREPARED SERUM CEFTRIAXONE
STANDARDS

In all cases n = 10.

Ceftriaxone added Mean £ S.D. C.V.
(ug/ml) (ug/ml) (%)
5 49+ 06 11.3
20 195+« 15 7.1
50 495+ 1.5 3.0
100 1005+ 2.7 2.7
200 1968 £+ 114 5.8

400 395.0+ 9.8 2.5
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TABLE II
STABILITY OF CEFTRIAXONE IN SERUM AT —20°C OVER A FIVE-WEEK PERIOD

Week Determined concentration of
ceftriaxone (ug/ml)

1 52.1
2 59.8
3 57.6
4 54.8
5 53.3

Mean 55.5
+ S.D. 3.2
CV.(%) 5.1

The stability of ceftriaxone in serum was determined by freezing aliquots of a
pooled serum containing ceftriaxone which were assayed over a five-week
period. There was no significant loss of ceftriaxone during storage at —20°C
(Table II). Analytical recovery of ceftriaxone from serum samples was deter-
mined to be 96% and 95% at concentrations of 50 and 400 ug/ml, respectively,
when compared with aqueous standards.

Commonly co-administered antibiotics, such as methicillin, penicillin,
ampicillin, sulfamethoxazole, gentamicin, tobramycin, and chloramphenicol,
did not produce interfering peaks.

DISCUSSION

Ceftriaxone promises to be a very useful antibiotic to treat serious bacterial
infections because of its broad spectrum of activity, prolonged half-life, and
diffusion characteristics. The clinical efficacy of the drug can be further
enhanced by the ability to accurately and rapidly determine concentrations in
biological fluids thereby ensuring that bactericidal levels are achieved.

In the method presented here, we have taken advantage of using an RP-8
column, an ion-paired mobile phase, and a single, unique sample preparation
step to obtain chromatograms free of peaks that interfere with the analysis
of ceftriaxone. This clean chromatogram is obtained from serum, CSF, and,
most importantly, urine. The method of Trautmann and Haefelfinger [2] used
a separate, different mobile phase for serum and urine, while our method uses
the same chromatographic conditions for serum, urine, and CSF. Using our
method, specimens from CSF were injected directly onto the column, without
prior sample processing. The use of one set of analytical conditions decreases
the time and cost required for analysis and eliminates the change-over time
from one set of chromatographic conditions to another. This method has a
sample volume requirement of 200 ul which makes it suitable for use in
pediatric patients as well as adults.

The range of pediatric ceftriaxone concentrations in our experience during 6
h after a dose was from 31 to 227 ug/ml in serum and from 0.7 to 20.6 ug/ml
in CSF. If these values can be considered as an indication of the therapeutic
range for these two fluids, then the method described here has the required
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sensitivity and linearity (5.0—400 ug/ml in serum; 0.5—50 ug/ml in CSF) to
be used in the routine therapeutic monitoring of ceftriaxone.
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Mepixanthone (3-methoxy-4-piperidinomethylxanthone, Fig. 1) is an

analeptic drug used in respiratory and cardiorespiratory insufficiency [1- -4].

An antidoping screening procedure for mepixanthone is reported in the

literature [5], but quantitative methods for the determination of this drug are

not available. In this paper a simple and sensitive high-performance liquid

chromatographic (HPLC) method is described which has also been used for the
determination of mepixanthone after intravenous administration.

0
l

OCH

CH-N

Fig. 1. Structure of mepixanthone,
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EXPERIMENTAL

Chemicals and reagents

Mepixanthone was supplied by Dott. Formenti, Milan, Italy; chlorpromazine
[2-chloro-10-(3-dimethylaminopropyl)phenothiazine] (internal standard) was
from Farmitalia Carlo Erba, Milan, Italy. Acetonitrile and isopropyl alcohol
were HPLC grade (E. Merck, Darmstadt, F.R.G.). Diethylamine was analytical
grade (Merck). The extraction tubes Toxi Tube A, active ingredients of which
are sodium carbonate (3.5%), sodium bicarbonate (3.5%), dichloromethane
(18%) and dichloroethane (17%), buffered at pH 9.0, were supplied by
Analytical Systems (Laguna Hills, CA, U.S.A)).

Instrumentation

A Perkin-Elmer Series 3B liquid chromatograph equipped with a 5-um silica
Si 60 column 250 X 4 mm (Merck) was used. The mobile phase was aceto-
nitrile—isopropyl alcohol—diethylamine (50:50:0.004) at a flow-rate of 1
ml/min. The column effluent was monitored with a Perkin-Elmer LC-75
variable-wavelength detector set at 237 nm.

The samples were injected using an automatic sampler (Perkin-Elmer Model
LC-420) fitted with a 50-ul sample loop. The 2-m] vials for automatic sampling
(Supelco, Bellefonte, PA, U.S.A.) were adapted by inserting 250-ul microtest
tubes (LP Italiana, Milan, Italy) to allow the automatic injection from samples
having a total volume of only 200 ul [6]. '

All the chromatographic data were processed with a Perkin-Elmer Model
Sigma 10 data system.

Preparation of standards

Standard calibration solutions, containing 0, 5, 20, 50, 200, 400, 800, 2000
ug/l mepixanthone, were prepared in human serum by dilution of an agqueous
solution of mepixanthone.

Chlorpromazine was used as a 0.9 mg/l solution in bidistilled water.

Extraction procedure

Serum or plasma samples (1 ml) and chlorpromazine solution (4 ml) were
added to a previously mixed Toxi Tube A extraction tube and mixed for 5 min
on a rotary mixer. After centrifugation (3000 g for 5 min) the organic layers
(upper phase) were transferred to glass tubes and evaporated at room tempera-
ture under a stream of dry nitrogen. The residues were reconstituted in 200 ul
of acetonitrile—diethylamine mixture (500:0.02) and transferred into the
automatic sampler vials.

The sample concentrations were calculated by comparing the sample’s peak
area ratio of mepixanthone to chlorpromazine with those of calibration
standards.

The Toxi Tube A extraction tubes are reproducible and time-saving. Care
should be taken to continue the full extraction operation until the final rotary
mixing, completing one sample extraction before the next one, thus avoiding
the deposition of salts.
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RESULTS AND DISCUSSION

Fig. 2 shows typical chromatograms of serum extracts from a patient
receiving mepixanthone intravenously. For the system used, the number of
theoretical plates was 7160 and the capacity ratio of mepixanthone was 2.66.
The limit of sensitivity for mepixanthone is 1 ug/1.

The within-assay variation was measured by replicate analyses (n = 20) of
mepixanthone standard solutions in human serum, containing 5, 50 and 400
ug/l. The coefficients of variation (C.V.) were 5.4%, 3.4% and 3.0%, respective-
ly. Between-assay C.V. values were determined by comparing the results
obtained on different days (n = 10) over a period of three months, for three
control sera containing 50, 400 and 800 ug/l mepixanthone. The C.V. values
were 6.3%, 5.9% and 5.8%, respectively.

The extraction recovery of mepixanthone from human serum (Table I) was

F F {
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Fig. 2. Chromatograms of (A) an extract from a plasma sample spiked with 800 ug/l
mepixanthone and 3.6 mg/l chlorpromazine, (B) plasma blank, and (C) plasma after the
administration of mepixanthone to the patient. Peaks: 1 = mepixanthone, 2 =
chlorpromazine. AU = absorbance unit.

TABLE I
EXTRACTION RECOVERY

Mepixanthone  Mean recovery (n = 20)

concentration
(ue/l) % S.D.
5 71.2 6.2
50 81.7 3.6

400 88.3 3.1
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calculated at three concentrations by comparing the sample’s peak area of
mepixanthone with that of an unextracted equivalent concentration.

The correlation coefficient between the found (Y) and theoretical (X) con-
centration for serum spiked with 50, 200, 400, 800 and 2000 ug/l
mepixanthone was r = 0.99991, and the correlation curve was described by the
equation ¥ = 1.069X — 16.18.

The reliability of the proposed method was tested in a patient by determina-
tion of plasma mepixanthone following intravenous administration of 50 mg.
Blood samples were taken at 0, 15 and 30 min, and 1, 3, 6, 12 and 24 h after
administration of the drug. The pharmacokinetic behaviour with related
parameters is shown in Fig. 3.

The method described has the advantages of a small sample requirement,
sensitivity, selectivity and speed. No interferences from endogenous serum
constituents were seen and it was therefore possible to operate at a wavelength
of 237 nm, at which mepixanthone absorbs more than at the other analytical
wavelength of 302 nm (absorbance ratio, 237/308 nm = 3.24).

Retention times of other drugs that were extracted under the assay
conditions described and studied as potential sources of interference are shown
in Table II. The only drug that has a retention time close to that of
mepixanthone is dimefline [5], but the two peaks are separated with a resolu-
tion of 1.257 and a column selectivity of 1.087. Moreover, a patient who is
treated with mepixanthone is not expected to be treated also with dimefline,
since the two drugs belong to the same pharmacological class and are alterna-
tive.

10007
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Fig. 3. Serum concentration curve following intravenous administration of mepixanthone
(50 mg). Kinetic parameters: K, = 2.01 h™!, K,, =081 h™', K,, =448 h™!, V4=234.711,
V, =26991, Vd\g =317.221, t,,=3.00 h.
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TABLE II

RETENTION TIMES OF MEPIXANTHONE AND OTHER POTENTIAL INTERFERING
COMPOUNDS

The conditions are as described in the text. The resolution between mepixanthone and chlor-
diazepoxide, nikethamide and dimefline is 2.341, 2.020 and 1.257, respectively.

Compound Retention time Relative retention
(min) time*
Fluphenazine 2.74 0.32
Levomepromazine 4.02 0.47
Doxapram 4.02 0.47
Chlordiazepoxide 5.39 0.63
Nikethamide 5.48 0.64
Mepixanthone 6.06 0.71
Dimefline 6.44 0.75
Promethazine 8.05 0.94
Chlorpromazine 8.56 1.00
Dipyrone ) 9.12 1.06
Thioridazine 11.98 1.40
Amitriptyline 12.24 1.43
Promazine 12.68 1.48
Imipramine 15.41 1.80

*Chlorpromazine = 1.00.

In agreement with other authors, the analytical column shows a long useful
lifetime [7, 8] due to the predominancy of organic solvent in the mobile phase.

The method seems to be suitable for kinetic studies as it can detect very low
concentrations found 24 h after administration.
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Letter to the Editor

Simultaneous determination of antipyrine and metabolites in human plasma
and urine by high-performance liquid chromatography

Sir,

Antipyrine (AP) is used as a model substance to measure the influence of
environmental factors, drugs, and disease states on the activity of the
microsomal oxidative degradation enzymes in in vivo systems [1]. After
antipyrine administration (oral or intravenous), plasma (or saliva) [2] is
analysed for the main substance at various time intervals and pharmacokinetic
parameters may be calculated. However, more information may be gained by
analysing additionally the metabolites 4-hydroxyantipyrine (OHA), noranti-
pyrine (NAP) and 3-hydroxymethylantipyrine (HMA) in urine [3]. Clinical
pharmacological work in this Department on enzyme induction (or inhibition)
of drugs {4, 5] prompted us to develop a method for the analysis of antipyrine
in blood and saliva and of antipyrine and metabolites in urine involving
enzymatic hydrolysis, extraction and gradient elution with reversed-phase high-
performance liquid chromatography (HPLC).

Recently, Teunissen et al. [6] described in this journal an HPLC assay for
antipyrine and metabolites in blood, saliva and urine. Our procedure was
developed independently and is comparable to their method; it differs mainly
in the sample work-up and in the chromatographic system.

To 1 ml of plasma (or saliva), 10 ug of phenacetin, 200 ul of 2 M sodium
hydroxide and 6 ml of dichloromethane were added and the mixture was
shaken for 10 min. After centrifugation 5 ml of the organic phase were
evaporated to dryness under a stream of nitrogen. Or, 1 ml of urine was
hydrolysed for 4 h with 3 ml of 0.1 M acetate buffer containing 4 mg of
sodium metabisulphite and 40 mg of sulphatase—glucuronidase at 37°C. Then
20 ug of phenacetin were added and the solution was extracted successively
with 5 ml of dichloromethane—pentane (3:7, v/v) (A) and after the addition of
600 mg of anhydrous sodium sulphate and 400 ul of 4 M sodium hydroxide
with 5 ml of dichloromethane (B). The mixture of the organic phases A and B
was evaporated under nitrogen.

The HPLC system consisted of two pumps (6000A), an automatic injector
(WISP Model 710B), a gradient programmer (M660), an ultraviolet (UV)
filter detector (M440) (all from Waters, F.R.G.), a printer plotter (1RB,

0378-4347/84/303.00 © 1984 Elsevier Science Publishers B.V.
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Shimadzu, F.R.G.) and a LiChrosorb RP-2 column (250 X 4 mm I.D., irregular
particles, 10 um; Merck, F.R.G.) preceded by a precolumn filled with Perisorb
RP-2 (25 X 4 mm L.D., spherical particles 30—40 pgm). For plasma and urine
the residue was dissolved in 200 ul of methanol and 10 ul were injected for
analysis. The detector was set at 254 nm and 0.1 a.u.f.s. The mobile phase for
plasma was phosphate buffer (pH 6.5, 0.05 M)—methanol (60:40, v/v) at a flow-
rate of 2 ml/min (%' values for antipyrine and phenacetin were 1.66 and 2.34,
respectively). Urine was analysed using a linear gradient: solvent A was
phosphate buffer (pH 6.5, 0.05 M)—methanol (28:72, v/v); solvent B was
methanol. The gradient was run from 0% to 100% of solvent B in 15 min at a
total flow-rate of 2 ml/min (k' values for HMA, NAP, AP, OHA and phenacetin
were 1.81, 3.44, 4.33, 4.95 and 5.73, respectively).

Antipyrine in plasma was analysed in the range 0.1—20 mg/l, and antipyrine
and metabolites in urine in the range 1—200 mg/l. Sensitivity was 0.1 mg/1 for
antipyrine in plasma and 1 mg/l for antipyrine and metabolites in urine.
Precision was in the range 1.6—3.8%; the extraction recoveries were between
68% and 91%, depending on the substance. Most of the drugs and metabolites
tested did not interfere with the assay. Excellent correlations were found with
previously published procedures [7, 8].

The use of the extraction steps described above allowed the simultaneous
determination of antipyrine and metabolites in urine, in place of the double-
extraction procedure [8] with separate determinations of NAP with OHA, and
AP with HMA, affording considerable economy in the hydrolysis, extraction
and chromatographic steps. Teunissen et al. [6] have also described a single-
step 'extraction with chloroform—ethanol (9:1, v/v), which in our hands leads
to interference by several drugs and metabolites. The use of gradient elution for
the analysis of urine produced sharp separations and peaks of antipyrine and
metabolites without co-elution of many drugs and their metabolites. The total
analysis time is 15 min and the use of an automatic injector permits a large
number of assays.

Plasma extraction and chromatography were simple, with short analysis
times (5 min) and absence of interference. The chromatographic system is very
stable, and frequent changes of the precolumn filling allows a long column
life.

The method is comparable to the one described by Teunissen et al. [6].
They used a short column filled with spherical reversed-phase particles and
employed isocratic elution for plasma and urine with short analysis times. The
analysis of antipyrine and metabolites in the urine of volunteers who had been
treated with sulfinpyrazone [5, 9] lead to interference when analysed using a
similar isocratic system; this was circumvented by the use of the gradient
elution system described above. Theunissen et al. [6] also described the deter-
mination of 4,4'-dihydroxyantipyrine, which we did not assay as it is a minor
antipyrine metabolite in humans.

The use of the modified conditions for extraction and the use of gradient
elution for urine samples present a simple, fast, specific and sensitive method
for the analysis of antipyrine in blood and saliva, and its metabolites in urine,
adequate for drug-interaction, enzyme-induction or clinical studies where
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interference from foreign compounds is to be expected. Similar metabolite
profiles to those already published [3] were found with this method.
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Letter to the Editor

High-performance liquid chromatographic determination of
3,4-diaminopyridine in human plasma

Sir,

4-Aminopyridine (4-AP) has been used in clinical practice for the treatment
of human neuromuscular diseases [1—4]. We have previously developed a
method for determining 4-AP and 3,4-diaminopyridine (3,4-DAP) in rat
cerebrospinal fluid and serum [5], but this method is not sensitive enough for
pharmacokinetic studies in humans. High-performance liquid chromatographic
(HPLC) methods for the determination of 4-AP in body fluids have been
reported [6]. This paper describes a sensitive assay for the determination of
3,4-DAP in human plasma which is useful for its pharmacokinetic study in
humans.

Methanol, acetonitrile and dichloromethane, HPLC grade, and potassium
dibydrogen phosphate and potassium carbonate, analytical reagent grade, were
purchased from E. Merck (Darmstadt, F.R.G.). 4-AP and 3,4-DAP were from
Aldrich-Europe (Beerse, Belgium). Water was deionized and then double-
distilled.

Stock solutions of 3,4-DAP and 4-AP (internal standard) were prepared in
methanol at the concentration of 1 mg/ml and were stored at 0—5°C. These
solutions were prepared every week.

A liquid chromatograph (Varian Model 5000) equipped with a variable-
wavelength detector (Varichrom, Varian) was used in a reversed-phase system
with a Micropak C,3 column as the stationary phase (300 X 4 mm 1L.D., particle
size 10 um; MCH 10, Varian). The mobile phase was made up of acetonitrile—
phosphate buffer (0.05 M, pH 7.4) + tetramethylammonium chloride (0.02 M)
(23:77). The volume of sample injected was 20 ul (Valco valve). The effluent
was monitored at 288 nm with a sensitivity of 0.02 a.u.f.s. The mobile phase
flow-rate was 1.3 ml/min and the chart-speed 0.25 cm/min.

For the sample preparation, about 300 mg of potassium carbonate and 50 ul
of the internal standard (solution of 4-AP, 10 mg/l in water) were added to
500 ul of plasma. The mixture was stirred (10 sec on a Vortex mixer),
extracted twice with 5 ml of dichloromethane (1 min on Vortex) and
centrifuged (2600 g for 1 min). The organic phase was transferred to another
tube and re-extracted with 50 ul of 0.1 M hydrochloric acid (1 min on Vortex).

0378-4347/84/$03.00 © 1984 Elsevier Science Publishers B.V.
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After centrifugation (2600 g for 1 min), the supernatant was transferred into a
cone-shaped tube and 20 ul of the aqueous phase were injected onto the
column,

Calibration curves were constructed by spiking blank serum samples with an
aqueous solution of 3,4-DAP giving plasma concentrations ranging from 6.25
to 400 ug/l. The ratios between the peak heights of 3,4-DAP and the internal
standard versus the concentrations of 3,4-DAP were used to construct the
calibration curves.

Typical chromatograms are shown in Fig. 1. The retention times of 3,4-DAP
and 4-AP were 228 and 288 sec, respectively.

The recovery of 3,4-DAP was 75.6 + 6.9% (mean + S.D., n = 5) and 78.8 +
5.8% (mean * S.D.,, n = 5) at concentrations of 50 ug/l and 400 pug/l,
respectively. For 4-AP the recovery was 86.7 + 2.4% (mean + S.D., n = 5) at
a concentration of 500 ug/l.
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Fig. 1. (A) Chromatogram obtained from analysis of a blank human plasma sample. (B)
Chromatogram obtained from analysis of a spiked human plasma sample containing 12.5
ug/l of 3,4-DAP (*) and 400 ug/l of 4-AP (*x) (internal standard). (C) Chromatogram
obtained from analysis of a spiked human plasma sample containing 200 ng/l of 3,4-DAP (*)
and 400 ug/l of 4-AP (x*) (internal standard).
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The within-run precision was evaluated by analysing plasma samples (n = 5)
spiked with known amounts of 3,4-DAP, and was found to be 10.8% and 6.8%
at concentrations of 50 ug/l and 400 ug/l, respectively.

A linear relationship was observed between the peak height ratio of
3,4-DAP/4-AP (Y) and the amount of 3,4-DAP added to the plasma (X, ug/l):
Y =0.0054X —0.0018;r = 0.9983; n = 16; concentration range 6.25—400 ug/l.

No interfering peaks with the same retention times as 3,4-DAP and 4-AP
were present in blank plasma. The limit of detection in plasma allowing a
signal-to-noise ratio of 2 was 3.4 ug/l.

The reported procedure was capable of quantitating 3,4-DAP in plasma to
a concentration as low as 3 ug/! with a 0.5-ml plasma sample, and this was
useful for its kinetic study in humans.
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