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ARTICLE INFO ABSTRACT
Keywords: It is often assumed that genotoxic substances will be detected more easily by using in vitro rather than in vivo
Chromosomal damage genotoxicity tests since higher concentrations, more cytotoxicity and static exposures can be achieved. However,

In vitro concentration
Plasma concentrations in vivo
Clastogens

Aneugens

there is a paucity of data demonstrating whether genotoxic substances are detected at lower concentrations in
cell culture in vitro than can be reached in the blood of animals treated in vivo. To investigate this issue, we
compared the lowest concentration required for induction of chromosomal damage in vitro (lowest observed
effective concentration, or LOEC) with the concentration of the test substance in blood at the lowest dose
required for biologically relevant induction of micronuclei in vivo (lowest observed effective dose, or LOED). In
total, 83 substances were found for which the LOED could be identified or estimated, where concentrations in
blood and micronucleus data were available via the same route of administration in the same species, and in vitro
chromosomal damage data were available. 39.8 % of substances were positive in vivo at blood concentrations
that were lower than the LOEC in vitro, 22.9 % were positive at similar concentrations, and 37.3 % of substances
were positive in vivo at higher concentrations. Distribution analysis showed a very wide scatter of > 6 orders of
magnitude across these 3 categories. When mode of action was evaluated, the distribution of clastogens and
aneugens across the 3 categories was very similar. Thus, the ability to detect induction of micronuclei in bone

Abbreviations: ADME, absorption, distribution, metabolism and excretion; AED, administered equivalent dose; CA, chromosomal aberrations; CBMN, cytokinesis
block micronucleus assay; Cpax, peak plasma concentration; GLP, Good Laboratory Practice; ICH, International Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use;; IVIVE, in vitro to in vivo extrapolation; LOEC, lowest observed effective concentration in vitro; LOED, lowest observed effective
dose in vivo; MLA, mouse lymphoma assay; MN, micronuclei; MoA, mode of action; MTD, maximum tolerated dose; NCE, normochromatic erythrocytes; NTP,
National Toxicology Programme; PCE, polychromatic erythrocytes; PoD, point of departure; retics, reticulocytes; SD, standard deviation.
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marrow in vivo regardless of the mechanism for micronucleus induction, is clearly not solely determined by the
concentration of test substance which induced chromosomal damage in vitro.

1. Introduction

It is often assumed that genotoxic substances will be detected more
easily by using in vitro rather than in vivo genotoxicity tests because
testing in vitro is usually conducted at higher concentrations, and the
target cells are usually subjected to greater cytotoxicity than is likely to
occur in an organism such as a rat or a mouse. Moreover, exposure of
target cells in vitro is typically static in a closed vessel, test chemical
concentrations are maintained over the entire exposure period in the
absence of metabolic activation, or metabolites are produced in direct
contact with the target cells. On the other hand, plasma concentrations
leading to exposure of target cells in vivo, after a usually quick absorp-
tion phase, generally follows first-order elimination kinetics and con-
centrations rapidly decline. Therefore, in vivo systemic exposure of
target cells to xenobiotic agents is generally expected to be lower when
compared to in vitro exposures. In terms of detecting the genotoxic po-
tential of a test substance, it is therefore reasonable to assume that
genotoxic substances will be detected more easily by using in vitro rather
than in vivo testing, which supports the hierarchical approach in use for
genotoxicity testing adopted by most regulatory agencies. However, is
this difference in ability to detect which substances are genotoxic driven
by similar differences in the concentrations at which they are first
detected as genotoxic? In other words, for a substance to be detected as
genotoxic in vivo, is it necessary to achieve similar or higher concen-
trations in blood than are required to produce genotoxic effects in cul-
ture in vitro? Indeed, if this is the case it could lead to the rejection of
negative in vivo studies for substances that are genotoxic in vitro when
the blood plasma concentration does not reach or exceed the concen-
trations that are genotoxic in vitro. Such questions are also relevant for
the developing IVIVE (in vitro-to-in vivo extrapolation) models, which
use in vitro concentration-response data for hazard evaluation and
employ toxicokinetic data to determine the oral dose required to elicit a
steady state blood concentration equivalent to the in vitro point of de-
parture (PoD) value (e.g., the concentration at 50 % of maximum ac-
tivity, or ACsg; [1,2]). Since it is now accepted that “misleading positive”
results can occur in vitro as a result of physiological disturbances or
damage to non-DNA targets, with substances that are not genotoxic or
carcinogenic in vivo [3], and that choice of cell type and cytotoxicity
measures are relevant in avoiding misleading positive results [4,5], it is
important to have confidence that a negative in vivo result with a sub-
stance that was genotoxic in vitro is robust. It is therefore essential to
investigate if there is a correspondence between culture medium con-
centrations required to elicit a response in vitro and blood or plasma
concentrations in vivo required to elicit a tissue-specific genotoxic
response.

In order to investigate this issue, we compared the lowest concen-
tration at which there was biologically relevant induction of chromo-
somal damage in vitro (lowest observed effective concentration, or
LOEC) with the blood or plasma concentration at the lowest dose at
which there was biologically relevant induction of micronuclei (MN) in
vivo (lowest observed effective dose, or LOED). The paper describes how
relevant data were collected, and whether the blood plasma concen-
tration at the LOED was lower than, higher than or similar to the LOEC.

2. Methods
2.1. Collection of relevant data
Initially, companies and contract laboratories that participate in the

Genetic Toxicology Technical Committee (GTTC) of the Health and
Environmental Sciences Institute (HESI) were asked if they had in-house

data on substances that were positive for induction of MN in bone
marrow in vivo, for which there were relevant (i.e., by route of admin-
istration and species) concentration data in blood or plasma, and for
which there were in vitro results for chromosomal damage, namely in-
duction of MN, chromosomal aberrations (CA) or small colony mouse
lymphoma (MLA) mutants. If a substance was positive in vivo but
negative in vitro in a robust test that reached an acceptable maximum
concentration (i.e., in terms of cytotoxicity, solubility limit or the
maximum required concentration for a freely soluble non-toxic sub-
stance), it also was included. This call for data resulted in an initial
database of 36 compounds with relevant data. These substances were
predominantly from pharmaceutical companies, and due to commercial
confidentiality, they were identified merely by therapeutic class. Most
(if not all) of these studies were carried out according to Good Labora-
tory Practice (GLP) and followed OECD guideline recommendations.
They are therefore considered reliable.

We then conducted a search of the US Food and Drug Administration
(FDA) database (Drugs@FDA) for oncology drugs, where 7 substances
were found with positive in vivo MN data, chromosomal damage data in
vitro, and relevant blood or plasma concentration data. These were
added to the database. In order to support regulatory submissions, it is
likely most of these studies would have been conducted to GLP and
followed OECD guidelines in place at the time and are therefore
considered reliable.

We then identified substances with published positive in vivo MN
data (mainly from [6] and [7]). Searches were conducted on Google
Scholar and PubMed to see if more recent or previously unidentified in
vivo MN data were available, and to fill in any gaps for in vitro chro-
mosomal damage data. Searches were then conducted through Phar-
maPendium, and again through Google Scholar and PubMed for blood
or plasma concentration data. For pharmaceuticals we also searched the
Drugs@FDA website for any relevant data included as part of the drug
approval process. In several cases, it was not possible to identify a LOED
in vivo, for example, where a substance was included in a publication as a
positive control or reference substance at a single dose inducing large
MN responses. However, if a substance was tested at a single dose and
induced a weak response that was considered biologically relevant (e.g.,
around 2-fold above concurrent negative control) it was included. Also,
many of the substances with relevant in vivo MN and in vitro chromo-
somal damage data did not have blood plasma concentration data in the
same species and using the same route of administration as used for the
study giving the LOED in vivo. However, we were able to add another 40
substances to the database, increasing the number of relevant substances
to 83. Most of the data obtained from the published literature would not
have been from studies conducted to GLP, and may not have complied
with OECD guideline recommendations, but no other formal reliability
or quality criteria were applied in selecting these studies for inclusion in
the database. We therefore acknowledge that not all published studies
will be of the same quality as each other, or as the GLP studies referred to
above.

2.2. Identification of LOEC, LOED, and blood plasma exposures at the
LOED

The LOEC in vitro and LOED in vivo were identified, where possible,
as the lowest concentration or daily mg/kg dose (respectively) giving
rise to a statistically significant response or, in the absence of statistical
analysis, giving a > 2-fold increase in response relative to concurrent
control, which would usually be considered the minimum biologically
meaningful response. For some substances, only a single in vitro or in vivo
study was identified and therefore a LOEC and LOED could be identified
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only from these single studies. However, where several studies were
performed, the one giving the lowest LOEC, irrespective of cell type
used, and the lowest LOED, irrespective of species tested, were used for
the comparisons described herein (i.e., comparing the LOEC with the
blood or plasma concentration at the LOED).

It is important to note that in vivo exposure data from different lab-
oratories and in different publications were presented in different ways.
Sometimes data were given as blood concentration and sometimes as
plasma concentration, and therefore both terms are used in this paper.
Data were rarely given separately for parent compound and metabolite
(s), so we assume that, in most cases, the reported concentrations apply
to total substance (i.e., parent plus metabolites). Also, in most cases, no
data were provided on free versus protein-bound test substance. It should
also be noted that the in vitro LOEC values used herein are based on
responses observed at the nominal concentration. Although actual
concentrations in vitro (i.e., in culture medium), as well as in vivo (i.e., in
blood or plasma), will be affected by losses due to protein binding, the
actual in vitro concentration will also be affected by factors such as
adsorption to plastic and substance volatility. For example, although
dependant on experimental setup, Stadnicka-Michalak et al. [8] recently
noted that the actual in vitro concentration of a volatile substance can be
1-2 orders of magnitude below the nominal concentration. Importantly,
that observation was based on results for cells cultured and exposed in
multi-well plates. Hence, the degree to which substance volatility affects
the LOEC values used for our analysis, is not known. Twelve substances
were positive even at the lowest concentration tested in vitro and, in
those cases, we noted that the LOEC would either be “< ”, or, if the
response was weak (e.g., around 2-fold concurrent control) then as “<”,
the lowest concentration tested. However, as mentioned above, if the
increase in CA, MN or small colony MLA mutant frequencies at the
lowest concentration tested in vitro was of the order of 2-3-fold con-
current control frequency, this was accepted as the LOEC. Seven sub-
stances that induced MN in vivo were negative for chromosomal damage
in vitro, and in those cases the highest concentration tested in vitro was
used for comparison with blood or plasma concentrations at the LOED in
vivo.

Eighteen substances were positive in vivo at all doses tested, and
therefore the LOED was likely to be lower than the lowest dose tested. In
these cases, the plasma concentration at the LOED was also most likely
lower than the plasma concentration at the lowest dose tested, and these
were therefore presented as “< .

For some substances, particularly those provided by industry and
oncology drugs found on the FDA website, plasma concentration data
were obtained in the same study in which MN frequencies were deter-
mined, or in a separate in-house study using the same batch of test
material, and same strain of rodents. Often, the plasma concentration
data were obtained at the same doses used for the MN evaluation, and
therefore an accurate determination of the blood or plasma concentra-
tion at the LOED was possible. In many of these cases full toxicokinetic
profiles were performed and it was therefore possible to identify the
Cmax, Which was included in the database wherever possible. However,
for many of the published studies, blood or plasma concentration data
usually came from a different laboratory to that conducting the MN
evaluation, and it was not always clear whether Cp.x was being re-
ported. It was therefore possible (perhaps even likely) that different
batches of test material, from different sources, and different vehicles
were used. Also, although the same species and route of administration
were used, the rodent strain may have been different. Moreover, blood
or plasma concentration data, including Cpax values, were often only
available at doses different from those used for MN evaluation, and
therefore simple linear extrapolation was used to estimate the blood or
plasma concentration at the LOED for MN induction. Since the Ty, may
be different for different dose levels, again we could not be certain
whether or not the extrapolated blood/plasma concentration was the
Cmax- Clearly, these uncertainties can lead to inaccuracies when
compared to the data from in-house industry studies. However, it was
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considered useful to include these substances, and thus enlarge the
database, despite these uncertainties.

The ratio of the blood or plasma concentration at the LOED to the
LOEC in vitro was calculated. We then applied arbitrary criteria as
follows:

e When the ratio was between 0.5 and 2.0 (i.e., the blood or plasma
concentration at the LOED for MN induction was within a factor of 2
of the LOEC), we accepted that these concentrations were similar. If
the LOEC and/or LOED could not be clearly identified (and so the
concentrations were marked as < or <) and the blood or plasma
concentration at the LOED for MN induction was within a factor of 4
of the LOEC (i.e., the ratio was between 0.25 and 4.0), then we also
accepted these as being similar.

e When the ratio was > 2.0, or > 4.0 in the case of concentrations

marked as < or <, the blood or plasma concentration at the LOED

was classified as being clearly higher than the LOEC.

When the ratio was < 0.5, or < 0.25 in the case of concentrations

marked as < or <, the blood or plasma concentration at the LOED

was classified as being clearly lower than the LOEC.

These arbitrary approaches were considered reasonable given that
dose-spacing was often > 2-fold, experiments and toxicokinetic mea-
surements were often not repeated, and the uncertainties of comparing
data from different studies in different laboratories.

2.3. Mode of action (MoA) and treatment conditions

In addition to absorption, distribution, metabolism and excretion
(ADME) impacting tissue exposure levels, substances that perturb
mitotic machinery (i.e., aneugens) often induce MN only after a critical
exposure level has been reached. Since MN can be induced by both
clastogenic or aneugenic MoAs, it is reasonable then to question if MoA
influences the LOED to LOEC comparisons. Substances provided by in-
dustry that were positive for MN in vitro were often evaluated for MoA by
probing the induced MN with pan-centromeric probes or anti-
kinetochore antibodies. In some cases, MoA was determined in vivo.
Thus, it was possible to identify MoA as being predominantly clastogenic
or aneugenic, or mixed (both clastogenicity and aneugenicity). For some
of the published substances the MoA is well known, or data on MoA have
been published separately, and this was noted together with supporting
references. However, where there was uncertainty over the reliability of
MoA data, no clear conclusion could be reached. For example, sub-
stances that were positive for chromosomal aberrations in vitro were
initially considered to be clastogenic, unless it was specifically noted
that polyploidy and/or hyperdiploidy were induced (i.e., indicators of
chromosome loss and a potential aneuploidy mechanism) or there were
data from MN studies on the same substance where an aneugenic MoA
was also identified. However, if there were only structural chromosomal
aberration data or induction of small colony mouse lymphoma mutants,
and a mixed MoA could not be excluded, no category was allocated.

The treatment conditions for the in vitro studies (i.e., with or without
metabolic activation, short or long treatment times) were also identified.
This allowed for an assessment of whether any particular treatment
condition was more likely to lead to genotoxic effects at the lowest
concentration (i.e., where the LOEC was found) than other treatment
conditions.

2.4. Data analysis

The degree of agreement between the log transformed LOEC and
blood or plasma concentration values at LOED was analysed using a
Bland/Altman (B-A) plot, the method of choice for the investigation of
agreement between two quantitative methods of measurements [9].
This plots the differences against the means of the pairs of log values of
plasma concentration at the LOED and LOEC values for the 83
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substances. Analysis was carried out using Minitab (Minitab 16 Statis-
tical Software, Minitab, In State College, PA).

In addition, JMP v15 software’s Contingency Platform was used to
examine the relationship between the categorical variables Blood or
Plasma Concentration at LOED Relative to LOEC (lower than, similar to,
higher than) and MoA (clastogenic, aneugenic, and mixed). The hy-
pothesis tested was that the response rates for the different MoAs are the
same in each sample category (higher than, similar to or lower than
blood/plasma concentration relative to LOEC). The Likelihood Ratio
Chi-square test statistic was computed as twice the negative log-
likelihood for Model in the Tests table. The Pearson Chi-square test
statistic was calculated by summing the squares of the differences be-
tween the observed and expected cell counts. The Pearson Chi-square
test exploits the property that frequency counts tend to a normal dis-
tribution in very large samples.

3. Results

In total, 83 substances (64 with MN, 14 with CA and 5 with MLA data
in vitro) were identified that met the criteria described above. The
relevant results are given in Supplementary Tables 1-3. It can be seen
from these tables that:

e 33/83 (39.8 %) substances were positive in vivo at blood or plasma
concentrations that were lower than the LOEC in vitro

e 19/83 (22.9 %) substances were positive in vivo at blood or plasma
concentrations that were similar to the LOEC in vitro

e 31/83 (37.3 %) substances were positive in vivo at blood or plasma
concentrations that were higher than the LOEC in vitro.

It should be noted that the ratios of LOEC to blood/plasma concen-
tration at LOED ranged over several orders of magnitude from the
blood/plasma concentration at the LOED being > 10,000x lower than
the LOEC (#3 Drug for cancer, Supplementary Table 1) to being > 2000x
higher (Antifolate for Oncology, Supplementary Table 3).

The B-A plot is shown in Fig. 1. The B-A plot contrasts the divergence
between the in vivo and in vitro measures compared with a measure of
the ’potency’ of the chemical (the combined log blood/plasma con-
centration at the LOED and log LOEC values). The Y-axis is the ratio of
the log values for LOEC and blood/plasma concentration at LOED.

The central dotted line shows the overall mean value of log differ-
ences between the two values. As it is based on log values, if there is no

]
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overall difference between the two logged measures the overall mean
will be 0. This line gives an indication of bias, in the context of one of the
measures (LOEC or blood/plasma concentration at LOED) giving higher
values than the other. In this case, the mean value is close to zero
(—0.078 for the 83 compounds; 95 % CI: —0.40 to 0.24). This allows an
assessment of any directional bias in the differences. If the blood/plasma
concentration at the LOED is larger (in numerical terms) than the LOEC
the substance will be plotted above the central horizontal (mean) dotted
line; conversely, if the LOEC is larger than the blood/plasma concen-
tration at the LOED it will be below the central horizontal (mean) dotted
line. The B-A plot clearly shows the variability in the differences be-
tween the in vivo and in vitro results. The log data points are approxi-
mately normally distributed (Figure not shown).

The dashed lines, the Limits of Agreement, approximately 2 standard
deviations above and below the mean line show the upper (2.81) and
lower (—2.97) Limits of Agreement (ULoA and LLoA, respectively).
Approximately 95 % of values would be expected to fall within the
limits. Outliers, where there are marked differential values between the
two measures, may be of interest. Compounds above the mean line, in
general, have smaller LOEC than blood/plasma concentration at LOED
values, while those below the mean line have smaller blood/plasma
concentration at LOED than LOEC values. Specific outliers might be
investigated further. It is clear there is appreciable variability in the
difference as can be seen by the width of the ‘limits of agreement/2 SD’
lines (>3 orders of magnitude in each direction) and six substances are
outside these limits, although not appreciably different from the 5 %
‘expected’ from these limits. Three compounds were above the ULoA
(Antifolate for Oncology, Potassium chromate, Sodium arsenite) and
three were below the LLoA (#3 Drug for cancer [same class as #2 Drug
for cancer], #2 Drug for cancer and #8 Drug for asthma). All were re-
sults from in vitro micronucleus studies. Differential effects that large are
somewhat unexpected. However, whether the width of the ’limits of
agreement’ are acceptable is not a statistical issue but depends upon the
particular field of investigation. In this case the plot shows no obvious
systematic difference between the methods as most of the differences are
around the line of equality (zero).

The X-axis in Fig. 1 is the mean of the two log transformed measures
and the spread of these points along the X-axis shows the variation/
divergence in magnitude of the mean LOEC and blood/plasma LOED
values. The further to the left a compound is the greater the biological
activity, in this case the greater the ability to detect a genotoxic effect.
Obviously, if the blood/plasma concentration at the LOED is much

Fig. 1. Bland/Altman plot of the agreement between

¢ potent

the log plasma concentration at the LOED and log LOEC

‘high genotoxicity' (Log plas ma concentration at LOED + LOg LOF(:)/Z 'low genotoxicity'

'_5 values for 83 substances. Data points represent results
= obtained from in vitro AND in vivo studies, and all in
g vivo data are from MN studies, The centre line (dotted)
3 is the mean difference between the log plasma con-
= centration at the LOED and log LOEC values for the 83
n substances The two other dashed lines, the Upper and
= Lower limits of Agreement (ULoA and LLoA) are
3_‘ 0 ° L ] o approximately 2 SD above and below the mean differ-
E é """"""""""" .- ry o= ;" “““ ; - i"‘ ““““““““ ence. Approximately 95 % of values would be expected
25 | ° o [ L oo o o d u to fall within this + 2 SD boundary. For simplicity the
ﬁE'I o ] [ ] .. ° plot has been labelled to note that higher (log plasma
g3 u o conc. at LOED-+log LOEC) values are ’less genotoxic’
Ef‘z 1 om while smaller (log plasma conc. at LOED+log LOEC)
E- o values are labelled as 'more genotoxic’. (i.e., negative
<=3~~~ ~~~>"~""~>""™>"™>"™""™""™>"™""™"™"™"™"™"™"™"™"™"™7 log values are more ‘genotoxic’). Therefore, small
_g: e °® LOECs or plasma concentrations at LOED indicate
= 4 easier detection of genotoxic activity in vitro or in vivo
2 [ ) respectively, Legend to colours: black, in vitro micro-
g 51 . . . . . nucleus (MN); blue, in vitro chromosomal aberrations
§ E 2 -1 0 1 2 3 (CA); green, mouse lymphoma assay (MLA).
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larger that the LOEC (or vice versa) the point on the plot will be further
from the horizontal line but moved towards the centre as one measure
will be different from the other. The plot also showed that there is no
clear pattern between the log LOEC and log blood/plasma concentration
at the LOED values, and no overall relationship with potency. There was,
however, a relatively small but highly significant correlation between
the log LOEC and log blood/plasma concentration at the LOED values
for the 83 chemicals (r = 0.28 P = 0.009). However, if the objective is to
use this relationship to predict the log plasma concentration at the LOED
of a substance from its log LOEC value, this would not give accurate
predictions.

Thus, there was no clear evidence that in vivo plasma exposures
needed to reach or exceed the lowest concentrations at which chromo-
somal damage was induced in vitro in order to detect a biologically
relevant induction of MN in vivo.

The MoA (clastogenic, aneugenic or mixed) could be identified for 52
of the 83 substances. The distribution of substances that were identified
as clastogenic, aneugenic or mixed MoAs across the different concen-
tration categories (i.e., positive at lower, similar or higher blood/plasma
concentrations than the LOECs in vitro) is shown in Table 1. Again, it
appears that there was no clear pattern to the responses, with both
clastogens and aneugens occurring with approximately equal fre-
quencies amongst those positive at lower, similar or higher blood/
plasma concentrations than the LOECs in vitro. The results for the two
Chi-square statistical tests are shown in Table 1. The p-values for both
statistics were > 0.6. These provided no evidence for an association
between the ratios and the MoA of the compounds.

For approximately half of the chemicals in the database, it was
possible to identify the in vitro LOEC from both short (in the absence and
presence of S9) and long treatments for the same chemical. However,
since different treatment periods occurred in different publications,
sometimes with different cell types, such comparisons of the effect of
treatment time should be viewed with caution. Nonetheless, from
careful analysis of the data in Supplementary Tables 1-3, it can be seen
that the LOEC was most often found following long (e.g., at least 20-24
hrs) continuous treatments in the absence of S9, being approximately 7x
more frequent than identifying the LOEC following a short treatment (e.
&, 3-4 hrs) in the absence or presence of S9.

Table 1
Distribution of clastogenic, aneugenic or mixed modes of action.
Mode of action ~ Blood/plasma Blood/plasma Blood/plasma Total
(MoA) concentrationat  concentration concentration at
LOED lower at LOED similar ~ LOED higher
than LOEC to LOEC than LOEC
No. (% of 5 (29.4 %) 4 (23.5 %) 8 (47.1 %) 17
total)
clastogenic
No. (% of 7 (26.9 %) 6 (23.1 %) 13 (50.0 %) 26
total)
aneugenic
No. (% of 5 (55.6 %) 1(11.1 %) 3(33.3%) 9
total) mixed
clastogenic
& aneugenic
Total No. (% of 17 (32.7 %) 11 (21.15 %) 24 (46.15 %) 52
total) of
substances
where MoA
identified in
each blood/
plasma
category
Test of 3x3 contingency table
Chi-square P
Likelihood 2.25 0.69
Ratio
Pearson 2.33 0.68
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4. Discussion

It is widely accepted that if a substance being tested for induction of
MN in bone marrow is present in plasma, then the bone marrow, which
is a well-perfused tissue, will have been exposed. In Kirkland et al. [7]
some data were presented showing that the bone marrow is often
exposed to higher concentrations of test substance than found in plasma.
However, the question of what is “sufficient” exposure of the bone
marrow in order to detect a genotoxic effect has not previously been
addressed. In this paper, by comparing blood/plasma concentrations at
the lowest micronucleus-inducing dose in vivo (i.e., the LOED) with the
lowest effective concentration in vitro (i.e., the LOEC) for induction of
chromosomal damage, across 83 chemicals, we have attempted to shed
some light on whether blood/plasma concentration alone can be
considered “sufficient” to determine whether a negative in vivo result
can be considered robust.

Given the expected effectiveness of in vitro tests at detecting geno-
toxic substances, for the reasons given earlier, it was quite surprising to
find that > 40 % of substances that induce MN in vivo do so at blood or
plasma concentrations that are lower than cell culture concentrations at
which positive responses for chromosomal damage are seen. Indeed, 7
out of these 33 chemicals were negative in vitro yet induced MN in vivo.
These negative in vitro outcomes were generally from single studies
(although for Ciclesonide both in vitro CA and MN studies were nega-
tive), but were GLP studies conducted by industry or contract research
laboratories, reached much higher concentrations than could be ach-
ieved in vivo, and are considered reliable. Overall, these findings suggest
that MN induction in vivo is not driven by concentration alone, and that
other factors such as absorption, distribution including tissue accumu-
lation or retention, metabolism and excretion (ADME) will influence the
outcome.

It would have been interesting to investigate whether certain cell
types (p53-competent versus p53-deficient, monolayer cells versus sus-
pension cells) were more sensitive than others at predicting in vivo
positive responses. However, in many cases only one cell type was used
for testing a particular chemical, so in those cases it was not possible to
identify whether a particular cell type was more sensitive at predicting
in vivo positive responses. Where different cell types were tested with the
same chemical in vitro (for example, potassium bromate), the treatment
and recovery times are different across the various publications, and
therefore a comparison of cell type responses was not possible.

It was also interesting that aneugens and clastogens occurred with
approximately equal frequencies amongst those positive at lower or
higher plasma concentrations than the LOECs in vitro, and therefore
there is no reason to expect that an in vivo plasma exposure needs to
reach or exceed the LOEC in vitro in order to specifically detect clasto-
genic or aneugenic activity in vivo.

It is important to note that the results presented herein could provide
insight on the performance of directly applying IVIVE (in vitro-to-in vivo
extrapolation) models to in vitro concentration-response data for hazard
evaluation. IVIVE employs toxicokinetic data (e.g., plasma protein
binding and hepatic clearance) to determine the oral dose required to
elicit a steady state blood concentration equivalent to the in vitro point of
departure (PoD) value (e.g., ACsp; [1,2]. Calculation of the required oral
dose, which is referred to as the administered equivalent dose (AED),
assumes that in vivo effects will be manifested when the steady state
blood concentration reaches the in vitro PoD. The results of the analyses
presented here suggest that, given the uncertainty in chemical ADME,
exposure duration, and in vitro disposition, there may be a weak corre-
lation between the expected LOEDs and AEDs derived from LOECs.
Specifically, the plasma concentration that corresponds to the in vivo
PoD (i.e., LOED in this work) is only cursorily related to the in vitro PoD
(ie., LOEC in this work). Going forward, it will be necessary to carefully
consider the uncertainties related to IVIVE implementation and the
impact of these results on the foundational assumptions underlying
IVIVE. Indeed, follow-up studies may be warranted, i.e., simultaneous in
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vivo and in vitro studies on carefully selected compounds.

Finally, as was mentioned earlier, collection of LOEC and LOED
values in this project were subject to a number of uncertainties. For
example, the degree to which substance volatility affects the LOEC
values used for our analysis, which are in most cases likely to be from
studies that used bent-neck culture flasks with caps, is not known. Future
work should investigate the influence of a substance’s physicochemical
properties on the observed LOEC values. These differences and un-
certainties contribute to some inaccuracies in the comparisons reported
in this paper. It should be noted that since LOEC and LOED values are
affected by study design and dose selection, more robust analyses might
be achieved using the BMD (Benchmark Dose) approach [10]. The BMD
approach is minimally affected by study design and dose selection, thus
providing a less biased PoD metric, i.e., the interpolated dose or con-
centration required to elicit a set fractional increase above the concur-
rent control. Follow-up work could explore the ability to use the BMD
approach to investigate the relationship between in vitro responses and
the plasma concentrations associated with in vivo responses. That said,
the data required to conduct BMD analyses may not be available.

A direct comparison of the effect on the LOEC of different treatment
times in vitro was not easy because many studies did not include both
short and long treatments, or the different treatment periods were re-
ported in different publications, perhaps even using different cell types.
However, not unexpectedly the lowest concentration producing a bio-
logically relevant response in vitro was associated with long treatments
in the absence of S9 on many more occasions (i.e., approximately 7x
more frequently) than following short treatments either in the absence
or presence of S9. This was even the case for the MLA, where long
treatments in the absence of S9 are no longer routinely recommended in
OECD guideline 490 [11]. This may suggest that more weight should be
placed on the results of longer in vitro exposures, but a much larger
comparison of in vitro and in vivo results would need to be performed
before such recommendations could be made.

In conclusion, from this analysis the concentration of test substance
in blood/plasma that is required to detect induction of MN in bone
marrow is clearly not empirically related to the concentration of test
substance that results in induction of chromosomal damage in vitro. The
same lack of an empirical relationship also applies irrespective of
whether an aneugenic or clastogenic MoA is involved. What constitutes
“sufficient” exposure to detect genotoxic effects in vivo is clearly not
empirically related to concentrations used in in vitro tests and warrants
further discussion.
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