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Abstract

Quantitative relationships between carcinogenic potency and mutagenic potency
have been previously examined using a benchmark dose (BMD)-based approach. We
extended those analyses by using human exposure data for 48 compounds to calcu-
late carcinogenicity-derived and genotoxicity-derived margin of exposure values
(MOEs) that can be used to prioritize substances for risk management. MOEs for
16 of the 48 compounds were below 10,000, and consequently highlighted for regu-
latory concern. Of these, 15 were highlighted using genotoxicity-derived (micronu-
cleus [MN] dose-response data) MOEs. A total of 13 compounds were highlighted
using carcinogenicity-derived MOEs; 12 compounds were overlapping. MOEs were
also calculated using transgenic rodent (TGR) mutagenicity data. For 10 of the
12 compounds examined using TGR data, the results similarly revealed that
mutagenicity-derived MOEs vyield regulatory decisions that correspond with those
based on carcinogenicity-derived MOEs. The effect of benchmark response (BMR)
on MOE determination was also examined. Reinterpretation of the analyses using a
BMR of 50% indicated that four out of 15 compounds prioritized using MN-derived
MOEs based on a default BMR of 5% would have been missed. The results indicate
that regulatory decisions based on in vivo genotoxicity dose-response data would be
consistent with those based on carcinogenicity dose-response data; in some cases,
genotoxicity-based decisions would be more conservative. Going forward, and in the
absence of carcinogenicity data, in vivo genotoxicity assays (MN and TGR) can be
used to effectively prioritize substances for regulatory action. Routine use of the
MOE approach necessitates the availability of reliable human exposure estimates,

and consensus regarding appropriate BMRs for genotoxicity endpoints.
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1 | INTRODUCTION

Several studies have used in vivo genotoxicity BMD (benchmark dose)
values derived from animal experiments to calculate a health-based
guidance value (HBGV), that is, human exposure limits such as the
permitted daily exposure or tolerable daily intake (Elder &
Snodin, 2009; European Chemicals Agency [ECHA] Committee for
Risk Assessment, 2018; Johnson et al., 2021; Muller & Gocke, 2009).
The BMD, which is the interpolated dose that elicits a set fractional
increase in response over background, has been described as the most
robust and pragmatic PoD (point of departure) metric for risk assess-
ment (EFSA Scientific Committee et al., 2017; Johnson et al.,, 2014;
White et al., 2020). Use of the BMD to calculate an HBGV involves
dividing a body-size adjusted BMD by the product of several UFs
(uncertainty factors). Collectively, the UFs, which are also referred to
as adjustment or safety factors, aim to account for animal-to-human
extrapolation (i.e., interspecies adjustment), human differences in sen-
sitivity (i.e., intraspecies adjustment), study duration, and effect sever-
ity (White et al., 2020). Other factors are sometimes used to account
for, for example, database insufficiency and likely exposure of vulner-
able individuals (e.g., children or elderly). As an alternative to the use
of a BMD approach for calculation of an HBGV, the MOE (margin of
exposure) approach has been developed. If human exposure data are
available, the exposure and BMD values can be used to calculate an
MOE, that is, the ratio of the BMD to known or estimated human
exposure.

With respect to the BMD modeling approach more specifically, the
set fractional increase above background is referred to as the bench-
mark response (BMR); depending on the software used, it is also known
as the critical effect size. Although there is no consensus on the BMR
values for in vivo genotoxicity endpoints, White et al. (2020) and Zeller
et al. (2017) suggest values in the range of 34%-76%; the data pre-
sented in Slob (2017) correspond to a BMR of 71%-79% for the in vivo
MN assay. These suggestions were based on analysis of historical con-
trol variability (Zeller et al., 2017) or within-group variance (i.e., variance
values across all dose groups) (Slob, 2017; White et al., 2020).

The history of the MOE approach can be traced back to 1958
when the Joint FAO/WHO Expert Committee on Food Additives
(JECFA, 2005), and the Food and Agriculture Organization of the
United Nations, advocated use of a 100-fold “safety factor,” that is,
for adequate protection of public health, the ratio of a body weight
(bw)-adjusted PoD (e.g., BMD) to human exposure should not be
<100. The 100-fold margin of safety, later referred to as the MOE,
was selected to reflect the product of 10-fold for interspecies adjust-
ment and 10-fold for interindividual (i.e., intraspecies) adjustment. To
account for inter-individual human variability in DNA repair and cell
cycle control, and for dose-response extrapolation below a reference
point (e.g., BMD), the composite safety factor for MOE calculation
has been revised to incorporate an additional factor of 100 (European

Food Safety Authority [EFSA], 2005) for substances that are both
genotoxic and carcinogenic. Thus, the limit advocated for regulatory
interpretation of MOEs is 10,000 (Benford, 2016; EFSA, 2005). As the
second of the aforementioned safety factors of 100 can be argued to
be actually covered by the first safety factor of 100 already, the basis
and interpretation for the numerical value of 10,000 have not been
fully agreed upon, only the numerical value itself (Barlow et al., 2006).
For example, when using a BMDL,q derived from an animal carcinoge-
nicity assay dose-response relationship (i.e., lower confidence limit of
the BMD corresponding to 10% extra risk compared with control), an
MOE that is >10,000 is deemed to be “of low concern from a public
health point of view and might reasonably be considered as a low pri-
ority for risk management actions” (EFSA, 2005). The MOE approach,
which has been highlighted as particularly suitable for expeditious risk
management, is most prominently advocated by the EFSA, and used
for compounds in foods that are both genotoxic and carcinogenic. It
has also been used by other regulatory authorities, for example, by
the Environmental Protection Agency (U.S. EPA) for risk assessments
pertaining to the herbicide glyphosate (U.S. EPA, 1997) and by WHO/
FAO (e.g., JECFA, 2005). Health Canada and Environment Canada
have used the MOE concept as the basis for regulatory decision-
making in screening health assessments mandated by the Canadian
Environmental Protection Act (Health Canada, 2008). Given the afore-
mentioned recent developments in the field of quantitative genetic
toxicology, and the fact that many chemicals of regulatory interest
lack cancer bioassay data, the utility of MOE derivation from genetic
toxicity dose-response data merits further investigation. Advocacy
for the use of genetic toxicity data to determine an MOE for such pur-
poses occurred as early as 1998 (Dearfield, 1998).

Recent studies by Hernandez et al. (2011) and Soeteman-
Hernandez et al. (2016) examined the relationship between the
BMDL,o derived from carcinogenicity assay dose-response data and
the BMDLgs derived from the dose-response data generated using
the in vivo micronucleus (MN), comet, and TGR (transgenic rodent)
genotoxicity assays. More specifically, dose-response modeling of the
data for 48 chemicals revealed correlations between the BMD values;
indicating that in vivo MN assay-based BMDs could be used to esti-
mate carcinogenic potency with an uncertainty factor of about 100.
Although the established BMD relationship can be used to estimate
the carcinogenic potency of high-priority chemicals that have not
been previously examined, exploration of its regulatory utility has just
started. For example, using the approach outlined in Soeteman-
Hernandez et al. (2016), genetic toxicity (i.e., in vivo MN assay) dose-
response data was used by the Dutch National Institute for Public
Health and the Environment (RIVM, 2014) to predict the carcinogenic
potency of 3-amino-2-oxazolidinone. Given that cancer bioassay data
are often unavailable for compounds of potential regulatory interest,
more thorough investigation regarding the use of genetic toxicity
dose-response data for regulatory purposes is warranted.
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The work presented here, which was conducted under the aus-
pices of the HESI-GTTC (Health and Environmental Science Institute -
Genetic Toxicology Technical Committee), builds upon Hernandez
et al. (2011) and Soeteman-Hernandez et al. (2016) studies by supple-
menting their published BMD values with predicted exposure values,
and calculating MOEs based on both carcinogenicity and genotoxicity
(e.g., in vivo MN) assay BMD values. More specifically, we use human
exposure estimations to calculate genotoxicity-derived and
carcinogenicity-derived MOE values; and subsequently, using the
HESI Risk21 tool (http://www.risk21.org; Wolf et al., 2016) interpret
the MOE values in a regulatory context. This approach effectively
uses both in vivo genotoxicity and carcinogenicity data to identify
substances that might be deemed priorities for regulatory action
and/or risk management, that is, circumstances where MOE < 10,000.
The analyses were extended via the additional examination of in vivo
TGR mutagenicity data; BMDs and corresponding MOE values were
determined and subsequently interpreted using the Risk21 approach.
The implications of the results, and opportunities to advance the
development of a BMD-based framework for interpretation of in vivo

genotoxicity dose-response data, are discussed.

2 | MATERIALS AND METHODS

21 | Categorization of compounds and BMD
modeling of dose-response data

The categorization of the substances examined followed the categories
from Wambaugh et al. (2014), with minor modifications based on data
mining for missing compounds. For example, the designation “drug”
adopted here is “drug product or related to the manufacturing of
drugs” (U.S. EPA Chemicals Dashboard); compounds that belonged to
this category include, for example, cyclophosphamide, chloroform, and
theophylline. All BMD4 values, along with their lower and upper confi-
dence limits (i.e., BMDL and BMDU) for murine carcinogenicity data, as
well as those parameters for the BMDgs values of the MN data were
obtained from the literature (Soeteman-Hernandez et al., 2016) where
they were estimated using PROAST software and dose-response data
from the U.S. National Toxicology Program (NTP, 2016, 2018) and the
Carcinogenic Potency Database (CPDB). The subscript in BMDgs
denotes a BMR of 5%, that is, 5% increase in MN frequency over back-
ground. The subscript in BMD, denotes 10% extra cancer risk. There-
fore, to study the effect of BMR on MOE, and the concomitant
consequences for regulatory decision-making, a pragmatic value of
50% was also employed, in addition to 5% that is typically used as a
default BMR value for continuous endpoints (EFSA Scientific Commit-
tee et al., 2017) and was thus also used previously (Soeteman-
Hernandez et al., 2016), to calculate BMDs for the MN and TGR data.
In addition, BMD5g values for the exact same dose-response sets
of MN data (see Table S1 for details); kindly provided by Dr. Wout
Slob (RIVM, Bilthoven, The Netherlands, Retired), and BMDgys and
BMDs, values for TGR data (described below) were derived de novo,
as follows. The MN data were grouped in four batches by route of
exposure (Table S1) and analyzed using combined-covariate BMD
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modeling (Wills et al., 2017) using the web-version of PROAST v.67.0
(https://proastweb.rivm.nl/). Analyzing these data in exposure-aligned
batches avoided exposure-related BMD differences; moreover, it
avoided modeling failure due to excessive computational require-
ments. Data sets were analyzed using both the exponential and the
Hill model families, as recommended by the European Food Safety
Authority (EFSA) for the analyses of continuous data (EFSA 2009). No
model averaging was used. The combined-covariate analyses assumed
that model parameters “c”” and “d” (i.e., maximum response and log-
steepness after axis scaling) were constant across covariate sub-
groups. Data sets differing in any of the following parameters: study,
compound, sex, transgene, route, duration of exposure, species, tissue,
and sampling time, were labeled with a unique identifier “data set”
and that was used as a covariate for parameters a (background
response), b (potency), and var (within-group variance), as analyzed
previously (Soeteman-Hernandez et al., 2016). In cases where there
were multiple data sets for a single compound, the lowest BMDL
value was used for the MOE calculations (see below).

TGR dose-response data for a subset of 12 compounds were
obtained from the Health Canada Transgenic Rodent Assay Informa-
tion Database v7.0 (TRAID; Lambert et al., 2005; Table S2); the data
were analyzed to determine BMDgs and BMDsq, values. The TGR data
sets were analyzed exactly as described above for the de novo analy-
sis of the MN data, and also in four batches, corresponding to oral,
dermal, inhalational, and intraperitoneal injection (ip) routes of expo-
sure (see Table S2 for details).

2.2 | Collection of exposure data

Exposure data were obtained from the U.S. EPA Chemicals Dashboard
(Williams et al., 2017), available at https://comptox.epa.gov/
dashboard. Dashboard human exposure values are determined using a
reverse pharmacokinetics approach, and multiple exposure pathways
are taken into account to predict total exposures for several demo-
graphic categories. Models employed are based on a training set of
114 chemicals for which human biomonitoring data are available, for
example, urinary metabolites (Wambaugh et al., 2014). The approach
assumes that the biomonitoring data reflect total absorbed dose from
all routes, with 100% absorption; moreover, that exposure rate is con-
stant and individuals are at steady state. Values used for MOE calcula-
tions represent the upper 95% confidence interval (95% Cl) on the
estimated mean exposure rate for the “most exposed” (i.e., with
the highest exposure estimates) of the 11 demographic groups within
the U.S. population. In most cases, the most group predicted to be
most exposed was “children aged 6-11" (Table S3). The upper 95% Cl
on the mean of the “least exposed” group was used as an estimate of
the lower exposure range for each chemical. For five chemicals
(i.e., coc, mbr, scd, sel, tac; see Table 1 for full names), whose predic-
tions were unavailable from the U.S. EPA database, a conservative
exposure of 0.1 mg/kg bw/d was used. This conservative exposure
assumption is consistent with Ring et al. (2019) who demonstrated
that humans may be exposed to such high levels (i.e., 0.1 mg/kg bw/d)
for only a small fraction of existing substances (e.g., ~0.4% of
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480,000 chemicals). The maximum exposure value for 1,3-butadiene
was estimated using an inhalation exposure concentration of 1.0 pg/
m® (i.e., 95th percentile population exposure level in Canada [Environ-
ment Canada & Health Canada, 2000]), and a human inhalation rate of
24.6 m3/d (U.S. EPA, 2011). The minimum exposure value for 1,3-butadi-
ene was set to the cumulative daily intake estimated by the FDA Office
of Food Additive Safety (Williams et al., 2017). Predicted maximum
human exposure for cyclophosphamide was from Environment Canada
and Health Canada (2015); the lowest exposure value was estimated
using the detection limit of 0.3 ng/ml from drinking water study of Zuc-
cato et al. (2000), and a daily drinking water consumption value for a
70-kg individual of 1.5-L (Environment Canada & Health Canada, 2015).

2.3 | MOE calculation and interpretation

MOE values were calculated according to Equation (1):

MOE = BMD /estimated human exposure. (1)

To estimate the lowest and highest MOE, Equations (2) and (3)

we used, respectively:

MOE = lowest compound
— specific BMDL/highest estimated human exposure;  (2)

MOE = highest compound
— specific BMDU/lowest estimated human exposure.  (3)

The data were visualized using the HESI Risk21 Web tool. Both
lower and upper confidence bounds on estimates of toxicity and
exposure were calculated and displayed. For cases with an infinite
upper bound confidence interval on the BMDU, the highest dose
4100 was used. MOE values <10,000 would justify prioritization for

public health concern and risk management. Conversely, values

>10,000 would signify a lower level for public health concern.

3 | RESULTS
3.1 | Types of chemicals examined and predicted
exposure levels

The 48 chemicals examined, with their abbreviations, are listed in
Table 1, along with corresponding exposure, BMD, and MOE values.
With respect to the types of compounds included, a large proportion
of the substances (i.e., 26% out of 48% or 54%) are drugs; the remain-
ing compounds appear in consumer products or are industrial chemi-
cals and pesticides (Figure 1; Table S4). Not surprisingly, the members
of the 48-chemical set include many well-studied carcinogens, such as
benzene and benzo[a]lpyrene. As indicated in Table 1 and Figure 1,
the range of human exposure values used for the MOE calculations
spans eight orders of magnitude from 6.43 x 1078 to 0.1 mg/kg
bw/d. These values are well-aligned with far larger data sets such as
that described by Wambaugh et al. (2014; i.e., 8000 substances) and
Ring et al. (2019; i.e.,, 480,000 substances). As noted, due to the
absence of reliable exposure data, 5/48 chemicals examined here
were assigned very conservative values of 0.1 mg/kg bw/d.

3.2 | Correspondence of MN-derived and
carcinogenicity-derived MOE values

MOE values derived from carcinogenicity data for the 48 chemicals,
along with their confidence limits, are shown in Table 1 and Figure 2.
The MOE values for 13 substances are <10,000 (see Table 1). For two
compounds, nitrosodimethylamine and sodium dichromate, the entire

range of the MOE values is lower than 10,000. Table 1 also presents
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FIGURE 1

Categorization and range of estimated human exposure for the 48 substances examined. (A) substance categorization according to

information from Wambaugh et al. (2014) and additional sources. A complete list of categories is presented in Table S4. (B) Ranking of estimated
human exposure for the compounds examined. Each circle represents the upper 95th percentile estimates for the most exposed demographic group.
Error bars represent the lower range of estimated human exposure. See text for details about compilation of estimated human exposure limits.
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the genotoxicity-derived MOE values determined using the MN MN endpoints were largely overlapping (i.e., both were either below
BMDgs; these results are graphically presented in Figure 3a. The MOE or above 10,000), except for phenol, isoeugenol, and resorcinol, for
values for 15 chemicals (see Table 1) are <10,000, indicating greater which the MOEyy values are <10,000, whereas the corresponding
public health concern. For seven compounds (i.e., benzo[a]pyrene, MOEancer Values are >10,000. The only compound that would be
benzene, hydroquinone, melphalan, sodium dichromate, selenium sul- flagged for greater public health concern using the carcinogenicity-

fide, and 2,6-toluene-diamine dihydrochloride), the entire range of derived MOE, but not the MN-derived MOE, is 5-azacytidine, with a
MOE values is below 10,000. The MOEs for the carcinogenicity and borderline MOE,ncer of 9901 and corresponding MOEyy of 500,000.
As a quality control step, it was determined that MOE values deter-

mined using our de novo BMD modeling with BMR of 5% (data not

§ 0.001 g shown) did not differ from the values published by Soeteman-
g) ' '~\ Hernandez et al. (2016); resulting MOE values were concordant.
> 0 ~ Ada As mentioned above, there are currently no firmly established
é 0.1 ~pa \"{?ﬂ = ‘ BMR values for in vivo genotoxicity endpoints. Although the default
O 1 ] _'u\ba,, BMR value for continuous endpoints specified by some regulatory
g d@ ‘iegA;,‘i?" o authorities (e.g., EFSA Scientific Committee et al., 2017) is 5%, several
‘; 10 D ! ﬁ% R | recent works recommend much higher values for genotoxicity end-
f‘é 100 dlaey P % = T points. Therefore, we further compared MOE,cer and MOEyy, fol-
g 1000 —k - - = — cell s S ,ibr lowing BMD modeling of MN data using a BMR of 50% (Figure 3b).
g 10,000 i . pge ) With respect to the BMD values based on a BMR of 50%, Cls for
§ 1008 1607 1006 1e.05 1e.04 0001 00l 01 1 31 chemicals did not overlap with corresponding Cls obtained using a
8 BMR of 5% (Figure 3b and Table S5). Thus, the confidence limits of
Estimate of human exposure (mg/kg bw/d) the MOEpy values for five compounds (i.e., benzo[a]pyrene, chloram-
bucil, isoeugenol, nitrosodimethylamine, and tetrachloroethane) chan-
FIGURE 2 Margin of exposure values derived from ged from <10,000 for a BMR of 5%, to >10,000 for a BMR of 50%

carcinogenicity benchmark dose (BMD); values and the
corresponding human exposure estimates. The presentation graphic
was prepared using the Risk21 webtool v.2.0 (http://risk21.org). The on average, by an order of magnitude (9.1-fold, SD = 7.9; see
horizontal box limits (i.e., X-axis) represent the confidence intervals Table S5), when BMR of 50% was used instead of BMR of 5%.

(Cls) of the carcinogenicity BMDs, that is, BMDL-BMDU. The vertical

box limits (i.e., Y-axis) represent the lower and upper limits of the

estimated human exposure. See text for details regarding the 33 | MOE values determined using TGR

determination of BMDs and exposure values. The blue-dashed line icity d BMD val
represents an margin of exposure value of 10,000. Values <10,000 mutagenicity dose-response values

appear in the top-right red area, values >10,000 appear in the
bottom-left green area. Boxes representing phe and las results are not We also investigated MOE values determined using dose-response

shown; values were beyond the plot limits (see Table 1). data from the TGR mutagenicity assay. To this end, TRAID data for

(Table S5). More specifically, there was an increase in the MOE values,
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FIGURE 3 Margin of exposure values derived from genotoxicity (micronucleus) benchmark dose (BMD) values and the corresponding human
exposure estimates. BMD confidence intervals (Cls) were computed for benchmark response (BMR) of 5% (a) or 50% (b). The horizontal box limits
(i.e., X-axis) represent the confidence intervals (Cls) of the genotoxicity BMDs, that is, BMDL-BMDU. The vertical box limits (i.e., Y-axis) represent
the lower and upper limits of the estimated human exposure. See text for details regarding the determination of BMD and exposure values. The
blue-dashed line represents an margin of exposure value of 10,000. Values <10,000 appear in the top-right red area, values >10,000 appear in
the bottom-left green area.
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FIGURE 4 Margin of exposure values derived from mutagenicity (transgenic rodent) benchmark dose (BMD values) and the corresponding
human exposure estimates. BMD Cls were computed for benchmark response (BMR) of 5% (a) or 50% (b). The horizontal box limits (i.e., X-axis)
represent the confidence intervals (Cls) of the mutagenicity BMDs, that is, BMDL-BMDU. The vertical box limits (i.e., Y-axis) represent the lower
and upper limits of the estimated human exposure. See text for details regarding the determination of BMD and exposure values. The blue-
dashed line represents an margin of exposure value of 10,000. Values <10,000 appear in the top-right red area, values >10,000 appear in the

bottom-left green area.

12 of the 48 chemicals examined were used for BMD modeling,
using both the default BMR of 5%, and the alternative BMR of 50%.
As shown in Figure 4a and Table Sé, data analyses of the 12 chemi-
cals examined yielded MOE values <10,000 for four chemicals
(i.e., benzola]pyrene, benzene, 1,3-butadiene, nitrosodimethylamine)
when a BMR of 5% was used. Similarly, four chemicals (i.e., benzo[a]
pyrene, benzene, 1,3-butadiene, chlorambucil nitrosodimethylamine)
also had MOE values <10,000 if carcinogenicity or MN data were
used (Table Sé6). Three out of four chemicals (i.e., benzo[a]lpyrene,
benzene, 1,3-butadiene, nitrosodimethylamine) had MOEs <10,000
using all types of data (i.e., carcinogenicity, MN, and TGR). The dis-
cordant chemical, chlorambucil (cbc), was highlighted for regulatory
concern using the MN-based and carcinogenicity-based MOEs, but
not TGR-based MOE. More specifically, the carcinogenicity-based
and MN-based MOE values for cbc were 2508 and 1567, respec-
tively, whereas the TGR-based MOE was 28,000 (Table Sé). It should
be noted that the BMD modeling of TGR data for cbc revealed an
extremely wide, essentially undefined, BMD CI (i.e., from zero to
infinity; Table S7). In this particular case, the extremely wide Cl may
be related to a suboptimal experimental design with a single adminis-
tration of several doses of cbc to transgenic mice via ip injection, fol-
lowed by mutation scoring after 3, 7, or 10 days (Table S2). This
design does not comply with the current test guideline (i.e., OECD
TG 488), which prescribes 28-day repeat-dose treatment followed
by a 3-day postexposure sampling time. As was the case for the MN
data described above, increasing the BMR from 5% to 50% resulted
in a significant drop in the number of compounds with an
MOE < 10,000 (Figure 4b). More specifically, in the case of the
TGR-derived MOE values, there were four chemicals with MOEs
<10,000 when a BMR of 5% was used (i.e., benzo[a]pyrene, benzene,
1,3-butadiene, nitrosodimethylamine), and only one chemical, benzo
[a]lpyrene, yielded an MOE < 10,000 when a BMR of 50% was used
(Table S6).

4 | DISCUSSION

The increasing recognition that genetic toxicity endpoints can be
regarded as bona fide toxicological endpoints (Heflich et al., 2020) has
opened the door for quantitative interpretation of genetic toxicity dose-
response data for substance prioritization, risk assessment, and regulatory
decision-making. For example, in the context of this work, MOE values
can be determined via quantitative interpretation of genetic toxicity
dose-response data to define PoD values (e.g., BMDs), and subsequent
comparison of the PoDs with human exposure estimates. With respect
to this work more specifically, the BMD values used by Soeteman-
Hernandez et al. (2016) to quantitatively compare carcinogenic potency
and genotoxic (MN) potency were combined with human exposure esti-
mates to calculate genotoxicity-derived and carcinogenicity-derived MOE
values for 48 chemicals. These analyses are a direct extension of
Soeteman-Hernandez et al. (2016); permitting their work to be inter-
preted in a risk assessment context. Calculated MOE values were scruti-
nized to comparatively evaluate regulatory decisions that would be based
on carcinogenicity data alone, or alternatively, on in vivo genotoxicity
(MN) data alone. Moreover, we used the dose-response data underlying
the Soeteman-Hernandez et al. (2016) analysis to calculate BMD values
for a BMR that is now more generally regarded as appropriate for in vivo
genotoxicity endpoints (i.e., 50%). We subsequently calculated and evalu-
ated attendant MOE values. Last, we analyzed in vivo TGR mutagenicity
dose-response data to comparatively evaluate TGR-derived and

carcinogenicity-derived MOE values.
4.1 | Comparison of carcinogenicity-derived and
genotoxicity-derived MOE values

Although the aforementioned work of Soeteman-Hernandez et al.

(2016) already investigated the quantitative concordance between
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MN-derived and carcinogenicity-derived potency values (i.e., BMDs),
this work extended those analyses to permit interpretation of the rela-
tionship in a regulatory context. Comparisons investigated herein revealed
that MOEs based on MN-derived BMDL values identified 15 compounds
with MOE values <10,000; out of which 13 compounds with MOEs
below 10,000 were identified using carcinogenicity-derived BMDL values.
All compounds with MOE values below 10,000 would be flagged as prior-
ities for risk management, for example, exposure restrictions to minimize
the risk of adverse effect. As noted earlier, more careful examination of
the results reveals lack of correspondence for only four substances. Of
these, only three substances isoeugenol (ieg), phenol (phe), and resorcinol
(rsc) would have been uniquely flagged using the MN-derived MOEs
(i.e, <10,000); only one substance would have been uniquely flagged
using the carcinogenicity-derived MOE, that is, 5-azacytidine (acd). With
respect to acd, the result is consistent with its MOA (mode of action),
which is not based on DNA damage, but rather inhibition of DNA methyl-
ation and aberrant gene expression (reviewed in NTP, 2016). This nonge-
notoxic MOA contributed to a high MN-derived BMDL, and a
consequently high MOE. Apart from acd, all the compounds flagged using
carcinogenicity-based MOE values would have also been flagged using
MN-based MOE, if only the MN dose-response data were available.
With respect to the three compounds flagged as priorities using
MN-derived MOEs, but not carcinogenicity-derived MOEs, that is, ieg,
phe, and rsc, the following explanations can be provided. For ieg, the
limits of the MN-derived MOE overlap with the limits of the
carcinogenicity-derived MOE, that is, 7.7 x 10%-4.7 x 10° and
2.5 x 10*-3.6 x 10°, respectively (Table 1). Therefore, the MOE
values associated with the two endpoints cannot be statistically dif-
ferentiated. Importantly, it should be noted that the administration
routes employed for the MN and cancer studies that generated the
dose-response data for BMD modeling (see Table 3 in Soeteman-
Hernandez et al., 2016) were ip and oral, respectively. This discrep-
ancy almost certainly influenced the outcome of the MOE compari-
sons. For example, the second discordant compound, phe, induced
MN following ip injection, but not via oral administration, presumably
due to detoxication in the gastrointestinal tract (reviewed in
U.S. EPA, 2002). Thus, despite the fact that the MN-derived MOE for
phe can be regarded as grounds for public health concern, it seems
unlikely that analysis of dose-response data generated using oral
administration would vyield the same discordance with the
carcinogenicity-derived MOE. Accordingly, although the regulatory
action for phe based on the MN-derived MOE would be conservative,
the comparisons of carcinogenicity-derived and MN-derived MOE
conducted herein emphasizes the need to base comparative analyses
on dose-response data generated using the same route of exposure,
or alternatively, routes of exposure that are appropriately aligned with
the MOA(s) underlying the adverse outcome under consideration
(e.g., cancer, mutation, etc.). It appears that rsc behaves similarly to
phe in the MN assay in rodents, yielding negative result when rsc was
administered in rats by oral gavage (reviewed in EFSA, 2009), but pos-
itive following its ip injection in mice (NTP, 2018). With respect to
MOA considerations more specifically, this would apply to a sub-
stance like acd, for which the aforementioned non-genotoxic MOA

Molecular Mutagenesis

indicates that an MN-derived MOE might not be scientifically defensi-
ble. Going forward, it would be prudent to judiciously use MN-derived
MOE values in situations where there are no carcinogenicity data;
moreover, a paucity of information about MOA. With respect to tis-
sue considerations, this could also be cause for concern, since the MN
assay is routinely carried out using bone marrow or peripheral blood,
whereas the carcinogenicity assay examines a wide range of solid tis-
sues. Thus, although the MN-derived MOE values are well-aligned
with carcinogenicity-derived MOEs, interpretation of the few
observed discrepancies, some of which would lead to more conserva-
tive regulatory decisions (e.g., ieg, rsc, and phe), should be scrutinized
by considering (a) route of exposure; (b) MOA, and/or (c) target tissue.

Although the MN assay can examine chromosomal damage in
peripheral blood or bone marrow, the TGR assays can enumerate chemi-
cally induced transgene mutants in virtually any tissue, thus minimizing
potential discordance with carcinogenicity test outcomes that can be
related to tissue mismatch. Hence, in these instances, or when exposure
to blood/bone marrow is limiting, it is reasonable to assert that the TGR
mutagenicity endpoint might be more appropriate with respect to its
utility for comparing genotoxicity-derived and carcinogenicity-derived
MOE values in more highly exposed tissues (or sites of metabolism for
protoxicants). Comparisons of MOEs derived using cancer, MN, and
TGR data, for a limited subset of 12 compounds, show that TGR-derived
MOE values are, for the most part, concordant with those determined
using both carcinogenicity and MN dose-response data. The exceptions
include the TGR-derived MOEs for chlorambucil (cbc) and 1,3-butadiene.
With respect to the former, the TGR-derived MOE for cbc is 28,000,
which, from a regulatory point of view, is large compared with 1567 and
2508 for the MN-derived and carcinogenicity-derived MOEs, respec-
tively. With respect to the latter, the TGR-derived MOE for
1,3-butadiene (i.e., MOE of 2029; Table Sé) is small compared with the
corresponding carcinogenicity-derived and MN-derived MOEs. Thus, in
comparison with the TGR assay, dose-response data in rodents for MN
induction and carcinogenicity both failed to identify 1,3-butadiene, a
known human carcinogen (reviewed in NTP, 2016), as a high priority for
public health concern. As noted earlier, the discrepancy for cbc is likely
related to problematic experimental design of the underlying TGR experi-
ments, resulting in a very wide BMD Cl spanning over two orders of mag-
nitude. It could also be argued that this makes the cbc TGR data set
unusable for regulatory decision-making, that is, as recommended in
White et al., 2020 for cases where the BMDL-to-BMDU ratios are over
100. However, with respect to 1,3-butadiene, there is no obvious expla-
nation regarding the relatively low TGR-derived MOE, which uniquely
indicates a requirement for public health concern. This example clearly
illustrates the utility of MOEs based on genetic toxicity endpoints, includ-
ing TGR mutations, to prioritize compounds for further regulatory actions.

4.2 | Impact of BMR on calculated MOE values
The EFSA recommends a BMR of 5% as the default for quantitative
interpretation of toxicological dose-response data (EFSA Scientific

Committee et al., 2017); however, numerous recent works have
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indicated that the value is far too low for interpretation of in vivo gen-
otoxicity dose-response data (Slob, 2017; White et al., 2020; Zeller
et al., 2017). In the light of the impact of BMR on BMD values, and
the concomitant impact on MOE values, the choice of BMR is clearly
important for regulatory decision-making (i.e., selection of substances
for regulatory action). Although there is currently no uniform consen-
sus on a BMR that is suitable for in vivo genotoxicity endpoints, some
authors are recommending values in the 50% range (Marchetti
et al., 2021; White et al., 2020). The results presented herein reveal
that, with respect to MN-derived MOEs, only 10 of the 15 compounds
identified as priorities using a BMR of 5% would be similarly
highlighted using a BMR of 50% (i.e., MOE < 10,000). Thus, if a BMR
of 50% were to be used, five compounds (i.e., bap, cbc, ieg, nda, and
tet; see Table S5) would no longer be highlighted as priorities for regu-
latory action. Out of the five discordant compounds, bap had a bor-
derline MOE of 11,000 when BMR of 50% was used, probably
necessitating additional assessments if the MN data were the only
type of data available. The discrepancy between carcinogenicity-
based and MN-based MOEs for ieg was discussed above, that is, the
compound would be missed as a target for regulatory action if only
carcinogenicity data were available. The comparison of ieg MOE
values determined using BMRs of 5% and 50% illustrates the fact that
some substances may be unnecessarily prioritized if, for genotoxicity
data, a BMR of 5% is used.

The validity of the BMR-related MOE discrepancies, and their
regulatory importance, will depend on the suitability of the selected
BMR (i.e., 50%) for the endpoint being considered (i.e., MN induction).
Since there is currently no consensus regarding endpoint-specific
BMR values for in vivo genotoxicity endpoints, the regulatory implica-
tions of the results discussed herein must be interpreted with caution.
Research currently underway is employing large compilations of
dose-response data to determine defensible, robust endpoint-specific
BMR values; moreover, the work is examining the influence of experi-
mental covariates such as route of administration, tissue, and treat-
ment regime on the dose-response parameters employed to
determine a BMR (e.g., within-group variance or var; see Slob, 2017).

4.3 | Potential influence of the estimates of human
exposure on MOE

Since exposure estimates are critically required to calculate MOE
values, it is important to consider the accuracy of the human exposure
estimate values employed herein; moreover, the impact of exposure
uncertainty on the regulatory concordance between calculated
carcinogenicity-based and genotoxicity-based MOE values. Closer
examination of the maximum exposure values presented in Table S8
reveals that exposure estimates for 14 of the 48 compounds can be
considered atypically high (i.e., >1 pg/kg bw/d) relative to the esti-
mated human exposure for the majority (95th percentile) of sub-
stances examined to date (i.e., <1 pg/kg bw/d for 480,000 substances,
Ring et al., 2019). The MOE values for 10 of these 14 compounds
were below 10,000 when based on MN dose-response data;

8 carcinogenicity-derived MOEs were below 10,000. Granted, for 5 of
the 14 compounds where no exposure values were available, esti-
mated exposures were arbitrarily high in order to be more conserva-
tive. Importantly, in the context of the current work, the use of a
lower exposure estimate (e.g., 1 pg/kg bw/d as per; Ring et al., 2019)
does not affect the overall conclusion that genotoxicity-based MOEs
yield similar regulatory recommendations relative to carcinogenicity-
based MOEs.

5 | CONCLUSIONS AND
RECOMMENDATIONS

By documenting the regulatory alignment of MN-derived and
carcinogenicity-derived MOEs, this study makes a strong case in sup-
port of using in vivo genetic toxicity dose-response data for regula-
tory decision-making, particularly when carcinogenicity data are
lacking. With respect to the data analyzed and interpreted herein,
carcinogenicity-derived MOE values would lead to regulatory prioriti-
zation of 13 compounds. The same substances, with the exception of
acd, plus three more substances (ieg, rsc, and phe) yielding a total of
15, were flagged as priorities using MN-derived MOE values. Thus, if
carcinogenicity dose-response data were unavailable, essentially the
same set of compounds would have been prioritized, with the addi-
tional three compounds suggesting that regulatory actions based on
MN-derived MOEs are conservative.

The study also accentuates the need to achieve consensus
regarding BMD modeling of genetic toxicity data for regulatory
decision-making. More specifically, if a BMR of 50% is employed,
which is closer to the range of recently recommended values, several
compounds would no longer be highlighted for regulatory action. That
holds true for both MN-based and TGR-based MOE values. Once
appropriate genetic toxicity BMRs have been established, analyses of
genetic toxicity dose-response data could become instrumental for
compound prioritization via MOE consideration.

MOE values based on TGR dose-response data for the subset of
12 compounds, revealed that TGR-based MOEs are in good agree-
ment with carcinogenicity-based and MN-based MOEs for 10 com-
pounds. Importantly, a TGR-based MOE would highlight
1,3-butadiene, a known human carcinogen that would not be priori-
tized if only rodent carcinogenicity-based and MN-based MOEs were
considered. Conversely, unlike carcinogenicity-based and MN-based
MOEs, a TGR-based MOE would not flag cbc as a priority for risk
assessment. Overall, for the small subset of compounds examined, the
results indicate that TGR-derived MOEs, and hence the attendant risk
management concerns, are well aligned with those determined using
carcinogenicity and MN dose-response data.

With respect to the regulatory use of genotoxicity-derived MOE
values, that is, utilized in cases where carcinogenicity dose-response
data are unavailable, the results presented herein support the use of
MN-derived and/or TGR-derived MOEs to identify chemicals that
should be prioritized for further scrutiny. Indeed, discrepancies

between carcinogenicity-derived and genotoxicity-derived MOE
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values were rare; they were attributed to differences in the route of
exposure (e.g., rsc and phe), problematic experimental design (cbc),
MOA (acd), or other unknown factors (1,3-butadiene). Importantly, cau-
tion is warranted with respect to selection of an appropriate, endpoint-
specific BMR. Thus, to promote the use of genetic toxicity dose-
response data for regulatory decision-making, it will be necessary to
(a) standardize the design of in vivo genotoxicity studies, and appropri-
ately consider the use of human-relevant route(s) of exposure,
(b) establish endpoint-specific genotoxicity BMR values, and (c) conduct
case studies like that described herein using data for other endpoints
(e.g., Pig-a mutagenicity assay), and/or a wider array of compounds. Ulti-
mately, what we demonstrate here is the practical application of the
MOE approach using appropriate genetic toxicity data sets for risk
assessment purposes. Broadly speaking, this illustrates how genotoxicity
results can easily fit into the risk assessment paradigm and that the

MOE approach is an important tool to achieve that.
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