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Abstract

Regulatory guidance documents stress the value of assessing the most appropriate endpoints

in multiple tissues when evaluating the /n vivo genotoxic potential of chemicals. However,
conducting several independent studies to evaluate multiple endpoints and/or tissue compartments
is resource intensive. Furthermore, when dependent on visual detection, conventional approaches
for scoring genotoxicity endpoints can be slow, tedious, and less objective than the ideal. To
address these issues with current practices we attempted to (1) devise resource sparing treatment
and harvest schedules that are compatible with liver and blood micronucleus endpoints, as well

as the Pig-a gene mutation assay, and (2) utilize flow cytometry-based methods to score each

of these genotoxicity biomarkers. Proof-of-principle experiments were performed with 4-week-
old male and female Crl:CD (SD) rats exposed to aristolochic acids /11, benzo[4] pyrene,
cisplatin, cyclophosphamide, diethylnitrosamine, 1,2-dimethylhydrazine, dimethylnitrosamine,
2,6-dinitrotoluene, hydroxyurea, melphalan, temozolomide, quinoline, or vinblastine. These 13
chemicals were each tested in two treatment regimens: one 3-day exposure cycle, and three 3-day
exposure cycles. Each exposure, blood collection, and liver harvest was accomplished during

a standard Monday-Friday workweek. Key findings are that even these well-studied, relatively
potent genotoxicants were not active in both tissues and all assays (indeed only cisplatin was
clearly positive in all three assays); and whereas the sensitivity of the Pjg-a assay clearly benefitted
from three versus one treatment cycle, micronucleus assays yielded qualitatively similar results
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across both study designs. Collectively, these results suggest it is possible to significantly reduce
animal and other resource requirements while improving assessments of /7 vivo genotoxicity
potential by simultaneously evaluating three endpoints and two important tissue compartments
using fit-for-purpose study designs in conjunction with flow cytometric scoring approaches.
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INTRODUCTION

Recommendations for /in vivo genetic toxicology testing for regulatory safety purposes have
increasingly embraced the use of combination studies that provide more than one genetic
toxicology endpoint per animal studied as well as integration of DNA damage assay(s)

into repeat dose toxicology studies (MacGregor et al. 1990; Pfuhler et al. 2009; Dertinger
et al. 2010; Rothfuss et al. 2010; Stankowski Jr et al. 2011; Zeller et al. 2018). Relative

to dedicated singleendpoint experiments, multiple-endpoint study designs provide greater
efficiencies, lower costs, reduce overall animal requirements, and significantly enhance
study interpretability. Combining endpoints allows resulting data to be interpreted in a more
holistic manner, as multiple genotoxicity test results from the same animal are considered,
ideally alongside pharmacokinetic, hematological, histopathology, and other toxicological
data generated in the same study or in the same animal model.

The so-called 3Rs are aimed at replacing, reducing, and refining the use of sentient
laboratory models wherever possible (Russell and Burch 1959). Whereas combining and/or
integrating genotoxicity endpoints are clearly aligned with 3Rs principles, several factors
must be considered when performing such studies. Appropriate tissue(s) must be chosen,
taking into consideration information that may be available regarding the chemical’s
disposition and biotransformation to reactive metabolite(s), and genotoxicity endpoints
need to include the range of lesions that are important to detect. The treatment and tissue-
sampling schedule must accommodate differences in expression time and lesion repair or
elimination of each DNA damage endpoint. Importantly, overly complex study designs that
increase the chance of procedural error or overwhelm the capability of laboratory personnel
must be avoided.

These experimental design considerations, together with 3Rs goals, formed the basis of the
studies described herein. Thirteen chemicals were tested in young rats using two treatment
regimens, one using one cycle of three consecutive days of treatment and the other three
consecutive days of treatment that were repeated over three consecutive weeks.

The development and implementation of automated genotoxicity scoring methods have
increased throughput capacity and the objectivity by which the rare events are scored and
enhanced the statistical power to detect treatment-related effects (Kissling et al. 2007).

The studies described herein employed previously established flow cytometric methods for
scoring the frequency of rat blood micronucleated reticulocytes (MN-RET) and Pig-a gene
mutant phenotype reticulocytes (RETCP59-) and erythrocytes (RBCCP597) (Dertinger et al.
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2004, 2011). The incidence of rat liver micronuclei (MNHEP) was scored using a recently
reported flow cytometric method (Avlasevich et al. 2018; Khanal et al. 2018).

Two of the three genotoxicity endpoints studied are based on peripheral blood samples, and
were selected because of the pivotal role of the erythrocyte micronucleus assay in regulatory
studies and the ready access to samples with minimally invasive procedures. The choice

of liver as a second tissue is also based on regulatory agency recommendations related

to the exposure and metabolic characteristics of this tissue (ICH 2011). Young rats were
employed to take advantage of their elevated rate of hepatocyte proliferation, a requirement
for conducting liver micronucleus assessments (Uno et al. 2015). Both male and female rats
were studied even though OECD genotoxicity test guidelines for /n vivo studies indicate
that the use of one sex is sufficient in most circumstances. This aligned the experiments
with our funding agency’s (National Institutes of Health) initiative aimed at balancing sex in
preclinical research (NIH 2015; Miller et al. 2017).

While these 13 chemicals have previously been shown to produce positive genotoxicity
findings in various rodent models, the current work allowed us to investigate the practicality
of combining several flow cytometry-based assays into one study, and to systematically
assess the influence of study design, tissue compartment, and choice of biological endpoint
on the outcomes.

MATERIALS AND METHODS

Reagents, Miscellaneous Supplies

Avristolochic acids I/11 (AA) were purchased from Enzo Life Sciences, Farmingdale,

NY. Benzo[&]pyrene (B[&]P), cisplatin (cisPt), cyclophosphamide monohydrate (CP),
diethylnitrosamine (DEN), 1,2-dimethylhydrazine-2HCI (1,2-DMH), dimethylnitrosamine
(DMN), 2,6-dinitrotoluene (2,6-DNT), hydroxyurea (HU), melphalan (MEL), temozolomide
(TMZ), quinoline (QUIN), and vinblastine sulfate (\VB) were purchased from Sigma-
Aldrich, St. Louis, MO. CAS numbers, choice of vehicle, and other information about
these test chemicals are provided in Table I. Dimethyl sulfoxide (CAS No. 67-68-5)

was also from Sigma-Aldrich. Heat-inactivated fetal bovine serum (FBS; Cat. No. 89510-
186) was from VWR, Radnor, PA. Reagents used for flow cytometric MN-RET scoring
(Anticoagulant Solution, Buffer Solution, DNA Stain, Anti-CD71-FITC and Anti-CD61-PE
Antibodies, RNase Solution, and Malaria Biostandards) were from /n Vivo MicroFlow®
PLUS-R Kits, Litron Laboratories, Rochester, NY. Reagents used for flow cytometric
enumeration of mutant erythrocytes (RBCCP59-) and mutant reticulocytes (RETCD59-)
were from Rat MutaFlow® Kits, Litron Laboratories, and included Anticoagulant
Solution, Buffer Solution, Nucleic Acid Dye Solution (contains SYTO® 13), Anti-CD59-
PE, and Anti-CD61-PE. Reagents used for flow cytometric MNHEP scoring (Liver
Preservation Buffer, Buffer Solution, Erythrocyte Clearing Solution, Collagenase Solution,
Lysis Solution 1, Lysis Solution 2, Anti-Ki-67-eFluor® 660, DNA Stain (contains
SYTOX® Green), and RNase Solution) were from Prototype /n Vivo MicroFlow® PLUS
RL Kits, Litron Laboratories. Additional supplies included Lympholyte®-Mammal cell
separation reagent from CedarLane, Burlington, NC; Anti-PE MicroBeads, LS Columns,
and a QuadroMACS™ Separator from Miltenyi Biotec, Bergisch Gladbach, Germany;
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CountBright™ Absolute Count Beads and FBS from Invitrogen, Carlsbad, CA; Falcon-brand
35 um cell strainers (Cat. No. 352235) from Corning, Corning, NY; and heparinized
capillary tubes from Fisher Scientific, Pittsburg, PA (Cat. No. 22-260-950).

Animals, Treatment/Harvest Schedules

Experiments were conducted with the oversight of the University of Rochester’s Committee
for Animal Resources. Male and female Crl:CD (SD) rats were purchased from Charles
River Laboratories, Wilmington, MA. Rodents were allowed to acclimate for approximately
1 week. Water and food were available ad /ibitum throughout the acclimation and
experimental periods.

Age at the start of treatment was 4 weeks, 7= 3 males and 3 females per treatment group.
Four-week-old rats were chosen to match an International Workshops on Genotoxicity
Testing (IWGT) recommendation to use rats of this age to ensure sufficient hepatocyte
proliferation (Uno et al. 2015). Test chemical dose levels are provided in Table 1.
Administration was by oral gavage at 10 mL/kg body weight. Exceptions were cisPt

and VB, which were administered via intraperitoneal injection at a volume of 5 mL/kg

body weight. Each chemical was evaluated in two separate studies that employed one

of two treatment/harvest schedules. One design, abbreviated 3 x 1 hereafter, consisted

of three consecutive days of exposure at approximately 24 h intervals (i.e., Days 1-3).
Approximately 24 h following the last exposure, tail vein blood was collected for a Day 4
MN-RET assay. Four days following the last exposure (i.e., Day 7), rats were exsanguinated
and left lateral liver lobes were collected for a MNHEP assay. A fraction of Day 7 blood was
used to conduct the Pig-a assay. The second design, abbreviated 3 x 3 hereafter, consisted of
three consecutive days of exposure at approximately 24 h intervals, and this treatment cycle
was repeated two more times on the following 2 weeks. As with the 3 x 1 design, tail vein
blood was collected on Day 4 MN-RET analysis, and 4 days following the last exposure
(i.e., Day 21 in this case) rats were exsanguinated and left lateral liver lobes were collected
for MNHEP analysis. Terminal day blood samples were used to conduct the Pig-a assay.
Figure 1 provides a graphic overview of the 3 x 1 and 3 x 3 experimental designs.

Blood Harvests

Peripheral blood was collected for the MN-RET assay by nicking a lateral tail vein with

a surgical blade after animals were warmed briefly under a heat lamp. Approximately 50—
80 uL of free-flowing blood were collected directly into microcentrifuge tubes containing
175 pL MicroFlow PLUS-R kit-supplied Anticoagulant Solution. Samples were maintained
at room temperature for less than 3 h until fixation with ultracold methanol as described

by Torous et al. (2003). Day 7 and Day 21 blood specimens were collected via heart
puncture into MutaFlow PLUS-R kit-supplied Anticoagulant Solution-coated needles and
syringes following CO anesthesia. Typically, 5-9 mL blood was collected per rat. For
Pig-aanalyses, 80 L of each blood sample was transferred to tubes containing 100 pL
kit-supplied Anticoagulant Solution where they remained at room temperature for less than 3
h until leukodepletion as described previously (Dertinger et al. 2011, 2012).
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Micronucleated Reticulocyte Assay: Sample Preparation, Data Acquisition

MN-RET and CD71-positive reticulocyte (RET) frequencies were determined for each
Day 4 sample via flow cytometry according to the /7 Vivo MicroFlow PLUS-R Kit
manual, v170503 (www.litronlabs.com). These procedures have been described in detail
(Dertinger et al. 2004). MN-RET frequency measurements were based on the acquisition
of approximately 20,000 high CD71-positive RET per blood sample. Instrument set up and
calibration were performed using kit-supplied biological standards (Plasmodium berghei-
infected blood cells) (Tometsko et al. 1993; Dertinger et al., 2000). A BD FACSCalibur™
flow cytometer running CellQuest™ Pro v5.2 software was used for data acquisition and
analysis.

Pig-a Gene Mutation Assay: Sample Preparation, Data Acquisition

RETCD59- and RBCCP59- frequencies were determined for each blood sample via
immunomagnetic depletion of wild type erythrocytes and flow cytometric analysis, as
described previously (Dertinger et al. 2011, 2012). In addition to reducing analysis times
to 4 min per sample, immunomagnetic depletion made it practical to evaluate many times
more cells than is otherwise feasible. For example the current studies consistently evaluated
>150 x 106 erythrocytes and >5 x 10% RET per sample for the CD59-negative phenotype.

Pig-asample labeling and washing steps utilized deep-well 96 well plates from Axygen
Scientific (Cat. No. P-DW-20-C), which facilitated efficient, parallel processing. Flow
cytometric analyses were also conducted using 96 well plates (U-bottom, Corning, Cat.

No. 3799) and the BD High Throughput Sampler provided automated, walk-away flow
cytometric analysis. These variations are described in the Rat MutaFlow Instruction Manual,
v140403 (www.litronlabs.com).

An Instrument Calibration Standard was created with approximately 50% wild type and
50% mutant-mimic erythrocytes, and as described previously, it provided a means to
rationally and consistently define the location of CD59-negative cells (Phonethepswath et
al. 2010). A BD FACSCanto™ 11 flow cytometer running BD FACSDiva™ v6.1.2 software
was used for data acquisition and analysis.

Micronucleated Hepatocyte Assay: Sample Preparation, Data Acquisition

Rats were anesthetized via CO, overdose and exsanguinated with a needle and syringe
via heart puncture. Livers were immediately excised, wet weights were recorded, and left
lateral lobes were transferred to 50 mL tubes that contained ice-cold, kit-supplied Liver
Preservation Buffer (includes 10% v/v dimethyl sulfoxide, added same day as use).

Approximately 1 g of each left lateral lobe was processed for flow cytometric analysis
according to procedures described previously (Avlasevich et al. 2018). Briefly, following
collagenase treatment and centrifugation/washing steps, cells were passed through a 35
um cell strainer and stored overnight in a 4°C refrigerator. On the day of flow cytometric
analysis, cells were washed again via centrifugation until the supernatants were clear by
visual inspection (typically three times). At this point 100 pL aliquots were resuspended
with 400 pL kit-provided Lysis Solution 1 followed by 400 L Lysis Solution 2. Samples
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were analyzed with a FACSCanto™ 11 flow cytometer equipped with 488 and 633 nM
excitation (BD Biosciences, San Jose, CA).

Data Analysis

The incidence of MNHEP, Ki-67-positive nuclei, MN-RET, and RET are expressed as
frequency percent. Note that the MN-RET assay scores reticulocytes based on the cell
surface marker CD71 and are abbreviated RET (CD71 +), while the Pig-a assay identifies
RETSs based on RNA content and are abbreviated RET (RNA+). The formulas used to
calculate the number of RBCCP59~ per 10° total RBC and the number of RETCD9~ per
108 total RET were based on pre- and post-immunomagnetic column data as described in
Dertinger et al. (2012) and the MutaFlow manual (www.litronlabs.com).

The effects Treatment, Sex, and Treatment x Sex interaction may have had on MNHEP,
Ki-67-positive nuclei, MN-RET, RET (CD71+), RET (RNA+), RBCCDP59~ and RETCP59-
frequencies, as well as liver weights relative to concurrent vehicle control rats were
evaluated using JMP software’s two-way ANOVA platform (v12.0.1, SAS Institute, Cary,
NC). These two-tailed tests were performed at a = 0.05. When ANOVA indicated statistical
significance, Dunnett’s pair-wise test was used to identify the responsible group(s) (a

= 0.05). Given the rarity of the Pig-a mutant phenotype, and the fact that rats were

not pre-screened to eliminate high spontaneous mutation frequency outliers, an additional
assessment was applied to groups that achieved statistical significance. Specifically, the
number of animals that exceeded the upper bounds RBCCP39~ and RETCP59- 959 tolerance
intervals based on 756 negative control rats was determined (see Supporting Information 1).

Note that prior to 2-way ANOVA and Dunnett’s tests, several of the endpoints were
transformed to meet the tests” homogeneity of variance assumptions (Levene’s test, a =
0.05, JMP v12.0.1). More specifically, whereas graphs provided herein display %MNHEP
and %MN-RET, and the number of RBCCP59~ and RETCP59 per 108 cells, these data
were log10 transformed for statistical significance testing. For those occasional data sets
that included one or more zero RETCDP39- readings, a 0.1 offset was added to the number
of RETCD59- pefore log transformation occurred. Prior to statistical analyses liver weights
were also transformed, in this case by normalizing them to body weight as follows: g liver
weight/kg body weight.

RESULTS

Aristolochic Acids, 3 x 1

One cycle of AA exposure modestly affected mean body weight gains over Days 1 through
4: 23,23, 21, and 18 g for the 0, 5.5, 11, and 22 mg/kg/day dose groups, respectively. With
no deaths or other outward signs of toxicity, AA doses used in this study appeared to be well
tolerated.

As shown by Figure 2a, mean RET (CD71+) frequencies were reduced in the high dose
group. The effect reached statistical significance for female rats, not males. On the other
hand, no effect on the chromosomal damage endpoint MN-RET was observed (Fig. 2b).
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Day 7 RET (RNA+) frequencies generated by the Pig-a assay showed no treatment, sex,
or treatment x sex interaction effects (Fig. 2c). Mean RETCDP59- exhibited dose-related
increases that achieved statistical significance in each AA-exposed group of males, and

in the high dose group in the case of females (Fig. 2d). However, these results are
qualified, because the majority of these RETCP59~ frequencies (16/18) did not exceed

the historical negative control distribution’s 95% upper bound tolerance interval (2.9 x
107%; Supplemental file 1). Mean RBCCP59- values were not significantly affected by AA
treatment (Fig. 2e). This was an expected result owing to the lengthier time frame needed
to affect the total peripheral blood RBC pool compared to the short-lived RET cohort
(Phonethepswath et al. 2010; Gollapudi et al. 2015; Kimoto et al. 2016).

The MNHEP assay was accompanied by two assessments of liver toxicity. Figure 2f shows
that mean Ki-67-positive nuclei were not affected by AA exposure. Furthermore, normalized
liver weights showed no treatment, sex, or treatment x sex interaction effects (Fig. 29).
Similarly, the chromosomal damage endpoint MNHEP was not responsive to AA exposure
(Fig. 2h).

Aristolochic Acids, 3 x 3

Three cycles of AA exposure moderately reduced mean body weight gains over Days 1
through 17: 121, 120, 110, and 95 g for the 0, 5.5, 11, and 22 mg/kg/day dose groups,
respectively. As with the 3 x 1 study, these dose levels appeared to be well tolerated in this
repeated cycle experimental design.

Mean Day 4 %RET (CD71+) was significantly reduced in high dose female rats (Fig. 3a).
Treatment had no effect on %MN-RET (Fig. 3b).

Whereas Day 21 RET (RNA+) frequencies exhibited a sex effect, male rats higher than
females, treatment was not a significant factor (Fig. 3c). As shown by Figure 3d, mean
RETCD39- frequencies were significantly elevated in the mid and high treatment groups.
This dose-related effect was accompanied by increased RBCCP59- (Fig. 3e).

In the liver MN assay, %Ki-67-positive nuclei exhibited slight sex and treatment x sex
interaction effects (Fig. 3f), while normalized liver weights showed evidence of significant
treatment and sex effects (Fig. 3g). Despite these modest liver effects, there was no evidence
of MNHEP induction by three cycles of AA exposure (Fig. 3h).

Benzo[a]Pyrene, 3 x 1

One cycle of B[4]P exposure led to decreased mean body weight gains over Days 1 through
4:19, 16, 9, and 4 g for the 0, 62.5, 125, and 250 mg/kg/day dose groups, respectively. As
there were no deaths or other outward signs of toxicity beyond the reduced body weight gain
noted above, the B[4]P doses used in this study appeared to be well tolerated.

As shown by Figure 4a, mean RET (CD71+) frequencies were reduced with increasing
B[4]P dose. MN-RET frequencies increased in a dose-dependent manner (Fig. 4b).
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Similar to Day 4% RET (CD71+), Day 7 RET (RNA+) frequencies generated by the Pig-a
assay also showed a dose-dependent reduction (Fig. 4c). As shown by Figure 4d, mean
RETCD59- frequencies were moderately elevated in the mid and high B[4]P dose groups
compared to concurrent controls. Furthermore, the majority of these animals exceeded the
historical negative control distribution’s 95% upper bound tolerance interval. Conversely,
mean RBCCDP59- values were not significantly affected by B[4]P treatment (Fig. 4e).

In the liver MN assay, B[4]P was observed to increase Ki-67-positive nuclei in a dose-
dependent manner (Fig. 4f), and the high dose group exhibited elevated normalized liver
weights compared to concurrent vehicle controls (Fig. 4g). Despite these liver effects, no
statistically significant effects were noted for the MNHEP endpoint (Fig. 4h).

Benzo[a]Pyrene, 3 x 3

Three cycles of B[4]P exposure led to decreased mean body weight gains over Days 1
through 17: 106, 100, 88, and 74 g for the 0, 62.5, 125, and 250 mg/kg/day dose groups,
respectively. As with the 3 x 1 study, these dose levels were well tolerated in this repeated
cycle experimental design.

Day 4 MN-RET assay results show significant %RET (CD71+) decreases and %MN-RET
increases (Fig. 5a,b, respectively). Both of these hematopoietic compartment responses are
similar to the results observed in the 3 x 1 study described above.

In the Pig-aassay, Day 21 RET (RNA+) frequencies showed no influence of treatment,
although a sex-related effect was observed whereby %RET tended to be moderately

higher in males compared to females (Fig. 5¢). As shown by Figure 5d, mean RETCP59-
frequencies were elevated in the mid and high B[4]P dose groups and to a much greater
extent than was observed in the 3 x 1 study. The 3 x 3 experimental design’s greater

number of treatments and lengthier mutant manifestation time are presumably responsible
for the significant dose-dependent increases in RBCCP59- frequencies (Fig. 5€) that were not
evident in the 3 x 1 study (Fig. 4e). Note that the statistical significance indicated for the low
dose rats are qualified, as more than half of this group’s RBC®P59- frequencies were within
the historical negative control distribution’s 95% tolerance interval.

Repeated cycles of B[4]P exposure were observed to increase %Ki-67-positive hepatocyte
nuclei in a dose-dependent manner (Fig. 5f), although no change to normalized liver weights
was observed (Fig. 5g). %MNHEP show that three cycles of B[4]P exposure was not
associated with increased levels of liver cell chromosome breaks (Fig. 5h).

Cisplatin, 3 x 1

One cycle of cisPt exposure led to decreased mean body weight gains over Days 1 through
4: 22,21, 16, and 15 g for the 0, 0.5, 1, and 2 mg/kg/day dose groups, respectively. As there
were no deaths or other outward signs of toxicity, these results suggest cisPt doses used in
this study were well tolerated.

As shown by Figure 6a, Day 4 %RET (CD71+) was significantly reduced in the high dose
group, and this was accompanied by marked dose-related increases in %MN-RET (Fig. 6b).
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%RET (RNA+) data generated by the Pig-a assay showed no significant treatment or sex
effects (Fig. 6¢). Furthermore, the 3 x 1 study design and the associated Day 7 sampling
time showed no evidence of treatment-related changes to mutant phenotype RET or RBC
frequencies (Fig. 6d,e).

Figure 6f shows the results of flow cytometric Ki-67-positive nuclei assessments. While no
significant treatment or sex effects were noted, the modest treatment x sex interaction that
was observed appears to be due to somewhat higher %Ki-67 values observed in mid dose
females. Normalized liver weights are presented in Figure 6g, and no significant effects
were observed. Unlike the subtle/nil effects observed for the liver proliferation endpoints,
%MNHEP increased with increasing cisPt dose levels (Fig. 6h).

Cisplatin, 3 x 3

Three cycles of cisPt exposure only slightly affected mean body weight gains over Days 1
through 17: 96, 99, 89, and 84 g for the 0, 0.5, 1, and 2 mg/kg/day dose groups, respectively.
As with the 3 x 1 study, these dose levels appeared to be well tolerated in this repeated cycle
experimental design.

Although mean Day 4 %RET (CD71+) was modestly reduced in the high dose group,
statistical significance was not achieved (Fig. 7a). On the other hand, statistically significant
dose-related increases in %MN-RET were observed (Fig. 7b).

Day 21 RET (RNA+) frequencies generated by the Pig-a assay showed no treatment effect,
although a sex-related effect was observed (%RET higher in males compared to females;
Fig. 7c). As shown by Figure 7d, mean RETCP59- frequencies were elevated in every
cisPt-treated group. This effect was mirrored by significant dose-dependent increases in
RBCCD59- frequencies (Fig. 7). Note that the statistical significance indicated for the low
dose rats must be qualified, as more than half of this group’s RBCCP59- frequencies were
within the historical negative control distribution’s 95% tolerance interval.

Repeated cycles of cisPt exposure were observed to increase %Ki-67-positive nuclei in high
dose female rats (Fig. 7f). No changes to normalized liver weights were observed (Fig. 79).
The %MNHEP values provided in Figure 7h show that three cycles of cisPt exposure caused
increased levels of liver cell chromosomal damage, as was the case in the 3 x 1 study design
described above.

Cyclophosphamide, 3 x 1

One cycle of CP exposure had a slight effect on mean body weight gains over Days 1
through 4: 17, 18, 16, and 14 g for the 0, 3.75, 7.5, and 15 mg/kg/day dose groups,
respectively. Coupled with no other outward signs of toxicity, these results suggest the CP
dose levels used in this study were well tolerated.

As shown in Figure 8a, Day 4 %RET (CD71+) values were significantly reduced in males
exposed to the mid dose level, and in both sexes exposed to the high dose. This was
accompanied by significant dose-related increases in %MN-RET (Fig. 8b).
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Neither treatment nor sex effects were evident in RET (RNA+) frequencies generated by the
Day 7 Pig-aassay (Fig. 8c). Furthermore, the 3 x 1 study design produced no convincing
evidence of treatment effects on RETCDP39- or RBCCP59- frequencies (Fig. 8d,e). Whereas
statistical significance was noted for RETCP59~ in the high dose group, these results are
qualified because none of the frequencies exceeded the upper bound 95% tolerance interval
for historical negative controls.

Mean %Ki-67-positive nuclei were slightly decreased with increasing CP dose level,
however, a treatment effect did not attain statistical significance (Fig. 8f). Normalized liver
weights showed a slight sex effect, whereas no treatment effect was evident (Fig. 8g). In line
with these other subtle/nil liver effects, MNHEP frequencies were not affected by treatment
or sex (Fig. 8h).

Cyclophosphamide, 3 x 3

Three cycles of CP exposure moderately reduced mean body weight gains over Days 1
through 17: 101, 95, 98, and 75 g for the 0, 3.75, 7.5, and 15 mg/kg/day dose groups,
respectively. As with the 3 x 1 study, these dose levels appeared to be well tolerated in this
repeated cycle experimental design.

Mean Day 4 RET (CD71+) were significantly reduced in the mid and high dose groups (Fig.
9a). In conjunction with these effects on erythropoiesis, robust induction of %MN-RET was
observed (Fig. 9b).

Day 21 RET (RNA+) frequencies generated by the Pig-a assay showed treatment as well as
sex effects (Fig. 9c). As shown by Figure 9d, mean RETCP59- frequencies were significantly
elevated in the mid and high treatment groups, and at least half of the rats in each of

these groups exceeded the historical negative control distribution’s 95% tolerance interval.
Although dose-related, statistically significant increases were also noted for the RBCCDP39-
endpoint (Fig. 9e), these results are qualified because the majority of the rats’ RBCCP59-
frequencies were within the historical negative control distribution.

No treatment or sex effects were evident for %Ki-67-positive nuclei (Fig. 9f), normalized
liver weights (Fig. 9g), and %MNHEP (Fig. 9h).

Diethylnitrosamine, 3 x 1

The high dose of DEN caused a moderate reduction to mean body weight gain over Days

1 through 4: 19, 17, 17, and 10 g for the 0, 10, 20, and 40 mg/kg/day dose groups,
respectively. Coupled with no other outward signs of toxicity, these results suggest the DEN
dose levels used in this study were well tolerated.

As shown by Figure 10a, Day 4 %RET (CD71+) were significantly reduced in mid and high
dose groups. No indication of increased %MN-RET due to treatment was observed (Fig.
10b).

Day 7 %RET (RNA+) showed evidence of a significant treatment effect (high dose group;
Fig. 10c). On the other hand, the 3 x 1 study design provided no convincing evidence of
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treatment effects on RETCD9~ or RBCCP59- frequencies (Fig. 10d,e). Whereas statistical
significance was noted for RETCP59 in the high dose group, these results are qualified
because none of the frequencies exceeded the historical negative control upper bound 95%
tolerance interval.

Mean %Ki-67-positive nuclei were markedly increased in the high DEN dose group (Fig.
10f), whereas normalized liver weights showed no treatment or sex effects (Fig. 10g).
MNHEP were strongly induced by DEN exposure, with no evidence of a sex or treatment x
sex interaction effect (Fig. 10h).

Diethylnitrosamine, 3 x 3

Three cycles of DEN exposure led to moderately reduced mean body weight gains over
Days 1 through 17: 101, 100, 90, and 76 g for the 0, 3.75, 7.5, and 15 mg/kg/day dose
groups, respectively. With no other outward signs of toxicity, these dose levels appeared to
be well tolerated in this repeated cycle experimental design.

Although mean Day 4 %RET (CD71+) were reduced with increasing DEN dose levels,
this effect did not attain statistical significance (Fig. 11a). MN-RET frequencies were not
influenced by treatment or sex (Fig. 11b).

Day 21 RET (RNA+) frequencies generated by the Pig-a assay were not affected by
treatment or sex (Fig. 11c). As shown by Figure 11d, mean RETCP9- frequencies were
significantly elevated in each of the DEN treatment groups, but the low dose results are
qualified because more than half of the rats in this group were within the historical negative
control distribution. Although dose-related, statistically significant increases were also noted
for the RBCCP59- endpoint (Fig. 11e), these results are qualified because only one rat’s
RBCCDP59- frequency exceeded the historical negative control distribution.

%Ki-67-positive nuclei results are presented in Figure 11f. While this biomarker of recent
proliferation exhibited large dose-related increases, normalized liver weights were not
affected by DEN exposure (Fig. 11g). In agreement with findings in the 3 x 1 study, three
cycles of DEN were found to markedly induce MNHEP, with each tested dose level causing
a significant increase (Fig. 11h).

1,2-Dimethylhydrazine, 3 x 1

One cycle of 1,2-DMH exposure led to reduced mean body weight gains over Days 1
through 4: 21, 19, 10, and 5 g for the 0, 7.5, 15, and 30 mg/kg/day dose groups, respectively.

As shown by Figure 10a, Day 4 %RET (CD71+) were significantly reduced in mid and high
dose groups. Furthermore, MN-RET were induced to a statistically significant level in the
high dose group (Fig. 12b).

Day 7 %RET (RNA+) generated by the Pig-aassay showed a significant treatment effect for
the mid and high dose groups (Fig. 12c). However, there was no evidence of treatment or sex
effects on RETCP59- or RBCCP59- frequencies (Fig. 12d,e).

Environ Mol Mutagen. Author manuscript; available in PMC 2021 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dertinger et al.

Page 12

Mean Ki-67-positive nuclei frequencies increased in a dose-related manner, and this effect
attained statistical significance in the case of high dose males. Sex was also found to be

a significant factor, with males exhibiting higher Ki-67 frequencies compared to females.
Normalized liver weights showed no treatment or sex effects (Fig. 12g). MNHEP were
strongly induced by 1,2-DMH exposure, and there was evidence for a treatment x sex
interaction effect, as males exhibited higher induced % MNHEP compared to females in the
mid and high dose groups (Fig. 12h).

1,2-Dimethylhydrazine, 3 x 3

Three cycles of 1,2-DMH exposure led to moderately reduced mean body weight gains over
Days 1 through 17: 130, 116, 110, and 80 g for the 0, 7.5, 15, and 30 mg/kg/day dose
groups, respectively.

Relatively small but statistically significant reductions to mean %RET (CD71+) were
observed for 1,2-DMH exposed rats (Fig. 13a). Increased %MN-RET were evident in high
dose animals (Fig. 13b).

Day 21 RET (RNA+) frequencies generated by the Pig-a assay were elevated in the high
dose group (Fig. 13c). Mean RETCP59- frequencies showed no treatment or sex effects (Fig.
13d). Although a statistically significant increase was noted for RBCCP39-| (Fig. 13e) these
results are qualified because none of the frequencies exceeded the historical negative control
distribution.

Mean %Ki-67-positive nuclei were observed to increase with increasing 1,2-DMH exposure,
although only mid and high dose females attained statistical significance (Fig. 13f).
Normalized liver weights were significantly reduced by 1,2-DMH treatment (Fig. 13g).
Robust dose-related increases were evident in the chromosomal damage endpoint MNHEP
in the mid and high dose groups (Fig. 13h). The significant treatment x sex interaction effect
observed in this 3 x 3 study design appears less pronounced than the one noted in the 3 x 1
study described above (Fig. 12h).

Dimethylnitrosamine, 3 x 1

One cycle of DMN exposure led to reduced mean body weight gain over Days 1 through 4:
18, 20, 16, and 10 g for the 0, 2.5, 5, and 10 mg/kg/day dose groups, respectively.

As shown by Figure 14a,b, neither Day 4 %RET (CD71 +) nor %MN-RET were affected by
DMN treatment.

Day 7 %RET (RNA+) generated by the Pig-a assay showed no significant treatment or
sex effects (Fig. 14c). Similarly, no effects were observed for RETCP59~ and RBCCD59-
frequencies (Fig. 14d,e).

Mean Ki-67-positive nuclei frequencies increased in a dose-related manner, with significant
effects observed in the mid and high dose groups. A treatment x sex interaction effect

was evident, with males seemingly responding to high dose DMN to a greater degree than
females. Normalized liver weights showed no treatment or sex effects (Fig. 14g). MNHEP

Environ Mol Mutagen. Author manuscript; available in PMC 2021 November 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dertinger et al.

Page 13

were clearly elevated by high dose DMN in both sexes, whereas only females exhibited a
slight but statistically significant effect at the mid dose level (Fig. 14h).

Dimethylnitrosamine, 3 x 3

Three cycles of DMN exposure reduced mean body weight gains over Days 1 through
17: 110, 108, 94, and 74 g for the 0, 2.5, 5, and 10 mg/kg/day dose groups, respectively.
Whereas the high dose animals generally tolerated exposure well, one administration was
withheld from a single female (sixth of nine) owing to considerable weight loss over the
previous 2 days.

Mean %RET (CD71+) decreased with increasing DMN exposure, and the reduction for the
high dose group attained statistical significance (Fig. 15a). On the other hand, MN-RET
frequencies were not affected by DMN treatment (Fig. 15b).

Day 21 RET (RNA+) frequencies were elevated in the high dose group (Fig. 15c). While a
slight sex effect was observed for Day 21 RETCP59- frequencies, RETCP59~ and RBCCP39-
showed no evidence of a significant treatment effect (Fig.15d,e).

Mean %Ki-67-positive nuclei were increased with increasing DMN dose, although only
high dose females attained statistical significance (Fig. 15f). Normalized liver weights were
not significantly affected by DMN exposure (Fig. 15g). The chromosome damage endpoint
MNHEP showed a robust increase in high dose animals of both sexes, whereas the effect
only attained statistical significance for mid dose male rats (Fig. 15h).

2,6-Dinitrotoluene, 3 x 1

One cycle of 2,6-DNT exposure slightly reduced mean body weight gain in the high dose
group over Days 1 through 4: 20, 22, 22, and 16 g for the 0, 25, 50, and 100 mg/kg/day dose
groups, respectively. Together with no other outward signs of toxicity, these data suggest the
dose levels chosen for this study were well tolerated.

As shown by Figure 16a,b, neither Day 4 %RET (CD71 +) nor %MN-RET were affected by
exposure to 2,6-DNT.

Day 7 %RET (RNA+) showed no treatment effect, although sex was a significant factor
in this experiment, with males exhibiting slightly higher frequencies compared to females
(Fig. 16c). Neither treatment nor sex were observed to affect RETCP59~ and RBCCD59-
frequencies (Fig. 16d,e).

Mean %Ki-67-positive nuclei were significantly decreased in each 2,6-DNT exposed group
compared to vehicle controls (Fig. 16f). Normalized liver weights were not affected by
treatment or sex (Fig. 16g). On the other hand, small but significant increases in MNHEP
frequencies were observed in each of the 2,6-DNT exposed groups (Fig. 16h).

2,6-Dinitrotoluene, 3 x 3

Three cycles of 2,6-DNT exposure reduced mean body weight gains over Days 1 through
17: 111, 101, 97, and 94 g for the 0, 25, 50, and 100 mg/kg/day dose groups, respectively.
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As with the 3 x 1 study, these dose levels appeared to be well tolerated in this repeated cycle
experimental design.

As shown in Figure 17a,b, mean Day 4 RET (CD71+) frequencies and %MN-RET were not
affected by 2,6-DNT exposure.

Day 21 RET (RNA+) frequencies in the Pjg-a assay were not influenced by treatment or
sex (Fig. 17c). Neither mean RETCDP%9~ nor RBCCP59- frequencies showed evidence of a
treatment or sex effect (Fig. 17d,e).

Mean %Ki-67-positive nuclei were lower in each 2,6-DNT exposed group, although
statistical significance was only achieved for low and mid dose males (Fig. 17f). Normalized
liver weights were not affected by 2,6-DNT (Fig. 17g). MNHEP frequencies showed dose-
related increases that were statistically significant for the mid and high dose groups (Fig.
17h).

Hydroxyurea, 3 x 1

One cycle of HU had a modest effect on mean body weight gain in the high dose group
over Days 1 through 4: 17, 18, 17, and 12 g for the 0, 31.25, 62.5, and 125 mg/kg/day dose
groups, respectively. Coupled with no other outward signs of toxicity, these results suggest
the HU dose levels used in this study were well tolerated.

As shown by Figure 18a, Day 4 %RET (CD71+) were significantly reduced in mid and
high dose groups. This effect on erythropoiesis function was accompanied by a dose-related
increase in MN-RET frequencies (Fig. 18b).

High dose group animals exhibited elevated %RET (RNA+) on Day 7 (Fig. 18c). On the
other hand, no treatment or sex effects were evident for Day 7 RETCP59~ and RBCCDP%9-
endpoints (Fig. 18d,e).

Regarding the liver tissue analyses, no treatment or sex effects were found for %Ki-67-
positive nuclei (Fig. 18f), normalized liver weights (Fig. 18g), or % MNHEP (Fig. 18h).

Hydroxyurea, 3 x 3

As with the 3 x 1 study, three cycles of HU exposure modestly affected mean body weight
gains across exposure groups over Days 1 through 17: 107, 95, 85, and 97 g for the 0, 31.25,
62.5, and 125 mg/kg/day dose groups, respectively. Coupled with no other outward signs of
toxicity, these results suggest the HU dose levels used in this study were well tolerated.

As shown by Figure 19a, Day 4 %RET (CD71+) values were significantly reduced in the
high dose group, while MN-RET were clearly induced in the mid and high dose groups (Fig.
19b).

High dose group animals exhibited elevated %RET (RNA+) on Day 21 (Fig. 19c). However,
no treatment or sex effects were evident for the RETCP59~ and RBCCP59~ endpoints (Fig.
19d,e).
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As with the 3 x 1 study, three cycles of HU exposure had no effect on the liver-based
measurements. That is, no treatment or sex effects were found for %Ki-67-positive nuclei
(Fig. 19f), normalized liver weights (Fig. 19g), or % MNHEP (Fig. 19h).

Melphalan, 3 x 1

One cycle of MEL exposure slightly reduced mean body weight gain in the high dose group
over Days 1 through 4: 20, 21, 20, and 16 g for the 0, 0.375, 0.75, and 1.5 mg/kg/day dose
groups, respectively.

As shown in Figure 20a, 2-factor ANOVA indicated that treatment and sex were significant
factors for Day 4 %RET (CD71+), although pair-wise testing on individual sexes were not
powerful enough to detect the responsible exposure group(s). MN-RET responses exhibited
clear dose-related effects, with statistical significance observed in each MEL-exposed
female group, and in the case of males in the mid and high dose groups (Fig. 20b).

In the 3 x 1 study design, %RET (RNA+), RETCD9~ and RBCCP59- endpoints were not
affected by treatment or sex (Fig. 20c,d,e, respectively).

One cycle of MEL exposure had no effect on the liver-based measurements. This was
the case for %Ki-67-positive nuclei (Fig. 20f), normalized liver weights (Fig. 20g), and
%MNHEP (Fig. 20h).

Melphalan, 3 x 3

After observing slight indications of toxicity in the 3 x 1 study, above, the 3 x 3 study was
revised to include 3 mg/kg/day as the high dose (as opposed to 1.5 mg/kg/day as described
above). Even with this adjustment, only modest differences in mean body weight gains over
Days 1 through 17 were evident after three cycles of MEL exposure: 108, 95, 102, and 94 g
for the 0, 7.5, 1.5, and 3 mg/kg/day dose groups, respectively.

Similar to the 3 x 1 study, 2-factor ANOVA indicated that treatment and sex were significant
factors for Day 4 % RET (CD71+) (Fig. 21a), although pair-wise testing on individual

sexes did not reach statistical significance. MN-RET responses exhibited clear dose-related
effects, with statistical significance observed for both sexes in mid and high dose groups
(Fig. 21b).

Day 21 RET (RNA+) frequencies showed no significant treatment or sex effects (Fig. 21c).
On the other hand, mean RETCP59- frequencies were significantly elevated in the mid

and high treatment groups, and at least half of the rats in each of these groups exceeded

the historical negative control distribution’s 95% tolerance interval. Although statistically
significant increases in RBCCP59~ were found for each MEL dose level (Fig. 21e), the low
and mid dose groups are qualified because the majority of rats’ RBCCP39~ frequencies were
within the historical negative control distribution.

Repeated cycles of MEL exposure were observed to cause treatment and treatment x sex
interaction effect to % Ki-67-positive nuclei, with generally lower values with increasing
dose (Fig. 21f). However, when pair-wise testing was conducted with the sexes separated, no
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significant differences were identified. No evidence of treatment or sex effects were found in
the case of normalized liver weights and %MNHEP (Fig. 21g,h).

Temozolomide, 3 x 1

One cycle of TMZ exposure reduced mean body weight gains over Days 1 through 4: 21, 19,
15, and 16 g for the 0, 3.75, 7.5, and 15 mg/kg/day dose groups, respectively. As there were
no deaths or other outward signs of toxicity beyond the reduced body weight gain noted
above, the TMZ doses used in this study appeared to be well tolerated.

Mean Day 4 %RET (CD71+) were reduced with increasing TMZ exposure (Fig. 22a),
whereas the chromosomal damage endpoint, %MN-RET, markedly increased in a dose-
dependent manner (Fig. 22b).

Day 7 RET (RNA+) frequencies generated by the Pig-a assay were significantly elevated in
high dose rats (Fig. 22c). As shown by Figure 2d,e, some indications of increased RETCD59-
and RBCCDP59- frequencies were observed, as the effect of treatment reached statistical
significance in several instances. However, these findings need to be qualified because the
majority of these Day 7 RETCP59~ and RBCCDP59- frequencies were within the historical
negative control distribution.

One cycle of TMZ exposure had no effect on the liver-based measurements. This was
the case for %Ki-67-positive nuclei (Fig. 22f), normalized liver weights (Fig. 22g), and
%MNHEP (Fig. 22h).

Temozolomide, 3 x 3

Three cycles of TMZ exposure led to moderately reduced mean body weight gains over
Days 1 through 17: 115, 105, 102, and 89 g for the 0, 3.75, 7.5, and 15 mg/kg/day dose
groups, respectively. As with the 3 x 1 study, these dose levels appeared to be well tolerated
in this repeated cycle experimental design.

Day 4 RET (CD71+) frequencies were reduced in each TMZ treatment group (Fig. 21a), and
robust induction of MN-RET was observed at every dose studied (Fig. 23b).

Day 21 RET (RNA+) frequencies for mid and high dose animals were elevated (Fig. 21c).
As shown by Figure 23d, mean RETCP59- frequencies were increased in mid and high dose
treatment groups. This effect was accompanied by significant dose-dependent increases in
RBCCD%9- frequencies (Fig. 23e). However, in the latter case, low and mid dose group
responses are qualified because the majority of the RBCCP59- frequencies were within the
historical negative control distribution.

Repeated cycles of TMZ had no effect on %Ki-67-positive nuclei, although a sex effect was
evident, as male rats tended to exhibit higher values compared to females (Fig. 23f). No
significant treatment or sex effects were observed for normalized liver weights (Fig. 23g) or
%MNHEP (Fig. 23h).
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Quinoline, 3 x 1

One cycle of QUIN did not affect mean body weight gains over Days 1 through 4: 18, 16,
18, and 17 g for the 0, 75, 100, and 125 mg/kg/day dose groups, respectively. With no other
outward signs of toxicity, these dose levels appeared to be well tolerated.

No significant changes to Day 4 RET (CD71+) frequencies were observed (Fig. 24a), nor
did QUIN exposure affect %MN-RET (Fig. 24b).

Day 7 RET (RNA+) frequencies generated by the Pig-a assay were slightly lower in high
dose male rats compared to concurrent vehicle controls (Fig. 24c). Neither RETCP9~ nor
RBCCD39- frequencies were significantly elevated in any of the QUIN exposure groups (Fig.
24d.e).

Treatment and sex were significant factors for %Ki-67-positive hepatocyte nuclei values
(Fig. 24f). Male rats generally exhibited higher frequencies compared to females, whereas
only mid dose females exhibited a statistically significant treatment effect (reduction). On
the other hand, both sexes exhibited elevated normalized liver weights in the two highest
exposure groups (Fig. 24g). Three days of treatment were found to induce MNHEP in each
of the three QUIN exposure groups (Fig. 24h).

Quinoline, 3 x 3

Three cycles of QUIN exposure slightly affected mean body weight gains over Days 1
through 17: 106, 102, 97, and 99 g for the 0, 75, 100, and 125 mg/kg/day dose groups,
respectively. With no other outward signs of toxicity, these dose levels appeared to be well
tolerated in this repeated cycle experimental design.

The mid dose group exhibited Day 4 RET (CD71+) frequencies that were significantly
reduced relative to vehicle controls (Fig. 25a). No significant increases in %MN-RET were
observed (Fig. 25b).

Day 21 RET (RNA+) frequencies generated by the Pig-a assay were not affected by
treatment or sex (Fig. 25c¢). Similarly, there was no evidence that these factors influenced
RETCD59- and RBCCDP59- frequencies (Fig. 25d,e).

%Ki-67-positive nuclei results are presented in Figure 25f. Whereas QUIN treatment was
associated with lower values relative to concurrent vehicle control, statistical significance
was only achieved in the low and high dose groups. Normalized liver weights were elevated
in female rats exposed to the high dose level of QUIN (Fig. 25g). Three cycles of QUIN
exposure were found to induce MNHEP, with the mid and high dose groups exhibiting
statistically significant increases relative to controls (Fig. 25h).

Vinblastine, 3 x 1

The high dose of VB caused a reduction to mean body weight gain over Days 1 through 4:
19, 18, 15, and 8 g for the 0, 0.0625, 0.125, and 0.25 mg/kg/day dose groups, respectively.
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Day 4 %RET (CD71+) were significantly reduced in mid and high dose groups (Fig.26a).
The chromosomal damage endpoint, MN-RET, was significantly elevated in high dose rats
(Fig.26b).

Day 7 RET (RNA+) frequencies were reduced in animals exposed to high dose VB (Fig.
26¢). There was no evidence of treatment or sex effects on RETCP59- or RBCCD59-
frequencies (Fig. 26d,e).

Mean %Ki-67-positive nuclei and normalized liver weights showed no statistically
significant treatment or sex effects (Fig. 26f,g). However, %MNHEP were elevated in the
mid and high dose groups (Fig. 26h).

Vinblastine, 3 x 3

Three cycles of VB exposure reduced mean body weight gains over Days 1 through 17: 102,
87, 92, and 83 g for the 0, 0.075, 0.125, and 0.175 mg/kg/day dose groups, respectively.

Day 4 %RET (CD71+) were significantly reduced in the mid dose rats (females) and in the
high dose (males and females) (Fig. 27a). %MN-RET was significantly elevated in mid and
high dose rats of both sex (Fig. 27b).

Day 21 Pig-aassay results were uniformly negative. That is, neither treatment nor sex effects
were observed for %RET (RNA +) (Fig.27c), RETCP9- (Fig.27d), or RBCCD59- (Fig. 27e).

%Ki-67-positive nuclei values are provided in Figure 27f. Sex and treatment x sex
interaction effects were statistically significant. This was related to males generally
exhibiting higher frequencies compared to females, as well as the fact that only males
appeared to respond (decrease) with high dose exposure. Normalized liver weights showed
no statistically significant treatment or sex effects (Fig. 27g). MNHEP in both sexes were
elevated in the high dose group (Fig. 27h).

DISCUSSION

The experiments described herein were conducted with relatively well-studied chemicals
whose genotoxic potential is well documented in the safety assessment literature. Each

is reported to produce positive genotoxicity findings in various rodent models (Rothfuss

et al. 2010; Takasawa et al. 2010; Dertinger et al. 2012; Bhalli et al. 2013; Hamada et

al. 2015). The purpose of the current investigation was to systematically investigate the
influence that study design, tissue compartment, and choice of biological endpoint had on
genotoxicity outcomes. Figure 28 provides an overview of the results, showing which agents
were found to induce significant genotoxicity for each endpoint and experimental design
studied. Several noteworthy observations are apparent.

First, the choice of study design clearly affected the Pig-aassay. With the 3 x 1 design
significant mutation induction was observed for only 1 of 13 genotoxicants studied (cisPt),
whereas 6 of 13 chemicals exhibited mutagenic activity when the 3 x 3 scheme was
employed. This increased sensitivity was expected due to at least three characteristics of the
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3 x 3 design: greater total exposures, lengthier mutant manifestation time, and perhaps for
some of the test articles auto-induction of biotransformation enzyme(s).

Because 28 days of exposure are recommended for gene mutation assays by the
Organization for Economic Cooperation and Development (OECD (Organisation for
Economic Cooperation and Development) 2013) and the IWGT (Gollapudi et al. 2015),

it is important to compare the sensitivity of the Pjg-aassay when 3 x 1 and 3 x 3 designs

are used versus comparable studies based on 4 weeks of treatment. Table 11 considers these
several designs for five of the same chemicals previously studied in 28-day repeat dose rat
experiments (note that all work was performed at the same laboratory, Litron; and each study
used the same rat strain, Crl:CD[SD]). As shown by Table 11 and as discussed above, the 3 x
1 design exhibited poor sensitivity for the Pjg-a endpoint. On the other hand, no qualitative
differences were observed between 3 x 3 and 28-day studies—significant Pjg-a induction
was observed in all five cases. For the three most potent Pig-a responsive mutagens, B[4]P,
cisPt, and MEL, maximum mean RETCP59~ and RBCCP59- frequencies from the 3 x 3
design approached or exceeded 50% of the responses observed in the corresponding 28 day
study. Although the 3 x 3 scheme provided fewer treatments and a slightly shorter mutant
manifestation time relative to 28-day studies, it allowed for higher per day dose levels and
therefore more similar mutation frequencies than might otherwise be expected from 9 versus
28 treatment days. Interestingly, these study variables combined to produce very similar
mean RETCDP59- and RBCCP59- frequencies across the 3 x 3 and 28-day study designs in
the case of the two weakest mutagens, CP and DEN. Collectively, these results show that
reasonable assay sensitivity is retained by the 3 x 3 protocol.

Unlike the Pig-a results, qualitatively and quantitatively similar outcomes were observed for
the blood micronucleus assays, irrespective of the 3 x 1 or 3 x 3 study design. This was
expected, since Day 4 blood samples were studied in both protocols. Interestingly, the same
was true for the liver-based assay—similarly induced MNHEP frequencies were observed
across study designs (Table I11). This was an unexpected finding, since previous reports have
suggested MNHEP accumulate to some degree with repeated exposures (Narumi et al. 2012;
Hamada et al. 2015).

The choice of endpoint impacted classification of an agent as genotoxic or not. For instance,
whereas good systemic exposure is known to occur with orally administered HU (Rodriguez
et al. 1998), only MN-RET were induced. Although the same target cells are considered in
the Pig-a assay (erythrocyte precursors), no gene mutation effect was apparent. The reverse
was true for AA—qgene mutation was evident without an MN-RET response. These results
highlight the importance of investigating a broad range of genomic lesions whenever it is
feasible.

Results with AA, B[&]P, CP, DEN, DMN, 1,2-DMH, 2,6-DNT, and QUIN demonstrate

the importance of choice of tissue compartment. These chemicals are generally considered
genotoxic upon enzymatic activation (Rothfuss et al. 2010; Hamada et al. 2015; Kirkland et
al. 2016). However, the situation for AA is likely more complex. While it is genotoxic /n
vitroin the absence of exogenous metabolic activation, its tumorigenicity has been attributed
to enzymatic formation of a cyclic nitrenium ion with delocalized charge leading to the
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preferential formation of purine adducts [reviewed by Arlt et al. 2002]. Taken together, one
might expect the hepatocyte micronucleus assay to be consistently positive for this group of
chemicals. Indeed, the importance of including a liver-based assay was demonstrated by the
fact that QUIN, DMN, and 2,6-DNT were uniquely positive for MNHEP. However, it is also
important to note that three of the metabolically activated chemicals—AA, B[4]P, and CP—
had no effect on %MNHEP, but rather produced responses in one or two blood-based assays.
These negative MNHEP results, at least for B[4]P and CP, are consistent with several well-
conducted rat studies that reported no effect on liver comets (Recio et al. 2010; Rothfuss

et al. 2010; Bowen et al. 2011). The most compelling explanation for this observation
attributed the lack of liver effects to efficient detoxification of reactive metabolites. Thus, a
presumed or even known requirement for metabolic activation should not be used to restrict
analyses to the liver compartment, as this would demonstrably adversely affect in vivo
hazard characterization.

As noted in the ICH S2(R1) guidance document (ICH 2011), some concerns have been
raised about integrating genetic toxicology endpoints into repeat-treatment toxicology
studies when /7n vitro results show some evidence of genotoxic potential, and the maximum
tolerated dose in a 28-day study is considerably less than what can be tolerated in a shorter-
term study. Others contend that responses are generally comparable at similar fractions

of the maximum tolerated dose in each specific exposure protocol (MacGregor 1991). In
any event, there are situations in which genotoxicity studies will need to be conducted
independent of toxicology studies, for example, when genotoxicity information is needed
after general toxicology studies have been completed. Thus, it is important to have access
to flexible, shorter-term, 3Rs-friendly study designs that are effective at detecting /in vivo
genotoxicants. Ideally, the treatment/harvest schedules and choice of endpoints can be
tailored to the types of results observed from /n vitro experiments. The data presented herein
suggest the utility of two study designs. The 3 x 1 design was found to be highly effective
at identifying micronucleus inducers in two key tissue compartments, and was shown to

be sensitive to both clastogens and an aneugen. This represents a compelling approach for
following up positive or equivocal /n vitro micronucleus results. On the other hand, the 3

x 3 design provides additional exposures and manifestation times, characteristics that are
especially important for the Pig-a assay. This broader consideration of genomic damage may
be important when studying chemicals in the absence of /n vitro data, and when in vitro
mutagenicity results have generated positive or equivocal findings, and their relevance to
intact animals is suspect.

In conclusion, the results presented herein indicate it is possible to significantly reduce
animal and other resource requirements while improving assessments of /n vivo genotoxicity
potential. This is accomplished by concurrently evaluating two tissue compartments and as
many as three assays using flexible, fit-for-purpose study designs in conjunction with flow
cytometric scoring techniques.
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Fig. 1.

Two experimental designs used to study each of 13 chemicals are outlined above. The upper
panel describes the “3 x 1” design. These studies entailed exposing rats to test agent for
three consecutive days, obtaining blood samples one day later, and obtaining blood and liver
tissue 4 days after cessation of treatment. The lower panel illustrates the “3 x 3" design.” In
this case, three days of exposure occurred in each of three consecutive weeks. As with the

3 x 1 studies, blood was collected on Day 4, and blood and liver were also collected 4 days
after cessation of treatment on Day 21 of the study.
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Whole Model Effect Test Results (p values):
T =0.3402, S = 0.9483, TxS = 0.3614
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Results from the Aristolochic acids 3 x 1 study. Panels a and b show results for each of
the four treatment groups in the micronucleated reticulocyte (MN-RET) assay, where a =
percent CD71-positive reticulocytes [%RET (CD71+)] and b = percent MN-RET. Panels c,
d, and e show results for each of the four treatment groups in the Pjg-a mutation assay,
where ¢ = percent RNA-positive reticulocytes [YoORET (RNA+)], d = number of mutant
reticulocytes (Mutant RET, per 108 RET), and e = number of mutant erythrocytes (Mutant
RBC, per 108 RBC). Panels f, g, and h show results for each of the four treatment groups
in the MNHEP assay, where f = percent Ki-67-positive hepatocyte nuclei (%Ki-67+), g

= Normalized liver weights (g liver/kg body weight), and h = percent micronucleated
hepatocytes (%MNHEP). Note that for each panel, a—h above: squares = individual males,
circles = individual females, and horizontal lines = group means. Two-way ANOVA p-values
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are provided at the top of each graph, whenever treatment was significant. Dunnett’s

tests were used to identify the exposure group(s) that were significantly different than
vehicle controls, with significance denoted by “M” (males) and “F” (females). The use of
superscript g in panel d denotes Pig-a statistical significance is qualified because more than
half the mutant cell frequencies were within the historical negative control distribution.
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Results from the Aristolochic acids 3 x 3 study are provided. The same abbreviations and
graph formats described in Figure 2 legend are used here.
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Results from the Benzo[4]pyrene 3 x 1 study. The same abbreviations and graph formats
described in Figure 2 legend are used here.
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Fig. 5.

Results from the Benzo[&]pyrene 3 x 3 study. The same abbreviations and graph formats
described in Figure 2 legend are used here. The use of superscript g in panel e denotes Pig-a
statistical significance is qualified because more than half the mutant cell frequencies were
within the historical negative control distribution.
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Fig. 6.

Results from the Cisplatin 3 x 1 study. The same abbreviations and graph formats described

in Figure 2 legend are used here.
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Results from the Cisplatin 3 x 3 study. The same abbreviations and graph formats described
in Figure 2 legend are used here. The use of superscript g in panel e denotes Pig-a statistical
significance is qualified because more than half the mutant cell frequencies were within the
historical negative control distribution.
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Fig. 8.

Results from the Cyclophosphamide 3 x 1 study. The same abbreviations and graph formats
described in Figure 2 legend are used here. The use of superscript g in panel d denotes Pig-a
statistical significance is qualified because more than half the mutant cell frequencies were

within the historical negative control distribution.
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Results from the Cyclophosphamide 3 x 3 study. The same abbreviations and graph formats
described in Figure 2 legend are used here. The use of superscript g in panel e denotes Pig-a
statistical significance is qualified because more than half the mutant cell frequencies were

within the historical negative control distribution.
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Results from the Diethylnitrosamine 3 x 1 study. The same abbreviations and graph formats
described in Figure 2 legend are used here. The use of a superscript L in panel b denotes
the high dose group exhibited lower, not higher %MN-RET relative to controls. The use of
superscript g in panel d denotes Pig-a statistical significance is qualified because more than
half the mutant cell frequencies were within the historical negative control distribution.
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Results from the Diethylnitrosamine 3 x 3 study. The same abbreviations and graph formats
described in Figure 2 legend are used here. The use of superscript g in panels d and e
denotes Pig-a statistical significance is qualified because more than half the mutant cell

frequencies were within the historical negative control distribution.
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Fig. 12.

Results from the 1,2-Dimethylhydrazine 3 x 1 study. The same abbreviations and graph
formats described in Figure 2 legend are used here.
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Results from the 1,2-Dimethylhydrazine 3 x 3 study. The same abbreviations and graph
formats described in Figure 2 legend are used here. The use of superscript g in panel e
denotes Pig-a statistical significance is qualified because more than half the mutant cell

frequencies were within the historical negative control distribution.

Environ Mol Mutagen. Author manuscript; available in PMC 2021 November 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Dertinger et al.

MN-RET Assay
A %RET (CD71+)

Whole Model Effect Test Results (p values):
T=0.9202, S = 0.0063, TxS = 0.5575

Pig-a Assay
C %RET (RNA+)

Whole Model Effect Test Results (p values):

T=0.1942, S = 0.0137, TxS = 0.1449

Page 38

MNHEP Assay
F %Ki-67+

Whole Model Effect Test Results (p values):
T =0.0014, S = 0.3871, TxS = 0.0087

14 a5 3s
o s)
124 i M
4 'y 5 ¥ M/F 5
104
8 % e m g 25- 2 254 ® %
I 8 O — 0 3 o g a oL
'8‘ : x & 8 o g 20 5 207 8 g
O & ? D, s !
B, fsf 48— 8 o Sl 2 : 5 ;
X B : Q% ,pr__w 8 T H (5]
24 10 1 o 10- o
0 —ehicle T Low *~ _Md ' Hgh S —Venicde * Low *  Mid ' Hgh S —ehice * Low ' Mid ' Hgh
Treatment Group Treatment Group Treatment Group
B %MN-RET D Mutant RET Freq. G Norm. Liver Weight
Whole Model Effect Test Results (o values): Whole Model Effect Test Results (p values): Whole Model Effect Test Results (o values):
o T=0.0959, S =0.0231, TxS = 0.6755 - T=0.4069, S =0.2596, TxS = 0.6945 - T=0.1578, S = 0.3784, TxS = 0.3404
g :
1 2 ol o 9
F 3 8 o 8 e
F et 8 g o gl B e —N
E R o o E o Z i) g = °
2 3 o o E 2 a §
S = o —%— 3 5
g 01 e 0 g o g g 40+
% M8 = g5 £ a5
| & 23] > o g
Vehicle °~ Low ' Mid T High Vehicle Low T Mid T High Vehicle =  Low Mid T High
Treatment Group Treatment Group Treatment Group
Studv Details E Mutant RBC Freq. H %MNHEP
u y I Whole Model Effect Test Results (p values): Whole Model Effect Test Results (p values):
T=0.6832, S =0.6970, TxS = 0.4955 i2 T <0.0001, S = 0.0347, TxS = 0.3514
*» Dimethylnitrosamine
4 1 B8
~
* Study ID No. LR181016 z 08- MIE
o o %
2 Z 06 3
* 3 days x 1 cycle o L 3 3
__g 0.4+ F o
-~
" . a ]
* Low = 2.5, Mid = 5, High =10 " 4 L D = 7?,,,
mg/kg/day Y B ) A @ g ¥
Y""Venicle ' Low ' Mid ' Hign Y""Vehicle ' tow ' Mid ' Hgh
Treatment Group Treatment Group

Fig. 14.

Results from the DimethylInitrosamine 3 x 1 study. The same abbreviations and graph
formats described in Figure 2 legend are used here.
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Fig. 15.

Results from the Dimethylnitrosamine 3 x 3 study. The same abbreviations and graph
formats described in Figure 2 legend are used here.
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Results from the 2,6-Dinitrotoluene 3 x 1 study. The same abbreviations and graph formats
described in Figure 2 legend are used here.
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Fig. 17.

Results from the 2,6-Dinitrotoluene 3 x 3 study. The same abbreviations and graph formats
described in Figure 2 legend are used here.
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Fig. 18.
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Results from the Hydroxyurea 3 x 1 study. The same abbreviations and graph formats
described in Figure 2 legend are used here.
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Fig. 19.

Results from the Hydroxyurea 3 x 3 study. The same abbreviations and graph formats
described in Figure 2 legend are used here.
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Fig. 20.

Results from the Melphalan 3 x 1 study. The same abbreviations and graph formats
described in Figure 2 legend are used here.
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Fig. 21.

Results from the Melphalan 3 x 3 study. The same abbreviations and graph formats
described in Figure 2 legend are used here. The use of superscript g in panel e denotes
Pig-a statistical significance is qualified because more than half the mutant cell frequencies
were within the historical negative control distribution.
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Fig. 22.

Results from the Temozolomide 3 x 1 study. The same abbreviations and graph formats
described in Figure 2 legend are used here. The use of superscript g in panels d and e
denotes Pig-a statistical significance is qualified because more than half the mutant cell

frequencies were within the historical negative control distribution.
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Fig. 23.

Results from the Temozolomide 3 x 3 study. The same abbreviations and graph formats
described in Figure 2 legend are used here. The use of superscript g in panel e denotes Pig-a
statistical significance is qualified because more than half the mutant cell frequencies were
within the historical negative control distribution.
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Fig. 24.

Results from the Quinoline 3 x 1 study. The same abbreviations and graph formats described
in Figure 2 legend are used here. The use of superscript L in panel d denotes the mid dose
group exhibited lower, not higher mutant reticulocyte frequencies relative to controls.
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Results from the Quinoline 3 x 3 study. The same abbreviations and graph formats described
in Figure 2 legend are used here. The use of superscript L in panel b denotes the high dose
group exhibited lower, not higher %MN-RET relative to controls.
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Fig. 26.

Results from the Vinblastine 3 x 1 study. The same abbreviations and graph formats

described in Figure 2 legend are used here. The letter g in panel d denotes that Pig-a data
are qualified because 2/3 males and 2/3 females in the high dose group exhibited too few
reticulocytes to score mutant reticulocyte frequencies.
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Fig. 27.

Results from the Vinblastine 3 x 3 study. The same abbreviations and graph formats
described in Figure 2 legend are used here.
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3 Days x 1 Cycle Design 3 Days x 3 Cycles Design

QUIN

DI

MNHEP+

DMI
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Abbreviations

Aristolochic acids I/1l (AA), Benzo[a]pyrene (B[a]P), cisplatin (cisPt), cyclophosphamide
monohydrate (CP), diethylnitrosamine (DEN), 1,2-dimethylhydrazine-2HCI (1,2-DMH),
dimethylnitrosamine (DMN), 2,6-dinitrotoluene (2,6-DNT), hydroxyurea (HU),
melphalan (MEL), temozolomide (TMZ), quinoline (QUIN), and vinblastine sulfate (VB)

Fig. 28.
Venn diagrams identify the chemicals that were judged to clearly induce micronucleated

reticulocytes (MN-RET+), Pig-a gene mutation (Pig-a+), and/or micronucleated hepatocytes
(MNHEP+). Summaries are provided for both the 3 x 1 experimental design (left) as well as
the 3 x 3 design (right). Chemical abbreviations are the same as those used in Table I.
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