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Abstract
A survey conducted as part of an International Workshop on Genotoxicity Testing (IWGT) has
identified a number of compounds that appear to be more readily detected in vivo than in vitro. The
reasons for this property varies from compound to compound and includes metabolic differences;
the influence of gut flora; higher exposures in vivo compared to in vitro; effects on pharmacology,
in particular folate depletion or receptor kinase inhibition. It is possible that at least some of these
compounds are detectable in vitro if a specific in vitro test is chosen as part of the test battery, but
the ‘correct’ choice of test may not always be obvious when testing a compound of unknown
genotoxicity. It is noted that many of the compounds identified in this study interfere with cell cycle
kinetics and this can result in either aneugenicity or chromosome breakage. A decision tree is outlined
as a guide for the evaluation of compounds that appear to be genotoxic agents in vivo but not in
vitro. The regulatory implications of these findings are discussed.
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1. Introduction
In vivo genotoxicity tests are included in most regulatory batteries for two purposes. The first
is to put any positive results obtained in vitro into perspective, i.e., to determine if the genotoxic
potential observed in vitro is realised in vivo. The second is to ensure that genotoxic carcinogens
that are not detected or are difficult to detect in vitro, but do cause detectable genotoxic damage
in the tissues of an intact animal, are recognised. This later issue is addressed in the ICH
guideline for pharmaceuticals (S2B—Genotoxicity: A Standard Battery for Genotoxicity
Testing of Pharmaceuticals) which states that “An in vivo test for genetic damage should usually
be a part of the test battery to provide a test model in which additional relevant factors
(absorption, distribution, metabolism, excretion) that may influence the genotoxic activity of
a compound are included”. As a result, in vivo tests permit the detection of some additional
genotoxic agents. Note 5 of the guideline states that, “There are a small but significant number
of genotoxic carcinogens that are reliably detected by bone marrow tests for chromosomal
damage that have yielded negative/weak/conflicting results in the pairs of in vitro tests outlined
in the standard battery options … Carcinogens such as procarbazine, hydroquinone, urethane
and benzene fall into this category”.

An IWGT working group was formed to examine the published data supporting the existence
of genotoxic agents only detectable in vivo and through the use of a questionnaire, determine
if there are further unpublished data on additional compounds that may fall into this category
[1].

This paper does not review all possible ‘unique’ in vivo-positive compounds from the literature
but is focussed on previously unpublished data obtained from company archives via the IWGT
questionnaire (Appendix I). The exceptions include urethane, salicylazosulfapyridine,
sulfapyridine and morphine. Urethane is regarded by the working group as a well-studied
example of an in vivo-only positive. Data on the other compounds were brought to our attention
in response to the IWGT questionnaire.

2. Analysis of possible in vivo-only positives from the literature
2.1. Urethane (ethyl carbamate) and benzene

Urethane has been recognised as a carcinogen since the 1940s and induces a variety of tumours
in rodents, including tumours of the lung (alveolar/bronchiolar adenoma or carcinoma) and
liver (hemangioma or angiosarcoma) [2]. In addition, lymphomas, melanomas, and vascular
tumours have been reported [3]. Urethane has been extensively tested in a variety of in vitro
tests for genotoxicity. There are sporadic reports of positive results for urethane in in vitro tests
(usually in the presence of rat liver S9) [4–6], but only when tested at concentrations above
internationally agreed-upon limits for relatively non-toxic compounds, i.e., 5 mg/plate in the
Ames test and 10 mM in cultured mammalian cell tests. At or below these limits, the compound
is uniformly negative. Negative results have been reported for the Ames assay, the human
lymphoblastoid TK6 TK mutation test, chromosome aberration tests in a variety of cell lines,
and the in vitro UDS test in primary rat hepatocytes [7].
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The situation is very different in vivo. Urethane gives strongly positive results in mouse bone
marrow micronucleus tests, as has been shown by many laboratories. In a typical study using
CBA mice given 900 mg/kg (i.p. or oral), up to 30-fold increases in micronucleated
polychromatic erythrocytes (PCEs) were observed relative to concurrent control values [8]
(Table 1). In addition, weak, but statistically significant, positive results have been detected in
the Muta™ Mouse following single i.p. dosing with 900 mg/kg, where increases in mutant
frequency in lung and liver (equivocal results in bone marrow and spleen) were seen [9]. Similar
results have also been obtained in an evaluation of mutant frequencies of chemically induced
tumours and normal tissues in lambda/cII transgenic mice treated with urethane [10]. Urethane-
associated adducts are formed in the DNA of lung and liver cells from exposed mice (the
principal sites for urethane-induced carcinogenesis) [11].

The most widely accepted hypothesis for the discrepancy between the in vitro and in vivo
genotoxicity profiles of urethane is that the S9 used for metabolic activation in many in vitro
assays is deficient in the specific cytochromes P450 (CYPs) and possibly other enzymes,
necessary to metabolize urethane to its ultimate genotoxic metabolites; by contrast, these
metabolites are readily formed in vivo. Urethane metabolism is known to require CYP2E1 and
carboxylesterase isozyme hydrolase A [12]. The metabolic activation route is thought to
involve C-hydroxylation to form vinyl carbamate, which is then converted to an epoxide that
can interact with nucleic acids [13]. This scheme is supported by the observation that urethane-
induced bone marrow micronucleus frequencies are reduced in CYP2E1-null mice [14].
Attempts have been made to detect urethane in vitro using rat liver S9 from animals pre-treated
with CYP2E1 inducers such as ethanol, but these were unsuccessful [15].

Another important example is benzene, a known human carcinogen that gives a strong in
vivo response whilst being weak or negative in in vitro assays, benzene undergoes complex
metabolism in vivo, which may be difficult to reproduce in vitro. The precise metabolites
involved in carcinogenicity or indeed the mechanism of carcinogenicity induced by this
molecule or its metabolites are not known, but may involve inhibition of DNA topoisomerase
II [16].

2.2. Salicylazosulfapyridine and sulfapyridine
The mutagenicity profile of salicylazosulfapyridine (SASP), an anti-inflammatory drug used
for over 50 years, is detailed by Bishop et al. [17]. Ames tests were negative at concentrations
up to 5 mg/plate. Similarly CHO chromosomal aberration (and sister-chromatid exchange
[SCE]) studies were negative at concentrations up to 1 mg/ml. However, 20–160 (µg/ml
produced positive responses in human lymphocyte chromosomal aberration (and SCE) assays.

Bone marrow micronucleus tests in male B6C3F1 mice using single oral doses of SASP of up
to 1000 mg/kg were negative; but weak, statistically significant and dose-related increases were
seen when animals received 500, 1000 or 2700 mg/kg for 3 days. Micronucleus tests in
peripheral blood erythrocytes from male and female B6C3F1 mice were clearly positive at
doses of 675, 1350 or 2700 mg/kg given orally for 90 days (Table 2). Sulfapyridine (SP), a
major metabolite of SASP, was subsequently shown to have the same profile, i.e., negative for
chromosomal aberrations (although SCEs were induced) in CHO cells, but positive in the
mouse bone marrow micronucleus test [18]. Further work showed that both SASP and SP are
strong inducers of kinetochore-positive micronuclei in vivo. Although small increases in
kinetochore-negative micronuclei also were observed in SP treated mice, as well as in mice
receiving the highest test dose of SASP (Table 3), the results suggest that both chemicals are
predominantly aneugens [19]. Increases in micronucleus and SCE frequencies have been
reported in patients treated with SASP for inflammatory bowel diseases (IBD) for one or more
months, although there were confounding factors in these studies [20].
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Bishop et al. [17] suggest that the results they observed in vivo could have been due to the
induction or exacerbation of folate deficiency. Folate deficiency is known to cause
chromosomal aberrations and fragile-site expression. Sulfa drugs,as a class, are known to
inhibit p-aminobenzoic acid uptake and to inhibit the formation of folic acid by gut flora. SASP
therapy is associated with impaired folic acid absorption, although serum folate levels in IBD
patients were low, they were still in the normal range when tested [21]. It has now been
established that SASP does depress folate levels significantly in treated patients [22,23].
Humans are particularly sensitive to micronucleus induction due to limiting folate or B12 levels
[24,25].

Reticulocytosis was observed in a 90-day study of SASP in mice [26], which also suggests that
SASP may have a rebound erythropoietic effect following a haemotoxic insult, which may also
contribute to induction of micronuclei in bone marrow cells (see accompanying paper, this
issue).

SASP treatment increases the number of urinary bladder tumours in F344 rats and liver tumours
in B6C3F1 mice, when the animals are maintained under ad libitum (AL) feeding conditions;
under a feed restriction (FR) regimen, these tumours were not increased [23]. With regard to
the etiology of the bladder tumours, SASP caused intraluminal bladder changes in the rat
(especially males) consisting of chronic urothelial stimulation, concretions, and hyperplasia,
which resulted in neoplasia. With regard to the mouse liver tumours, chronic hepatocellular
toxicity was observed, resulting in preneoplasia and neoplasia within 2 years. Thus, it is
probable that these rodent tumours are not induced as a consequence of the direct genotoxicity
of the test agent.

To follow up this work, SASP and its two major metabolites, 5-aminosalicylic acid (ASA) and
SP, were tested for the induction of micronuclei in mouse bone marrow, with or without pre-
treatment with folate, and for the formation of DNA adducts in rat and mouse liver and urinary
bladder [27]. None of the compounds exhibited genotoxicity or DNA reactivity under the
protocols used. However, the authors of this paper stated that, without folate supplementation,
SASP is an aneugen, and thus the folate deficiency associated with SASP administration is
probably responsible for its in vivo genotoxicity in lymphocytes and erythrocytes.

From the genotoxicity profile above, it is clear that SASP is detected as a genotoxic agent in
vitro if chromosome damage is measured in human peripheral lymphocytes, but not if Chinese
hamster cells are used. Thus, if SASP were a new drug candidate and the testing laboratory
concerned routinely used Chinese hamster cells, this activity would have been missed. Why is
there a difference between these two cell types for the genotoxicity of SASP? SASP undergoes
acetylation in vivo, and CHO cells are known to be poor acetylators [28], whilst acetylated
metabolites of SASP have been shown to induce chromosome damage [29]. It is possible that
human lymphocytes are better or more rapid acetylators than Chinese hamster cells and that
this is responsible for the differences in ability to detect SASP as a genotoxic agent. In terms
of the differences in the in vitro and in vivo genotoxicity profiles, Bishop et al. [17] conclude
that the differences in distribution and metabolism of SASP, its cleavage into SP and 5-ASA
metabolites by gut flora, the absorption of these metabolites, their acetylation and/or
hydroxylation in the liver, their reaction with macromolecules, and their subsequent
elimination from the body are all factors for understanding differences between species and
cell types in the amounts and types of chromosome damage induced by SASP.

2.3. Morphine
According to the Physicians Desk Reference (PDR) [30], no formal studies to assess the
mutagenic potential of morphine have been conducted for the FDA. However, literature studies
are cited and include results showing that morphine was non-mutagenic in the Drosophila
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melanogaster sex-linked recessive lethal mutation assay and produced no evidence of
chromosomal aberrations when incubated with murine splenocytes. However, as described in
the PDR, morphine increased DNA fragmentation when incubated in vitro with a human
lymphoma cell line, and in vivo, morphine produced an increase in the frequency of micronuclei
in bone marrow cells and in immature red blood cells in the mouse micronucleus test, and
induced chromosomal aberrations in murine lymphocytes and spermatids. The product
labelling states that some of the in vivo clastogenic effects reported with morphine in mice may
be directly related to increases in glucocorticoid levels produced by morphine in this species.

Morphine has been reported to produce apoptosis in human peripheral lymphocytes [31,32],
and thus the DNA fragmentation in the human lymphoma cell line reported in the product
labelling may be attributed to apoptosis. The induction of micronuclei in vivo has also been
discussed in the literature [33], and it was concluded that the genotoxic response is opioid
receptor-mediated because it was abolished in adrenalectomized animals. Further, plasma from
morphine-treated animals also induced micronuclei in naive lymphocytes in vitro; this response
was blocked by inclusion of the steroid antagonist RU 486 in the incubation mixture. Despite
this hypothesis for the responses in the in vivo micronucleus test, others [34] have concluded
that, although basal levels of glucocorticosteroids are required for induction of micronuclei by
morphine in murine splenocytes, activation of the hypothalamo-pituitary-adrenal (HPA) axis
by morphine does not contribute to the observed response. This is based on studies with N-
methylmorphine, which did not stimulate the release of corticosterone from adrenal glands,
yet induced micronuclei in splenocytes. Also metyrapone, an inhibitor of corticosterone
biosynthesis, blocked the morphine-induced increase in corticosterone secretion, but had no
effect on the frequency of micronuclei.

An alternative explanation for the in vivo micronucleus effect is that it is a consequence of
hypothermia, which is caused in rodents by morphine [30,35] (see accompanying paper). Since
the data from the chromosomal aberration effects in mouse lymphocytes has not been evaluated
independently, it is not clear whether morphine is a unique in vivo positive, but this is worthy
of further study. Increases in DNA fragmentation (Comet assay) and HPRT mutations have
been reported in the human HUT-78 cell line exposed to morphine in vitro [36].

3. Candidate in vivo-only positives identified by the questionnaire
3.1. Alimta® (pemetrexed)

Alimta® is indicated for the treatment of malignant pleural mesothelioma in combination with
cisplatin. It also is indicated for the treatment of locally advanced or metastatic non-small cell
lung cancer after prior chemotherapy. Alimta® is an antifolate agent that exerts its action by
disrupting folate-dependent metabolic processes essential for cell replication. No
carcinogenicity tests have been carried out. However, Alimta® administered at i.v. doses of
0.1 mg/(kg day) or greater to male mice (about 1/1666 the recommended human dose on a mg/
m2 basis) reduced fertility, and induced hypospermia and testicular atrophy.

Ames tests were negative up to 250 µg/plate, which was the lowest precipitating concentration.
Alimta® also was negative in chromosome aberration and Hprt mutation assays using CHO
cells at concentrations up to 2099 µg/ml (limited by solubility). Two bone marrow
micronucleus studies were carried out on Alimta® in ICR mice. Both sexes were dosed
intravenously with 393, 787, and 1574 mg/kg. Two doses were given 24 h apart, with the
animals killed 24 h after the last dose. Bone marrow cells were stained with Acridine Orange.
The ratio of PCEs to normochromatic erythrocytes (NCEs) was not affected at any dose, but
Alimta® was positive in both sexes in both tests, with significant differences in two-tailed trend
tests and also in pairwise comparisons between individual doses and the controls (Table 4).
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The pharmacology of the test compound indicates that Alimta® causes a decrease in thymidine
levels along with a concomitant increase in uridine levels, which may have disrupted normal
DNA replication. Why this should affect micronucleus induction in cells in vivo, and not in
vitro, is unclear.

3.2. Pfizer and AstraZeneca MEK kinase inhibitors
The genotoxicities of two MEK kinase (Mitogen Extracellular Kinase kinase that activates
mitogen-activated protein kinase) inhibitors of the same structural class developed by Pfizer
were studied in vitro and in vivo. In mini-Ames tests, both were negative at concentrations up
to 5 mg/plate. In vitro micronucleus tests using CHO WBL cells also were negative using a
concentration range of 32–125 µg/ml (+/− S9); the highest concentration was limited by
cytotoxicity. Similarly chromosome aberration tests using human peripheral lymphocytes (3
h exposure +/− S9 and 24 h −S9) were negative (no increases in chromosome aberrations or
polyploidy) when tested at concentrations inducing up to 50% inhibition of the mitotic index
(300–400 µg/ml).

The first compound, MEK1, was tested in a rat bone marrow micronucleus test in males and
females. The compound was administered once daily for 2 days by oral gavage at doses of 0.3,
1.0 and 3.0 mg/kg and the bone marrow harvested 24 h after the second dose. Increases were
seen at the highest dose indicative of clastogenicity, although the effects seen were within the
historical control range for this laboratory (Tables 5a and 5b). An in vivo metaphase analysis
test was carried out in bone marrowcells of Sprague–Dawley rats (Tables 6a and 6b). The
compound was administered at the same doses as the micronucleus test, using the same dosing
regimen. Although increases were seen in the highest dose group in both sexes, possibly
indicating a weak clastogenic effect, the increases were not significant. No aberrations were
observed in male control animals whereas at 3 mg/kg MEK1, 2.6% aberrant cells were
observed; in females 0.2% aberrant cells were observed in the cells of the negative controls
and 1.0% aberrant cells were seen at 3.0 mg/kg MEK1.

MEK2 was tested in the rat bone marrow micronucleus test in males and females. Animals
were given two consecutive doses of 50, 100, and 300 mg/kg and the bone marrows were
sampled 24 h after the last dose. Significant increases in micronucleated PCE were observed
in males at 100 and 300 mg/kg, 2.7- and 4.0-fold relative to the negative control (Table 7),
whilst significant increases in micronucleated PCEs were seen in females at all doses (3.4- to
6.4-fold relative to the control). A second test was carried out in males with 4 weeks of dosing
with lower doses (10, 25 and 50 mg/kg). This test was negative (data not shown) establishing
‘no-detectable effect’ levels.

AstraZeneca also provided genotoxicity data for a selective inhibitor of human MEK kinase
with an in vitro IC50 of ~10 nmol/l. The compound was negative in a standard regulatory Ames
test and a mouse lymphoma Tk assay, but the compound was clearly positive in two independent
mouse bone marrow micronucleus tests (Table 8). In the second of these, up to 82% of the
micronuclei contained centromere-staining material, indicating a primarily aneugenic mode of
action. In vitro micronucleus tests in mouse lymphoma cells were inconclusive. MEK is
necessary for normal mitotic spindle function [37,38], so it is not surprising that aneugenicity
was observed in micronucleus tests. It is possible that the regulatory functions controlled by
MEK and MAPK become altered in established cell lines. It would be of interest to determine
if MEK inhibitors induce aneugenicity in primary cells, such as cultured human peripheral
lymphocytes.
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3.3. Merck compound B (a kinase inhibitor)
Data on this compound were obtained via the IWGT questionnaire and were previously
unpublished. The compound was negative in Ames tests up to 6 mg/plate, and CHO cell
chromosome aberration assays were negative when tested to 100 µM. Micronucleus tests also
were conducted in CHO cells, and one assay showed a slight increase at a single concentration
and sampling time (1.1–2.6%) that was not reproduced in second assay when tested up to 120
µM. As is normal practise at Merck, alkaline elution tests for DNA breakage were carried out
in primary rat hepatocytes (at concentrations up to 40 µM); these tests were also negative.

Compound B produced strong positive responses in the in vivo mouse bone marrow
micronucleus test at 50, 100, 200 mg/kg (a no-effect level was not achieved). A marked
suppression in the PCE/NCE ratio was observed at all the test doses, indicating bone marrow
toxicity (Table 9). No mechanistic studies, e.g., kinetochore staining, were done to determine
if the micronuclei observed were chromosome fragments or whole chromosomes.

There was no evidence for a mouse-specific metabolite or evidence for in vivo metabolites not
seen in vitro. It is possible that the in vivo micronucleus induction was related to the high levels
of bone marrow toxicity seen at all test doses (some apoptotic nuclei were observed).

A limited bone marrow micronucleus test (single rat per dose level) was subsequently carried
out in rats (3 daily oral gavage doses, sacrificed 6 h after the last dose, 2000 PCEs scored/rat).
Whereas firm conclusions cannot be drawn from this study, it is of interest to note that no
effects were seen at doses of compound B below 100 mg/kg, but sharp increases in micronuclei
were observed at both 100 and 200 mg/kg at relatively moderate levels of bone marrow
suppression as measured by the PCE/NCE ratio (Table 10).

Merck has conducted genotoxicity assays on three other kinase inhibitors from the same series;
two produced the same profile as compound B, i.e., negative in vitro and positive in vivo, whilst
the third was negative in all the tests (Sheila Galloway, pers. commun.).

3.4. Pharmacia example
Data on this example, a receptor kinase inhibitor, were received through the IWGT
questionnaire. The Ames test was negative at concentrations up to 317 µg/plate (+/− S9).
Chromosome aberration tests using human peripheral lymphocytes were negative up to the
relatively low concentrations of 3 µg/ml (−S9) and 10 µg/ml (+S9); the test concentrations
were limited by toxicity.

The test compound produced a weak, but statistically positive response in a rat bone marrow
micronucleus test conducted at doses up to 1000 mg/kg (1.1 MNPCE/1000 PCE in the negative
control, maximum 2.5 MNPCE/1000 PCE in treated animals) (Table 11). Further studies on
this compound are planned, including a rat bone marrow metaphase analysis to help determine
the mechanism of chromosome damage (clastogenicity versus aneugenicity).

3.5. Roche example 1
Data on this compound were received through the IWGT questionnaire. Example 1 is a tubulin
synthesis inhibitor developed for anti-cancer chemotherapy. Ames tests were negative up to 5
mg/plate. The compound was highly toxic in the mouse lymphoma Tk assay (maximum tested
concentrations −S9: 0.02 µg/ml for 3 h treatment, 0.004 µg/ml for 24 h treatment; +S9: 3 µg/
ml for both 3 and 24 h treatments). No clear treatment-related increase in mutant frequency
was detected.
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A mouse bone marrow micronucleus test was carried out by dosing animals i.v. with 1, 2, and
4 mg/kg of example 1, and assaying the animals 24 h later. Non-dose-related increases were
observed at all doses, up to a maximum eight-fold increase in MNPCEs (at the lowest dose).
There was a marked dose-related reduction of the PCE/NCE ratio, indicating bone marrow
toxicity (Table 12). The response was similar to the colcemid positive control.

Further analyses indicated that the toxicity to the bone marrow was progressive with time in
that the PCE/NCE ratio declined a further 4.5-fold in next 24 h.

In vitro micronucleus tests of intermediates in the chemical synthesis of example 1, which are
structurally related to the parent compound, were clearly positive; thus, it is possible that the
parent compound itself may have produced positive responses in vitro if such a test had been
used in addition to the mouse lymphoma test.

3.6. AstraZeneca examples
Data on these compounds were received through the IWGT questionnaire and have not been
published elsewhere. Compounds A–C are compounds from the same chemical series and have
similar pharmacological profiles; B and C are very closely related in both structure and
pharmacology. All three compounds were completely negative in regulatory Ames tests and
either a mouse lymphoma Tk assay or an in vitro cytogenetics assay using lymphocytes in
whole blood.

Compounds A and B were tested in chronological order; bone marrow micronucleus tests were
negative using male rats treated up to the maximum tolerated doses (MTDs) of each compound,
1000 mg/kg A and 250 mg/kg B. In marked contrast, compound C was positive in the rat
micronucleus test at doses from 25 mg/kg to the MTD, 760 mg/kg (Table 13). Metabolism data
then showed that there was less extensive metabolism in female rats than in males, and little
metabolism in any in vitro system. Therefore, compound C was tested in the bone marrow
micronucleus test in female rats, with negative results up to the MTD, 380 mg/kg (Table 14).

Subsequently, compound C was tested in an in vitro Comet assay using hepatocytes from male
and female rats. Consistent with the in vivo responses, clearly positive results were obtained
in male, but not female hepatocytes. If the sex difference in the responses in rats is due to
metabolism, metabolism by CYP2C11 is an obvious candidate. Limited DMPK data, and a
structural similarity to sildenafil (Viagra) [39] for which CYP2C11-mediated N-demethylation
of a piperazine ring is an important route of metabolism, are consistent with CYP2C11
metabolism being involved in the genotoxic activation of compound C.

4. Discussion
The working group concluded that some compounds are much more easily detected as
genotoxic agents with in vivo tests than with in vitro tests. It is noted that many of the
compounds identified in this study interfere with cell cycle kinetics and this can result in either
aneugenicity or chromosome breakage. For some of these compounds, variations of the in
vitro methodology or cell system can detect genotoxic activity, but for an unknown compound,
the variations are not always obvious. The pharmacology of the test material may be important
in limiting in vitro responses, e.g., depletion of nucleotide pools and/or related effects on folate
metabolism (e.g., Alimta®, SASP and SP). In these cases, in vitro detection may be possible
if chromosome damage is assessed in human peripheral lymphocytes rather than in Chinese
hamster cells.

There may be differences between in vitro and in vivo metabolism, as is the case for urethane.
Some compounds may be metabolized by gut flora in vivo (e.g., SASP) to release genotoxic
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metabolites. Higher exposures may be possible in vivo than in vitro (Roche example 1,
Pharmacia example). Certain genotoxic receptor kinases appear to be difficult to detect as
genotoxic agents in vitro (in established cell lines), but are clearly active in rodent bone marrow
micronucleus tests (Pfizer, Merck, Pharmacia and AstraZeneca examples). From the research
done at AstraZeneca with their example, it appears that such compounds may be aneugens.
Further research using different primary or near-primary cells may provide a means of detecting
these compounds in vitro. It is likely that these compounds have been selected as kinase
inhibitors in in vitro model systems. It is feasible that the cells used may provide models where
genotoxicity could be detected in vitro. If these compounds still prove difficult to detect in
vitro, prudence dictates that bone marrow micronucleus tests be performed early in the
toxicological programme for future drug candidates in this pharmacological class.

A decision tree is provided as a guide for the evaluation of compounds that appear to be
genotoxic agents in vivo but not in vitro (Fig. 1).

5. Implications for different product classes
5.1. Pharmaceuticals

The ICH M3 guideline ‘Non-clinical safety studies for the conduct of human clinical trials for
pharmaceuticals’ states that ‘Prior to first human exposure, in vitro tests for the evaluation of
mutations and chromosomal damage are generally needed … The standard battery of tests for
genotoxicity should be completed prior to the initiation of Phase II studies’. Based on the
evidence above, the IWGT working group advises that the entire standard battery should be
completed before the initiation of Phase I human studies provided that the characteristics of
the compound under question imply certain mechanisms of metabolic activation, receptor
interaction or pivotal cell cycle targets that were not fully taken into account under in vitro
genotoxicity testing conditions. For pharmaceutical candidate compounds, such information
is generally available from the standard metabolism and receptor panel studies normally carried
out prior to initiating clinical trials.

5.2. Cosmetics
A European Union Directive prohibits the use of animal tests for the development of new
cosmetics starting in 2009 (2003/15/EC). The working group feels that reliance on in vitro-
only test batteries may run the risk of missing some important genotoxic agents. Given the
nature of cosmetics, these risks may be lower than for pharmaceuticals. Cosmetics are normally
much less well characterized than pharmaceuticals regarding their effects on biological
systems. A conscious decision not to do in vivo genotoxicity tests can be made for low
exposures, knowledge about closely related compounds, etc. However, for novel cosmetic
chemicals the information gained from in vivo genotoxicity tests may be necessary for a
comprehensive risk assessment. This is supported by two additional considerations: (a) such
compounds are normally not tested for carcinogenicity in animals (as opposed to
pharmaceuticals) and (b) novel chemicals being used in some cosmetic formulations are being
designed that may have a pharmacological mechanism of action. In such cases, and when there
is significant use/systemic exposure, etc. more comprehensive testing than is provided by in
vitro genotoxicity tests may be needed.

The analysis below also suggests that in those situations where there may be such a risk, such
chemicals could be avoided as development compounds for cosmetics.

5.3. Industrial chemicals
Industrial chemicals, like cosmetics are normally much less well characterized than
pharmaceuticals regarding their effects on biological systems. A conscious decision not to do
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in vivo genotoxicity tests can be made on absence of or low exposure, protection measures to
limit exposure, knowledge about closely related compounds, etc. Where the potential for
human exposure is high, the level of concern may drive the need for in vivo tests despite
negative in vitro tests, again as for cosmetics carcinogenicity tests are not normally carried out
for these chemicals, so additional genotoxicity testing may be required.

5.4. Food additives
There is a potential for long-term exposure to compounds in this product class; at present in
vivo data on key compounds is often lacking. Again, a small subset of compounds with negative
in vitro data may be worthy of in vivo testing.

6. In vitro-only test batteries
The testing of compounds with both in vitro and in vivo assays indicates that there are small
subsets of compounds where conventional in vitro test batteries may miss inherent
genotoxicity. Therefore, there is a case for including in vivo tests in regulatory test guidelines
to ensure that the genotoxicity of such compounds is evaluated in an adequate manner.
However, it can be envisioned that most compounds from these subsets could be identified
prior to in vivo testing. Thus, for compounds that are negative in vitro, but are suspected of
having activity that may be more easily detected in vivo (i.e., where there is prior knowledge
that metabolism is likely to be different in vitro and in vivo; where the compound is likely to
affect nucleotide pools through folate disruption; where metabolism by gut flora is suspected;
where receptor kinase inhibitors are to be tested; where cytotoxicity at the ‘positive’ doses in
the target cells differs in vivo and in vitro such that higher exposures may be achievable in
vivo), it is prudent to conduct in vivo tests. The working group points out that modified in
vitro test batteries may be capable of identifying many of those compounds currently shown
to be positive only in vitro, and notes that reliance solely on in vitro tests may be acceptable
in some cases of limited exposure.

Whilst the discussion above is relevant to the sensitivity of current genotoxicity test batteries,
the problem remains of the poor specificity of currently used in vitro test batteries for finding
non-carcinogens negative [40]. At present, in vivo tests are often used to determine if the
genotoxic potential seen in vitro is realised in the whole animal. All-in vitro test batteries would
result in many compounds that in fact do not pose a genotoxic hazard in the whole animal or
man being discarded or labelled as genotoxic agents. Thus, there is a major challenge to develop
new in vitro assays with higher overall accuracy for resolving genotoxic carcinogens from non-
genotoxic non-carcinogens or to modify existing assays to improve specificity.
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Appendix A. IWGT questionnaire: examples of ‘unique’ in vivo positives
1. Do you have data on unequivocal in vivo genotoxic agents, where all standard in

vitro tests are negative? If so, please proceed to the next questions.

2. Please give details of:

i. Chemical structure (if not confidential);
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ii. Relevant mode of action if known, e.g., topoisomerase inhibitor; spindle
poison; alkylating agent, etc.

3. Please list in vitro tests used in primary screening for each chosen compound.

4. Please submit summary test data for primary in vitro tests, i.e., test concentrations;
mean plate counts for each strain (Ames test); mean Tk mutant frequencies and RTG
scores for each concentration and time point (mouse lymphoma assay); mean
aberration counts and mitotic index scores (chromosome aberration assays) for each
concentration and time point, etc.

5. Please submit summary test data for primary positive in vivo tests, e.g., PCE/NCE
ratios and mean micronucleated PCE counts for each time point and dose (in vivo
micronucleus test), etc.

6. If further testing was carried out to explore differences between in vitro and in vivo
test results, e.g., qualitative and quantitative comparisons of metabolites in vitro and
in vivo, please give summary details and outcome of test.

7. If further testing was carried out in vitro, e.g., variations in composition and/or nature
of the metabolic activation system; tests on isolated metabolites; use of different test
systems, etc., please provide details and summary data as above.
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Fig. 1.
Decision tree for evaluating possible ‘unique’ in vivo-positive compounds.
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Table 1

Activity of urethane in the mouse bone marrow micronucleus test

Agent Dose (mg/kg)Route PCE/NCE ratio (±S.D.) MNPCE/1000 PCE (±S.D.)

Vehicle control –Oral 1.1 (0.05) 2.6 (1.6)
–i.p. 1.05 (0.08) 2.9 (0.9)

Urethane 900Oral 0.66 (0.09) 62.2 (10.8)
900i.p. 0.55 (0.05) 67.9 (11.0)

Data taken from Ashby et al. [8]. Assay was carried out in male CBA mice; bone marrow was sampled 24 h after dosing. i.p.: intraperitoneal; PCE:
polychromatic erythrocyte; NCE: normochromatic erythrocyte; MNPCE: micronucleated PCE.
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Table 2

Mouse peripheral blood micronucleus test of salicylazosulfapyridine (SASP)

Agent Dose (mg/kg)MNPCE/1000 PCE (±S.D.) MNNCE/1000 NCE (±S.D.)

Vehicle control –1.71 (0.32) 1.07(0.08)
SASP 6752.27 (0.42) 2.46a(0.17)

13503.42a (0.45) 2.94a (0.22)
27003.66a (0.41) 2.78a (0.20)

Data from male B6C3F1 mice (five per group); peripheral blood was obtained at the termination of a 90-day oral gavage NTP toxicity study. At least
2000 PCEs and 10,000 NCEs from each animal were scored for micronuclei [17]. PCE: polychromatic erythrocyte; NCE: normochromatic erythrocyte;
MNPCE: micronucleated PCE; MNNCE: micronucleated NCE.

a
p <0.01, Cochran–Armitage test.

Mutat Res. Author manuscript; available in PMC 2009 December 8.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tweats et al. Page 17

Table 3

Mouse bone marrow micronucleus tests of SASP and SP with kinetochore (KC) staining

Agent Treatment (mg/kg) MNPCE/1000 PCE (±S.D.)

Total MNKC− KC+

Vehicle control – 1.6 (0.19)1.6 (0.19) 0.0
SASP 1875 4.5 (0.52)2.2a (0.20) 2.3 (0.44)

2721 5.3 (0.34)2.8a (0.34) 2.5 (0.27)
3649 6.3 (0.68)2.1a (0.29) 4.2 (0.58)

SP 2083 7.8 (0.88)4.2 (0.58) 3.6 (0.37)
2721 9.5 (0.42)3.8 (0.25) 5.7 (0.37)
3472 14.2 (1.56)5.7 (1.33) 8.5 (0.65)

TEM (positive control) 1.0 100.2 (4.94)96.3 (4.68) 3.9 (0.58)
VCR (positive control) 0.125 83.0 (2.91)6.7 (0.94) 76.3 (3.00)

Data from Witt et al. [19]. Five animals per dose group; 2000 PCEs scored per animal; vehicle control was corn oil. PCE: polychromatic erythrocyte;
MNPCE: micronucleated PCE; MN: micronuclei; SASP: salicylazosulfapyridine; SP: sulfapyridine; TEM: triethylenemelamine; VCR: vincristine sulfate;

KC−: kineticore negative; KC+: kineticore positive.

a
Not statistically significant, otherwise all pairwise comparisons of dosed groups to control were statistically significant at p < 0.01.
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Table 4

Mouse bone marrow micronucleus test of Alimta®

Agent Dose (mg/kg)PCE/NCE ratio (±S.D.) MNPCE/1000 PCE (±S.D.)

Vehicle control –1.2 (0.3) 1.2 (1.1)
Alimta® 393.51.1 (0.4) 5.0 (2.4)

787.10.7 (0.2) 4.8 (2.2)
1574.10.8 (0.1) 4.3a (2.2)

Cyclophosphamide (positive control) 25.01.0 (0.2) 16.4 (1.5)

Two equal i.v. doses were given 24 h apart to ICR mice, with harvest 24 h after the second treatment. Male mouse data shown (five per group); similar
results obtained in female mice. PCE: polychromatic erythrocyte; NCE: normochromatic erythrocyte; MNPCE: micronucleated PCE.

a
p = 0.02, treated groups were significantly increased relative to the vehicle control as determined by a two-tailed trend test.
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Table 5

Table 5a Rat bone marrow micronucleus test of Pfizer MEK kinase inhibitor 1 (MEK1) in male animals

Agent Dose (mg/kg)PCE/NCE ratio MNPCE/1000 PCE (±S.D.)

Vehicle control –a7.3 2.0 (0.82)
MEK1 0.311.5 1.8 (0.84)

1.08.1 1.8 (0.45)
3.010.0 3.2 (1.3)

Cyclophosphamide (positive control) 20.05.3 5.8 (1.1)

Table 5b Rat bone marrow micronucleus test of Pfizer MEK kinase inhibitor 1 (MEK1) in female animals

Agent Dose (mg/kg)PCE/NCE ratio MNPCE/1000 PCE (±S.D.)

Vehicle control –a5.7 2.4 (1.1)
MEK1 0.36.1 2.2 (0.8)

1.05.3 2.8 (0.45)
3.05.3 5.4b (1.1)

Cyclophosphamide (positive control) 20.02.1 10.8b (2.4)

Doses were administered to groups of five Sprague–Dawley rats once daily for 2 days by oral gavage and the bone marrow harvested 24 h after the final
dose. PCE: polychromatic erythrocyte; NCE: normochromatic erythrocyte; MNPCE: micronucleated PCE.

a
0.5% methylcellulose/0.2% Tween 80 in water.

b
Statistically significant, p < 0.05.
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Table 6

Table 6a In vivo metaphase analysis of rat bone marrow cells from male animals dosed with Pfizer MEK1 inhibitor

Agent Dose (mg/kg)% Mitotic index % Cells with chromosomal
aberrations (±S.D.)

Vehicle control –a5.9 0.0
MEK1 0.34.5 0.6 (0.4)

1.06.7 0.6 (0.4)
3.04.2 2.6 (7.0)

Cyclophosphamide (positive control) 60.00.9 62.4b (5.15)

Table 6b In vivo metaphase analysis of rat bone marrow cells from female animals dosed with Pfizer MEK1 inhibitor

Agent Dose (mg/kg)% Mitotic index % Cells with chromosomal
aberrations (±S.D.)

Vehicle control –a7.2 0.2 (0.2)
MEK1 0.36.7 0.2 (0.2)

1.07.6 0.4 (0.24)
3.03.6 1.0 (0.77)

Cyclophosphamide (positive control) 60.01.0 89.8b (4.8)

Doses were administered to groups of five Sprague–Dawley rats once daily for 2 days (except for the positive control which was administered only once,
24 h before bone marrow harvest) by oral gavage and the bone marrow harvested 24 h after the final dose.

a
0.5% methylcellulose/0.2% Tween 80 in water.

b
Statistically significant, p < 0.05.
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Table 7

Rat bone marrow micronucleus test of Pfizer MEK kinase inhibitor 2 (MEK2)

Agent Dose (mg/kg)PCE/NCE ratio MNPCE/1000 PCE (±S.D.)a

Vehicle –b2.7 4.4 (0.6)
MEK2 504.0 4.2 (1.2)

1002.3 11.8 (2.8)
3001.0 17.5 (2.4)

Cyclophosphamide (positive control) 201.9 13.0 (1.1)

Doses were administered to groups of five Sprague–Dawley rats once daily for 2 days by oral gavage and the bone marrow harvested 24 h after the final
dose. Data from male animals shown; female animals gave comparable results. PCE: polychromatic erythrocyte; NCE: normochromatic erythrocyte;
MNPCE: micronucleated PCE.

a
Statistical analysis not provided.

b
0.5% methylcellulose/0.2% Tween 80 in water.
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Table 10

Bone marrow micronucleus assay of compound B kinase inhibitor in the rat

Compound B dose (mg/(kg day)) MNPCE/1000 PCE’sPCE/NCE ratioa

0 (vehicle control, 3 rats) 1.01.20 (range 0.93–1.50)
12.5 1.50.46
25 1.01.10
50 1.50.89
100 10.50.27
200 6.50.43

Three daily oral gavage doses, sacrificed 6 h after last dose; except as noted, single rat per dose level; 2000 PCEs scored per rat. PCE: polychromatic
erythrocyte; MNPCE: micronucleated PCE.

a
Statistical analysis not provided.
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Table 11

Rat bone marrow micronucleus test with pharmacia compound X

Treatment Dose MNPCE/1000 PCE (±S.D.)PCE:NCE (±S.D.)

Vehicle Methylcellulose 1.1 (0.02)0.98 (0.07)
Cyclophosphamide (positive control) 60 mg/kg 21.7a (0.24)0.79 (0.06)
Compound X 250 mg/(kg day) 1.8a (0.02)1.06 (0.04)

500 mg/(kg day) 2.2a (0.03)1.14 (0.06)
1000 mg/(kg day) 2.5a (0.02)1.04 (0.06)

PCE: polychromatic erythrocyte; NCE: normochromatic erythrocyte; MNPCE: micronucleated PCE.

a
Significantly greater than corresponding vehicle control, p < 0.05.
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Table 12

Mouse bone marrow micronucleus test of Roche tubulin inhibitor, compound 1

Agent Dose (mg/kg) PCE/NCE ratio MNPCE/1000 PCE

Vehicle control 0 1.82 1.0
Compound 1 1.0 0.50 8.5a

2.0 0.42 5.0a
4.0 0.18 5.0a

Colcemid (positive control) 2.5 0.75 10.7a

Mice were given single i.v. doses (apart from the positive control which was dosed orally), and the bone marrow harvested 24 h later. PCE: polychromatic
erythrocyte; NCE: normochromatic erythrocyte; MNPCE: micronucleated PCE.

a
p < 0.01.
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Table 13

Bone marrow micronucleus tests of AstraZeneca compound C in male rats

Compound C oral dose (mg/kg) MNPCE/1000 PCE

Test 1 Test 2 Test 3

0.0 (vehicle control) 0.7 0.7 1.1
0.8 0.9
2.5 0.5
8 1.5a 0.9
25 2.4a
76 1.8a 2.7a
380 2.5a
760 2.4a

All results 24 h after oral dosing (2000 PCE scored); no increases seen after 48 h. No evidence of aneugenicity (increased kinetochore-staining micronuclei).
PCE: polychromatic erythrocyte; MNPCE: micronucleated PCE.

a
p < 0.001.
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Table 14

Bone marrow micronucleus test of AstraZeneca compound C in female rats

Oral dose (mg/kg) MNPCE/1000 PCE

0 (vehicle control) 1.1
25 2.0a
76 1.7
380 1.2

Results 24 h after dosing (2000 PCEs scored). PCE: polychromatic erythrocyte; MNPCE: micronucleated PCE.

a
p < 0.05.
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