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Presentation Outline
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• Background

• Results from targeted MOA research

• Implications for risk assessment



Previous Presentations to NC SAB on Cr(VI)
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• 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 “…I 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



Existing IRIS File for Chromium (1998-present)
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NTP Cr(VI) and Cr(III) Bioassays (2008)
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NTP Cr(VI) drinking water study

• 5 to 180 ppm in drinking water

• Rare tumors appeared late in the study

Mice: adenomas and carcinomas of SI (≥30 ppm)

Rats: SCC in oral cavity (180 ppm)

NTP Cr(III) 2 year feed study
• 2,000 to 50,000 ppm in diet
• No significant effects in either species
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Cr(VI) MOA Research Project
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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(III) in human and rodent stomach 

contents
• Developed Physiologically-based Pharmacokinetic (PBPK) Models

Studies were designed to inform risk assessment 



Cancer Bioassay

7&90‐day MOA 
studies

histopathology &
biochemistry

in vivo genotoxicity toxicogenomics

Pharmacokinetics

PBPK models gastric Cr(VI) 
reduction

In vivo genotoxicity

duodenal MN 
assay

TGR Big Blue® 
TgF344 assay

Dose‐response 
analysis

Exposure 
analysis

Public Health 
Decisions

MOA Research

Overview of Research Program
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Study Transparency: Data Publically Available
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Genotoxic Potential of Cr(VI) 

12

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

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. 

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



MOA Analysis is Conducted for the Tumor, Not the Agent 
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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)

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



Factors for Mode of Action Determinations
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Factors Influencing MOA Determinations

Chemical properties

Toxicokinetics

Structural similarities to other carcinogens

Nature of the tumors

Mutational spectrum

Origin of mechanisms

Understanding assays

Quality, quantity, & reproducibility

In vivo genotoxicity (especially in target 
organs)

Evidence for an alternative MOA



In Vivo Blood and Bone Marrow MN Data for Cr(VI)

15

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, (+)

De Flora et al. (2006) Mut Res

BDF1, 20 ppm dw, 20 days, M, (-)

BDF1, 500 ppm dw, 7 mo, M, (-)

BDF1, 500 ppm dw, 7 mo, F, (-)

BDF1, 50 mg/kg gavage, 24 hr, M, (-)

Swiss albino (preg), 20 ppm dw, 17 days, (-)
• Fetal  PCE (liver, blood), (-) 

BDF1, 50 mg/kg i.p., 24 hr, M, (+)

Swiss albino (preg), 50 mg/kg i.p., 24 hr, (+)
• Fetal  PCE (liver, blood), (+) 

dw, drinking water



IWGT Recommendations for In Vivo Genotoxicity Assays
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• Ideally conducted in a proliferative tissue
• Bone marrow (hematopoietic)
• Colon
• Small intestine (duodenum)

• Ideally at site of carcinogenic action
• GI tract for Cr(VI)

• Ideally in tissue with high dosimetry (e.g. 
site of contact)

• Duodenum for Cr(VI)

✓

✓
✓



Measured Chromium is Highest in Duodenum of Mice & Rats

17 Source: Kirman et al. (2012) CBI. 200, 45. 



Small Intestine Structure and Carcinogenesis
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Model of Intestinal Cancer Initiation & Progression

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)

19

DAY 91
Cr(VI), ppm

Crypts
MN, KN

Villi
MN, KN

0 2, 0 1, 0

0.1 2, 1 1, 1

1.4 1, 0 2, 0

5 1, 0 0, 0

20 0, 1 2, 5

60 0, 1 9, 6

180 0, 0 9, 25

O’Brien et al. (2013) Mut Res 

Intact Crypts Full Sections

DAY 91
Cr(VI), ppm

Enterocytes MN, KN

0 1921 0, 0

0.1 1707 0, 4*

1.4 1825 0, 0

5 1420 0, 0

20 2386 0, 0

60 2746 0, 0

180 3194 0, 0

O’Brien et al. (2013) Mut Res 
*3 observed in one animal Note: bolded values are statistically significant



Synchrotron Based X-ray Fluorescence (XRF) Microscopy

20 Brookhaven National Laboratory (Long Island, NY)

Synchrotron Light Source:

487 



XRF Maps of Cr, Ca, and S in Duodenum (90 Days of Exposure)
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Source:
Thompson et al. (2015) Tox Sci 143, 16. 

These 
findings 
would 

seem to 
preclude 

mutagenic 
MOA



In Vivo Duodenal Micronucleus Assay (7-day study)
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DAY 8
Cr(VI), ppm

Enterocytes Crypts Cells/Crypt M
N

K
N

0 6694 171 39.3 4 0

1.4 3159 77 41.0 1 0

21 3946 76 51.9 1 1

180 5161 77 67.1 0 0

Cyclophos. 3447 87 39.3 30 5

MN Study (‘Swiss Roll’)

Note: bolded values are statistically significant

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



γ-H2AX Immunostaining in 7-day MN Study (Swiss Roll Sections) 
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Control CyclophosphamideCr(VI)

γ-H2AX staining provides an additional approach for finding aberrant nuclei. 
Source: Thompson et al. (2015) Mut Res 789-90, 61. 



In Vivo Mutation Analysis:
K-ras Codon 12 Mutations (90-day Exposure)
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• 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-rasG12D 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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• No mutation data from intestinal tumors 
in the NTP Cr(VI) cancer bioassay

• K-ras selected b/c implicated in 
intestinal carcinogenesis
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elevated with other K-ras mutations
– K-rasG12D can increase proliferation in mouse 
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TGR Mutation Assay in Oral Mucosa of Big Blue® TgF344 Rats
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TGR Mutation Assay in Oral Mucosa of Big Blue® TgF344 Rats
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TGR Mutation Assay in Duodenum of Big Blue® TgF344 Rats
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Soucre: Thompson et al. (2015) Tox Sci 143. 

Source: Thompson et al. 2017 TAP 330:48-52.
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TGR Mutation Assay in Small Intestine of gpt Delta Mice
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In Vivo Genotoxicity in Target Tissues 
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• Duodenal MN assays
• Neg after 7 and 90 days of exposure 

• Duodenal γ-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 

• XRF microscopy
• Cr detected in villi (not crypt)

• Duodenal TGR assays
• Neg in Big Blue rats after 28 days of exposure
• Neg in gpt delta mice after 28 & 90 days exposure 

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

• Blood MN assays
• most are neg.



Factors for Assessing Mode of Action (MOA)
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Factors Influencing MOA Determinations

Chemical properties

Toxicokinetics

Structural similarities to other carcinogens

Nature of the tumors

Mutational spectrum

Origin of mechanisms

Understanding assays

Quality, quantity, & reproducibility

In vivo genotoxicity (especially in target 
organs)

Evidence for an alternative MOA

✓



Early Suggestions of Nonlinear Mechanisms
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• Diffuse epithelial hyperplasia (DEH) was observed in the duodenum of 
mice (but not rats) in the 13-wk bioassay

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

• NTP (2008) study authors characterized DEH as secondary to mucosal 
injury in both 13-wk and 2-yr studies

• Duodenal tumors were only observed in mice

-2 -1 0 1
0

20

40

60

80

100

Cr6, mg/kg-day

In
ci

de
nc

e
DEH
tumors



Precedent for Cytotoxic-Regenerative Hyperplasia MOA for SI Tumors
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• NTP study authors noted that captan was "the only other 
study performed by the NTP in B6C3F1 mice in which both 
benign and malignant intestinal neoplasms of epithelial 
origin have been definitely attributed to chemical exposure”

• U.S. EPA (2004):
• "captan induces adenomas and adenocarcinomas in 

the duodenum of the mouse by a nongenotoxic MOA 
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 
cytotoxicity and regenerative cell hyperplasia"



Proposed MOA For Captan/Folpet
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Proposed Non-mutagenic MOA for Cr(VI)-Induced SI Tumors
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Thompson et al. (2013) Crit Rev. Toxicol. 43, 244



Evidence of Mucosal Damage and Hyperplasia
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Source: Thompson et al. 2015 Tox. Sci 143:16-25.



Evidence of Mucosal Damage and Hyperplasia After 1 Wk Expsoure
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Source: Thompson et al. (2015) Mut Res 789-90, 61. 

Source: Thompson et al. (2011) Tox Sci 123: 58-70. 



Dose & Temporal Concordance for Hyperplasia
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Dose & Temporal Concordance for Hyperplasia
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MOA is Similar to that Proposed for Captan and Folpet
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Factors for Assessing Mode of Action (MOA)
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Factors Influencing MOA Determinations

Chemical properties

Toxicokinetics

Structural similarities to other carcinogens

Nature of the tumors

Mutational spectrum

Origin of mechanisms

Understanding assays

Quality, quantity, & reproducibility

In vivo genotoxicity (especially in target 
organs)

Evidence for an alternative MOA

✓
✓



Risk Assessment of Cr(VI) ca. 2010
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Source: Thompson et al. 2017 TAP 330:48-52.

Source: Stern 2010 Environ Res 110: 798-807.

NJDEP
Ca. EPA

U.S. EPA DRAFT
EPA & NJDEP 10-6 risk  water concentration (0.00007 ppm)



Thompson et al. (2014, 2018)
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• 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 EFHD for potential differences in human 
pharmacodynamic differences and 2.4-fold EFHK based on 
difference in human gastric fluid pH (50th to 95th percentile)

• RfD = 0.003 mg/kg; DWEL of 100 ppb



Pharmacokinetic Studies on Cr(VI)
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• Proctor et al. (2012) measured reduction of Cr(VI) 
to Cr(III) in rodents and human gastric fluid

• Kirman et al. (2012) developed rodent PBPK model 
for Cr(VI)

• Kirman et al. (2013) developed human PBPK 
model for Cr(VI)

• Kirman et al. (2016) measured reduction of Cr(VI) 
in gastric fluid from fed and fasted humans

• Kirman et al. (2017) updated rodent and human 
PBPK models for Cr(VI)



Overview of Model and Results
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Example Daily Dose Estimate (Humans) 

Species Comparison of Cr(VI) Delivery to SI

Source: Kirman et al. (2017) TAP 325: 9-17.

RfD = 0.003 mg/kg-day



PBPK Model Used to Convert Applied Dose to Tissue Dose
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Health Canada (2016)

47

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

• Human PBPK model was used to predict human exposure 
that results in internal dose equivalent to BMDL (different 
assumptions than used in Thompsons et al.)

• Used HED for BMDL01 for hyperplasia

• 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



TCEQ (2016)
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• TCEQ value based on analysis published in 
Haney (2015)

• Modeled NTP hyperplasia data using 13-wk 
duodenal Cr levels from MOA research study 
(Kirman et al. 2012)

• Also modeled the relationship between 
duodenal levels and mg/kg bw dose

• Then converted the BMDL based on duodenal 
Cr levels to a mg/kg bw dose

• Applied 100-fold UF (10 interspecies; 10 
intraspecies)

• RfD = 0.003 mg/kg; DWEL of 100 ppb ≅ MCL



Food Safety Commission of Japan (2018)
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• Concluded that genotoxic mechanisms 
were unlikely to contribute to the tumors 
in rodents

• Threshold can be established

• Modeled NTP hyperplasia data 

• Applied 100-fold UF (10 interspecies; 10 
intraspecies)

• TDI = 0.001 mg/kg



Summary of Threshold Values Protective of Cancer 
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Source RfD or TDI
(mg/kg-day)

Drinking Water (ppb) Data Used

Thompson et al. (2018) 0.003 100
(proposed keep MCL)

NTP data
PBPK models
MOA research

FSC of Japan (2018) 0.001 30-60
NTP data

No PK data
MOA research

Heath Canada (2016) 0.0022 50
(same value as before)

NTP data
PBPK models
MOA research

Haney (2015), TCEQ (2016) 0.003 ≅ MCL
NTP data
PK data

MOA research
*All values based on intestinal hyperplasia



Update the Existing IRIS File for Chromium
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NTP (2008)

2-year bioassay

duodenal hyperplasia

High
High

High

remains 
the sameBMD modeling

RfD is protective of cancer.



Summary
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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


