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extracts [3]. One possible mechanism for such binding 
would be the non-enzymatic decarboxylation of DFMO by 
pyridoxal phosphate which would generate a reactive 
species able to react with cellular nucleophiles or with 
water. This could also provide the means by which the two 
metabolites of DFMO observed in Fig. 2 were produced. 
It should also be noted that only about 50% of the total 
radioactivity present in the SV-3T3 cells after I2 hr of 
exposure to labeled DFMO was present as the unchanged 
compound. It is most unlikely that all of the remainder was 
attached to ornithine decarboxylase since calculation of the 
number of ornithine decarboxylase molecules per cell 
indicates that this enzyme is an extremely small fraction 
of the cellular protein [3]. Therefore. some other degra- 
dation of DFMO must take place. possibly non-enzymat- 
ically as discussed above. This may represent a very minor 
proportion of the drug in oioo because it is excreted very 
rapidly [IS], but it could have significance in experiments 
with cultured cells exposed to high levels of DFMO for 
prolonged periods of time. 

In summary. DFMO entered the cell by a passive dif- 
fusion mechanism. and its uptake was not prevented by 
polyamines or basic amino acids. Therefore. the reversal 
of the effect of DFMO by polyamines was not due to 
interference with uptake. 
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Metabolism of tamoxifen by isolated rat hepatocytes: anti-estrogenic activity of 
tamoxifen N-oxide 

(Received 10 February 1982; accepted 29 March 1982) 

Tamoxifen [trans-I-@-/j-dimethylaminoethoxyphenyl)- 
I .2-diphenylbut- I-ene. compound l] is used in the palliative 
treatment of advanced breast cancer [l] and is thought to 
act by competing with estradiol (E:) for the cytoplasmic 
receptor (ER). 

There has been considerable interest in the role(s) of the 
metabolites of tamoxifen in the expression of biological 
activity [2.3]. Fromson et al. concluded that &hydroxy- 
tamoxifen (2) was the major serum metaholite in laborator! 

animals [4] and female patients IS]. and that elimination 
was largely through biliary excretion of conjugates of 
hydroxylated derivatives. A more recent study [6] also 
concluded that the major extractable metabolites present 
in plasma and liver after injection of [‘Hltamoxifen into 
rats were 4hydroxytamoxifen and other hydroxylated 
derivatives. In marked contrast. Adam et al. [7.8] reported 
that the major metabolite of tamoxifen in human serum 
was the N-desmethyl derivative 3 and in the plasma of 
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female patients undergoing tamoxifen therapy of advanced 
breast cancer only small amounts of the d-hydroxy metab- 
olitc 2 could be detected 191. 

In studying the halance between hydroxylation (-2) and 
N-demethylation (43) we found that when tamoxifen (I) 
was incubated with the rat liver microsomes [IO] ,li- 
dcmcthylation greatly preponderated over aromatic 
hydroxylation and a substantial amount of a hitherto 
undetected metaholite, tamoxifcn N-oxide (4) was formed. 
We now report on the metabolism of tamoxifen by freshly 
isolated rat hepatocytes. This in oirro experimental system 
should give results which resemble more closely liver 
metabolism i/t rhino 1 I I, II]. 

In addition to unchanged tatnoxifen (peak 4. Fig. 1B) 
ether extracts after hepatocyte metabolism contained 
metaholites (peaks I. 5 and 3) with rctcntion times on high 
performance liquid chromatography (HPLC) correspond- 
ing to those of authentic I-hydroxytamoxifen (2). N-des- 
mcthyltamoxifen (3) and tamoxifen N-oxide (4) (Fig. 1C) 
and their identities were confirmed by mass spcctrometry. 
Application of reverse-phase thin-layer chromatography 
(RPTLC) in complementary experiments (see Mass Spec- 
trometry) indicated that there could be an additional 
hydroxytamoxifen metaholite at the position of peak 2. 

The major hepatocyte metaholite (Table 1) was IV-des- 
methyltamoxifen (3) as was the case with microsomal 
tnetaholism [IO]. but the amount of J-hydroxytamoxifen 
(2) formed by hepatocytes was proportionately higher than 
by microsomes and at the expense of 3 (Table I). Similar 
amounts of tamoxifcn N-oxide (4) were formed by micro- 
somes and hepatocytes. Treatment of the hcpatocytc incu- 

/ 
Et 

I R = NMel (tamoxifen) 
3 R = NHMe (N-desmethyltamoxifen) 
4 R = I\;Me: (tamoxifen N-oxide) 

\ 
OH 

2 (J-hydroxytamoxifen) 

5 

bate wtth /$glucuronidase or sulfatase (Table I) did not 
increase the proportion of any of the ether-extractable 
metabolitcs. Since the $ame hepatocyte preparations 
formed glucuronide and sulfate conjugates when incubated 
with harminc [ 121 the results indicated that 4.hydroxyt”- 
moxifen was not conjugated with glucuronlc acid or sulfate 
in isolated hepatocyte?. 

The formation of substantial amount5 of J-hydroxjta- 
moxifen (2) by hepatocytes supports the contentIon [Z] that 
it may contribute to the anti-tumour activity of tamoxifcn 
in the rat since it is 21 stronger competitor 01 El binding to 
ER and a more potent anti-estrogen than tamoxilen [s. li]. 
and has anti-tumour activity [?, IJ. 151. 

In seeking to assess the contribution 01 tamox~lcn :I’- 
oxide (4) to the anti-tumour activity of tamoxilen (I) w 
have investigated its anti-estrogcnic activity. The relative 
binding affinity (RUA) of tamoxifen hT-oridc for rat mam- 
mary tumour ER was low (0.1-0.5“~ of that for E?) and 

comparable to that (0.2-0.5ci ) for tamoxtfcn. Both cstro- 
gens and anti-estrogens bind to ER hut anti-estrogcnic 
activity can be asacssed on the hnsis of inhibition of the 
growth irz oirro of ER-positive and ER-negative ccl1 line\ 
derived from human breast cancers [lh. 171. Nclther 
tamoxifcn nor tamoxifcn N-oxide inhibited the growth 01 
the ER-negative cell line Evs:~-‘I‘ indicating that they had 
no general cytostatic propertics. ‘l’hc results in ‘I able 1 
show that the growth 01 an ER-positive cell lint MC‘F-7 
was inhihited to the same extent by tamoxifcn and tamo~- 
ifen N-oxide and that this cffcct was revcrscd by the 
addition of E2 to the culture medium. In a separate experi- 
ment (Table 3). and as v+ould be expected Irom the RR/1 
values. N-desmeth~ltamoxifen (3. RR/1 -- 0.5f; ) hho\\ccl 
growth inhibitory activity similar to that 01 tamoxilen and 
-l-hydrox~tamoxllcn (2. RR/I _ IOU r; cf. [ 1x1, \vi,\ ;i much 
more potent inhibitor. 

Fig. 1. Metabolism of tamoxifen by isolated hepatocytes 
prepared from phenobarbital-treated rats. Hepatocytes 
(l-3 X IO’ cells/ml, buffer B) were incubated for 60 min 
with lOO~g/ml tamoxifen citrate. HPLC traces of ether 
extracts of incubates adjusted to pH 9 after removal of 
protein: A control, B after metabolism, C synthetic stan- 
dards. HPLC conditions as in Ref. IO, except that a solvent 
gradient methanol-water-diethylamine (75:25:0.1+ 

97.5 : 2.5 : 0. I. at 1 mUmin) was used. 
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Table 1. Proportions* of tamoxifen metabolites present in ether extracts of hepatocyte incubations 

Tamoxifen (I) 
4-Hydroxytamoxifen (2) 
N-Desmethyltamoxifen (3) 
Tamoxifen N-oxide (4) 

Percentage of total ether-extracted tamoxifen and metabolitest 
60 min Treated incubate+ 

incubate buffer &#rcuronidase sulfatase 

76.3 _t 4.3 77.3 r 4.7 76.0 ” 5.5 73.7 rt 5.6 
5.2 _f 0.9 5.0 i 1.0 4.7 i 1.2 5.0 f 1.5 

11.8-t2.1 11.7 t- 2.3 13.0 I% 2.5 13.3 t 2.2 
6.7 t 1.5 6.0 f 1.5 6.3 + 1.9 7.7 t 2.2 

* The proportions for the microsomal metabolism [lo] were, 1 72%, 2 1.5%, 3 20.5’%, 4 6%. 
t Mean values 2 SE. determined from peak areas in HPLC analyses of three separate hepatocyte 

preparations. 
$ Separate samples of incubate from each hepatocyte preparation were treated with @-glucuron- 

idase. or sulfatase, or buffer alone. 

Table 2. Reversibility* of the inhibitory effect of tamoxifen (I) and tamoxifen N-oxide 
(4) on the growth of MCF-7 cells by estradiol (Er) 

DNA (iug) 
Molarity Compound alone Compound + lo-* M E2 

- 
None 12.9 r 2.2 (loo)1 
E2 10-s 14.9 c 0.8 (115) 
Tamoxifcn (1) lo--” 

10-7 
4.2 +- 0.7 (33) 14.8 2 1.5 (115) 
9.2 IC 1.5 (71) 

lo-” 
14.4 t 1.1 (112) 

12.3 e 1.6 (95) 13.4? 1.7 (104) 
Tamoxifen 1O‘fi 6.3 2 0.3 (49) 14.0 -e 1.3 (108) 
N-oxide (4) lo-’ 

1O-x 
11.2 r 1.0 (87) 15.2 2 1.0 (118) 
13.0 t 1.3 (101) 13.8 t 0.4 (107) 

* Variance analysis showed that tamoxifen and its N-oxide significantly reduced 
MCF-7 cell growth (P < 0.01). The Newman-Keuls test [22] showed that tamoxifen was 
active at lo-’ and 10v6 M and the N-oxide at 10mh M only (P < 0.01). These effects were 
suppressed by Ez (interaction P < 0.01). 

t Figures in brackets are the percentages of the control value. 

Table 3. Reversibility* of the inhibitory effect of tamoxifen (l), 4-hydroxytamoxifen (2) and 
~-desmethyita~~ox~fen (3) on the growth of MCF-7 cells by estradiof (E2) 

Molarity 

DNA (pg) 
Compound 

alone Compound + 10--n M Ez 

None 9.4 I!z 0.5 (loop 
Tamoxifen (1) Wh 5.6 t 1.3 

IO_’ 
(60) 

8.0 t 0.8 (85) 
4-Hydroxyt~moxifen (2) 1o-6 0.7 IO.5 (7) 0.8 ? 0.7 

10-7 
(8) 

2.6 2 1.6 (28) 4.8 2 0.4 
10-x 

(51)$ 
4.7 2 0.6 (SO) 8.5 * 1.4 (90)** 

N-Desmethyltamoxifen (3) IO_” 6.6 * 1.1 (70) 9.1 t 1.6 (97)# 
10-7 9.2 r 0.9 (98) 7.9 2 0.7 (84) 
10-x 7.6 r 0.4 (81) 8.4 2 0.9 (89) 

* Variance analysis showed that tamoxifen and the metabolites 2 and 3 signi~~antly reduced 
MCF-7 cell growth (P < 0.01). Er reduced significantly the effects of the metabolites (interaction 
$P < 0.05, **PP< 0.01). The Newman-Keuls test [22] showed that 1 and 3 were active at 
10m6 M and 2 was active at all the concentrations tested. 

t Figures in brackets are the percentages of the control value. 
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Gas chromatography-mass spectrometry (GCLMS: 3% 
OV-1 on Gas Chrom 0 at 240” with helium as carrier gas: 
EI mode at 70eV) of ether extracts of plasma from two 
patients undergoing chronic treatment with tamoxifen 
afforded evidence that tamoxifcn N-oxide (4) was present 
since the unique vinylether 5. formed [ 101 from 4 oia Cope 
elimination, was detected by selective ion monitoring at 
m/z 326 (M’ for 5). Quantification of tamoxifcn N-oxide 
in plasma should allow an assessment of its contribution 
to the anti-tumour activity of tamoxifen. Studies along 
these lines are in progress. 

Hepatocytcs (7Ok80% viable. j_9 x IOh cells/g tissue) 
were obtained [I21 from phenobarbital pretreated male 
Wistar albino rats. Incubations (I-3 x 10h cells/ml) were 
carried out under 02: CO: (95 : 5) in buffer B (5 ml; 118 mM 
NaCI. 4.8 mM KCI. 0.96 mM KHZPOa. 1.2 mM MgSOa. 
23.8 mM NaHCOI and 3.5 mM CaCI,. nH 7.3) for 60 min . 
at 37”. After a preincubation period of 30 min tamoxifen 
citrate (SO0 [lg) was added as a solution in N,N-dimethyl- 
formamidc (10 ,ul). Hepatocyte viability was retained dur- 
ing the subsequent incubation for 60 min. Controls involved 
adding tamoxifen citrate after incubation. 

The incubations were terminated by the addition of AR 
ethanol (4 vol.). Denatured protein was removed by cen- 
trifugation at 1200 g,$, for S min at room temperature and 
most of the ethanol from the supernatant at 30” under 
vacuum. The concentrate was adjusted to pH 9 by the 
addition of 1 M NaOH and then extracted with diethyl 
ether [ IY] (2 x 4 vol.). The combined extracts were dried 
(NaJSOJ), concentrated. and a solution of the residue in 
AR methanol was subjected to reverse-phase HPLC as 
described previously [IO] cxccpt that the column was eluted 
at I mlimin using an exponential solvent gradient 
methanol-water-diethylaminc 75:25:0.1+97.5:2.5:0.1 
(Waters Model 660 solvent programmer system, gradient 
programme IO in 18min) (Fig. 1). 

Some concentrates were incubated [ 121 with /j-glucuron- 
idase or aryl sulfatase and the HPLC profiles of the sub- 
sequent ether extracts were compared with those from 
incubations performed in the absence of enzyme. 

Samples were concentrated from methanol solutions onto 
the direct insertion probe of a VG 707OH mass spec- 
trometer. Mass spectra were determined in the CI mode 
(ionizing voltage 100 eV. trap current SO0 /IA. ion source 
temperature 150”) using isobutane or ammonia as reagent 
gas. or in the El mode (ionizing voltage 70 eV. trap current 
100 /(A). 

The major metabolite (peak 5, Fig. 1B) was isolated by 
HPLC and characterized as 3 by its EI mass spectrum [ 101. 
The less abundant metabolites (peaks 1-3, Fig. 1B) were 
more conveniently isolated in the quantities required for 
mass spcctrometry by RPTLC (Whatman KC,“F. 
20 x 10 cm plates) using methanol-water-diethytamine 
(X0:20: I). The R, values for 2 (0.20). 4 (0.13) and 3 (0.06. 
unresolved from I) accorded with their relative retention 
times in HPLC. The component with R, 0.17 probably 
corresponded to peak 2 on the HPLC trace (Fig. 1B) and 
its EI mass spectrum contained a molecular ion at m/z 387 

(M+, 10%) and major fragments at m/z 72 
([CH~CH~NMe~]‘,2S%)andS8([CH2NMeZ]’. lOO%),sug- 
gesting that it was a monohydrotamoxifen isomeric with 
2. The component corresponding in R, to the N-oxide 4 
was readily characterized by its CT mass spectrum using 
ammonia as the reagent gas [nliz 388 (MH’ for 4, 28%). 
372 (MH’ for 1, 86%). 3% (MH’ for 3. 22%). 72 (36%) 
and 58 (lOO%)l. Authentic 4 gave m/z 388 (120/c), 372 
(c)l?). 358 (2%). 327 (MH+for the Cope elimination 
product 5. 33% ), 72 (39%) and 58 (lOO%). The variations 
between the spectra of 4 and the metabolite are due to the 

variable extents of thermal decomposition variously to 1. 
3 and 5. 

R&rive binding affinities [20] 

Rat mammary tumour ER. partially purified by 
ammonium sulfate precipitation. was incubated with 
6 x 10 “‘M [‘HI-(E?) (saturating amount) in the presence 
of increasing amounts of tamoxifen or metabolite or E: 
(control). Unbound compounds were then removed using 
dextran-coated charcoal and the ER-bound [%-Er was 
measured. The relative concentrations of tamoxifen (or 
metabolite) and E, reauired to achieve 50% inhibition of 
[‘HI-E? binding is ;he ielative binding affinity. 

The human breast cancer cells MCF-7 (ER-positive) and 
Evsa-T (ER-negative) were grown in Falcon plastic Basks 
(75 cm’) containing Earle’s minimal essential medium sup- 
plemented with I -glutamine (0.6 mg/ml), gentamicin 
(40 @ml). penicillin (100 pgiml). streptomycin (100 pgimt) 
and 10% fetal calf strum. At confluency the cells were 
removed by trypsinisation (0.05% trypsin. 0.025% EDTA). 
suspended (S&200 x 10’ cells/ml) in the growth medium 
supplemented with charcoal-stripped fetal calf serum (O.S<? 
charcoal, 0.005% dextran in 1.5 ml of medium/ml serum; 
incubation overnight at 4”). Cells were then plated in 35 mm 
Petri dishes containing the same culture medium and cul- 
tured at 37” in humidified air-CO: (9.5: 5). After 24 hr. a 
solution of tamoxifen or metabolite in medium was added 
(0.1 O/c’ final concentration of ethanol) and, after 48 hr. the 
medium was replaced by fresh tamoxifen (or 
metabolite).containing medium. After a further 72 hr the 
cells in each dish were harvested. washed twice with Earle’s 
base (2 ml) and suspended in trypsin-EDTA (1.5 ml). The 
DNA was precipitated with 0.5 M perchloric acid and quan- 
tified by the diphenylamine method [21]. Ouadruplicate 
cultures were used throughout. 
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Diuretic action of BTS 39542 (dihydrophthalazin-I-ylacetic acid) is consistent with 
inhibition of Na + K + Cl cotransport 

(Received 5 February 1982; accepted 29 March 1982) 

BTS 39542 (dihydrophthalazin-1-ylacetic acid) is a potent 
diuretic agent in rats, rabbits and dogs [I] which is struc- 
turally unrelated to other high-efficacy diuretics [l]. The 
exact renal tubular locus and mechanism of action of BTS 
39542 are, however, unknown. Simple pharmacological 
model systems of diuretic action such as anuran skin [2] or 
human red cells [3] have been identified whose major ion 
transport systems reflect the functionally important ion 
transport of microdissected, microperfused thick ascending 
limb and distal renal tubules [3. 41. In the present paper 
we have attempted to characterise the molecular action of 
BTS 39542 by comparing its effect with loop diuretics such 
as furosemide upon the passive Na + K + Cl contransport 
system in cultured human carcinoma cells (HeLa), cultured 
canine renal epithelial cells (MDCK) and human red blood 
cells. 

Materials and melhods 

Human red cells were obtained by venepuncture from 
healthy volunteers. After washing four times in a medium 
containing 150 mM NaCI, 10 mM Tris-HCI, 6.0 mM KCI, 
10 mM glucose, pH 7.4 and removal of the buffy coat, red 
cells were used for XhRb influx measurements at approxi- 
mately 70% haematocrit. 

HeLa cells were grown in Eagle’s Basal Medium sup- 
plemented with 10% new-born calf serum [5]. For experi- 
mental purposes, monolayers of cells were grown to con- 
fluency in 60 mm Sterilin plastic petri dishes (approximately 
2 X 10h cells/plate). 

MDCK cells form monolayers possessing epithelial struc- 
ture and capable of transmonolayer ion transport [6]. Cul- 
tures of MDCK cells were obtained at 60 serial passages 
from Flow Laboratories (Irvine, U.K.) and maintained in 
serial culture in Roux flasks in Minimum Essential Eagles 
(M.E.M.E.) supplemented with non-essential amino acids, 
(2mM glutamine, 1 unit/cm’ gentamycin antibiotic and 
10% v/v foetal bovine serum (Flow)) at 37” in an air-5% 

CO2 atmosphere. For experiments, cells were grown in 
60 mM Sterilin plastic petri dishes to form subconfuent cell 
monolayers. 

K influx measurements were made using %Rb as a tracer 
in all experiments [5,7,8]. Influx determinations (30 min) 
were made in human red cells at 37” by a slight modification 
of the method of Lauf and Joiner (91 using centrifugation 
through dibutylphthalate to separate cells from the radio- 
active influx solution. For cultured cells, the %Rb influx 
into cell monolayers was measured at 37” during a 10 min 
(HeLa) or 5 min (MDCK) incubation in Krebs’ solution 
containing 137mM NaCI; 5.4 mM KCI; 2.8 mM CaClz; 
1.2 mM MgSOJ.7Hz0; 0.3 mM NaHzPOl; 0.3 mM 
KHzP04; 12 mM HCI; 14 mM Tris base and 11 mM glucose 
supplemented with 1.0% v/v new-born calf serum, pH 7.4 
and 0.2$i/ml “Rb. At the end of the influx period, the 
monolayer was rapidly rinsed four times with ice-cold 
Krebs’ solution to remove extracellular isotope and then 
trypsinised to form a single cell suspension. After trypsin- 
isation, the cell number and mean cell volume of each 
experimental plate was determined on a Coulter Counter 
(Model ZF) fitted with a Channelyser attachment (Model 
ClOOO). The %Rb content of all samples was measured in 
a liquid scintillation spectrophotometer (Packard. model 
3255) by the Cerenkov method. 

The effect of chronic BTS 39542 treatment upon Na-K 
pump function was determined in HeLa cells by measuring 
specific [‘Hlouabain binding to determine Na’ pump num- 
ber [5] from a media containing 2 X lO_‘M ouabain in 
K-free Krebs solution or one containing 15 mM KC1 for 
20min [5]. At the end of the incubation period the cells 
were rinsed four times with ice-cold Krebs solution and the 
cell number, mean cell volume determined, as well as the 
jH content. Intracellular Na + K contents were also meas- 
ured by flame photometry after rinsing cell layers four 
times with ice-cold choline chloride followed by a 3-hr 
incubation in deionised water. Cell number and cell volume 
were determined on parallel samples as above. 


