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Abstract

This work examined the stability of trans a-acetoxytamoxifen in Krebs—Henseleit buffer (pH 7.4), in the presence
of Sprague—Dawley female rat liver slices, rat liver homogenate and hepatic subcellular fractions, including
microsomes and mitochondria, at pH 7.4 and at 37°C over 300 min. The rate of hydrolysis was determined using
high-performance liquid chromatography, and degradation profiles were obtained from which the rate and order of
degradation were both evaluated. By applying zero-, first-, second- and third-order models of drug disappearance and
the generation of by-products, first- and second-order appeared to produce the best fit. trans-a-Acetoxytamoxifen
degraded rapidly in buffer and more slowly in the biological systems, probably due to the fact that the agent
partitions into the hydrophobic component of the biological tissue and hence degrades at a much slower rate. The
principal degradation products were trans-o-hydroxytamoxifen and, to a lesser extent, cis-o-hydroxytamoxifen.
Another peak could not be identified. The production of frans-o-hydroxytamoxifen was enhanced in the presence of
biological enzymes, whereas the concentration of the cis isomer remains relatively constant in buffer only (pH 7.4)
and in the presence of biological enzymes. Therefore, the formation of identical adducts with DNA is consistent,
because it has been shown that o-acetoxytamoxifen breaks down to form o-hydroxytamoxifen in vitro. The
percentage of tfrans-o-acetoxytamoxifen remaining after 300 min was 40% in mitochondria and 32% in homogenate.
The half-life (z,,) was calculated for each condition by applying zero-, first- and second-order rate kinetics. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Tamoxifen is an anti-oestrogen, which is clini-
cally used and requires metabolic activation be-
fore binding to DNA, and this activation occurs
both in vitro and in vivo by activation with liver
microsomes from rats (Hard et al., 1993; Pathak
and Bodell, 1994; Osborne et al., 1996) or man
(Hard et al., 1993; Pathak and Bodell, 1994). It
has been proposed that a-hydroxytamoxifen [(E)-
4 - {4 -[2- (dimethylamino) - ethoxy]phenyl} - 3, 4 -
diphenyl-3-buten-2-ol], which has been identified
as a metabolite in rat hepatocytes (Pathak et al.,
1995), human liver (Phillips et al., 1994a), and in
plasma of patients treated with tamoxifen (Phillips
et al., 1994a), is an intermediate in this activation.
a-Hydroxytamoxifen reacts with DNA in vitro,
giving low levels of adducts that are indistinguish-
able from those found in rat hepatocytes treated
with tamoxifen (Pathak et al., 1995).

The a-hydroxy group requires either protonation
or conjugation before it can act as a leaving group
and can generate the reactive carbocation. A ta-
moxifen derivative with a good leaving group at the
o position should give a high level of adducts on
reaction with DNA. Therefore, a-acetoxytamox-
ifen [(E)-4-{4-[2-(dimethylamino)eth-oxy]phenyl}-
3,4-diphenyl-2-acetoxy-3-butene] was prepared by
Osborne et al. (1996) and, on examining the reac-
tion of this compound with DNA; they found that
this compound reacted with DNA in vitro to a
much greater extent than o-hydroxytamoxifen.
These authors also stated that the products of
trans-o-acetoxytamoxifen, when analysed by re-
verse-phase high-performance liquid chromatogra-
phy (HPLC) were identical to those isolated from
DNA treated with ao-hydroxytamoxifen and to
those found in the liver DNA of rat hepatocytes
treated with tamoxifen or of the livers of rats
treated with tamoxifen.

Here, the stability of frans-o-acetoxytamoxifen
was examined in Krebs—Henseleit buffer (pH 7.4),
female rat liver slices, rat liver homogenate and
hepatic subcellular fractions including microsomes
and mitochondria at pH 7.4. Four different models
of drug degradation were applied, zero-, first-,
second- and third-order rate kinetics, and it was

found from the linearity of the plots (Fig. 2a—d)
that first- and second-order appeared better than
zero- or third-order. It is not easy to determine the
order of degradation in the presence of liver slices
or subcellular fractions, because the order is
difficult to validate and may be rate-limited by
several factors (enzymes, co-factors, tissue degra-
dation, etc.). However, an investigation of the
stability and kinetics of this compound had not
been previously investigated and, from the results
of our experiments, it is shown to be unsuitable for
metabolism studies due to its instability.

2. Materials and methods
2.1. Chemicals

trans-(Z)-Tamoxifen, NaCl, CaCl,-6H,0, KCI,
MgSO,, KH,PO,, Tris buffer, MgCl,, sucrose,
bovine serum albumin, fraction 5 (BSA) and
NADPH were purchased from Sigma Chemical
Co. (Poole, UK). The bicinchoninic acid (BCA)
Protein Assay Reagent Kit was obtained from
Pierce (Rockford, IL 61105). All solvents used were
HPLC grade and were obtained from BDH Chem-
ical (Poole, UK). trans-a-Acetoxytamoxifen and
cis- and trans-a-hydroxytamoxifen were synthe-
sised according to published procedures described
in Osborne et al. (1996) and Phillips et al. (1994b),
respectively, in this laboratory. Female Sprague-—
Dawley rats and mice were obtained from breeders
within the UK.

2.2. Preparation of liver slices

Preparation of female rat liver slices, and liver
slice incubations were carried out in Krebs—
Henseleit buffer (pH 7.4) from a concentrate which
was stable at 4°C for up to 3 months. The compo-
sition of the concentrate was as follows: NaCl (118
mM), CaCl,,6H,O0 (2.2 mM), KCI(4.75 mM),
MgSO, (1.2 mM) and KH,PO, (1.2 mM). Buffer
solutions were prepared daily by adding 20.00 ml
of the concentrate and 1.05 g of sodium hydrogen
carbonate to 450 ml of distilled water. The pH was
adjusted to 7.4 with 0.1 M HCI and the buffer
volume diluted to 500 ml with distilled water. One
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Sprague—Dawley rat (250-350 g) was killed by
cervical dislocation, the liver was immediately ex-
cised and placed in ice-cold Krebs—Henseleit
buffer (pH 7.4), which was continuously purged
with 95% oxygen/5% carbon dioxide. The liver
slices were prepared using a manual slicer and
each slice was approximately 0.3 um thick. The
first and the last slices from each core were dis-
carded because they contained the liver capsule.
Slices were placed in Krebs—Henseleit buffer (pH
7.4) and saturated with oxygen/carbon dioxide
until slice preparation was complete. Slices were
then immediately used for incubations.

2.3. Preparation of hepatic subcellular fractions
(microsomes and mitochondria) and liver
homogenate

Hepatic subcellular fractions (microsomes and
mitochondria) were prepared in this laboratory
according to the procedure described in Critchley
et al. (1992).

Rat liver homogenate was produced when ap-
proximately 10 g liver was homogenised in 35.00
ml of 1.15% KCI solution containing 0.1 mM
EDTA. Approximately 0.5 ml homogenate is
equivalent to four liver slices.

2.4. To determine the protein content in the
hepatic subcellular fractions

A stock solution of Bovine Serum Albumin,
fraction 5 (BSA) (Sigma) (2 mg/ml) and EDTA
(0.1 mM) was prepared. Protein standards were
prepared from the stock BSA giving the concen-
trations 200, 400, 600, 800 and 1000 pg/ml. A
BCA working reagent (WR) was prepared when
50 parts of BCA Reagent A was mixed with 1
part of BCA Reagent B. When Reagent B was
initially added to Reagent A, a turbidity was
observed that quickly disappeared upon mixing.
Appropriate dilutions of the hepatic subcellular
fractions were prepared. Test tubes were labelled
and 2 ml of the WR was added to each tube. Each
standard and subcellular fraction dilution (100 pl)
was added, then mixed and incubated at 37°C for
30 min. The absorbance of each solution was
measured at 562 nm, and a calibration curve for

protein concentration was drawn and, hence, the
protein content of each fraction determined.

2.5. Preparation of standard solutions of
trans-o-acetoxytamoxifen, cis- and
trans-a-hydroxytamoxifen

A standard solution of trans-o-acetoxytamox-
ifen was made up (200 puM) and a series of
dilutions was made from this (0-200 uM). The
calibration curve produced was found to be linear
within this range (r> = 0.999). frans-o-Acetoxyta-
moxifen was insoluble in aqueous solvent such as
Krebs buffer (pH 7.4), therefore an appropriate
amount (mg) was weighed out and dissolved in a
small volume (1 ml) of dimethylsulphoxide
(DMSO) or methanol. A volume of this solution
(ul) was then added to the incubation. It was very
important to keep the percentage of organic sol-
vent as low as possible ( < 1%) in the incubation,
as this may poison the enzyme systems present.
Degradation studies were carried out on a range
of substrate concentrations (50-200 uM), and it
was found that the concentration of degradates
produced remained relatively constant above 155
UM, so therefore 155 pM was chosen for trans-o-
acetoxytamoxifen degradation studies.

cis- and trans-o-Hydroxytamoxifen compounds
produced linear calibration curves within the
range 0-200 pM (r2=0.999). Like trans-o-ace-
toxytamoxifen, the above-mentioned solutions
were insoluble in aqueous solvent so, therefore,
they were made up in methanol or DMSO.

The compounds were synthesised in the labora-
tory and they were purified by column chro-
matography. Their purity was then checked by
HPLC using diode array detection and found to
be 100%. Their structural identity was confirmed
by spectroscopic analysis, i.e. nuclear magnetic
resonance and mass spectrometry.

2.6. Stability studies using
trans-a-acetoxytamoxifen

trans-o-Acetoxytamoxifen (155 pM) was incu-
bated in Krebs—Henseleit buffer (pH 7.4) to a
total volume of 3 ml at 37°C for 300 min. Incuba-
tions were performed in 10 ml closed vials which
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had holes drilled in their caps for the purpose of
oxygenation at regular intervals throughout the
incubation period. Oxygen is needed for oxidative
metabolism. These were then placed in a shaking
water-bath and pre-warmed to 37°C before
initiation of the reaction by the addition of four
liver slices or 0.5 ml of homogenate or subcellular
liver fraction. The vials were wrapped in tin foil
and the water-bath was protected from light
throughout the incubation period, since
trans-o-acetoxytamoxifen is photosensitive. A
separate vial was used for each time point in the
case of the liver slices, this was done because some
degradates may adhere to the slices. This problem
was overcome by homogenising the slices at each
time point, centrifuging and then sampling.
Aliquots (100 pl) were removed at 0, 5, 10, 20, 60,
120, 180 and 300 min time intervals using a
Gilson micropipette. Incubations containing liver
homogenate or subcellular liver fractions were
carried out in the presence of NADPH (0.5 mM),
while incubations containing liver slices had intact
NADPH. Control incubations were carried out
along with normal incubations, these contained
no trans-o-acetoxytamoxifen, no NADPH and no
tissue, respectively. These were absolutely
necessary to validate the results obtained with
normal incubations. Standards of trans-o-aceto-
xytamoxifen, cis- and trans-oa-hydroxytamoxifen
were also run with each set of incubations.
Aliquots (100 pl) were removed at specified time
intervals and added to 200 pl of 5% DMSO in
methanol to terminate the reaction. Samples were
centrifuged in a Beckman bench-top micro-
centrifuge at 9000 x g for 5 min, and the
supernatant was subsequently analysed by HPLC.
This technique was used to monitor the
appearance of degradation product and the
disappearance of the parent compound.

2.7. HPLC analysis

HPLC analysis was carried out using a system
supplied by Waters Associates (Northwich,
Cheshire), which consisted of a 717 plus Au-
tosampler, UV 486 tunable Absorbance Detector
and a 510 pump, all controlled by Millennium
software. All samples were analysed by HPLC

using a Spherisorb 5ODS1, 5 um (25 cm x 4.6
mm i.d.) column with a (Bondapak C18 Guard-
Pak insert. The mobile phase consisted of
methanol/acetonitrile/water/trichloracetic (pH
2.9) (50:31:19:0.1% v/v) at a flow rate of 1.0
ml/min. This mobile phase was developed in our
laboratory (Manns et al., 1993). The reactions
were monitored at 280 nm and room temperature.
The concentration (uUM) of each compound was
calculated with respect to standards synthesised in
the laboratory. Each compound had the following
retention times: trams-o-acetoxytamoxifen, 10.0
min; trans-o-hydroxytamoxifen, 7.0 min; and cis-
a-hydroxytamoxifen, 8.0 min. Another peak,
which appeared consistent with cis-o- acetoxyta-
moxifen, had a retention time of 11.5 min.

2.8. Peak purity analysis

Peak purity analysis was carried out using a
system which consisted of a Severn Analytical
Autosampler, a Gynkotek UVD-340S Variable
Wavelength Diode Array Detector and a LC-9A
Shimadzu Liquid Chromatograph pump, all con-
trolled by GynkoSoft software. The chromato-
graphic conditions used were similar to those
already described in the HPLC analysis section.

3. Results and discussion

The rate of degradation of trans-o-acetoxyta-
moxifen and the appearance of the degradation
products was monitored using HPLC. The pur-
pose of these degradation studies was to measure
the stability of the trans-a-acetoxytamoxifen in
various biological media at pH 7.4 and at 37°C,
and also to monitor the rate of formation of the
products of degradation and to confirm their
identity. It was essential that these studies be
carried out in order to check the stability of the
trans-o-acetoxytamoxifen  before  metabolism
studies could be performed. The results obtained
proved that metabolism studies could not be car-
ried out due to the unstable nature of the com-
pound. Degradation profiles were prepared
showing the appearance of the degradates and the
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Fig. 1. (a)—(d). Profiles showing the disappearance of frans-o-acetoxytamoxifen and the formation of cis- and trans-a-hydroxyta-
moxifen in Krebs—Henseleit buffer only, female rat liver slices and female rat liver subcellular fractions at pH 7.4 and 37°C over
300 min. Mean + S.E.M. (n =4), mean of four separate animals.

disappearance of the parent compound in Krebs— graphic method, plots of zero-, first-, second- and
Henseleit buffer (pH 7.4), female rat liver slices, third-order degradation rates were drawn (Fig.
homogenate and subcellular fractions including 2(a)—(d)). From the graphs, there appeared no
microsomes and mitochondria at pH 7.4 over 300 absolutely best order for all the experiments.

min and at 37°C (Fig. 1(a)-(d)). By applying the First- and second-order (Fig. 2(b) and (c), respec-
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Fig. 1. (Continued)

tively) appeared better than zero- or third-order Zero-order dc/dt= -k (1)
(Fig. 2(a) and (d), respectively). By modelling, .
differential equations were used to predict concen- First-order  de/dr=—kxc @

tration of trans-a-acetoxytamoxifen as a function
of time. This was based on the mean concentra-
tions. The differential equations used were simple: Third-order dc¢/dt=-kxcxcXxc 4)

Second-order dc¢/dt=-kxcxc 3)



C.G.M. Jordan et al. / International Journal of Pharmaceutics 177 (1999) 259-270 265

Zero-order plots

o Butter (o] Liver Slices A Microsomes O Mitochondria
200
.4
LY
A
e a
A ° (W] O
o a o
é
A
Y (o]
0 1 [ J Py I Q
0 60 120 180 240 300
() time (min)

Fig. 2. (a)—(d). Zero-, first-, second- and third-order plots for the degradation of frans-o-acetoxytamoxifen in the various media at

pH 7.4 and 37°C over 300 min.

None of the models were perfect for the data
but first- and second-order appeared better than
zero- or third-order. The rate constants (k) and
correlation coefficients for ¢ versus time are
shown in Table 2. To achieve a better distribution
of residuals, a weight of 1/y was used in the
modelling. Although some r values are high, there
still is an uneven distribution of residuals. Thus,
the order of the process is not clear. Since the
higher rates shown for buffer and liver slices
(Table 2) examine the process over a greater
concentration range, the first-order model seems
most appropriate in this instance. The half-lives
are calculated differently for each reaction order
as follows (C, is the initial concentration, 155
uM):

Zero-order ¢, = Cy/(2k) ®)
First-order ¢, =0.693/k (6)
Second-order 1, , = 1/(Cyk) @)
Third-order ¢,,=3/(2C, x Cy x k) ®)

The predicted half-lives (¢,,) are calculated in
Table 2. It is not easy to identify the order of
degradation with liver slices and microsomes be-
cause the order is difficult to validate and may be
rate-limited by several factors such as enzyme,
co-factor and tissue degradation. One would not
necessarily expect the rate order to be the same
with the different cellular matrices, this is due to
the presence of different enzymes in each matrix.
The K, and V,,, values are different for each
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enzyme, and tissue degradation occurs at a differ-
ent rate in each case. All these variable factors
result in each cellular matrix obeying different
rate-order kinetics. In some cases, more than one
rate-order may be obeyed, one may obtain com-
plicated mixed-order kinetics. In contrast, in the
presence of buffer only, first- and second-order
kinetics is definitely obeyed, this is due to the
absence of biological tissue which complicates
reaction kinetics.

The principal degradation products for trans-o-
acetoxytamoxifen were trans-o-hydroxytamoxifen
and, to a lesser extent, cis-a-hydroxytamoxifen;
there was also the appearance of another peak
which could not be identified. Therefore, the for-
mation of identical adducts with DNA is consis-
tent because a-acetoxytamoxifen breaks down to
form a-hydroxytamoxifen in vitro (Osborne et al.,

1996). The identification of the principal degrada-
tion products was confirmed by running an au-
thentic standard of each compound as synthesised
in this laboratory. Another compound appeared
which had a longer retention time than the parent
compound and this was probably consistent with
the cis isomer being formed from the trans isomer
via geometric isomerisation during hydrolysis (Os-
borne et al., 1996). However, this could not be
confirmed since an authentic standard was not
available. All peaks were very pure (peak purity
index of 999) when analysed using a Gynkotek
Variable Wavelength Diode Array Detector.
trans-o-Acetoxytamoxifen is unstable in
aqueous solution and has a low ¢, value in
Krebs—Henseleit buffer at pH 7.4 (Table 2). How-
ever, in the presence of biological systems, it
displayed much higher ¢, , values (Table 2); this is
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Second-order plots
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Fig. 2. (Continued)

probably because it partitions into the hydropho-
bic component of the biological tissue and hence
degrades at a slower rate. The percent of trans-o-
acetoxytamoxifen remaining after 300 min is
shown in Table 1.

Fig. 1(a)-(d) shows that the concentration
(uM) of trans-o-hydroxytamoxifen produced is
much greater than that of the cis isomer. This
phenomenon is true in the presence of all biologi-
cal media, due to the hydrolysis of the acetoxy
group (Sykes, 1965).

It has been reported that when explants of
human endometrium were incubated with tamox-
ifen, there was no evidence of tamoxifen—-DNA
adduct formation (Carmichael et al., 1996). How-
ever, when they were incubated with a-hydroxyta-
moxifen, there were adducts formed (Phillips et
al., 1994a). According to the results of our work,

we found that trans-o-acetoxytamoxifen breaks
down to produce trans-o-hydroxytamoxifen,
therefore one would expect adducts to be pro-
duced with DNA if trans-a-acetoxytamoxifen
were incubated with human endometrium
explants.

Strong evidence implicates a-hydroxylation as a
major pathway leading to DNA damage. o-Hy-
droxylation produces 25-49 times as many DNA
adducts in rat liver cells as tamoxifen does, and
these adducts are identical to those from tamox-
ifen (Phillips et al., 1994b). [Ethyl-Ds] tamoxifen,
in which metabolism at the a-position is sup-
pressed (Jarman et al., 1995), gives lower levels of
DNA adducts in rat liver in vivo and induces
fewer micronuclei in a human cell line (Phillips et
al., 1994a). Toremifene, o-chlorotamoxifen, in-
duces fewer tumors in rat liver than tamoxifen
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Third-order plots
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(Hard et al., 1993), and its binding to rat liver
DNA was barely detectable (White et al., 1992);
this implies again the involvement of the ethyl
group in metabolic activation. It is unlikely, how-
ever, that o-hydroxytamoxifen is ultimately re-
sponsible for the genotoxic effects of tamoxifen;
although it reacts with DNA, the extent of this
reaction is low at neutral pH (Styles et al., 1994).

a-Hydroxytamoxifen undergoes conjugation
within the cell to the sulphate, phosphate, glu-
curonide, or other ester; this then forms a highly
reactive carbocation, which attacks DNA (Os-
borne et al., 1996). Therefore, trans-o-acetoxyta-
moxifen was prepared as a useful model for such
an intermediate. It has been shown that the cis
isomer of hydroxytamoxifen does not form any
adducts and shows much less activity than the

trans, hence it is of much less importance (Os-
borne et al., 1996).

Table 1
Percentage of trams-o-acetoxytamoxifen remaining after 300
min in various media at pH 7.4 and 37°C

Media (pH 7.4) trans-o-Acetoxytamoxifen (% remaining
after 300 min)

Buffer only 1.00
Liver slices® 7.00
Homogenate®  32.00
Microsomes® 13.00

Mitochondria®  40.00

2 Four liver slices/3 ml incubation (four liver slices=0.5 ml
tissue).

® 0.5 ml tissue/3 ml incubation.

¢ 12 mg protein/ml incubation (0.5 ml used in inc.).

4 8 mg protein/ml incubation (0.5 ml used in inc.).



C.G.M. Jordan et al. / International Journal of Pharmaceutics 177 (1999) 259-270 269

Table 2

Physico-chemical parameters of trans-o-acetoxytamoxifen for the different reaction orders in the various media at pH 7.4 and 37°C*

Order Condition K" SEM r 1, (min)
Zero Buffer 0.624 0.092 0.734 124.20
Liver slices® 0.548 0.014 0.904 141.42
Microsomes? 0.544 0.010 0.907 142.46
Mitochondria® 0.428 0.014 0.898 181.07
First Buffer 0.0588 0.0037 0.997 11.79
Liver slices 0.0138 0.0002 0.999 50.22
Microsomes 0.0181 0.0053 0.980 38.29
Mitochondria 0.0056 0.0012 0.953 123.75
Second Buffer 0.001006 0.000091 0.998 6.41
Liver slices 0.000245 0.000019 0.987 26.33
Microsomes 0.000300 0.000025 0.985 21.51
Mitochondria 0.000069 0.000001 0.978 93.50

a

b

K, rate constant; SEM, standard mean error; r, correlation coefficient (n = 4); it, , = half-life (min).
K units: zero-order, pM/min; first-order, /min; second = order, /(UM min).

¢ Four liver slices/3 ml incubation (four liver slices=0.5 ml tissue).

12 mg protein/ml incubation (0.5 ml used in inc.).
8 mg protein/ml incubation (0.5 ml used in inc.).

In conclusion, our work examines the stability
of trans-a-acetoxytamoxifen in Krebs—Henseleit
buffer (pH 7.4) and in different biological media
at pH 7.4 and at 37°C. Our studies show that its
degradation best obeys first- or second-order rate
kinetics, even though this is difficult to validate
due to rate limiting factors such as enzyme, co-
factor or tissue degradation. The production of
trans-o-hydroxytamoxifen is enhanced by the
presence of enzymes in the biological tissues, par-
ticularly the mitochondria and microsomes, but
the concentration (uM) of the cis isomer remains
relatively constant in buffer only (pH 7.4) and in
biological tissue. The inability of the cis isomer to
increase in concentration (uM) in the presence of
biological enzymes is another indication of its low
activity compared with the trans isomer (Osborne
et al., 1996). The results obtained from these
studies would also have a lot of relevance to in
vivo data. This would be particularly evident in
the case of the mitochondria where trans-o-ace-
toxytamoxifen degrades slowly, hence reaching its
target organ more slowly, possibly with lower
incidence of side-effects.
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