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Presentation Outline

« Background

* Results from targeted MOA research

» Implications for risk assessment
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Previous Presentations to NC SAB on Cr(VI)

« June 2018 — NJDEP & TCEQ

+ NJDEP - stated presentation is a “summary of CSF derivation...contained in the 2010
publication...there is really no new information other than what was presented in the paper...”

* Developed a cancer slope factor
« TCEQ - no date limitation on analysis
* Developed an RfD protective of cancer and non-cancer effects

* August 2018 — OEHHA & Health Canada
« OEHHA — stated “...1 will be speaking about the PHG that was established in 2011”
+ OEHHA is reviewing/updating the PHG but did not discuss the ongoing work
» Developed a cancer slope factor (similar to NJDEP)
» Health Canada — no date limitation on analysis
» Developed an RfD protective of cancer and non-cancer effects
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Existing IRIS File for Chromium (1998-present)

L.A.1. Oral RfD Summary
Critical Effect Experimental Doses* UF MF RfD
None Reported NOAEL: 25 mg/L of chromium 300 3 3E-3
as K,CrOq4 mg/kg-day
Rat, 1-year drinking 2.5 mg/kg-day (adj.)
water study
LOAEL: None

MacKenzie et al., 1
acKenzie et al., 1958 I.A.5. Confidence in the Oral RfD

Study — Low
I1.B. Quantitative Estimate of Carcinogenic Risk from Oral Exposure Database — Low

RfD — Low

The oral carcinogenicity of Cr(VI) cannot be determined. No data were located in the
available literature that suggested that Cr(VI) is carcinogenic by the oral route of exposure.
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NTP Cr(VI) and Cr(III) Bioassays (2008)

NTP Cr(VI) drinking water study
« 510 180 ppm in drinking water
« Rare tumors appeared late in the study
Mice: adenomas and carcinomas of S| (=30 ppm)

Rats: SCC in oral cavity (180 ppm)

NTP Cr(lll) 2 year feed study
« 2,000 to 50,000 ppm in diet
* No significant effects in either species
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NTP Cr(VI) and Cr(IIT) Bioassays (2008)

NTP Cr(VI) drinking water study 1000
« 5to 180 ppm in drinking water 100- |
= 104 —
« Rare tumors appeared late in the study >
[ 14 — —
Mice: adenomas and carcinomas of Sl (é 0.1 H N
£ :
Rats: SCC in oral cavity (180 ppm) 2 0.01 HEE
NTP Cr(lll) 2 year feed study 0.001 B R B B
. 2,000 to 50,000 ppm in diet 0.0001 . © - « 5 -
« No significant effects in either species A\s SN LY QOQ} Q(\‘q
9 N 9) Q &
N
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Cr(VI) MOA Research Project

Replicated aspects of NTP Cr(VI) study
« Same strains (B6C3F1 mice, F344 rats)
+  Same doses, plus two lower doses (including MCL)
» Data collected after 7 and 90 days of exposure

Specifically investigated target tissue of small intestine and oral mucosa
* Histopathology
* In vivo genotoxicity
* Toxicogenomics
* Biochemistry
*  In vitro genotoxicity

Evaluated toxicokinetics

*  Measured rates and capacity of Cr(VI) reduction to Cr(lll) in human and rodent stomach
contents

* Developed Physiologically-based Pharmacokinetic (PBPK) Models

Studies were designed to inform risk assessment .
h ToxStrategies



Overview of Research Program

Cancer Bioassay

(2008)
MOA Research s
(2010-Present) 1850.day MOA N
studies Pharmacokinetics
%

histopathology &

biochemistry

gastric Cr(VI) duodenal MN TGR Big Blue®

in vivo genotoxicity reduction assay TgF344 assay

toxicogenomics PBPK models

J

\_ \

Public Health

Dose-response Exposure

Decisions analysis analysis
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Study Transparency: Data Publically Available

-
Cr(V1) MOA Study

Home

(%]
e

crBstudy.info

Cr{vi MOA Study

About Us Research Project Study Data Publications Cr(V1) Resources

Chiamium it an slement natoarally faond inowater. Chromium in deinking water supgliet can arise from naneal (Le.
geologic) and man-made (Le. anthropogenic) sources, In 2008, The Mational Toxicology Program INTP) reported that
wery high levels of hexavalent chromium [Cr(¥T)] in drinking water caused certain cancers in laboratory rodents. The
extrenely high conventrations of Crivij—sullicierd to turn thee water yellow—Lhal caused carcer B rodents in the NTP
study are thousands of imes higher than mast UL5. drinking wate® supplies and hundreds of times higher than
cument EPA chromium crinking water standard. To beter undersiand how CriVl) causes cancer in the rodents, 2
multidisciplinary multi-institutional research Jroject was created. The project, called the Cr{V1) Mode of Acticn (MOA)
Research Study imvestigated how Cr(Vl) causes cancer in rodents, Importantly, this research provides information to
help addresses the question of whether the race levels of Crivi) present in many LU.S. crinking water supplies poses
any cancer risk to humans. Key okjectives afthe Crl) VMO study were to i) better understand how Cr(Vi) causes
carcer in rodents (e.g., mutagenic or non mutagenic mede of actien) and i) provide data and anayses to assist regulators in setting drinking water standards for Cr(vl). This
website provides a repository for cata related to the Crivl) MOA Rescarch Study and provides additional information resources related to CiVi).

Read our Privacy Palicy and Termsand CondRions.
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Genotoxic Potential of Cr(VI)

detoxification activation
f ! I I
Cr(IID) Asi
Ve T Cr(VI) _* . Cr(IV) —» Cr(IIl)
Cr(VI)
GSH
(V)

Cr(V) T 3N Cr(IV) — Cr(IID)
2 GSH

Primary in vivo
Fast
Highly mutagenic

Primary in culture
Slow

Weakly mutagenic

Dose-independent Linear dose-dependence

| |
Crivil

DNA oxidation /'

Sublinear/high-dose

Cr(VI) ingestion 10-20% Cr(VI) escapes y * Chromosomal damage
via water > gastric detoxification Cr-DNA adducts =] + Mutations jp Tumors
crv
ROS

Nure Source: Zhitkovich et al. 2011, Chem Res Toxicol. 24, 1617.

Expert panel member’s comments on EPA draft Cr(VI) risk
assessment:

There is no doubt that Cr(VI) can be forced to be
genotoxic and “mutagenic” under experimentally
contrived systems and at high doses that evoke major
amounts of cell death.

...in hindsight many of us “DNA damage and repair”
scientists have come to appreciate several important
factors: (i) DNA damage is only observed at very high
dose that kill a lot of cells, (ii) Cr(VI) is at best a very
weak “mutagen”, requiring very high doses that kill most
cells and experimental “backflips” to select for survivors,
and

...(iii) what we thought was “mutagenesis” is actually
selection for stochastic cell survivors of massive toxic
insult.
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MOA Analysis is Conducted for the Tumor, Not the Agent

Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2005):

1.3.4 Dose-response Assessment

« The approach to dose-response assessment for a particular agent is
based on the conclusion reached as to its potential mode(s) of action for
each tumor type.

2.4.3.1 Description of the Hypothesized Mode of Action

»  For each tumor site, the mode of action analysis begins with a description
of the hypothesized mode of action and its sequence of key events.

3.3.1 Choosing an Extrapolation Approach

« The approach for extrapolation below the observed data considers the
understanding of the agent's mode of action at each tumor site (see
Section 2.4)
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Factors for Mode of Action Determinations

Mutation Research 751 (2012) 49-63

Factors Influencing MOA Determinations

Contents lists available at SciVerse ScienceDirect

Mutation Research/Reviews in Mutation Research

£ journal www.elsevi i
ELSEVIER Community address: www.elsevier.com/locate/mutres

Chemical properties

Review

Factors influencing mutagenic mode of action determinations of regulatory and TOXiCOki n etiCS

advisory agencies
David A. Eastmond *

‘and Environmental Program, University of Calformia, Riverside, CA 92521, United States

Structural similarities to other carcinogens

ARTICLE INFO ABSTRACT

Arice fistory:  whether a chemi through a mutagenic or genotoxic mechanism
Received 3 February 2012 frequently plays an important role in evaluating the risks associated with low dose exposure. Although
Becelved incevised form 11 Apel 2012 various approaches are employed for making mode of action decisions, a systematic investigation to

e e oy na20tz identify the major factors that influence these determinations has not been performed. To accomplish a u re 0 e u l I IO rS

this, over 40 chemical risk assessments conducted by U.S. or intemational regulatory agencies and

had played a significant role, either directly or
— ganiza ponen played a sig y
e of the agent, its metabolites and degradation products: its metabolism and toxicokinetics; genotoxic
Conotaxicity effects seen in vivo, particularly in the target organ: structural or metabolic similarities to known 0
Ganier mutagenic or chemicals; f the duced in the animal bioassays:
e e o b e L e utational spectrum
Risk assessment sensitivity to assay conditions and toxicity were also important considerations. In all cases, the

authoritative groups used a weight-of-evidence approach and, in most cases where evaluations were

y, [ tical

evaluation of the data as well as expert judgment is necessary in reaching mechanism of action

conclusions. These determinations should be made within the broader context of evaluating the . . .

chemical’s overall toxicity and carcinogenicity.

S p—, rigin of mechanisms

Contents

T ——— .
2 Methods. .....oouieiiiieiie i
3. Examples of mutagenic mode of action determinatior
31 Chemical properties of the agent, its metabol
311 Captan
312 Trichloroacetic acid. .........
32, Metabolism and toxicokinetics. .. ... ...
321, 2-Nitrotoluene. .
322 Hydroquinone .......
323, Chromium VI
324, Chromium il
33, Structural similarities to
31 Chloroprene ...
332 123-Trichloropropane
34.  Origin or mechanisms underlying the observed effects
341 Bromate...................
342 Carbon tetrachloride ...
343, Ethylene glycol monobutyl ether .

Understanding assays

Quality, quantity, & reproducibility

- In vivo genotoxicity (especially in target
' organs)

* Tel: +1 951 827 4497; fax: +1 951 827 3087.
E-mail address: david.castmond@ucr.edu.

) Evidence for an alternative MOA
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In Vivo Blood and Bone Marrow MN Data for Cr(VI)

NTP (2007) 90-day GLP Studies

B6C3F1, <88 ppm dw, M, (-)
B6C3F1, <350 ppm dw, M (-)
B6C3F1, <350 ppm dw, F (-)
BALB/c, <88 ppm dw, M, (-)

Am3-C57BL/6, <88 ppm dw, M, (+)

dw, drinking water



IWGT Recommendations for In Vivo Genotoxicity Assays

Mutation Research 783 (2015) 66-78

Contents lists available at ScienceDirect
Mutation Research/Genetic Toxicology and
Environmental Mutagenesis

d journal homepage: www.elsevier.com/locate/gentox
ELSEVIER Community address: www.elsevier.com/locate/mutres

IWGT report on quantitative approaches to genotoxicity risk @c_mk
assessment II. Use of point-of-departure (PoD) metrics in defining
acceptable exposure limits and assessing human risk™

James T. MacGregor **, Roland Frétsch!®, Paul A. White®, Kenny S. Crump?,

David A. Eastmond*, Shoji Fukushima', Melanie Guérard ¢, Makoto Hayashi",

Lya G. Soeteman-Herndndez', George E. Johnson/, Toshio Kasamatsu¥, Dan D. Levy',
Takeshi Morita™, Lutz Miiller?, Rita Schoeny ", Maik J. Schuler®, Véronique Thybaud®

*Toxicology Consulting Services, Bonica Springs. FL, USA
" Bundesinstitut i Arzneimitcel und Medizinprodukte, Born, Germany
Health Canada, Otawa, ON, Canada

9 Ruston, LA, USA

© University of California, Riverside, CA, USA

 japan Bioassay Research Center, Hadano, Kanagawa, Japan

©E Hoffiann-La Roche Ltd. i Center, Basel, Switzeriand
v encer, Iwata, Shizuoka, Japan

for Public Health Bilchoven, The Netheriands

¥ Kao Corporation, Ichikai-Machi, Haga-Gun, Tochigi, Japan

' US. Food and Drug Administration, College Park, MD, USA

™ National Institute of Heaith Sciences, Tokyo, Japan

“ . Environmental Protection Agency, Washington, DC. USA
° Pfizer, Inc., Groton, CT, USA

© sanofl, Vitry sur Seine, France

ARTICLE INFO ABSTRACT

Articie history: This s the second of two reports from the International Workshops on Genotoxicity Testing (IWGT)
Received 17 October 2014 Working Group on Quantitative Approaches to Genetic Toxicology Risk Assessment {the QWG). The first
Accepted 18 October 2014 phisle, d QWG related toth

Avaihanle calthe 27, Octobet 2014 dose-response analysis of genetic toxicology data, the existence and appropriate evaluation of thresh-

old responses, and methods to analyze exposure-response relationships and derive points of departure

e s (PoDs) from which acceptable exposure levels could be determined. This report summarizes the QWG

Point of departure: a ki I " I posure-related isks

Benchmark dose. of; a v PoDs and across test syste <

Breakpoint dose Lude the sel and target tissues, uncertainty

Extrapolation factors and extrapolation methods to be considered, the importance and use of information on mode of

Low-dose risk tion, toxicokinetics, metabli 5 i fratiy i
levels in human to assess the risk associated with

knownorantic ionshi

mosomal aberration)and cancer isagen-
eral correlation between cancer induction and mutagenic andfor clastogenic damage for agents thought
to act via a genotoxic mechanism, but that the correlation is limited due to an inadequate number of cases
in which mutation and cancer can be compared at a sufficient number of doses in the same target tissues

of the same species and strain exposed under directly comparable routes and experimental protocols.
©2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
d[3.0/)

# The opinions and in this publi authors, and do not il those of ith which they may
be affiliated.
* Corresponding author. Tel.: +1 410 801 0948; fax: +1 230 947 7447.
E-mail address: jtmacgregor@earthlink net (.T. MacGregor).
htep://dx.doi org/10.1016/j.mrgentox 2014.10.008
1383-5718/02014 The Authors.| BV.Thi the CCBY-NC. 4/3.0/)

|deally conducted in a proliferative tissue
» Bone marrow (hematopoietic)
« Colon
* Small intestine (duodenum)

|deally at site of carcinogenic action
« Gl tract for Cr(VI)

|deally in tissue with high dosimetry (e.g.
site of contact
* Duodenum for Cr(VI)
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Measured Chromium is Highest in Duodenum of Mice & Rats

Tissue total chromium concentrations (mg/kg) in mice exposed to Cr(VI) Wﬂg water for 90 days.

Drinking water concentration, Oral’ Stomach Duodenu Jejunum Ileum

mg SDD/L (dose in mg Cr/kg day)

0(0) 025+024 0.060+0.01 0.017£0.007\ 0.046+0.044 0.020 £0.009
0.3 (0.024) 0.18+0.10 0.052+0.02 0.056+0.015) 0.034+0.021 0.014£0.000
4(0.32) 021+021 0.088+0.01 1.5+027 0.11+0.052 0.042 £ 0.033
14 (1.1) 066+034 0.38+0.086 7.3%0.78 0.33+0.29 0.13 £0.027
60 (4.6) 3.7+£31 2.2+0.27 335150 4.7+33 092+1.0
170 (11.6) 41+26 4.3 +0.64 424+124 21.6:14.8 1.8+1.1

520 (30.9) 7944 21.2+16 60.9 +14.1 13.9+6.9 23 +0.86

" n=5; bolded values are significantly different from controls (Shirlewos).

Tissue total chromium concentrations (mg/kg) in rats exposed to Cr(VI) in dﬁm for 90 days.

Drinking water concentration, mg SDD/L  Oral’ Stomach Duodenum \ Jejunum Ileum
(dose in mg Cr/kg day)

0(0) 0.13+0.16 0.15+0.23] 0.04+0.02 0.03 £0.01 0.06 £0.04
0.3 (0.015) 007 £0.07 0.02+0.01 0.02 £ 0.01 0.02 £0.01 0.02 £0.01
4(0.21) 0051000 0.07x0.0 04910.14 0.13+0.14 0.04 £0.02
60 (2.9) 1.0+£0.35 1.2+0.50 18.2+28 51+3.7 0.85+0.5
170 (7.2) 211030 70+24 25.7+3.3 79+7.7 1619
520 (20.5) 5.0+0.70 164153 322177 581+3.0 1.2 £0.51

" n=5; bolded values are significantly different from controls (Shirley’s tesw T H S
ource: Kirman et al. (2012) CBI. 200, 45. OX trategles



Small Intestine Structure and Carcinogenesis

Villus

Model of Intestinal Cancer Initiation & Progression
@

- Absorptive
epithelial cell
@ Goblet cell
C—%j- Enteroendocrine
®.3
-) Transit-amplifying
cell

Cycling Lgr5*
CBC cell

mpartment

[
i Panethcell

Normal Early Intermediate Late Carcinoma
adenoma adenoma adenoma

Crypt base

Sources: Schuijers & Clevers (2012) EMBO J. 31, 2685.
Rizk & Barker (2012) WIREs Syst Biol Med. 4, 475.



In Vivo Duodenal Micronucleus Assay (90-day Study)

Intact Crypts Full Sections

o

o S P Mot i
Ba22000evQLaNyd @l i

S pom | | M
0 1921 0,0 0 2,0 1,0
0.1 1707 0, 4 0.1 2,1 1,1
1.4 1825 0,0 1.4 1,0 2,0
5 1420 0,0 5 1,0 0,0
- 20 2386 0.0 20 0, 1 2,5
60 2746 0,0 ' 60 0, 1 9,6
180 3194 0,0 180 0,0 9,25
O’Brien et al. (2013) Mut Res O’Brien et al. (2013) Mut Res

*3 observed in one animal Note: bolded values are stel.j[istically significant
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Synchrotron Based X-ray Fluorescence (XRF) Microscopy

X-Ray
Flourescence
Detector

h Brookhaven National Laboratory (Long Island, NY)



XRF Maps of Cr, Ca, and S in Duodenum (90 Days of Exposure)

These
findings
would
seem to
preclude
mutagenic
MOA

Source:
Thompson et al. (2015) Tox Sci 143, 16.
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In Vivo Duodenal Micronucleus Assay (7-day study)

MN Study (‘Swiss Roll’)

Y Distance (mm)

3
X Distance (mm)

DAY 8 Enterocytes

Cr(Vl), ppm %

0 6694 171 0.0 05 1.0 §
X Distance ( >

1.4 3159 77

21 3946 76

180 5161 77

Cyclophos. 3447 87

Source: Thompson et al. (2015) Mut Res 789-90, 61.

0.0 05 1.0 15 20

Note: bolded values are statistically significant X Distance (mm)



y-H2AX Immunostaining in 7-day MN Study (Swiss Roll Sections)

Mucous “* Mucousin |“
Cell ACrypt Lumen *
) -

y-H2AX staining provides an additional approach for finding aberrant nuclei.

Source: Thompson et al. (2015) Mut Res 789-90, 61.
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In Vivo Mutation Analysis:

K-ras Codon 12 Mutations (90-day Exposure)

* No mutation data from intestinal tumors
in the NTP Cr(VI) cancer bioassay

» K-ras selected b/c implicated in
intestinal carcinogenesis

* Mutations often occur in codon 12

— GGT—> GAT: spontaneous mutation; sometimes
elevated with other K-ras mutations

— K-ras®'2D can increase proliferation in mouse
intestine

» Sensitive ACB-PCR assay
— B6C3F1 mice exposed to Cr(VI) for 90 days

— Codon 12 GAT mutations measured in scraped
duodenal mucosa
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In Vivo Mutation Analysis:

K-ras Codon 12 Mutations (90-day Exposure)

101
. . . E ¢ i i * °
* No mutation data from intestinal tumors Rs R o .
. . o
in the NTP Cr(VI) cancer bioassay O — . o S
. : = 1073 2 .
« K-ras selected b/c implicated in S . ., — .
intestinal carcinogenesis § 104 . LI *
. ) ° o °
« Mutations often occur in codon 12 8 1054 »
— GGT—> GAT: spontaneous mutation; sometimes x 106 °
eIevaLe1<2:iDW|th ?ther K-ras m.utatlc.ms. 6 0:1 1: 4 é 2'0 6'0 150
- !(-ras. can increase proliferation in mouse Cr(VI), ppm
intestine ,
- . _ Source: O’Brien et al. (201) Mut Res 754, 15-21.
» Sensitive ACB-PCR assay '
— B6C3F1 mice exposed to Cr(VI) for 90 days
— Codon 12 GAT mutations measured in scraped - LI A<
duodenal mucosa a— ’ oo
h 'Strategies



TGR Mutation Assay in Oral Mucosa of Big Blue® TgF344 Rats

10c ‘ 10000
. ) . Male :
£ goll [0 Female .
8 : ~ 10004 »
2 0 2
o 1004
£ 40 s
+* N 10 T T :
2 20 I —I -
= -
o._'.=|_-.'—- T ,|_| T E
0 5 20 60 180 =

Gingiva/Buccal

Cr(VI), ppm

Source: Young et al. 2015 EMM 56, 629-636.
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TGR Mutation Assay in Oral Mucosa of Big Blue® TgF344 Rats

10000T——— ———
B Male gingival/buccal | gingival/palate
X [] Female !
& ! e
% 9 10004 o |
= ‘ - ':_o :
) X 1
£ LL 1
'6 * = 100+ o : [ J [ J
€ . 1| 501 . @ | 2o -
lE 20 —| ‘;'. .. : ..
c l._l -IH T ll_l I' 1c T T T : T T T
0 5 20 60 180 Control Cr(Vl) 4NQO Control Cr(VI) 4NQO
180 180
Cr(V1), ppm (~11 n'i’g/'ig (~11 n'ig/g

Source: Thompson et al. 2015 EMM 56, 621-628.

h ToxStrategies



TGR Mutation Assay in Duodenum of Big Blue® TgF344 Rat

Soucre: Thompson et al. (2015) Tox Sci 143.

o 100005
o 1
- —
X 10001
L ] R ——
=
£33 100
2 E 7 @ O
S o —-g e —_——-—
TE 104 ®
o -
: L
(]
1 T T T ND
Control ENU Cr(Vi) 04— p—
(20 mg/kg) (180 ppm) 0 01 14 5 20 60 180
Cr(VI), ppm

Source: Thompson et al. 2017 TAP 330:48-52.
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TGR Mutation Assay in Small Intestine of gpt Delta Mice

©2019 Food Safety Commi;

bint Office, Government of Japan

S

FOOD SAFETY

Food Safety 2019; Vol. 0, No. 0, **-**

Original Article 90'd ay

Published online in advance by J-STAGE
Mutant Frequency is not Increased in Mice
Orally Exposed to Sodium Dichromate
Yasunobu Aoki', Michiyo Matsumoto’, Michi Matsumoto!, Kenichi Masumura?,

Takehiko Nohmi?

National Institute for Environmental Studies, Center for Health and Environmental Risk Research, Tsukuba, Japan .
2National Institute of Health Sciences, Division of Genetics and Mutagenesis, Kawasaki, Japan

The in vivo mutagenicity of hexavalent chromium in the small intestine, the target organ of tumorgenicity, was examined
by means of a transgenic mouse gene mutation assay. Sodium dichromate dihydrate was administered orally in drinking

No significant increase in gp mutant frequency relative to that in control mice was observed in the small intestine in cither

the 28- or 90-day study, whereas 28-day oral admi
mutant frequency.

stration of pot;

um bromate, a positive control substance, increased

©
o
e
water to male gpr delta mice at a dose of 85.7 or 257.4 mg/L for 28 days or ata dose of 8.6, 28.6 or 85.7 mg/L for 90 days. »

Key words: genotoxicity, hexavalent chromium, in vivo mutagenesis, small intestine, transgenic rodent gene mutation ° °
assay, tumor ° PY
Introduction reactive oxygen species (ROS), which form oxidative adducts [ ] [ ]

chromium are it as

Group I human carcinogens by WHO/IARC!?. Exposure
to hexavalent chromium has been shown in epidemiologi-
cal studies to increase the risk of lung cancer®), while there
is little cvidence of an association between hexavalent
chromium exposure and the incidence of cancer in gastro-
intestinal organs such as the stomach. Experimental animal
studies conducted by the National Toxicology Program have
shown that exposure to the hexavalent chromium compound
sodium dichromate via drinking water for 2 years increases
the incidence of tumors of the oral mucosa or tongue in rats
and of the small intestine in mice?’. Therefore, the possibility
of hexavalent chromium in drinking water to cause cancer in
humans must be assessed.

Hexavalent chromium compounds are known to generate

with DNA and proteins, resulting in activation of adverse
outcome pathways such as genotoxicity and cytotoxicity®.
However, the mechanism and activating pathways contribut-
ing to the carcinogenicity of hexavalent chromium in rodents
have not been studied. Hexavalent chromium compounds
show mostly positive results both in Ames tests and in in
vitro genotoxicity assays using cultured mammalian cells®”).
In in vivo genotoxicity tests in rodents, hexavalent chromium
compounds show negative results for micronucleus forma-

tion when administered via drinking water, whereas they
show positive results in several in vivo tests after the gavage
administration or intraperitoneal injection®”). Therefore, the
in vivo mutagenicity of hexavalent chromium compounds in
atarget organ is necessary to be evaluated prior to assess the
cancer risk posed by hexavalent chromium. In present study,
we analyzed changes in mutant frequencies in gpt delta mice

Received: 28 November 2018; Accepted: 4 March 2019; Published online: 13 March 2019
Corresponding author: Yasunobu Aoki, National Institute for Environmental Studies, Center for Health and Environmental Risk Re-

(sumoto, Michi Matsumoto, Kenichi Masumura, Takehiko Nohmi, Mut
Food Safety. 2019; ** (**) **-**. doi: 10.14252/food;

is not Increased in Mice Orally Exposed to Sodium Dichroma

nt Frequency
¢j.2018014

fety!

[EORETR Open Access Thisarticlis an open accessarice distibuted under the term ofthe Creative Commons Attibution 40 Iternational License.

Cr(VI), ppm

Cr(Vl), ppm
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In Vivo Genotoxicity in Target Tissues

Duodenal MN assays
* Neg after 7 and 90 days of exposure

Duodenal y-H2AX immunostaining
* No diff from controls at 7 and 90 days of exposure

kras codon 12 GAT MF in duodenum
« Neg after 90 days of exposure e

Research Article

XRF microscopy oy

« Cr detected in villi (not crypt) e |

Duodenal TGR assays B—... S
* Neg in Big Blue rats after 28 days of exposure
* Neg in gpt delta mice after 28 & 90 days exposure

Mutant Frequency is not Increased in Mice
Orally Exposed to Sodium Dichromate

oo Nohm

Oral mucosa mutation assay
* Neg in Big Blue rats after 28 days of exposure

* Blood MN assays H

h « most are neg.

itegies




Factors for Assessing Mode of Action (MOA)
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Structural similarities to other carcinogens

ARTICLE INFO ABSTRACT
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various approaches are employed for making mode of action decisions, a systematic investigation to
e e oy na20tz identify the major factors that influence these determinations has not been performed. To accomplish a u re 0 e u l I IO rS

this, over 40 chemical risk assessments conducted by U.S. or intemational regulatory agencies and

had played a significant role, either directly or
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Conotaxicity effects seen in vivo, particularly in the target organ: structural or metabolic similarities to known 0
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Risk assessment sensitivity to assay conditions and toxicity were also important considerations. In all cases, the
authoritative groups used a weight-of-evidence approach and, in most cases where evaluations were
y, [ tical
evaluation of the data as well as expert judgment is necessary in reaching mechanism of action
conclusions. These determinations should be made within the broader context of evaluating the . . .
chemical’s overall toxicity and carcinogenicity.
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Early Suggestions of Nonlinear Mechanisms

+ Diffuse epithelial hyperplasia (DEH) was observed in the duodenum of
NP TECHNICKL XaPORY mice (but not rats) in the 13-wk bioassay

ON THE

» DEH was observed in the duodenum of mice (but not rats) in the 2-year

TOXICOLOGY AND CARCINOGENESIS .
bioassay

STUDIES OF SODIUM DICHROMATE DIHYDRATE
* NTP (2008) study authors characterized DEH as secondary to mucosal

injury in both 13-wk and 2-yr studies
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Precedent for Cytotoxic-Regenerative Hyperplasia MOA for SI Tumors

* NTP study authors noted that captan was "the only other

NTP TECHNICAL REPORT

ox e study performed by the NTP in B6C3F1 mice in which both
TOXICOLOGY AND CARCINOGENESIS benign and malignant intestinal neoplasms of epithelial
STUDIES OF SODIUM DICHROMATE DIHYDRATE origin have been definitely attributed to chemical exposure”
(CAS NO. 7789-12-0)
IN F344/N RATS AND B6C3F1 MICE
(DRINKING WATER STUDIES) + U.S. EPA (2004):
+ "captan induces adenomas and adenocarcinomas in
) O Iy TR the duodenum of the mouse by a nongenotoxic MOA
S5 Researc h Triangle Park, NC 27709

involving cytotoxicity and regenerative cell hyperplasia
that exhibits a clear dose threshold...

+ EPA classified captan as "not likely to be a human
— carcinogen at dose levels that do not cause
SO R cytotoxicity and regenerative cell hyperplasia”

July 2008
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Proposed MOA For Captan/Folpet

’ource Cohen et al. (2010) Crit Rev Toxicol 40: 531.
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Proposed Non-mutagenic MOA for Cr(VI)-Induced SI Tumors

Cr(VI1)

exposure

Gastric reduction:
Cr(V1) to Cr(ll1)

1. ) 3. 4.
Intestinal ’ Villous > Crypt } Crypt Cell } Tumorigenesis

Absorption Cytotoxicity Hyperplasia Mutagenesis

J

Elimination

Thompson et al. (2013) Crit Rev. Toxicol. 43, 244
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Evidence of Mucosal Damage and Hyperplasia
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Evidence of Mucosal Damage and Hyperplasia After 1 Wk Expsoure
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Dose & Temporal Concordance for Hyperplasia
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Dose & Temporal Concordance for Hyperplasia

Temporal Concordance
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MOA is Similar to that Proposed for Captan and Folpet

Chemical absorption at villi

Toxicity to villous enterocytes

S T R T

No in vivo

Spontaneous mutation leads to tumorigenesis  genotox & no '

PSource Cohen et al. (2010) Crit Rev Toxicol 40: 531.
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Factors for Assessing Mode of Action (MOA)
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Risk Assessment of Cr(VI) ca. 2010
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Integration of mechanistic and pharmacokinetic information to
derive oral reference dose and margin-of-exposure values for
hexavalent chromium

Chad M. Thompson® © | Christopher R. Kirman® | Sean M. Hays? | Mina Suh® |
Seneca E. Harvey® | Deborah M. Proctor® | Julia E. Rager” | Laurie C. Haws* | Mark A. Harris*

Abstract

chromium, 0,003 mg kg™ day ™, is based on a no-observable-adverse-effect-level from a 1958

an
PBPK model was used to estimate the daily mg kg™ dose that would produce the same internal

for Cr(Vi)-induced intestinal tumors in mice supports a threshold mechanism involving intestinal

perplasia. As such, an RFD

ged 0.003-0.02 mg kg™
these fentical 's existing RID value. Although the RfD v:

&t
data, PBPK models and benchmark dose modeling.

KEYWORDS

ID) modeling, V1), margi 0E), mode of

action, reference dose (RfD),risk assessment

J Appl Toxicol. 2018:38:351-365. wileyonlinelbrary com/journal/at | 351

Rodent PBPK models were used to convert NTP 2-yr study doses
into internal Cr(VI) dose metrics

Dose metrics for the duodenum, jejunum, and ileum of both sexes
were combined to create a single robust dose-response curve

Tumor or hyperplasia incidence were modeled using EPA's BMDS
software

BMDL values based on internal doses were derived and a 3-fold
interspecies UF applied to account for possible differences in
pharmacodynamics

Human PBPK model was used to predict human exposure that
results in internal dose equivalent to BMDL

Applied a 3-fold EF,,; for potential differences in human
pharmacodynamic differences and 2.4-fold EF« based on
difference in human gastric fluid pH (50t to 95t percentile)

RfD = 0.003 mg/kg; DWEL of 100 ppb _
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Pharmacokinetic Studies on Cr(VI)

Chemombere 392012 457495
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(A)

(8)

(©)

(D)

Overview of Model and Results

Example Daily Dose Estimate (Humans)

Ga
breakfast lunch dinner
6
4
i M
2
0
] 4 8 12 16 20 24
Exposure Events |\ 1 "1 A 1 A
Gastric CrVI
2
15
ER
0.5
[}
a 8 12 16 20 24

Concentration Gastric Reducing Equivalents (fast reaction)

Species Comparison of Cr(VI) Delivery to SI

100%
90%
80%
70%
60%

50%

Crvi

40%

30%

20%

RfD = 0.003 mg/kg-day
10%

. [

0.0001 0.001 0.01 01
Oral Dose (mg CrVI/kg-day)

% Cr Transiting from Stomach to Small Intestines Lumen as

Source: Kirman et al. (2017) TAP 325: 9-17. ..
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PBPK Model Used to Convert Applied Dose to Tissue Dose

TABLE2 Dose-response data set for mouse intestinal effects using internal dose metrics

Sex  Segment Sl sectional flux (mg kg™ SI day™) N° (DEH) DEH NP (tumors)  Adenomas Carcinomas Combined

F | 1.4E-05 42 0 49 0 0 0
M 1 23E-05 40 o 49 o o o
F J 17E-04 41 0 49 0 1 1
M J 2.7E-04 Pl 0 49 o o [
Stomach F D 3.0E-03 42 0 49 0 0 0
M D 38E-03 39 o 49 1 o 1
F | 28E-02 43 0 50 0 0 o
M 1 3.9E-02 42 o 49 il o 1
M | 1.2€-01 44 0 49 0 1 1
F 1 28E-01 47 o 49 o o o
F J 2.9E-01 42 2 50 1 0 1
D o.denum M J 41E-01 42 o 49 o g 2
Tissue I 5.4E-01 45 1 50 0 0 0
1
Jejunum | 1 Dichotomous-Hill ——
Tissue |
F J - L
F D 08 —T ¢
o = adil
lleum Mo 9 T A
" M D
Tissue g
F J £ o8 |
Mo < r
M D c /
F J o '
= " ol /%
F D 3] /
M D © /
F D 02 /
M D 7l
F D ‘
- - of & (A)
BMOY BMD
o 5 10 15 20 25 30 35
Sl flux (mg Cr(VI) Ir' Sl day™)
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Health Canada (2016)

Health Santé
.*I C:ﬁada C:?\ada

» Similar approach as Thompson et al. (2014, 2018)

* Human PBPK model was used to predict human exposure

Guidelines for that results in internal dose equivalent to BMDL (different
Canadian Drinking . in Th t al

Water Quality assumptions than used in Thompsons et al.)

Guideline Technical Document  Used HED for BMDL01 for hyperplasia

Chromium

» Applied 25-fold UF (2.5 interspecies; 10 intraspecies)
« TDI =0.0022 mg/kg

; @ « HBV = (TDI x 70 kg x 50% RSC)/1.5L = 50 ppb
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TCEQ (2016)

Regulatory Toxicology and Pharmacology 73 (2015) 834-852

Contents lists available at ScienceDirect
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« TCEQ value based on analysis published in
Haney (2015)

Considera'tion of non-'linear, ‘npn-threshold and threshold approaches ® i

for assessing the carcinogenicity of oral exposure to hexavalent

chromium * Modeled NTP hyperplasia data using 13-wk

J. Haney Jr.

e L o duodenal Cr levels from MOA research study

Development Support Document

ARTICLE INFO ABSTRACT =! !_ Final, September 23, 2016 K- t I 2012
] RS (Kirman et al. )
Received 10 uly 2015 defensible for assessing the carci E

Received inrevised form e R

19 Septinbes 2015 threshold approach as well as a TCEQ

e CrVI, and then utlizes available

Avallble online 19 October 2015 .

i, Ty T « Also modeled the relationship between

dose due to the sub-linear rela

e . duodenal levels and mg/kg bw dose
ey et ket Hexavalent Chromium
ol exposre et al, 2013b) The RID approach Oral Reference Dose
2 e CAS Registry Namber: 18540299 « Then converted the BMDL based on duodenal
_ Cr levels to a mg/kg bw dose

A significant amount of new research has been conducted over
the past several years to generate data specifically to better inform
the mode of action (MOA) analysis for hexavalent chromium-
induced carcinogenesis due to oral exposure and to improve the

Applied 100-fold UF (10 interspecies; 10
extrapolation of rodent oral study msnlt.s Fo humans (eg., . .
e intraspecies)

mozsgoe
L]

a3
et al, 2013; Suh et al, 2014; Thompson et al, 20152, 2015C).
‘Thorough evaluation of these research project data is essential toa b
better scientific understanding of the carcinogenic MOA operating  af
in relevant rodent studies (e.g., NTP, 2008) and hexavalent chro- Preparcd by
‘mium (CrVI) toxicokinetics following oral exposure, both of which — . ~
S e . RfD = 0.003 mg/kg; DWEL of 100 ppb = MCL
challenge of extrapolating high oral dose results from laboratory i . - ’
m Toxicology Division
[¢
E-mail address: joseph.haney@tceq.texas.gov. e
‘http://dx.doi.org/10.1016/j.yrtph.2015.10.011
0273-2300/6 2015 The Author. Published by Elsvier Inc. Thi e und

Office of the Executive Director
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Food Safety Commission of Japan (2018)

tFood Safety Commission of Japan

e + Concluded that genotoxic mechanisms

P

Vi

T

This is provisional English translation of an excerpt from the original full report.

Risk Assessment Report were unlikely to contribute to the tumors

Hexavalent chromium

et in rodents
Food Safety Commission of Japan (FSCJ)

September 2018  Threshold can be established

* Modeled NTP hyperplasia data

FSCJ conds a risk of ium, hereinafter reffer to as Cr (VI), as an
related to the d of the dards for b g blished by Ministry of . . .
Heath,Labour and et * Applied 100-fold UF (10 interspecies; 10
The data used in the include pharmacokinetics, acute toxicity, subacute toxicity, chronic
toxicity and carcinogenicity, reproductive and developmental toxicity, ~genotoxicity, |ntraspec|e S)
idemiological studies, ism for carci icity in mice, and the exposure through food

and drinking water. Those data were obtained from world wide scientific research reports and

evaluation reports from international organizations. [ TD I - 0 OO 1 mg/kg

The absorption rate of Cr (VI) after oral administration is low. Orally ingested Cr (V1) is reduced

to trivalent chromium, slightly by saliva and mainly by gastric juce, and the absorption rate of

trivalent chromium is lower than that of Cr (VI). Consequently, absorption of Cr (VI) through the
L' 2P i e e ]

Z

3

_ 4, Risk assessment of hexavalent chromium (Cr(VI)) in drinking wate-r

o by Food Safety Commission of Japan(FSCJ)

H. Ishibashi, M. Isozaki, N. Matsuzaki, M. Yoshida, H. Satoh

w
Food Safety Commission of Japan, Tokyo, Japan

= —

aministration including drinking water was considered to be unclear.
The mechanism of small intestinal tumorsin mice was considered as follows; Continsous damage to
mucosal epithelium in the small intestinal by long-term exposure to Cr (VI) induces the hyperplasia

in the crypt of small instestine resulting in the formation of tumor.
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Summary of Threshold Values Protective of Cancer
RfD or TDI Drinking Water (ppb) Data Used
(mg/kg-day)

Thompson et al. (2018) 0.003 (proposec]ioeep MCL)
FSC of Japan (2018) 0.001 30-60

Heath Canada (2016) 0.0022 (same vaIL?eoas before)
Haney (2015), TCEQ (2016) 0.003 = MCL

*All values based on intestinal hyperplasia

NTP data
PBPK models
MOA research

NTP data
No PK data
MOA research

NTP data
PBPK models
MOA research

NTP data
PK data
MOA research
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Update the Existing IRIS File for Chromium

L.A.1. Oral RfD Summary

Critical Effect Experimental Doses* UF MF RfD
—No'l'rE'Rgp'U'rtEﬂ_ _ AEL: 25 of chromium 366—3 3E-3 remains
duodenal hyperplasia as K BMD modeling mg/kg-day ) the same

-year drinking S mg/kg-day (ady

water study 2-year bioassay
—+=oA ENeone——
Maelcensiecetat1958
NTP (2008) I.A.5. Confidence in the Oral RfD

Study —J=ew=~ High
Database —ow High
RfD —<ew- High

RfD is protective of cancer.
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» Several toxicity criteria for Cr(VI) were developed immediately following the NTP (2008)
bioassay

« Assumed a mutagenic MOA
« Used linear low-dose extrapolation approaches
* MOA research conducted from ~2010 to the present better inform the risk from oral
exposure to Cr(VI)
 Lack of genotoxicity in vivo (especially in target organs)
« Strong evidence for a cytotoxicity-regenerative hyperplasia MOA
» Such a MOA has been accepted for SI cancer from captan and folpet
* Pharmacokinetic data suggest strong non-linearities in tissue dosimetry
» Recently developed toxicity criteria for Cr(VI) have utilized the MOA research
» Concluded non-mutagenic MOA
» Used non-linear (threshold) approaches for toxicity criteria
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