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Abstract

A highly sensitive HPLC method with automated column switching was developed for the simultaneous determination of
endogenous levels of 13-cis-retinoic acid (isotretinoin), all-frans-retinoic acid (tretinoin) and their 4-oxo metabolites in
plasma samples from man, Cynomolgus monkey, rabbit, rat and mouse. Plasma (0.4 ml) was deproteinated by adding
ethanol (1.5 ml) containing the internal standard acitretin. After centrifugation, 1.4 ml of the supernatant were directly
injected onto the precolumn packed with LiChrospher 100 RP-18 (5 wm). 1.25% ammonium acetate and acetic acid—ethanol
(8:2, v/v) was used as mobile phase during injection and 1% ammonium acetate and 2% acetic acid—ethanol (102:4, v/v)
was added, on-line, to decrease the elution strength of the injection solution. After backflush purging of the precolumn, the
retained components were transferred to the analytical column in the backflush mode, separated by gradient elution and
detected at 360 nm. Two coupled Superspher 100 RP-18 endcapped columns (both 250X 4 mm) were used for the separation,
together with a mobile phase consisting of acetonitrile-water—10% ammonium acetate—acetic acid: (A) 600:300:60:10
v/viv/v), (B) 950:20:5:20 (v/v/v/v), and (C) 990:5:0:5 (v/v/v/v). The method was linear in the range 0.3-100 ng/ml, at
least, with a quantification limit of 0.3 ng/ml. The mean recoveries from human plasma were 93.2%-94.4% and the mean
inter-assay precision was 2.8%-3.2% (range 0.3-100 ng/ml). Similar results were obtained for animal plasma. The analytes
were found to be stable in the plasma of all investigated species stored at —20°C for 4.3 months and at —80°C for 9 months,
at least. At this temperature, human plasma samples were even stable for 2 years. The method was successfully applied to
more than 6000 human and 1000 animal plasma samples from clinical and toxicokinetic studies. Endogenous levels
determined in control patients and pregnant women were similar to published data from volunteers. © 1997 Elsevier
Science BV.
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1. Introduction

The retinoids (vitamin A derivatives) have elicited
great interest in recent years because of their impor-
tance in development and cell biology, including cell
differentiation and cell proliferation, morphogenesis,
reproduction, vision, immunology and hematopoiesis
[1]. Although three generation of retinoids are now
under investigation, the first-generation agents, the
retinoic acids, are still the most successful in disease
treatment. In oncology, all-trans-retinoic acid (all-
trans-RA, tretinoin, II, Fig. 1) showed promising
results in the treatment of acute promyelocytic
leukemia [2]. Other retinoids, as single agents or in
combination, generated interesting preliminary re-
sults in the prevention of, or in the therapy of various
precancerous and cancerous lesions [3]. In dermato-
logy, 13-cis-retinoic acid (13-cis-RA, isotretinoin, I,
Fig. 1) proved to be very successful in the oral
treatment of severe cystic acne and related disorders
[4]. All-trans-RA, due to a low oral therapeutic
index, has found limited use in topical application
for acne, but was recently introduced, additionally,
for the treatment of photodamaged skin. A drawback
of topical all-frans-RA in clinical use has been local
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Fig. 1. Chemical structures of the compounds.

skin irritation. Therefore, 13-cis-RA was also tested
for topical application in the same indication.

The goal of this study was to develop and validate
an analytical method for the development program of
isotretinoin (13-cis-RA) in photodamage. This in-
cluded the determination of endogenous levels of
13-cis-RA (), its isomer all-trans-RA (II), and their
metabolites 13-cis-4-o0xo-RA (III, Fig. 1) and all-
trans-4-oxo-RA (IV) in plasma, as well as the
investigation of the influence of food and of topical
application of isotretinoin on the plasma levels of the
four compounds.

Several reviews [5-9] concerning the determi-
nation of retinoids in biological samples have ap-
peared over the last few years. Dozens of methods
were discussed and cited. However, only a few of
these methods deal with the determination of endog-
enous levels of retinoic acids. The first methods
reported could only measure all-frrans-RA [10-13].
They were designed for RA identification and not for
routine measurements of large sample nurnbers. Two
of these methods {10,12] used gas chromatography-
mass spectrometry. Tang and Russell [14] deter-
mined 13-cis-RA and all-zrans-RA by high-perform-
ance liquid chromatography (HPLC), and Eckhoff
and Nau [15] determined all-rrans- and 13-cis-RA
and their 4-oxo metabolites. The latter method used
the HPLC column-switching technique and needed
only 0.35 ml of plasma. However, both reports
concentrated on identification of the analytes in
human plasma and only limited validation data were
presented. The latter is also true for our own
feasibility test, using the column-switching technique
and direct injection of plasma samples [16]. Huselton
et al. [17] developed an interesting HPLC-MS
method for all-trans- and 13-cis-RA. This method
was later improved by Ranalder et al. [18], enabling
also the determination of the two 4-oxo metabolites,
However, only a simultaneous clean-up of retinoic
acids and 4-oxo metabolites was possible, but not
simultaneous separation and detection. In spite of the
high sensitivity and selectivity of this method, the
sample throughput was very low and not suitable for
large studies. Very recently, Lehman and Franz [19]
reported an HPLC-MS method using the particle
beam interface. The HPLC-UV method of Periquet
et al. [20] could only determine all-trans- and 13-cis-
RA and needed a large plasma volume (3.5 ml),
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whereas two other methods [21,22] concentrated on
the simultanecus determinatiom of all-trans- and
13-cis-RA and retinol. Another recently published
investigation [23] on reversed-phase capillary liquid
chromatography with amperometric electrochemical
detection reported pg/ml detection limits for pure
solutions of 13-cis- and all-trans-RA, retinol and
retinaldehyde. This enabled the determination of
endogenous plasma levels of retinoic acids. How-
ever, the presented method was not validated and not
suitable for routine determinations which are re-
quired for pharmacokinetic studies.

Therefore, the use of HPLC-UV with automated
column switching (on-line solid-phase extraction)
appeared the most promising, and our first method
for the determination of exogenous levels of I-1V at
the 2 ng/ml level [24,25] was improved, and the
advances of the column-switching technique which
were achieved for second- [26—28] and third-genera-
tion retinoids {29,30] were incorporated.

2. Experimental

2.1. Materials, reagents and solvents

Glacial acetic acid (100%) and ammonium acetate
(both p.a.) and ethanol (absolute p.a. and HPLC
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grade), were obtained from E. Merck (Darmstadt,
Germany), and acetonitrile (HPLC grade S) from
Rathburn (Walkerburn, UK). Water was distilled
twice from an all-glass apparatus. Argon was ob-
tained from PanGas (Lucerne, Switzerland). Isotreti-
noin (13-cis-retinoic acid, I), tretinoin (all-trans-
retinoic acid, II), 13-cis-4-oxo-retinoic acid (III) and
all-trans-4-oxo-retinoic acid (IV) as well as acitretin
(LS., V) were provided by F. Hoffmann—-La Roche
Lid. (Basel, Switzerland) and were kept under argon
at —20°C. Reference compounds (see legend of Fig.
2) were also provided by F. Hoffmann-La Roche,
whereas all-trans-retinoyl $-glucuronide was a gift
from J.A. Olson and A.B. Barua, Iowa State Uni-
versity (Ames, 1A, USA). Spiked plasma samples
were prepared using fresh frozen plasma, either from
sodium citrated human blood, which was obtained
from a blood bank (Blutspendezentrum SRK, Basel,
Switzerland), or from EDTA rat, mouse and rabbit
blood from our own laboratories, or from EDTA/
NaF Cynomolgus monkey biood obtained from
Corning Hazleton (Miinster, Germany).

2.2. Preparation of standards

The weighing of the compounds and samples, the
preparation of calibration standards, as well as the
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Chromatogram of reference compounds. Peaks: 1=all-trans-4-hydroxy-RA, 2=all-rrans-4-0x0-RA, 3=13-cis-4-hydroxy-RA,

4=13-cis-4-0x0-RA, 5=9-cis-4-0x0-RA, 6=all-trans-5.6-epoxy-RA, 7=all-trans-3 4-didehydro-RA, 8=all-rrans-3,4-didehydroretinol, 9=
13-cis-RA, 10=9,13-dicis-RA, 11=9-cis-RA, 12=all-zrans-RA, 13=all-trans-retinol, 14=all-rrans-retinal.
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handling of the samples were performed under
diffuse light conditions or under yellow light.

A 10% (w/v) solution of ammonium acetate was
made up in bidistilled water (100 g/1).

A stock solution of the internal standard was
prepared in an amberized volumetric flask by dis-
solving 10 mg of V in 100 ml of ethanol (HPLC
grade; 100 pg/ml). An internal standard working
solution was prepared by diluting 0.4 ml of the stock
solution with ethanol to 2000 ml (20 ng/ml). This
solution was stored in the dark at room temperature
for several weeks. The stock solutions could be
stored at 4°C for several months.

Four stock solutions of the analytes were prepared
in amberized volumetric flasks by dissolving 10 mg
of [ and II and 5 mg of III and IV, respectively, in 10
ml of ethanol (HPLC grade). Ultrasonication was
used for complete dissolution. Appropriate amounts
of each stock solution were combined and diluted
with ethanol to give working solutions in the range
10-0.03 pg/ml. These working solutions were used
as calibration standards by adding 0.2 ml to 75 ml of
internal standard solution followed by the addition of
20 ml of water, yielding concentrations of 100, 50,
10, 2, 0.5 and 0.3 ng/ml. The calibration standards
were stored at 4°C for several months.

Spiked plasma standards for validation or quality
control samples were prepared by spiking blank
plasma with a small volume (normally 1%) of an
adequately prepared standard working solution.

2.3. Sample preparation procedure

To 04 ml of plasma, 1.5 ml of the internal
standard working solution were added for protein
precipitation. After vortex-mixing and standing for
30 min in the deep freezer at —20°C, the sample was
centrifuged (6 min at 3400 g and 10°C) and the
supernatant transferred to the autosampler vial (1.5-
ml Safe-Lock, Eppendorf—Netheler—Hinz, Hamburg,
Germany), and 1.4 ml were injected. For calibration,
1.4 ml of the calibration standards [ethanol-water
(3.75:1, v/v)] were directly injected. The samples
were kept at ambient temperature and 4°C prior to
injection for the analysis of human and animal
plasma samples, respectively.

2.4. Chromatographic system and conditions

A schematic representation of the HPL.C column-
switching system is given in Fig. 3. An HPLC pump
L-6000 (P1A; Merck), in combination with a solvent
selector (SS; Labsource, Reinach BL, Switzerland),
delivered mobile phase M1A (or alternatively M3).
Aliquots (1.4 ml) were injected by the autosampler
(AS; Model AS-4000A, Merck) onto one of the
precolumns (PC). In order to inject large sample
volumes, the autosampler was used with two 5-ml
syringes as dilutors | and 2 [solvents: water—ethanol
(p-a.) (100:2, v/v) and ethanol (p.a.), respectively], a
3-ml sample loop, and the slow needle-down-speed.
Animal plasma samples were cooled by a Peltier
cooling system (PCU 1000, Labsource; 4°C). The

M1A M3A M3B MiB

M2A M2B M2C

Waste

Fig. 3. Schematic representation of the HPLC column-switching
system showing the configuration during the injection of the
sample (step A). See Section 2.4 for further details.
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injected sample plug was diluted, on-line, with
mobile phase MIB by HPLC-pump PI1B (L-6000,
Merck; flow-rate 2.6 ml/min) via a T-piece (Valco
Instruments, Houston, TX, USA; 1/16 in., bore 0.25
mm). The UV detector D1 (Spectroflow 773, Kratos,
Ramsey, NJ, USA), operating at 230 nm, together
with a W+W recorder 600 (Kontron, Zurich, Swit-
zerland), was used during method validation to
monitor the removal of polar components from the
precolumn during the purge step; they were not
needed for routine analysis. The gradient pump P2
(L-6200A, Merck) delivered mobile phase M2,
which was degassed on-line (Solvent degaser SDU
2003, Labsource). A manual injector (MI; Model
7125 with a 200-pl loop, Rheodyne, Cotati, CA,
USA) was used for direct injection onto the ana-
lytical column (e.g. for recovery experiments). De-
tection of the eluted compounds was carried out at
360 nm with an UV detector (D2; SPD-10A,
Shimadzu, Kyoto, Japan; response value 1.0 s, aux
range 3 AU/V). An HPLC ChemStation (Hewlett—
Packard, Waldbronn, Germany), in connection with
an in-house developed LIMS (UNICHROM and
KINLIMS [31]), was used for data acquisition and
processing.

The two electrically-driven switching valves (V1
and V2; high speed valve 7000E, both Labsource)
and the solvent selector were controlled by P2.
Precolumns were automatically replaced by a tandem
precolumn selector (TPS; EA6 Port valve 7066/
CPR, Labsource), either when a pressure of 150 bar
was reached, indicating PC clogging during the
following injections, or after 200 injections.

2.4.1. Columns and mobile phases

LiChroCART HPLC cartridges (all 4X4 mm L.D.)
packed with LiChrospher 100 RP-18 (5 pm) were
used as guard columns, GC1A and GCI1B, and as
precolumns PC. The analytical column (AC) con-
sisted of two LiChroCART HPLC cartridges (250x4
mm [.D.) packed with Superspher 100 RP-18 (end-
capped), linked together by a manu-CART coupling
unit (all Merck) and kept at 26°C by a column
thermostat (CT; with Peltier controller unit PCU
1000, Labsource).

Mobile phase 1A (M1A) was prepared by mixing
100 ml of 10% ammonium acetate with 700 ml of

water, 200 ml of ethanol (p.a.) and 10 ml of acetic
acid. Mobile phase 1B (M1B) was prepared by
mixing 100 ml of 10% ammonium acetate with 900
ml of water, 40 ml of ethanol (p.a.) and 20 ml of
acetic acid. Mobile phase 2 (M2) consisted of three
components: (M2A) 60 ml of 10% ammonium
acetate, 300 mi of water, 10 ml of acetic acid, 600
ml of acetonitrile; (M2B) 5 ml of 10% ammonium
acetate, 20 ml of water, 20 ml of acetic acid, 950 ml
of acetonitrile; (M2C) 5 ml of water, 5 ml of acetic
acid, 990 m! of acetonitrile. Mobile phase 3A (M3A)
and 3B (M3B) consisted of ethanol (p.a.)-water
(8:2, v/v) and ethanol (p.a.), respectively.

2.4.2. Procedure

The total sequence of automated sample analysis
required 38 min. Details of the parameters used are
shown in Table 1. The autosampler started pump 1B
and the gradient program of P2. The latter started the
HPLC ChemStation and controlled the flow of P1A.
In addition, the timer signals of P2 were also used
for: (a) switching the valves (10/11 and 20/21
means switching of V1 and V2, respectively), (b) the
solvent selector (30=MI1A, 31=M3 (either M3A or
M3B), 40=M3A, 41=M3B), and (c) to start (52) or
to stop (62) P1B. Timer signal 72 activated the pulse
counter of the TPS.

2.5. Calibration and calculations

Together with the unknown and quality control
plasma samples, six ethanolic calibration standards,
distributed over the whole set of samples, were
processed as described above. The calibration curves
(y=a+bx) were obtained by weighted lirear least-
squares regression (weighting factor 1/y*) of the
measured peak-height ratios I-IV/V (y) versus the
concentrations of I-1V (x).

3. Results and discussion
3.1. Sample preparation procedure
The ideal way of using the column-switching

technique for plasma sample analysis is direct in-
jection of untreated plasma onto the precolumn, as
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demonstrated first by Roth et al. [32]. Many other
applications have been reported in the meantime and
were reviewed recently [33]. For retinoids, this
technique has the following advantages: a high
degree of automation, no evaporation of extraction
solvents, no problems with redissolving of extracts
before injection into the HPLC system, protection
from light during analysis and higher sensitivity
compared to conventional extraction methods [5].

However, direct injection of plasma samples con-
taining retinoids resulted in low recoveries [24,27].
This phenomenon, a result of high protein binding, is
not only observed in the column-switching tech-
nique, but also in off-line solid-phase extraction or
liquid-liquid extraction using hexane for direct
extraction of plasma. The reason is a low mass
transfer of the lipophilic analytes from the plasma
protein to the stationary phase (or organic phase in
the case of liquid-liquid extraction) through an
aqueous phase.

These problems may be dealt with as follows: (a)
addition of a water-miscible organic solvent (e.g.
acetonitrile) to the plasma sample to improve the
transfer of the retinoid from the protein to the
stationary phase; when the final acetonitrile content
is below 20%, plasma proteins are not precipitated;
(b) protein precipitation with an organic solvent (e.g.
ethanol) and injection of the supernatant. Procedure
(a) was used for retinoic acids [15,16,24,34,35] and
other retinoids [29]. However, isomerization of cis/
trans-isomers was sometimes observed in the auto-
sampler vials [28)]. Therefore, plasma was injected
and acetonitrile added, on-line, during injection onto
the precolumn by means of an additional pump (P1B
in Fig. 3) and a T-piece. This prevented any isomeri-
zation [28]. Even more robust conditions could be
obtained with procedure (b) [25,26,36-38]. How-
ever, an injection containing a relatively high amount
of ethanol is sometimes limiting because of break-
through generated by the high elution strength of the
ethanol.

To obtain the high sensitivity needed to determine
endogenous concentrations of retinoic acids, the
following approach was chosen in the present meth-
od: 0.4 ml of plasma was deproteinated by adding
1.5 ml of ethanol, and 1.4 ml of the supernatant were
injected after centrifugation. This large volume of
ethanol would prevent pre-concentration of the ana-

lytes on the precolumn. Therefore, ammonium ace-
tate was added, on-line (M1B in Fig. 3), to reduce
the elution strength of the injection solution. In an
intermediate version of the method, using a less
sensitive UV detector, 1.33 ml plasma were de-
proteinated with 4 ml of ethanol and, finally, 4 ml of
the supernatant were injected. As long as the ratios
of plasma (or water)—ethanol were not changed (or
compensated by MI1B), even higher volumes could
be injected, e.g. up to 24 ml for in vitro metabolism
studies [38]. A high volume of ethanol was preferred
compared to other solvents (e.g. acetonitrile), be-
cause it resulted in the most efficient protein precipi-
tation and solubility of the analytes.

3.2. Analytical system and chromatography

The column-switching system used for the de-
termination of retinoic acids and their 4-oxo metabo-
lites at the 2-ng/ml level in our laboratory [24] has
been continuously improved over the last years. The
addition of a third valve (V1 in the actual configura-
tion, see Fig. 3) allowed forward- and backflush
purging of the precolumn [25,27]. In this way,
proteins and solid particles which can be adsorbed on
the sieves of the precolumn were removed by
backflush purging to prevent a transfer to the ana-
lytical column, thereby avoiding a long-term deterio-
ration of the analytical column. A further extension
of the system was the incorporation of the precolumn
selector (TPS in Fig. 3), which automatically re-
placed a clogged precolumn with a new one, improv-
ing routine operation during the night or over the
week-end [16]. The precolumn selector is now
commercially available and allows the definition of
the number of injections onto a precolumn before
switching to a new one. In addition, guard columns
(GCI1A and GCI1B [28]) were introduced to avoid
the pre-concentration of impurities in the mobile
phase [16]. The use of a low-pressure valve enabled
purging of the capillaries between the autosampler
and the precolumn with a mobile phase 3 (80%
acetonitrile) instead of the gradient M2. This resulted
in an overall reduced runtime [28]. In the final
method, the low-pressure valve was replaced by a
commercial solvent selector (SS in Fig. 3) which
enabled the use of two (or more) mobile phases 3
(M3A and M3B) [28]. Finally, the T-piece and an
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additional pump PI1B (see Fig. 3), which were
introduced to dilute injected plasma samples, on-line,
with acetonitrile [28], were used to add 1% am-
monium acetate and 2% acetic acid—ethanol (102:4,
v/v) to the ethanolic injection solution to decrease
the elution strength.

In all previous methods, Bondapak C , Corasil
was used as precolumn material. Its large particle
size (37-50 pm) prevented clogging of the pre-
column during injection of plasma samples or solu-
tions containing residual proteins. In the present
method, using a large volume of ethanol! for protein
precipitation, LiChrospher 100 RP-18, a 5-um ma-
terial, could be successfully used without premature
clogging of the precolumn. The advantage of the
LiChrospher material was the absence of isomeriza-
tion of retinoic acids in monkey or rat plasma, which
sometimes occured with the Corasil precolumn. The
number of injections onto one precolumn was about
200 before it was replaced. This could be carried out
automatically by the precolumn selector (TPS in Fig.
3), although manual replacement every few days is
also possible. The potential of isomerization of the
analytes and the internal standard in monkey and rat
plasma was reduced by cooling animal plasma
samples in the autosampler before injection. This
was not necessary for human plasma.

The use of ethanol instead of acetonitrile as an
organic modifier in mobile phase 1A resulted in a
better removal of co-injected lipids from the pre-
column, less isomerization during pre-concentration
and better recovery of the 4-oxo metabolites. In
addition, ethanol is cheaper than acetonitrile. Mobile
phase 1B, consisting of 1% ammonium acetate and
2% acetic acid—ethanol (102:4, v/v), was needed to
prevent a Dbreakthrough of the analytes on the
precolumn. A small amount of ethanol was added to
avoid bacterial growth in pure ammonium acetate
buffer. Ethanol was also preferred for purging of
capillaries (M3A and M3B), as well as diluters of
the autosampler to prevent memory effects.

Acitretin is an ideal internal standard because it is
similar in structure, also having a tetraene side chain,
and because it elutes between the retinoic acids and
the 4-oxo metabolites. Thermostating of the ana-
lytical column to 26°C did not improve the sepa-
ration of the analytes, but resulted in more reproduc-
ible retention times, which avoided time-consuming

manual corrections of peak identification in the data
system. Using the precolumn replacement as de-
scribed above, more than 3000 injections could be
made onto the analytical column before a deteriora-
tion was observed.

The relatively long total run time of 38 min for
one sample is a consequence of the difficult sepa-
ration of two pairs of geometrical isomers and
additional endogenous interferences which needed
gradient elution. The pre-concentration on the pre-
column including backflush purging needed only 5
min per sample. The gradient pump (P2) was used
for controlling the time functions shown in Table 1.
Additional control signals were used to stop sample
injection when the previous run was not successfully
completed (not shown in Table 1).

Although the same matrix for calibration and
unknown samples should be used whenever possible,
this may give rise to problems with endogenous
concentrations in control plasma. Procedures for
removing the endogenous retinoids from control
serum or plasma by photochemical degradation [39]
or treatment with charcoal [40] have some draw-
backs and have rarely been used routinely. A stan-
dard addition procedure, using control plasma with
endogenous concentrations is only feasible for the
measurement of unknown concentrations above the
endogenous levels [21,25,41]. Some irreproducible
isomerization was observed just after addition of
very small amounts of retinoids (<2 ng/ml) to
control plasma, making it, sometimes, impossible to
prepare a plasma standard of low concentration with
a defined amount of analyte. However, after spiking,
these plasma levels were quite constant over several
months. As the measured unknown concentrations
are often below the lowest concentration of a cali-
bration curve with standard addition, plasma as
calibration matrix was often replaced by phosphate-
buffered saline [17,18] or 5% serum albumin in
phosphate-buffered saline [15]. In the present meth-
od ethanol-water solutions were used which had the
same ratio as plasma samples after addition of the
ethanolic internal standard solution for protein pre-
cipitation. As the recoveries of the analytes in
plasma, as well as in ethanol-water, were about 30%
or higher (see Table 2 and Section 3.4), this pro-
cedure is considered acceptable. For the determi-
nation of unknowns, quality control samples (spiked
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plasma of the same species) were always used for
verification of the calibration procedure.

3.3. Selectivity

To reach the required selectivity for retinoic acids
and their metabolites is a demanding task, especially
at concentrations <2 ng/ml. The reason is not only
that geometrical isomers of retinoic acids and 4-oxo
metabolites have to be separated, but also endogen-
ous interferences with similar retention times. Our
first separation system consisted of two coupled 125
mm columns packed with Spherisorb ODS (5 pm)
and a gradient mobile phase of acetonitrile and
ammonium acetate [24]. Subsequently, three col-
umns of 125 mm each (or one 250 mm and one 125
mm) of the same stationary phase were used in series
[16]. Non-endcapped C,; material, in combination
with acetonitrile in the mobile phase, resulted in the
best separation of retinoic acids, but was less favour-
able for the separation of 4-oxo-RA isomers and
endogenous peaks. Therefore, one endcapped cou-
pled to one non-endcapped Superspher 100 RP-18
column (both 250 mm) were used in an intermediate
method, showing improved separation for 4-oxo
metabolites, but still not optimal separation from
plasma interferences in that region. Finally, two
endcapped Superspher 100 RP-18 columns (both 250
mm) were used, Retinoic acids were still sufficiently
separated, whereas plasma interferences were better
separated than in the previous system. A chromato-
gram showing the separation of 14 retinoids is
presented in Fig. 2. Using endcapped Superspher,
all-trans-3,4-didehydroretinol and all-rrans-3,4-di-
dehydro-RA, which were the subject of recent in-
vestigations [42,43], are also well separated. It would
have been possible to improve the separation of
9-cis- from 13-cis-4-oxo-RA and of all-trans-4-oxo-
RA from 13-cis-4-hydroxy-RA using specifically
tailored conditions. However, this would have im-
paired the separation of the analytes from endogen-
ous interferences. Fig. 4 shows a human blank
plasma sample and the same plasma spiked with an
additional 2 ng/ml of the four analytes, demon-
strating the importance of finding a space for all-
trans-4-0x0-RA in the chromatogram. Endogenous
levels and interferences were generally lower in
animal plasma. A typical example of a rat plasma

sample, obtained after repeated topical application of
isotretinoin (13-cis-RA), is shown in Fig. 5.

The goal of this study was to validate a method for
the determination of 13-cis- and all-rrans-RA and
their metabolites 13-cis- and all-rrans-4-oxo-RA.
However, in another preliminary investigation, 9-cis-
RA was also measured successfully [44]. The meth-
od may also be suitable to determine 9,13-dicis-RA,
a major plasma metabolite of 9-cis-RA [45,46],
which proved to be difficult to separate from 13-cis-
and 9-cis-RA by other methods [45,46]. Moreover,
additional retinoids shown in Fig. 2 may also be
determined using the same conditions. Retinoyl 8-
glucuronides are also under investigation as im-
portant metabolites of retinoic acid [37,47]. How-
ever, all-trans-retinoyl B-glucuronide proved to be
difficult to obtain in good purity and was, therefore,
not included in Fig. 2. A preliminary investigation
showed that this compound was eluted after approxi-
mately 13.5 min. An improved separation from
plasma interferences is possible by a slight modi-
fication of the mobile phase and a prolongation of
the gradient [40].

3.4. Recovery

The recovery from plasma was determined during
replicate analysis, by comparison of peak heights of
spiked plasma samples, processed as described
above, with the sum of peak heights obtained from
the endogenous levels of the same plasma (n=6) and
the 100% values. The latter were identical to the
calibration standards in ethanol/water and contained
the same amount of analyte as the spiked plasma.
The 6 injections of spiked plasma, blank plasma and
100% value were all obtained from an inter-assay
study, i.e., one injection of each specimen was made
per day. The 100% values obtained by injection onto
the precolumn were also compared with solutions of
the same amount of analyte directly injected onto the
analytical column. For this study, the analytes were
dissolved in mobile phase 2A, and 100 wl were
injected (n=3). The peak heights were similar
(102.6% for 1, 102.0% for II. 91.7% for 1II and
94.4% for IV) as in the experiment with precolumn
injection, when the latter are defined as 100%.

The recoveries of the analytes and the internal
standard are presented in Table 2, and they appear
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Fig. 4. Chromatograms of human plasma samples. (A) Volunteer plasma sample with endogenous levels of 1.36 ng/ml of 13-cis-RA (1),
1.20 ng/ml of all-trans-RA (II), 2.58 ng/ml of 13-cis-4-0x0-RA (111} and <0.3 ng/ml of all-trans-4-oxo-RA (IV). (B) Same plasma as in
(A) but spiked with an additional 2 ng/mi of each of the four compounds. Peak V is the 1.S. {acitretin).

quite consistent for all species. Only near the limit of
quantification of the assay (endogenous concentra-
tion plus 0.3 ng/ml) do a few recovery values from
rat and mouse plasma show some deviation. This
may be a result of endogenous concentrations below
or at the limit of quantification which were difficult
to estimate and which showed some variability. The
mean recoveries over all species are 92.5% for 1

(CV.=6.5%), 92.1% for I (CV.=0.9%), 93.2% for
HI (CV.=2.4%}) and 93.5% for IV (CV.=8.7%).

3.5. Linearity
The method was linear in the range 0.3-100 ng/

ml, at least. For plasma samples with concentrations
>100 ng/ml (possible after oral administration),
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Fig. 5. Chromatogram of a rat plasma sample, collected on day 17, 1 h after a daily topical application of 0.03 mg/day of isotretinoin
(13-cis-RA). Measured concentrations of 13-cis-RA (1) 9.30 ng/ml. all-zrans-RA (II) 0.61 ng/mi, 13-cis-4-oxo-RA (I11) 2.09 ng/m! and

all-trans-4-oxo-RA (IV) 0.37 ng/ml.

dilution of the injection solution with internal stan-
dard solution—water (3.75:1, v/v) is recommended.

3.6. Limit of quantification

The limit of quantification was 0.3 ng/ml, using
0.4 ml of plasma. The inter-assay relative standard
deviations (R.S.D.) and the accuracies for calibration
samples (n=6) at this concentration were 1.2%—
2.4% and 100.4%-102.1%, respectively.

3.7. Precision and accuracy

Inter-assay precision and accuracy were evaluated
by analysing one series of plasma standards over six
days. The results are compiled in Table 3. The mean
R.S.D. for human plasma are 2.8%-3.2%, and the
mean accuracies 92.5%-96.7% (range of added
concentration 0.3—-100 ng/ml). Similar results were
obtained for monkey and rabbit plasma. For rat and
mouse plasma the imprecision was slightly higher. In
a few species, the accuracy at the +0.3 ng/ml level
did not fulfil our normal acceptability criteria be-
cause the endogenous levels could not be determined
exactly. These values are shown in brackets in Table
3.

3.8. Stability

The stability of retinoids was recently reviewed
[5]. Retinoids are sensitive to light, oxygen and heat,
but apart from light protection, no special precau-
tions, such as addition of antioxidants, are needed for
plasma samples.

Stability tests for compounds I-IV were conducted
according to our internal guidelines, which are based
on a published procedure [48]. However, a decrease
of 15% is now considered relevant, in contrast to
10% in the published procedure [48]. The results of
several storage experiments at —20°C and —80°C for
human, monkey, rabbit, rat and mouse plasma are
presented in Table 4. Whereas storage of plasma
samples at —20°C for 4.3 months did not show any
relevant degradation (except 13-cis-4-oxo-RA (Ii)
in Cynomolgus monkey plasma), storage for 9
months resulted in a considerable decrease in most
species. Therefore, plasma samples were stored at
—80°C and found to be stable in all species for 9
months. Human plasma samples were even stable for
two years when stored at —80°C (see Table 4).

The influence of the size of the air volume in the
storage tube may be of importance. This was dis-
cussed in the past, including suggestions to minimize
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the headspace above the plasma, or to flush the tubes
with nitrogen or argon [9]. To further investigate this
question, spiked human plasma samples were not
only stored in 4-ml vials (these are the results
presented in Table 4), but also in 12-ml glass tubes
for 9 months at —20°C and —80°C. In both cases,
the plasma volume was 3 ml. However, no signifi-
cant difference in the decrease of the concentrations
of the four analytes could be found (data for 12-ml
tubes not shown). Even when the plasma was stored
in a 50-ml vessel, which was about half full with
plasma, at —20°C for 9 months, the decreases were
very similar. The only minor differences were a
slightly higher decrease of 9% for all-frans-RA (1)
and a slightly lower decrease of 16% for 13-cis-RA
(I) (data not shown). From these data, it can be
concluded that the headspace volume of the storage
tube, at least for human plasma, is of less importance
for retinoids than previously assumed [9].

3.9. Application to biological samples

The method was successfully applied to clinical
and toxicokinetic studies. Fig. 4A and Fig. 5 show
representative chromatograms from a human vol-
unteer and a rat, treated topically with 0.03 mg
13-cis-RA (I) per day. Overall, more than 6000
human plasma samples and more than 1000 plasma
samples from rats, rabbits, Cynomolgus monkeys
and mice were analysed. Several laboratories were
involved in these analyses, demonstrating the robust-
ness of the method.

Endogenous concentrations of the four analytes
determined in human plasma from two studies are
shown in Table 5. The results concur with most of
the published data from other laboratories which are
also listed in Table 5. Final data of the study with
pregnant women will be reported elsewhere. The
presented method, using only 0.4 ml of plasma, may
be well suited for further investigations on the
variability of retinoic acids in the plasma of vol-
unteers and patients.

4. Conclusions

Retinoids are well known to be difficult to de-
termine in biological samples because of their sen-

sitivity to light and oxygen, their high protein
binding, insolubility in aqueous solutions, the prob-
lem of separation of geometrical isomers, and the
determination of low endogenous levels. For a
development program for isotretinoin (13-cis-RA) in
photodamage, a highly sensitive HPLC method with
automated column switching and UV detection was
developed and validated for the simulianeous de-
termination of endogenous levels of 13-c¢is- and
all-zrans-RA and their 4-oxo metabolites in plasma
samples from man, Cynomolgus monkey, rabbit, rat
and mouse. The main advantages of this technique
are a high degree of automation, protection from
light during analysis, and a higher sensitivity com-
pared to off-line HPLC methods. As direct injection
of plasma samples without special measures is not
possible due to low recoveries, a protein precipi-
tation with ethanol and direct injection of the super-
natant onto the precolumn was performed. The use
of an additional pump and a T-piece allowed a
decrease of the elution strength of the injection
solution, and, therefore, a pre-concentration of the
analytes on the precolumn.

In spite of the complexity of the column-switching
system, the method had an excellent repeatability
with an inter-assay precision of only about 3% for
human plasma. This confirms the general observation
that the column-switching technique usually provides
better precision than off-line techniques. In some
animal species the imprecision was sometimes high-
er, especially near the quantification limit of the
assay. However, this may be not a result of the
analytical method, but of the isomerization or degra-
dation potential of the plasma samples. The pre-
sented method was also robust and could be success-
fully transferred to several other laboratories. Within
a run time of 38 min for one sample, not only could
the retinoic acid isomers and metabolites be sepa-
rated from interferences, but the method may also be
used for the determination of other endogenous
retinoids, such as retinol, retinal, 3,4-didehydro-
retinol, 9-cis- or 9,13-dicis-retinoic acid or all-trans-
3,4-didehydroretinoic acid.

The method was successfully applied to the de-
termination of more than 6000 human plasma sam-
ples and more than 1000 samples from rats, rabbits,
Cynomolgus monkeys and mice. The measured
endogenous levels in control patients and pregnant
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women were in good agreement with published data
from volunteers. Due to the high sensitivity of the
method (only 0.4 ml of plasma are needed) and the
high degree of automation, this method will be well
suited for the determination of endogenous levels of
retinoids in large series of study samples.
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