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Abstract

Introduction: We examined the correlation between the results of in vitro and in vivo chromosomal damage tests
by using in-house data of 18 pharmaceutical candidates that showed positive results in the in vitro chromosomal
aberration or micronucleus test using CHL/IU cells, and quantitatively analyzed them especially in regard to exposure

levels of the compounds.

Findings: Eight compounds showed that the exposure levels [maximum plasma concentration (Cpa) and AUCqo4nl
were comparable with or higher than the in vitro exposure levels [the lowest effective (positive) concentration (LEC)
and AUC, i = LEC (ug/mL) X treatment time (h)]. Among them, 3 compounds were positive in the in vivo rodent
micronucleus assays using bone marrow cells. For 2 compounds, cytotoxicity might produce false-positive results in
the in vitro tests. One compound showed in vitro positive results only in the condition with S9 mix which indicated
sufficient concentration of unidentified active metabolite(s) might not reach the bone marrow to induce micronuclei.

Conclusion: These facts suggested that the in vivo exposure levels being equal to or higher than the in vitro exposure
levels might be an important factor to detect in vivo chromosomal damage induced by test chemicals.
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Introduction

For regulatory purposes, genotoxicity data are required to
clarify the potential risk of chemicals for the induction of
gene mutations and/or chromosomal damages. No single
test system is able to detect all genotoxic compounds and
therefore, a standard test battery, an in vitro test for gene
mutations in bacteria, an in vitro test for chromosomal
damage and/or gene mutations in cultured mammalian
cells, and an in vivo test for cytogenetic effects in rodent
bone marrow cells, is performed usually.

When the standard battery of two or three in vitro gen-
otoxicity tests was performed, it was shown that at least
80% of non-carcinogenic compounds tested gave a false
positive result in at least one test [1], and the high rate of
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“false” or “misleading” positive results from the chromo-
somal aberration/micronucleus tests would occur when ro-
dent derived cell lines and inappropriate cytotoxicity
measures such as relative cell count or replication index are
used [2]. In addition, the positive responses in in vitro
mammalian cells tests have been the focus of debate be-
cause it emerges that assays for genotoxicity in mammalian
cells can produce positive responses with chemicals that
are not DNA-reactive and do not induce genotoxicity or
cancer in vivo, but rather disturb the physiological condi-
tions of the cells in culture, or inflict damage on non-DNA
targets and processes within the cell [3].

To further interpret the in vitro positive results, it is
suggested that all available data/information of test che-
micals should be also considered, such as the pharma-
cokinetics or pharmacodynamics, the structure—activity
relationships, existing knowledge on the mode of action,
and the other toxicity testing data. [4]. In this study, we
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Table 1 Results of in vitro and in vivo studies with analyzed 18 compounds

No. Compound Ames in vitro test in vivo test Exposure data®
1 A TA100, TA98, TA1537 - MN/CHL + MN/rat + Concomitant TK
2 B TA100, TA98, TA2637, WP2uvrA - MN/CHL + MN/rat PK

3 C TA100, TA98, TA2637, WP2uvrA - MN/CHL + MN/rat + Concomitant TK
4 D TA100, TA98 - CA/CHL + MN/mouse - Concomitant TK
5 E TA100, TA1535, TA98, TA1537, WP2uvrA - CA/CHL + MN/rat - TK

[§ F TA100, TA1535, TA98, TA1537, WP2uvrA - MN/CHL + MN/rat - Concomitant TK
7 G TA100, TA98 - MN/CHL + MN/rat - Concomitant TK
8 H TA100, TA98, TA1537 - MN/CHL + MN/rat - Concomitant TK
9 I TA100, TA1535, TA98, TA1537, WP2uvrA - CA/CHL + MN/rat - K

10 J TA100, TA1535, TA98, TA1537, WP2uvrA - CA/CHL + CA/rat - Concomitant TK
11 K TA100, TA98 - CA/CHL + MN/rat - Concomitant TK
12 L TA100, TA98 - CA/CHL + MN/rat - Concomitant TK
13 M TA100, TA1535, TA98, TA1537, WP2uvrA - MN/CHL + MN/rat - TK

14 N TA100, TA1535, TA98, TA1537, WP2uvrA - MN/CHL + MN/rat - Concomitant TK
15 @) TA100, TA1535, TA98, TA1537, WP2uvrA - CA/CHL + MN/rat - Concomitant TK
16 P TA100, TA1535, TA98, TA1537, WP2uvrA - MN/CHL + MN/rat - Concomitant TK
17 Q TA100, TA1535, TA98, TA1537, WP2uvrA MN/CHL + MN/rat - Concomitant TK
18 R TA100, TA98, TA1537 - MN/CHL + MN/rat - Concomitant TK

MN, micronucleus test; CA, chromosomal aberration test; CHL, CHL/IU cells; PK, pharmacokinetic study; TK, toxicokinetics study

+, positive; —, negative

?In case of no concomitant toxicokinetics study, exposure level was estimated from a reference study by using curve fitting

focused on in vitro and in vivo exposure levels of test che-
micals, because, to the best of our knowledge, extensive
analysis from this point of view has not been reported as
yet for the relationship between in vitro-in vivo results of
chromosomal damage tests. We analyzed it by using our
in-house data of pharmaceutical candidates, i.e., quantita-
tive comparison of the lowest effective (positive) concen-
tration of the in vitro chromosomal aberration or
micronucleus tests with CHL/IU cells and the plasma
concentration of the in vivo rodent chromosomal aberra-
tion or micronucleus tests with the bone marrow cells.
Furthermore, in order to explore the factors involved in in
vitro “irrelevant positive” results, several parameters in-
cluding indicators of exposure to chemicals in the in vivo
and in vitro tests were analyzed.

Materials and methods

Test chemicals

Pharmaceutical candidates developed in our company from
2001 to 2017 were reviewed, and 18 compounds were se-
lected for analysis in this study because those had all of
data-package required for the analysis, ie., negative results
of bacterial reverse mutation (Ames) test with Salmonella
typhimurium TA100, TA98, TA1535, TA1537, TA2637,
and/or Escherichia coli WP2uvrA, positive results of in
vitro chromosomal aberration (CA) or micronucleus (MN)
test using CHL/IU cells, positive or negative results of in

vivo (rat or mouse) MN assays with bone marrow cells, and
data of toxicokinetics or pharmacokinetics in rodent plasma
(Table 1). The compounds consisted of wide range of
chemical classes and the modes of action of positive in vitro
assays were unknown.

Ames test

The methods were essentially same as described previously
[5]. In brief, the test chemicals were treated to strains of S.
typhimurium TA100, TA1535, TA98, TA1537, TA2637
and/or E. coli WP2uvrA in the presence and absence of a
metabolic activation system, a cofactor-supplemented post-
mitochondrial fraction prepared from the livers of rats
treated with a combination of phenobarbital and f-
naphthoflavone (S9 mix) using the pre-incubation method.

In vitro chromosomal aberration/micronucleus test

The methods were essentially same as described previ-
ously [5, 6]. Briefly, the chromosomal aberration test
was performed using CHL/IU cells treated with each test
chemical for short-term (6 h) in the absence or presence
of rat S9 mix followed by 18 h recovery period, or con-
tinuously (for 24 h) in the absence of S9 mix and then,
were subjected to the microscopic examination for cal-
culation of the incidence of cells with chromosomal ab-
errations. For the micronucleus test, the cells were
treated for short-term (6 h) in the absence or presence
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Fig. 2 In vitro-in vivo Correlation of Chemical Exposures (AUC) in
Chromosomal Damage Tests. Red diamond shows in vivo positive
compounds with their Cr,.x and AUC,,,, being equal to or higher
than in vitro LEC and AUC,;. Blue square shows in vivo negative
compounds with their C,a and AUC,;,, being equal to or higher
than in vitro LEC and AUC,i. Green triangle shows in vivo negative
compounds with their C,a, and/or AUC,;,, being less than in vitro
LEC and AUCir0

of S9 mix followed by 18 or 20 h recovery period, or
continuously (for 24 or 26 h) in the absence of S9 mix
and thereafter, the incidence of micronucleated cells
were analyzed. The highest concentration for the ana-
lysis was selected as a concentration showing approxi-
mately 50% cytotoxicity that was calculated using
relative cell survival (RCC), relative mitotic index (RMI),
relative population doubling (RPD) or relative increase
in cell count (RICC) in accordance with the previous
and the revised ICH-S2 guidelines [7-9], respectively.

In vivo micronucleus test

Male or female rats (CD/SD or Wister) or mice (CD-1/
ICR) were purchased from Charles River Japan Inc.
(Tokyo), Charles River Laboratories (Raleigh) or CLEA
Japan Inc. (Tokyo), and reared under appropriate hous-
ing and feeding conditions. Animal experiments were
conducted in accordance with the rules of animal wel-
fare in the testing facilities and approved by the ethical
committee. Rats (6—9 weeks old) or mice (7-8 weeks
old) were dosed with each test chemical once or repeat-
edly (two to fourteen daily doses). Preparation of bone
marrow samples and the evaluation were performed by
the methods as described previously [5] or of Kawabata
et al. [10]. In brief, the bone marrow cells were col-
lected at approximately 24 h after the final dosing and
were used for the preparation of slide specimens to
score the number of micronucleated immature erythro-
cytes (MNIME). The highest dose for the examination
was set as the maximum tolerated dose (MTD) or at
2000 mg/kg/day (the maximum feasible dose, MFD)
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Fig. 4 In vitro-in vivo Correlation of Chemical Exposures in
Chromosomal Damage Tests: Dose Response of in vivo Positive
Compounds. Diamond indicates compound A. Square indicates
compound B. Triangle indicates compound C. Red closed symbols
indicate concentrations of in vivo positive doses

except for the in vivo positive chemicals (compounds A
and C). Compound D decreased the proportion of im-
mature erythrocytes (IME) to total erythrocytes in
treated animals at the highest dose slightly, but the
change did not inhibit the scoring of MNIME. The
others did not reduce the IME ratio at any doses.

Parameters analyzed
The following data were used for analysis.

In vitro data: Lowest effective (positive) concentration
(LEC, ug/mL); Area under the concentration time
curve (AUC,iyo, pg-h/mL) calculated by the following
formula on the supposition that the test chemicals were
stable in the culture medium, AUC,;,, = LEC (pug/mL) x
treatment time (h); Relative cell survival%, relative
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population doubling% or relative increase in cell
count% at the LEC (CS% at LEC); Maximum fold in-
crease of MN% or CA%; Treatment condition (short-
term with/without S9 mix, continuous without S9 mix).

In vivo data: Maximum plasma concentration (C.y,
pg/mL) and AUC p4n (AUC,40, pg-h/mL) at the lowest
effective dose (LED) in the in vivo positive study or at
the highest dose in the in vivo negative study; Time to
maximum plasma concentration (t;,,); Plasma protein
binding (PPB) %.

Results

Eighteen test chemicals showed negative results in the
Ames test and positive results in the in vitro CA or
MN test (Table 1). In vitro-in vivo correlation of chem-
ical exposure levels in the chromosomal damage tests
are summarized in Figs. 1 and 2. Based on the in vivo
exposure levels, the 18 chemicals were categorized into
two types, ie., type 1: eight chemicals (compounds A,
B, C, D, E, F, G and H) of in vivo Cp,,x and AUC,;,, be-
ing equal to or higher than in vitro LEC and AUC,;,
respectively, type 2: ten chemicals (compounds I, ], K,
L, M, N, O, P, Q and R) of Cp,,, and/or AUC,;,, being
less than in vitro LEC and AUC,;,,, although the in
vivo MN assays were conducted at the MTD or MFD
levels (Figs. 1 and 2). The type 1 chemicals included
three compounds (compounds A, B, and C) showing
positive in the in vivo MN assays (Table 1, Figs. 1 and
2). Regarding the three in vivo positive compounds, the
dose-dependency of in vivo exposure levels and the cor-
relation of chemical exposure levels between in vitro
and in vivo are summarized in Fig. 3 (LEC vs C,,,) and
Fig. 4 (AUC,jy0 vs AUC,40). As shown, compound C
showed in vivo positive responses at the middle and
high dose levels but negative at the lowest dose, al-
though the C,,, and AUC,;,, values of all dose levels
were equal to or higher than the LEC and the AUC, ;.

Table 2 Comparison of parameters between in vivo positive and in vivo negative compounds - in vivo positive case with Cq,, and

AUC,;, being equal to or higher than in vitro LEC and AUC, iy -

Compound LEC Crnax AUC,ivro AUC,ivo the highest Trmax PPB in vitro positive CS at LEC? Fold
(ng/mL) (ng/mL) (ug-h/mL) (Mg-h/mL) dose in vivo (h) (%) condition (%) increase®
A 2.65 599 69 1020 - 7.0 98.9 short (+/— S9) RCC: 87 16.8
continuous® (RICC: 83)¢
B 121 96.5 726 1719 MFD 24.0 86.2 short (— S9) RCC: 84 3.89
(RICC: 79)°
C 0.250 1.53 6 14.6 - 30 98.6 continuous RCC: 92 80
(RICC: 89)°

LEC, the lowest effective (positive) concentration in the in vitro test; Cia,, Maximum plasma concentration; AUC, area under the concentration time curve; MFD,
the maximum feasible dose (2000 mg/mQ); tmax time to maximum plasma concentration; PPB, the ratio of plasma protein binding; short (+/-S9), short-term with/

without S9 mix; continuous, continuous without S9 mix

Cell survival ratio at LEC compared to concurrent vehicle control; RCC, relative cell survival; RICC, relative increase in cell count
PMaximum fold increases of the incidence of micronucleated cells or cells with chromosomal aberration compared to the concurrent vehicle control value
“The data of marked treatment condition showing positive responses with the lowest exposure levels were adopted for the comparison

9Estimated RICC from RCC data
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Table 3 Comparison of parameters between in vivo positive and in vivo negative compounds - in vivo negative case with Cp,., and
AUC,ivo being equal to or higher than in vitro LEC and AUC, ;o -

Compound LEC Crnax AUCitro AUC,ivo0 the highest Trmax PPB in vitro positive CS at LEC® Fold
(HMg/mL) (ug/mL) (ug-h/mL) (ug-h/mL) dose in vivo (h) (%) condition (%) Increase®

D 750 96.8 1800 1360 MFD 5.0 932 continuous RCC: 59 330
(RICC: 39)

E 120 298 720 5351 MTD 8.0 99.8 short (+ S9) RCC. 74 ND
(RICC: 61)

F 7.34 190 191 323 MTD 24.0 98.6 continuous RCC: 81 6.12
(RICC: 74)

G 24.9 236 598 508 MTD 40 98.5 continuous RCC: 48 3.0
(RICC: 31)

H 159 20.5 413 346 MTD 7.0 91.5 continuous RICC: 71 30

LEC, the lowest effective (positive) concentration in the in vitro test; Cia, Maximum plasma concentration; AUC, area under the concentration time curve; MFD,
the maximum feasible dose (2000 mg/mg); MTD, the maximum tolerated dose; t,a, time to maximum plasma concentration; PPB, the ratio of plasma protein
binding; CS, the ratio of cell survival; short (+S9), short-term with S9 mix; continuous, continuous without S9 mix; ND, not determined due to the vehicle control
value “0”

Cell survival ratio at LEC compared to concurrent vehicle control. RCC, relative cell survival; RICC, relative increase in cell count

PMaximum fold increases of the incidence of micronucleated cells or cells with chromosomal aberration compared to the concurrent vehicle control value
Estimated RICC from RCC data

Discussions

In this study, eight of the 18 in vitro positive chemicals
reached the in vivo exposure levels (C., and AUC,4,)
being equal to or higher than the in vitro exposure levels
(type 1 chemicals), and three of the eight type 1 chemi-
cals showed in vivo positive results in the MN assays. In
contrast, no in vivo positive chemical was found in the

type 2 chemicals that the in vivo exposure levels (Cpay
and/or AUC,;,) were less than the in vitro exposure
levels. We have more data-packages of type 2 chemicals
(data not shown here because the in vivo MN assays
were conducted below the MTD or MFD levels of in
vitro positive chemicals), and we could not find any in
vivo positive compounds among those types. These facts

Table 4 Comparison of parameters between in vivo positive and in vivo negative compounds - in vivo negative case with C,5 and/or
AUC,;,0 being less than in vitro LEC and AUC, i -

Compound LEC Crnax AUCirro AUC,ivo the highest trmax PPB in vitro positive CS at LEC® Fold
(ug/mL) (pHg/mL) (Mg-h/mL) (Mg-h/mL) dose in vivo (h) (%) condition (%) Increase®

| 250 251 1500 181 MTD 03 90.9 short (+*/—* S9) RCC: 83 9.7
(RICC: 75)**

J 225 08 540 126 MFD 8.0 90.1 continuous RMI: 70 ND

K 300 229 1800 205 MTD 20 921 short (— S9) RCC: 42 ND
(RICC: 14)**

L 95 9.6 570 138 MFD 8.0 96.3 short (+*/— S9) RCC: 55 ND
(RICC: 33)**

M 392 16.7 2350 204 MTD - 9238 short (+*/— S9) RCC: 57 24.7
(RICC: 43)**

N 26 1.1 156 196 MFD 7.0 98.7 short (— S9) RCC: 46 18
(RICC: 28)**

0 120 285 2880 475 MTD 43 83.0 short (+/— S9) RPD: 57 ND

continuous*

p 35.1 14.2 913 229 MFD 3.0 67.2 continuous RICC: 67 34

Q 407 40.5 2442 441 MFD 30 89.6 short (+ S9) RICC: 70 3.1

R 233 303 1398 400 MTD 1.0 939 short (+*/— S9) RICC: 65 6

LEC, the lowest effective (positive) concentration in the in vitro test; Ciax, Maximum plasma concentration; AUC, area under the concentration time curve; MFD,
the maximum feasible dose (2000 mg/mg); MTD, the maximum tolerated dose; t,x time to maximum plasma concentration; PPB, the ratio of plasma protein
binding; CS, the ratio of cell survival; short (+/— S9), short-term with/without S9 mix; continuous, continuous without S9 mix; ND, not determined due to the ve-
hicle control value “0”

Cell survival ratio at LEC compared to concurrent vehicle control. RCG, relative cell survival; RMI, relative mitotic index; RICC, relative increase in cell count; RPD,
relative population doubling

PMaximum fold increases of the incidence of micronucleated cells or cells with chromosomal aberration compared to the concurrent vehicle control value

“The data of marked treatment condition showing positive responses with the lowest exposure levels were adopted for the comparison. The lowest exposure
levels were same for compound J in the short-term treatment conditions with and without S9 mix

**Estimated RICC from RCC data
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suggest that the in vivo exposure levels (C,,,x and AUC-
vivo) being equal to or higher than the in vitro exposure
levels might be an important factor to detect in vivo
chromosomal damage induced by test chemicals. This
finding also suggests that continuous high exposure of
test chemicals should be carefully taken into account
when genotoxicity of test chemicals were evaluated with
in vivo MN assays. Obviously, more data-packages in-
cluding Ames test data with 5 strains would be required
to clarify the in vitro-in vivo correlation discussed here.
However, in our experiences of genotoxicity screening for
pharmaceutical candidates, in vivo positives are rarely
noted although in vitro positives are often observed, and
thus it is difficult to collect and analyze additional cases.
Therefore, we hope that similar analysis will be performed
in the other test facilities, especially in pharmaceutical
companies, because toxico- or pharmaco-kinetic data are
usually available only in pharmaceutical candidates.
Regarding five type 1 compounds (D, E, F, G and H)
being in vivo negative, their exposure parameters and in
vitro test parameters were compared with the in vivo
positive cases (Tables 2 and 3). Two chemicals (com-
pounds D and G) were only positive with less than 60%
of cell survival using the cytotoxicity index of RCC in
the in vitro tests. We retrospectively estimated the RICC
for compounds evaluated using RCC data by the method
of Fujita et al. [11] (Tables 2, 3 and 4). The positive con-
centrations of compounds D and G showed less than 50%
of RICC (Table 3). These facts indicated the cytotoxicity
might produce false-positive results for the 2 chemicals,
while the other compounds yielded positive response at
concentrations of moderate cytotoxicity. Compound E
showed in vitro positive results only under the condition
with S9 mix and thus, sufficient concentration of unidenti-
fied active metabolite(s) might not reach the bone marrow
to induce micronuclei. There were no obvious differences
in the other parameters, i.e., ty.o PPB% and fold increase
of MN% or CA% in comparing with those of in vivo posi-
tive compounds (Tables 2 and 3). Based on the above dis-
cussion and the knowledge from the three in vivo positive
chemicals, compounds F and H (and D and G showing in
vitro positive response at severe cytotoxic concentration)
may be considered as clearly in vivo negative compounds.
Generally, in vitro assays are used as the initial geno-
toxicity screening. When a positive result is obtained, we
consider the mode of action (MOA) to evaluate the na-
ture of the genetic activity and select follow-up tests. If a
MOA is unclear, or a hypothesized MOA is not sup-
ported by sufficient data, a weight of evidence (WOE)
approach can be followed to guide the interpretation of
the results by performing in vivo tests with a same end-
point reflecting the damage found in the initial screening
assay, that is, an in vitro positive result of a test chemical
is a trigger to conduct the 2nd in vivo genotoxicity assay
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[9]. When two in vivo negative data are obtained under
the suitable test conditions (e.g., use of MTD levels), the
in vitro positive result would be considered as non-
relevant to in vivo. However, based on the knowledge
noticed in this study, the non-relevancy may be ques-
tionable in cases that the in vivo exposure levels are less
than the in vitro exposure levels. On the other hand,
when it is practically impossible to use a dose-level that
the in vivo exposure level is equal to or more than the
in vitro exposure levels, e.g. such a dose-level is above
the MTD, judgement of non-relevant to in vivo seems
still acceptable because there is no alternative approach
to assess in vivo genotoxicity. From another point of
view, when an in vivo negative result is obtained at suffi-
cient exposure levels above the in vitro positive ones like
compounds F and H in this study, one negative result in
one in vivo assay might be a sufficient evidence to con-
clude non-relevant to in vivo. To clarify this consider-
ation, we need, at least, to show negative results of
compounds F and H with a 2nd in vivo genotoxicity test
(e.g., in vivo comet assay with liver and stomach). More
case-studies would be clearly needed to justify these
considerations.
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