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A B S T R A C T
Tamoxifen is an antioestrogenic drug widely used for

adjuvant therapy of breast cancer. Its use has caused an
i n c reased incidence of endometrial cancer and it is also a
potent carcinogen in rat liver. Since the demonstration that
tamoxifen forms covalent DNA adducts in rat liver, many
investigations of its mechanism of carcinogenic action have
focused on the examination of human and animal tissues for
the presence of tamoxifen-DNA adducts, the identification 
of their stru c t u res and the determination of the metabolic
pathways that lead to their formation. This article reviews the
c u rrent evidence for genotoxic mechanisms for tamoxifen car-
c i n o g e n i c i t y, and discusses some inconsistencies in the data. 

USE OF TA M O X I F E N
The drug tamoxifen, (Z)-1-{4-[2-(dimethylamino)ethoxy]

phenyl}-1,2-diphenyl-1-butene, is a nonsteroidal antioe-
s t rogen for the treatment of breast cancer, the most common
f o rm of cancer in women world-wide. By virtue of its
p roven efficacy in extending remission and survival fro m
p r i m a ry breast cancer and in reducing the incidence of
contralateral breast cancer in women who have already had
a breast tumour,1 it is now the world’s most widely used
cancer chemotherapeutic agent. It has undergone trials 
in several countries to determine whether its administration
to healthy women at high risk of breast cancer can re d u c e
the incidence of malignancy. Results have been mixed,
with a US trial showing significant benefits of prophylactic 
tamoxifen in reducing breast cancer incidence in 
healthy high-risk women,2 but with UK3 and Italian4 t r i a l s
showing no such benefit (yet). Other pharmacological 
p ro p e rties of tamoxifen, including beneficial effects 
on bone density and lipid profiles, have led to the develop-
ment of new selective (o)estrogen receptor modulators
(SERMs) that may have the dual benefit of pre v e n t i n g
o s t e o p o rosis and breast cancer; two such drugs of curre n t
i n t e rest are the tamoxifen analogue tore m i f e n e5 and the
benzothiophene raloxifene.6

With the widespread therapeutic and emerging 
p rophylactic use of tamoxifen, there has been much 
discussion about side-effects of the drug, particularly its
c a rc i n o g e n i c i t y. It is the intention of this article to sum-
marise what is known about the mechanism of tamoxifen
c a rcinogenicity in animals and humans, and to speculate
on the extent to which extrapolation from one species to
another will be reliable in predicting long-term effects of
tamoxifen and other antioestrogens with similar stru c t u re s
and/or pro p e rties in humans.

C A R C I N O G E N I C I T Y
N u m e rous studies have established an increased 

incidence of endometrial cancer among women taking
t a m o x i f e n .7 , 8 Recent results confirm not only an incre a s e d
incidence of endometrial cancer (relative risk up to 
7 compared with non-users), but also increased mort a l i t y
f rom the disease,9 implying that the tamoxifen-induced
neoplasms are in some way pathologically diff e rent fro m
those not associated with use of the drug. Endometrial
thickening is evident in a much larger percentage of
w o m e n .1 0 While the benefits of tamoxifen to breast 
cancer patients far outweigh the risks, findings such as
these question the widespread use of tamoxifen by healthy
women to prevent breast cancer.

In rats, tamoxifen is a potent hepatocarcinogen in 
both males and females.1 1 Also, when administered to
neonatal rats, uterine adenocarcinomas were induced
along with a lower frequency of squamous cell carc i n o m a s
of the vagina/cerv i x .1 2 In mice, however, liver is not the
t a rget tissue for carcinogenesis. Instead, tumours of the
testis are induced in males, and of the ovaries in females;1 3

tumours also develop in the uterus when tamoxifen is
a d m i n i s t e red neonatally1 4 but not when fed in the diet fro m
eight weeks old for 2 years.1 5 When administered transpla-
centally to mice, tamoxifen causes a high incidence of
hyperplasia in the re p roductive tract, and a lower incidence
of tumours, in off s p r i n g .1 6 Testing of tamoxifen for carc i n o-
genic activity in other species has not been re p o rted. 

While it might initially have been thought, or assumed,
that the hepatocarcinogenicity of tamoxifen in rats was the
consequence of its oestrogenic activity, this view was 
challenged when it became apparent that the tumours
induced were not benign adenomas, but highly malignant
c a rcinomas. Furt h e rm o re, tumours were induced in up to
80% of animals of both sexes.1 1 Other studies on female
rats only have also demonstrated the potency of tamoxifen
as a liver carc i n o g e n .1 7 - 1 9 When it was found that tamoxifen
gave rise to DNA adducts in rat liver,2 0 , 2 1 it was appare n t
that the compound could undergo metabolic activation to
an electrophilic species that binds covalently to cellular
m a c romolecules and that could there f o re be carc i n o g e n i c
by a genotoxic mechanism.2 2 - 2 4 It should be noted that in
all standard short - t e rm tests for carc i n o g e n i c i t y, based on
detecting the consequences of DNA damage, tamoxifen
gave negative re s u l t s .8 , 1 3 H o w e v e r, as will be mentioned
l a t e r, a key metabolite of tamoxifen is mutagenic when 
suitable conditions for its metabolism are met. A number
of other experimental observations are compatible with 

Reprinted with permission from C a rc i n o g e n s i s. 2001;22(6):839-849.

Feature Article

Understanding the Genotox i c i ty of Ta m ox i fe n ?
By David H. Phillips, DSc, MRCPath

0901 Phillips 8.15.mm  2/21/16  3:51 PM  Page 557



558

genotoxic activity: tamoxifen induces micronuclei in
m e t abolically competent human cells,2 1 , 2 5 - 2 8 causes 
a n e u p l o i d y2 8 - 3 0 and chromosomal aberr a t i o n s2 8 in rat liver,
and mutations in the lacI re p o rter gene in the liver of
transgenic rats3 1. Furt h e rm o re, tumours induced in rat
liver by tamoxifen were found to contain mutations in the 
p53 gene.3 2 While no single piece of evidence would be 
s u fficient to designate it a genotoxic carcinogen, taken
together with its DNA adduct forming ability these data
can be construed as indicating that tamoxifen exhibits the
p ro p e rties of a genotoxin, at least in some circ u m s t a n c e s .

MECHANISM IN RAT S
A powerful means of determining the pathways of 

activation of a carcinogen is to characterise and quantify
the DNA adducts it forms, and to determine what factors
either enhance or inhibit DNA adduct formation. Much
has been learned about the metabolic activation of tamox-
ifen using this approach, and the method of detection 
most commonly used has been the highly sensitive 
32P-postlabelling method. DNA adduct formation has also
been demonstrated by mass spectro m e t ry,3 3 a c c e l e r a t o r
mass spectro m e t ry (AMS)3 4 and, using antibodies raised
against tamoxifen-adducted DNA, by competitive dissoci-
ation-enhanced lanthanide fluoroimmunoassay (DELFIA)
and chemiluminescence immunoassay (CIA).3 5

The metabolism of tamoxifen has been widely studied
and shows that several positions of the molecule are sites
for biotransform a t i o n3 6 , 3 7 ( F i g u re 1). In human metabolism
studies, many metabolites are isolated as glucuronyl 
c o n j u g a t e s .3 8 The principal sites of Phase I metabolism
a re the nitrogen atom of the side chain (N -oxidation and
demethylation) and the 4-position (hydroxylation). Other
positions also subject to metabolism include the 
α −position of the ethyl side chain (hydro x y l a t i o n ) .
Although it is a relatively minor site for metabolism, it
was proposed on theoretical grounds that the α-p o s i t i o n
is the primary site of metabolic activation,3 9 as oxidative
metabolism at this position was predicted to generate a 
resonance-stabilised carbocation capable of electro p h i l i c
attack on nucleophilic centres in DNA, leading to the
f o rmation of stable covalent DNA adducts.

Ensuing experimental studies by a number of investiga-
tors have, to a large extent, borne out this hypothesis.
When substituted with deuterium at the α-position, the
DNA adduct forming ability of tamoxifen in rat liver in vivo
and in rat hepatocytes in vitro is significantly re d u c e d .2 6 , 4 0

The extent of the reduction, more than 2-fold, is compatible
with the 2-3-fold slower rate of oxidative metabolism at the 
α-position when it is deuterated, demonstrated in a study
using rat liver microsomal fractions.3 7 Deuterium substitu-
tion at the β-position does not reduce the DNA binding
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activity of tamoxifen.4 0 These results indicate the impor-
tance of metabolism at the α −position in the metabolic 
activation of tamoxifen. Indeed, when the DNA binding
potential of α −h y d roxytamoxifen, the predicted interm e d i-
ate, was determined in rat hepatocytes4 1 , 4 2 and, subse-
q u e n t l y, in rat liver in vivo,4 0 , 4 3 it was found to bind to DNA
at up to 50 times higher levels than an equal concentration
or dose of tamoxifen. As the adduct patterns of the two 
compounds were indistinguishable, this is further 
s t rong evidence that tamoxifen-DNA binding is mediated
t h rough α- h y d ro x y l a t i o n .

I n t e re s t i n g l y, the Potter hypothesis3 9 p redicted that if 
α- h y d roxylation occurred in combination with 4-hydro x y-
lation, a more stable carbocation would be generated than
if α −h y d roxylation alone occurred. Indeed, comparison of 
the reactivity of α −h y d roxytamoxifen and α, 4 - d i h y d ro x y-
tamoxifen shows that the latter reacts more extensively
with DNA.4 4 , 4 5 A number of postulated reactive interm e d i-
ates derived from 4-hydroxytamoxifen, including the
quinone methide,3 9 also react readily with DNA to give 
stable adducts.4 5 , 4 6 This suggests that 4-hydro x y t a m o x i f e n ,
a major metabolite of tamoxifen, would give rise to DNA
adducts in cells. In one study adduct formation by 
4 - h y d roxytamoxifen in rats has been re p o rt e d ,4 7 but in sub-
sequent studies adduct formation by this metabolite was
not detectable in rat hepatocytes4 5 or in rat liver in vivo,4 5 , 4 8

even though the metabolite can be enzymatically activated
to products that bind to DNA4 7 , 4 9 in cell-free or sub-cellular
systems. Furt h e rm o re, 4-hydroxytamoxifen activation by
the pero x i d a s e / H2O2 system in vitro gave a more polar 
DNA adduct seen only at trace levels in liver DNA fro m
t a m o x i f e n - t reated rats.5 0 In another study, administration 
of 4-hydroxytamoxifen to rats for 14 days gave rise to
unspecified, but apparently low, levels of DNA adducts in
liver that were chromatographically distinct from those
f o rmed at much higher levels by tamoxifen itself.5 1 T h u s
tamoxifen activation in rat liver does not proceed via 
4 - h y d roxylation. Presumably an efficient detoxifying 
mechanism, probably involving Phase II conjugation at the
4-position, is operating in intact cells and it there f o re
comes as no surprise that 4-hydroxytamoxifen is not 
c a rcinogenic when applied topically to rat skin.5 2 ( T h e
rationale for this seemingly bizarre experiment is that 
topical application of 4-hydroxytamoxifen to the breast has
been proposed as a therapy for breast cancer. )5 3 The expe-
rience with 4-hydroxytamoxifen should serve as a powerf u l
reminder to all investigators that it is insufficient to 
demonstrate the DNA binding of a metabolite or putative
metabolite in a cell-free or sub-cellular system (where the
balance of activation and detoxification pathways may 
be substantially altered) in order to give credence to a 
p a rticular theory of metabolic activation. It is necessary
also to demonstrate that this binding occurs in whole cells
in vitro and/or in mammalian tissues in vivo.

Although α-h y d roxytamoxifen exhibits weak DNA 
binding activity at physiological pH (and increasing 
reactivity at pro g ressively acidic pH),5 4 it is clear from its

high DNA binding activity in cells that it undergoes Phase
II metabolism to a more reactive intermediate. Ta m o x i f e n
bears structural features analogous to those of the naturally
o c c u rring carcinogens safrole and estragole, whose path-
way of metabolic activation also involves hydroxylation at a 
carbon atom adjacent to a conjugated allylic position, and
which form DNA adducts in which the exocyclic amino
g roup of guanine and adenine are the principal sites of
modification in DNA.5 5 Using α −acetoxytamoxifen or the
sulphate ester of α −h y d roxytamoxifen as model elec-
t rophiles, the adducts formed by tamoxifen were identified
as also consisting of guanine and adenine moieties modi-
fied at the exocyclic amino gro u p s .5 4 , 5 6 , 5 7 Rotation of the car-
bocation about the central bond of the molecule can occur,
leading to the formation of both c i s and t r a n s adducts. Once
f o rmed, c i s and t r a n s adducts are stable and do not inter-
c o n v e rt. Phase II activation of the proximate carcinogen 
1 ’ - h y d ro x y s a f role is mediated by sulphotransferase and
t h e re is now good evidence that tamoxifen activation also
occurs via sulphate ester formation from α- h y d ro x y t a m o x-
ifen. When rat hepatocytes were incubated with tamoxifen in 
s u l p h a t e - f ree media, DNA adduct formation was 
significantly reduced, but was re s t o red by the addition of 
sulphate salts.5 8 Likewise, co-incubation (in normal media) 
with dehydro i s o a n d ro s t e rone-3-sulphate (DHEAS), a
h y d ro x y s t e roid sulphotransferase inhibitor, reduced 
DNA adduct form a t i o n5 8. The fact that tamoxifen and 
α- h y d roxytamoxifen showed entirely similar dependence
on sulphate and on sulphotransferase activity suggests that
a pathway involving α −h y d roxylation dominates over other
potential pathways of activation in liver cells.

With improvements in the resolution of tamoxifen-DNA
adducts by HPLC, it became apparent that the pattern 
of adducts was more complex than could be accounted 
for simply by the activation of tamoxifen to a carbocation 
of tamoxifen itself. It has now been shown that a parallel
adduct formation pathway involving N-demethylation, 
in addition to α- h y d roxylation, occurs (Figure 2).3 3 , 4 0 , 5 9 , 6 0

Examination of the adduct forming potential of a number of
metabolites has demonstrated that N -demethylation can
either precede or follow α −h y d roxylation in the activation
p a t h w a y, with N , N-didemethylation, again with 
α- h y d roxylation, constituting a minor additional pathway.4 0 , 5 9

Another accompanying pathway that has been consid-
e red is N-oxidation. The available evidence on tamoxifen
N-oxide or metabolites containing the N-oxide function
suggests that they are not involved to any great extent in in
vivo DNA adduct formation in rats. Tamoxifen N-oxide is a
major metabolite when tamoxifen is incubated with rat 
liver micro s o m e s3 6 and although tamoxifen-N-oxide 
and α- h y d ro x y t a m o x i f e n -N-oxide form adducts in rat 
liver and in hepatocytes, these are chromatographically 
indistinguishable from those formed by tamoxifen and 
α- h y d roxytamoxifen, which in turn co-chromatograph with
s t a n d a rds not possessing an N-oxide function.4 0 Thus it
would appear that loss of the N-oxide occurs prior to 
f u rther metabolism to activated species, or prior to DNA
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binding. The facile reduction of tamoxifen N-oxide back 
to tamoxifen by rat and human liver microsomes 
suggests that the N-oxide may serve as a storage form for
tamoxifen in vivo,6 1 ie, N-oxidation appears to be
reversible in the rat. There are several as-yet-unidentified

minor tamoxifen-derived DNA adducts detected in rat
liver and it is conceivable that some of these are derived
f rom tamoxifen N- o x i d e .

α- H y d roxytamoxifen has a chiral carbon atom, and
t h e re f o re exists as two enantiomers. These have re c e n t l y
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been resolved, their absolute configurations assigned and
their potential to form DNA adducts in rat hepatocytes
c o m p a red: the R-(+)-isomer has a much higher binding
activity than the S-(-)-isomer.6 2 Both enantiomers will give
rise to the same carbocation, from which both epimers of
each adduct can arise as chirality at the α- p o s i t i o n
re t u rns. Thus, for one enantiomer to be more biologically
active, it can be assumed that it is a better substrate for
activation and/or a poorer substrate for detoxification
enzymes than its enantiomeric part n e r.

R e t u rning to the issue of the Phase II activation step 
of α- h y d roxytamoxifen (with or without accompanying 
N-oxidation and N-demethylation), the role of hydro x y s-
t e roid sulphotransferase, implicated by the sulphate-
dependent and DHEAS-inhibited DNA binding of the
metabolite and parent compound in hepatocytes,5 8 is 
re i n f o rced by direct studies with the enzyme. Firstly, 
recombinant rat liver hydro x y s t e roid sulphotransferase
r H S Ta catalyses the binding of α −h y d roxytamoxifen to
D N A .6 3 Also, in Salmonella typhimurium TA1538 and
Chinese hamster V79 cells genetically engineered to
e x p ress rHSTa, α- h y d roxytamoxifen is mutagenic and 
f o rms DNA adducts;6 4 , 6 5 this is the only example of in vitro 
mutagenicity of a tamoxifen metabolite.

T h e re are some, including an anonymous reviewer of
one of this author’s grant applications, who have 
maintained that the carcinogenicity of tamoxifen in rat
liver has nothing to do with DNA adduct form a t i o n .
Indeed, the proposed pathway of activation by hydro x y s-
t e roid sulphotransferase rHSTa creates a paradox: this
enzyme, a member of the SULT2A subfamily, is expre s s e d
in female rat liver but barely detectable in the male,6 6 y e t
tamoxifen is equipotent in inducing liver tumours in both
s e x e s1 1. Curiously, all the early work on adduct form a t i o n
had been carried out in only female rats and hepatocytes.
When we compared adduct formation in male and female
hepatocytes, we found that it was much lower (11-fold) in
the male cells.6 7 F u rt h e rm o re, treatment of rats with a sin-
gle oral dose of tamoxifen resulted in 6-fold lower adduct
levels in the liver of males than in females. However, when
tamoxifen was administered daily, thereby mimicking the
p rotocol of the animal carcinogenicity experiments1 1,
adduct levels in males were, by 14 days, similar to the 
levels in females. The explanation is that in the male 
rat liver tamoxifen administration induces specifically
r H S Ta, the sulphotransferase isoform that activates 
α- h y d ro x y t a m o x i f e n6 7 such that tamoxifen-DNA adduct 
f o rmation is similar in both sexes with prolonged exposure ,
t h e reby rendering males equally susceptible to liver
tumour induction as females. Thus, the close corre l a t i o n
between DNA adduct formation, sulphotransferase activity
and tamoxifen carcinogenicity in the liver is maintained.

With increasing duration of exposure to tamoxifen,
t h e re is a change in the relative amounts of the tamoxifen
and N-desmethyltamoxifen adducts: after 1 day the former 
outnumber the latter by a factor of 2.3, but after 14 days
the latter are predominant by a factor of 1.46 7 and are also 

the more abundant adducts after 18 months of chro n i c
e x p o s u re .5 1 This is possibly the result of diff e rent rates of
DNA repair but a more likely explanation is induction 
of N-demethylation by one or more CYP isozymes.6 8 , 6 9

If further proof of the biological significance of 
tamoxifen-DNA adducts is needed, it is provided by the
demonstration that the adducts are miscoding lesions in
v i t ro7 0 and are subject to nucleotide excision re p a i r.7 1 T h e y
induce predominantly GC-TA transversions when modi-
fied DNA is replicated in simian kidney (COS-7) cells.7 2

This is also the predominant in vivo mutation occurring in
the livers of transgenic rats administered tamoxifen.3 1 , 7 3

I n t e re s t i n g l y, in these experiments with transgenic
r a t s ,3 1 , 7 3 only in the liver were mutations detected. 
3 2P-Postlabelling analysis of DNA from other tissues 
p rovides scant evidence for tamoxifen-DNA adduct form a-
tion. Most tissues studied appear to be devoid of adducts2 1

(A. Hewer and D.H. Phillips, unpublished results). In one
study an adduct was re p o rted to be formed in the uteru s ,4 9

but our own attempts to replicate this finding using the
identical treatment protocol did not result in the detection
of adducts in this tissue (A. Hewer and D.H. Phillips,
unpublished results). Several other studies have also
found no evidence of adduct formation in rat uteru s .1 2 , 4 3 , 4 8 , 7 4

N e v e rtheless, another technique for adduct determ i n a-
tion, accelerator mass spectro m e t ry (AMS) gives somewhat
d i ff e rent results on this issue. This method is much the
most sensitive method for detecting DNA binding,7 5 b u t
does not give structural information on the nature of the
binding. Following administration of 1 4C-tamoxifen to rats,
the radioisotope was found to be associated with the DNA
isolated from several tissues,3 4 at levels that should have
been detectable by 3 2P-postlabelling, assuming the
radioisotope is in the form of covalently bound tamoxifen.
T h e re f o re, at present there remain uncertainties as to the
n a t u re of this observed binding in extrahepatic 
tissues (a previously unrecognised form of DNA 
binding by tamoxifen moieties that is not detectable by 
3 2P-postlabelling?), and questions about its biological 
significance, given the lack of tamoxifen-induced 
mutations in all tissues except the liver.3 1 , 7 3 , 7 6

Could tamoxifen and/or its metabolites also be giving
rise to DNA damage indire c t l y, via oxidative and free 
radical pathways? Both tamoxifen and 4-hydro x y t a m o x i f e n
induce 8-hydroxyguanine formation in DNA in rat liver
m i c rosomal incubations,7 7 but the extent to which this may
occur in vivo is not known. Conversely, there is extensive
documentation of the antioxidant pro p e rties of tamoxifen
(and 4-hydroxytamoxifen) in a number of experimental 
s y s t e m s5; these pro p e rties may contribute to the chemo-
p reventive action of the drug. It has been shown that 
p e roxidases can activate tamoxifen and 4-hydroxytamoxifen 
to interm e d i a t es that react covalently with DNA in 
v i t ro,4 7 , 7 8 but the extent to which this pathway occurs in
vivo is unknown, as is the possibility that other (non-
tamoxifen) reactive species generated by this pathway
could cause DNA damage.7 9 It has been suggested7 9 t h a t
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tamoxifen-induced micronucleus formation in MCL-5
c e l l s2 5 and aneuploidy and chromosome exchanges in rat
h e p a t o c y t e s2 9 could be the result of oxidative stress rather
than ‘direct’ genotoxicity, and indeed, tamoxifen-DNA
adducts were not detected in MCL-5 cells exposed to
tamoxifen under conditions that induced micronucleus 
f o rmation (A. Hewer, F.L. Martin and D.H. Phillips,
unpublished re s u l t s ) .

MECHANISM IN MICE
Tamoxifen forms DNA adducts in the liver of mice, but

at lower levels than in the rat. Short - t e rm treatment of
mice with tamoxifen resulted in adducts at a level 30-40%
of that induced by comparable treatment of rats.2 1 In 
p r i m a ry cultures of mouse hepatocytes, adduct form a t i o n
by tamoxifen was 6 times lower than in rat hepatocytes.4 2

Adducts do not accumulate in mice chronically exposed
to tamoxifen.8 0 Continuous feeding led to the detection of
adducts after 3 months, but not after 2 years of exposure .
This suggests the slow induction of a detoxification path-
w a y. This is in contrast to the situation in rat liver where
adducts accumulate to a great extent1 9. Earlier studies in
which mice were treated with tamoxifen intraperitoneally
showed the existence of a major pathway, appare n t l y
involving activation via α- h y d roxylation, and a minor but
inducible pathway proceeding via 4-hydro x y t a m o x i f e n .8 1 - 8 3

In a recent study of tamoxifen-DNA adducts formed in
mouse liver following administration of the compound by
gavage, minor adducts (~7% of total) were attributed to
binding at the α-position of tamoxifen N- o x i d e8 4 and 
s u p p o rting studies on the reactivity and adduct form a t i o n
by α-acetoxytamoxifen N-oxide have been carried out.8 5

The major adducts in mouse liver were re p o rted to 
derive from α- h y d ro x y t a m o x i f e n ,8 4 and it remains to be
d e t e rmined whether N-desmethyltamoxifen is also a 
p recursor of DNA adducts in this tissue.

It has long been a central tenet of chemical carc i n o g e n e-
sis that DNA adduct formation (or DNA damage) is a 
n e c e s s a ry, but not sufficient, event/stage in the mechanism
of action of a genotoxic carcinogen. This is exemplified by
the formation of tamoxifen-DNA adducts in mouse liver,
which does not give rise to liver tumours. These adducts do
not appear to accumulate in mouse liver whereas they do in
rat liver, where tumours arise at high fre q u e n c y. It will be
i n t e resting to see whether tamoxifen can induce liver
tumours (or any tumours, for that matter) in mice deficient
in DNA re p a i r, such as XP knockout mice. However, it is
also the case that tamoxifen induces cell proliferation in rat
liver providing a tumour promoting influence,1 9 but not in
mouse liver.8 0 While these diff e rences in adduct persistence
and cell proliferation go some way to explain why the liver
of one species but not the other is susceptible, the re a s o n s
for the interspecies diff e rences in response are not clear. 

The induction of uterine adenocarcinomas in mice 
following neonatal tre a t m e n t ,1 4 but not following adminis-
tration to adult animals,1 5 suggests a mechanism involving
h o rmonal perturbation of the developing organ. There do

not appear to have been any attempts to detect tamoxifen-
DNA adducts in the re p roductive tract of female mice.

MECHANISM IN HUMANS
Metabolism of tamoxifen in humans appears to be 

qualitatively similar to metabolism in ro d e n t s3 8 and it is
n o t e w o rthy that α- h y d roxytamoxifen is a detectable 
metabolite in the plasma of women on long-term 
tamoxifen therapy.8 6 Also, steady-state serum levels of 
N-desmethyltamoxifen are higher than those of tamoxifen
itself in patients on long-term tamoxifen therapy.8 7

Although there have been some case re p o rts of acute
liver toxicity of tamoxifen,8 8 t h e re have been no findings of
i n c reased liver cancer among tamoxifen-treated women,8 9 , 9 0

albeit with relatively short periods of follow-up given the
potentially long latent period for induction of carc i n o m a s
in humans. A small 3 2P-postlabelling study of liver DNA
f rom 7 individuals taking tamoxifen revealed moderate
levels of DNA adducts but was not able to distinguish the
p resence of any resulting from tamoxifen binding, and the
total levels were not higher than those found in the liver
DNA of 7 control subjects.9 1 A single liver sample (post-
m o rtem) from a tamoxifen-treated patient analysed in this
a u t h o r’s laboratory did not reveal the presence of any
tamoxifen-derived adducts (unpublished re s u l t ) .

In experiments with primary cultures of human hepato-
cytes, tamoxifen did not form adducts, and DNA binding 
by α- h y d roxytamoxifen was more than 100-fold lower 
than in female rat hepatocytes;4 2 this low level of binding
was possibly the result of chemical reaction of the 
compound without metabolic activation. Concentrations of 
α- h y d roxytamoxifen detected in the media of the human
hepatocytes treated with tamoxifen was also significantly
lower (~50-fold) than in the media of rat hepatocytes.4 2

While these results reveal marked interspecies diff e r-
ences, they do not exclude the possibility that pro l o n g e d
e x p o s u re to tamoxifen may result in induction of a human
liver enzyme that activates the compound, analogous to the 
situation in male rats.6 7

Does the proposed mechanism of activation in rat liver
indicate a reason for the lack of adducts (and carc i n o g e n i c i t y )
in human liver? There is evidence that α- h y d ro x y t a m o x i f e n
is a poorer substrate for sulphotransferase in humans than in
rats. Sulphate ester formation (leading to adduct form a t i o n )
f rom α- h y d roxytamoxifen by the purified re c o m b i n a n t
enzymes is at least 3 times more efficient with the rat rHSTa
isozyme than with the human isoform ,9 2 but the diff e rence is
considerably greater when the enzymes are expressed in
bacterial or mammalian cells: α- H y d roxytamoxifen was
mutagenic and formed detectable levels of DNA adducts in
the cells expressing the rat rHSTa enzyme, but not in those
e x p ressing any of the known human sulphotransferases, 
indicating at least a 20-fold diff e rence in affinity for the sub-
s t r a t e .6 5 α- H y d roxytamoxifen can also undergo glucuro n i d a-
t i o n ,9 3 which is a likely to be a detoxication (inactivation)
p a t h w a y. In incubations of α −h y d roxytamoxifen with human
liver microsomal fractions glucuronidation pre d o m i n a t e s
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over sulphonation, while with rat microsomes sulphate ester
f o rmation predominates over glucuro n i d a t i o n .9 4 This 
p rovides an explanation for the paucity of DNA adduct 
f o rmation by tamoxifen and α-h y d roxytamoxifen in human
hepatocytes in vitro4 2 and the apparent lack of adduct 
f o rmation in the liver of women taking tamoxifen9 1.

In summary, α- h y d roxylation is more prevalent in ro d e n t
liver cells than in human cells, as is sulphate ester form a t i o n
f rom this metabolite. At the same time, the alternative path-
way of glucuronylation, leading to a detoxified conjugate, is
m o re prevalent in human systems than in rodent ones.

The situation re g a rding tamoxifen-DNA adducts in
human endometrium is much less clear. Initially we did not
find evidence for DNA adduct formation in endometrial 
samples from 18 women receiving tamoxifen therapy, 
with an estimated detection limit of 4 adducts/1010
n u c l e o t i d e s .9 5 This lack of adduct formation in vivo was 
m i rro red by the lack of tamoxifen-DNA adduct formation in
s h o rt - t e rm organ cultures of endometrial tissue incubated
with high concentrations (500 µM) of tamoxifen.9 5

α- H y d roxytamoxifen gave rise to low levels of adducts only
at concentrations several orders of magnitude higher than
would occur in vivo, analogous to the situation in primary
c u l t u res of human hepatocytes.

These results are in contrast to a subsequent study in
which tamoxifen-DNA adducts were re p o rted to be pre s e n t
in the endometrial tissue of 4/6 treated patients at levels of
2 . 7 / 1 09 nucleotides, but were undetectable in 5 contro l s.9 6

The evidence for DNA binding in this study was the
appearance of a minor radioactive peak on HPLC seen
against a very high background, and the validity of this
claim has been questioned.9 7 S u b s e q u e n t l y, we analysed
DNA from a further 34 endometrial samples using the
c h romatographic conditions of Hemminki and colleagues.9 6

Under these conditions we also detected a minor chro m a t o-
graphic peak co-eluting with the major rat liver tamoxifen-
DNA adduct in some of the samples, but it was found to be
p resent not only in those from 7/14 tamoxifen-tre a t e d
women, but also in samples from 3/6 tore m i f e n e - t re a t e d
women and from 5/14 untreated contro l s.9 8 The detection
limit for these analyses was estimated at 1 adduct/109

nulceotides. We concluded that the peak is either an art e-
fact of the postlabelling pro c e d u re or a backgro u n d
(endogenous) adduct that is not derived from tamoxifen. A
re p o rt of the presence of tamoxifen-DNA adducts in white
blood cells of patients, based on similar identification crite-
r i a ,9 9 was similarly not re p roduced in our own studies.1 0 0 , 1 0 1

Using improved 3 2P-postlabelling and HPLC pro c e d u re s
that result in considerable reductions in backgro u n d
r a d i o a c t i v i t y, Shibutani et al.1 0 2 , 1 0 3 have recently re p o rt e d
the detection of tamoxifen-DNA adducts in endometrial 
tissue from 8/16 patients, and their absence from all of 
15 controls. The adducts were identified by virtue of their 
c o - c h romatography with synthetic tamoxifen adducts, and
w e re estimated to be present at levels in the range 
0.2-18.0 adducts/108 nucleotides. The detection limit was
re p o rted to be 2.5 adducts/101 0 n u c l e o t i d e s .

These adduct levels are clearly much higher than 
those previously estimated. However, what is highly
unusual about these results is that the ratio of c i s and t r a n s
tamoxifen-DNA adducts differs widely between individu-
als, with some samples containing predominantly the t r a n s
adducts but others containing only the c i s adducts. This is
not what would be expected from the animal experiments,
or from the pattern of adducts formed in the chemical 
reaction of reactive derivatives of α- h y d ro x y t a m o x i f e n
with DNA, where the products are pre d o m i n a n t l y
t r a n s.5 4 , 5 6 , 9 2 L o g i c a l l y, one would expect to see a spectrum of
mainly t r a n s adduct peaks, including ones derived 
f rom the N-desmethyltamoxifen metabolite as well as 
f rom tamoxifen itself, but this is not what has been
re p o rt e d .1 0 2 , 1 0 3 The chemistry of the interaction with DNA
of reactive intermediates of tamoxifen that give rise to a
carbocation at the α-position, and also the profile of
adducts formed when tamoxifen is activated in mammalian
cells in vitro or in vivo, clearly show that t r a n s- t a m o x i f e n
adducts predominate over c i s-tamoxifen adducts.
T h e re f o re if tamoxifen-DNA adducts are formed in human
tissues it would be expected that they would display the
same c i s : t r a n s ratio as seen under experimental condi-
tions. Thus the apparent detection of variable ratios of
cis:trans adducts in human endometrium re q u i res an
explanation. The suggestion that an as-yet-unidentified
polymorphism in a gene encoding a DNA repair enzyme
could result in the pre f e rential repair of one type of adduct
in some women and the other type in others1 0 2 does not
seem plausible if, as has been re p o rted, the adducts are
re p a i red by nucleotide excision re p a i r,7 1 a mechanism
capable of correcting a very wide spectrum of modifica-
tions to the DNA stru c t u re and sequence.

Shibutani et al.1 0 3 also suggest that our failure to detect
tamoxifen-DNA adducts in human endometrium may 
be due to insufficient sensitivity, but our own published
methods have a limit of sensitivity similar to theirs and
have not yielded evidence for tamoxifen-DNA adducts 
in our samples, and even when we replicated their 
postlabelling pro c e d u re s1 0 2 adducts were not detected in
our samples (A. Hewer and D.H. Phillips, unpublished
results). It is entirely conceivable that a low level of
adducts could be present in human endometrium, given
that α −h y d roxytamoxifen has weak intrinsic re a c t i v i t y
t o w a rds DNA,4 1 , 5 4 but this alone would not be likely to
result in adduct levels in the endometrium as high as 
those claimed.1 0 2 , 1 0 3 Using the ultrasensitive method of
accelerator mass spectro m e t ry (AMS), a single dose of 
1 4C-tamoxifen to women resulted in as-yet-uncharacterised
‘adduct’ formation in the endometrium at up to 
8 adducts/101 0 nucleotides (E.A. Martin, personal commu-
nication), but this level of binding is close to the limit of
detection of the 3 2P-postlabelling method. 

In summary, in vitro studies with human tissues or 
cells do not show significant DNA adduct formation 
by tamoxifen in either hepatocytes or endometrium, and
binding by α- h y d roxytamoxifen occurs only at high 
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concentration, probably non-enzymically. in vivo, there is
no evidence for adduct formation in human liver, but 
d i ffering results have been obtained with endometrium.

ANALOGUES OF TA M O X I F E N
To remifene (Figure 3) is not carcinogenic in rat liver1 7

and DNA adduct formation by toremifene in rat liver is
either undetectable1 7 or extremely low.2 1 , 7 4 When incubated
with rat or human microsomal fractions in the presence of
DNA, toremifene gave rise to DNA adducts, although at
levels lower than those formed by tamoxifen.1 0 4 A l s o ,
t o remifene induced micronucleus formation in MCL-5
c e l l s2 7 , 2 8 but it was less active than tamoxifen and it 
did not show significant clastogenic activity in in vivo
e x p e r i m e n t s .2 8 These positive results with toremifene are, 
p e rhaps, due to the artificiality of some in vitro test 
systems and to an imbalance of the activation and detoxifi-
cation systems operating in vivo or in ‘normal’ cells.

Insofar as it has been tested (ie, exposure for up to 
24 weeks), idoxifene (Figure 3) is not carcinogenic in rat
l i v e r.1 0 5 DNA adduct formation by idoxifene in rat liver in vivo
is two orders of magnitude lower than with tamoxifen,1 0 5 w h i l e
in experiments with rat hepatocytes it was found that 
idoxifene does not form a detectable level of adducts and that
the putative metabolite α- h y d roxyidoxifene is less active in
adduct formation than α- h y d ro x y t a m o x i f e n .1 0 6 F u rt h e rm o re ,
α- h y d roxyidoxifene was less reactive than α- h y d ro x y t a m o x-
ifen towards DNA at pH54 4, and α-acetoxyidoxifene was less
reactive than α-acetoxytamoxifen at pH7.1 0 6

D roloxifene (Figure 3) does not give rise to liver 
tumours in rats8 and it did not form detectable levels of DNA
adducts in rat liver when investigated by 3 2P - p o s t l a b e l l i n g .2 1

Calculations of carbocation stability for a series of 
triphenylethylenes have shown that the intermediates of
t o remifene, idoxifene and 4-iodotamoxifen are significantly
less stable than that of tamoxifen, suggesting that they are
less frequently activated than tamoxifen in this manner.1 0 7

Thus tamoxifen stands alone in its class. The other 
therapeutic antioestrogens do not cause tumours in rats,
and form few, if any, DNA adducts in vivo.

I L L U M I N ATION OR CONFUSION?
Tamoxifen-DNA adduct formation by the metabolic 

pathways described herein, followed by cell pro l i f e r a t i o n ,
p rovides a plausible mechanism for tumour formation in rat
l i v e r. The mechanism can be defined as a genotoxic one. In
mouse liver, adduct formation is less persistent and there
appears to be no concomitant stimulation of cell pro l i f e r a-
tion, so liver tumours do not develop. Ta m o x i f e n - D N A
adducts are also formed in the liver of hamsters2 0 and rh e s u s
m o n k e y s ,1 0 8 in the latter case at levels at least an order of
magnitude lower than in rats. However, the drug has not yet
been tested for carcinogenicity in hamsters or monkeys.
Human liver, in contrast, appears to be better pro t e c t e d
against activation of tamoxifen to DNA binding species.

Thus tamoxifen presents something of a problem in the
a rena of re g u l a t o ry testing of pharmaceuticals for genetic
toxicity: negative in the battery of short - t e rm tests, but
demonstrably genotoxic (and carcinogenic) in vivo. The
f a i l u re of the short - t e rm tests to give positive results for
tamoxifen is probably explicable by the low rate of 
metabolism to α −h y d roxytamoxifen and/or the low activity
of sulphotransferases in the systems used. Only under 
special circumstances has a tamoxifen metabolite 
(α- h y d roxytamoxifen) been shown to be mutagenic in vitro .

The nature of apparent DNA binding in extrahepatic 
rat tissues, detected by AMS but not, it seems, by 
3 2P-postlabelling, clearly re q u i res further investigation 
and characterisation. The general lack of evidence by 
3 2P-postlabelling analysis for adducts in extrahepatic 
tissues is compatible with activation of tamoxifen at the 
α-position by hydro x y s t e roid sulphotransferase, since this
is expressed almost exclusively in the liver. Unfort u n a t e l y,
because AMS measures isotope ratios it re q u i res the use of
1 4C-labelled drug for detection of DNA binding and thus
cannot be used for the routine detection of tamoxifen-DNA
adducts in human tissues.

Some studies re p o rt formation of tamoxifen-DNA adducts
in endometrium, others do not. However, the observ e d
interindividual variation in relative amounts of 
c i s and trans a d d u c t s1 0 2 , 1 0 3 is puzzling. No satisfactory 
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explanation for this has yet been advanced. We have not
found unequivocal evidence for the presence of tamoxifen-
DNA adducts in any of 54 samples of endometrial tissue
f rom women taking the dru g9 5 , 9 8 (and unpublished re s u l t s ) .
Since each human sample is unique, perhaps the question
of whether adducts are truly formed in human tissues can
only be definitively answered by an inter- l a b o r a t o ry 
comparison of analyses of coded tissue samples fro m
exposed and control individuals, and when other methods
that take a diff e rent approach to DNA adduct detection and
identification are brought to bear on the problem. Thus, the
p roduction of high-affinity antibodies to tamoxifen-DNA
a d d u c t s3 5 may provide a means to shed light on this 
issue. Ultimately, the question may be not whether or not
tamoxifen is capable of DNA adduct formation in humans,
but whether the levels of putative adducts are reliably 
estimated and at a level that would result in observable 
biological effect. With α- h y d roxytamoxifen identified as a
human metabolite and possessing the ability to react with
DNA without further metabolic activation, the occurrence of
tamoxifen-DNA adducts in any human tissue must be 
c o n s i d e red a possibility. It will be interesting to see whether
adducts are detectable in the bladder, since acidic pH
catalyses carbocation formation by α- h y d ro x y t a m o x i f e n .5 4

As a general rule, it would seem prudent that, if
adducts are thought to be present in human DNA and the
method of detection does not provide definitive characteri-
sation but instead relies on co-chromatography with 
s t a n d a rds (3 2P-postlabelling is not alone in this re g a rd), the
following criteria should be met:

(1) The relative amounts of diff e rent adducts should be
as expected from the relative amounts formed by
reaction of the putative reactive intermediate(s) with
DNA (or by reaction of a re p resentative model 
i n t e rmediate); and/or

(2) The relative amounts of diff e rent adducts should 
be as expected from the relative amounts formed by
the carcinogen in experimental animals; and/or

(3) The relative amounts of diff e rent adducts should not
v a ry dramatically between human individuals.

W h e re these criteria are testable and not met, then the
identification of the adducts, or their origin, should be
questioned and a convincing explanation sought.

Can we consider the mechanism of tamoxifen-induced
hepatocarcinogenesis in rats relevant to the mechanism of
tamoxifen-induced endometrial carcinogenesis in
women? If the answer is yes, then analogues of tamoxifen
that are not carcinogenic to rat liver, and that do not form
DNA adducts therein, would be predicted to be safer
a l t e rnatives to tamoxifen. If the answer is no, as is 
suggested by what is c u rre n t l y known about the enzymol-
ogy of tamoxifen activation in rat liver, then there is at
p resent no rational basis on which to make pre d i c t i o n s
about their long-term safety to human endometrium, or
indeed other tissues.

Could tamoxifen there f o re be both a genotoxic and a 
non-genotoxic carcinogen? If it turns out to be the case that

tamoxifen is a genotoxic carcinogen in one species (rat) and
a non-genotoxic carcinogen in another (human), this would
make it a highly unusual, if not unique, carcinogen. Since
tumours can be induced in rat uterus following neonatal
e x p o s u re, but adducts have not been re p roducibly detected
in this tissue, it may even be the case that tamoxifen is a
genotoxic carcinogen in one tissue, and a non-genotoxic
c a rcinogen in another tissue of the same species. In the 
last decade some very novel and interesting pro p e rties of 
tamoxifen carcinogenicity have been uncovered but 
the picture remains incomplete. Continued study of 
this important drug promises further insight into its 
c a rcinogenic mechanism(s). Perhaps only then can the 
title of this article be written as a statement, rather than as
a question.
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