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Factors affecting the reduction of hexavalent 
chromium in the GI tract and their potential 
impact on evaluating the carcinogenicity of 

oral exposures to hexavalent chromium 
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Reduction of hexavalent to trivalent chromium 
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Zhitkovich, Chem Res Toxicol 24: 1617-1629 (2011) 
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portal of entry 
(mouth) 

N~50/group 

Evidence in humans is limited 

•	 Zhang & Li (1987) and reanalysis (Beaumont et al., 2008) 
– Population in China chronically exposed to drinking water heavily 

contaminated with Cr(VI) 

– Currently the only study in humans that indicates a somewhat 

elevated risk of stomach cancer
 

•	 IARC determined this single study was insufficient to 
constitute evidence of an association between oral 
exposure to Cr(VI) and stomach cancer 
– International Agency for Research on Cancer (2012). IARC 

Monographs: A review of human carcinogens: Arsenic, metals, 
fibres, and dusts.  
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What do we know about physiological and 
biochemical processes of the GI tract? 

– Can they explain similarities and differences in response 
between species? 

– Can they identify susceptible human populations? 

9 

Reduction as a function of pH (ex vivo) 

Cr(VI) introduced to diluted 
(10:1) gastric contents of 
human (fasted) at initial 
concentration near 0.1 ppm 

Data from Kirman et al. (2013) 

pH=7 

pH=4 

pH=1 
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 Reduction at low dilution (ex vivo)
 

Cr(VI) introduced to diluted 
(2:1) human (fasted) gastric 
contents 

Data from Kirman et al. (2013) 

pH = 2 

pH = 4 

 initial 
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In vivo uncertainties 

• Only possible to analytically measure total chromium in vivo 

– Total chromium = Cr(VI) + Cr(III) 

• Oral ingestion of Cr(VI) leads to absorption of a Cr(VI)/Cr(III) 
mixture due to reduction 

– Difficult to know which form passed through the intestine 

– High red blood cell (RBC) to plasma ratios may indicate 
Cr(VI) uptake: RBCs rapidly absorb and reduce Cr(VI), 
“trapping” Cr(III) 

• Dietary exposure to Cr(III) occurs in all species 
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Competing transport, reduction, and uptake 

• Higher total chromium in body following Cr(VI) exposure 
[compared to Cr(III)] (NTP, 2008, 2010) 

• Distal chromium concentrations decrease (duodenum > 
jejunum > ileum) (Kirman et al., 2012) 

Workshop focus 
While issues related to toxicity and susceptibility will be discussed, the primary 
focus will be on factors affecting Cr(VI) → Cr(III) in the GI tract and their impact 
on evaluating the carcinogenicity of oral exposure to Cr(VI). 

Competing transport, reduction, and uptake 
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Discussion Topic 1 
Regional absorption 

Lead Discussant: 
Dr. Max Costa 
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Discussion Topic 1 
Regional absorption 

Discussion 

Topic 1
 

Sean Hays 
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90‐day Studies: SDD Dose 

Source: Thompson et al. 2012 

Total Cr in Oral Mucosa
 

• Cr levels are slightly higher in mice compared to rats 
• Significantly elevated from controls at ≥ 60 mg/l SDD for mice and rats 

Source: Thompson et al. 2012 
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Total Cr in Glandular Stomach 

Significant from controls at ≥ 170 mg/l SDD 

Source: Thompson et al. 2012 
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•	 Cr levels are slightly higher in the more proximal portions of the intestine 
•	 Statistically significant from control animals at  ≥ 60 mg/l SDD for 

duodenum and jejunum 
•	 For ileum, significant increases occur at  ≥ 520 mg/l SDD 

Source: Thompson et al. 2012 
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Tissue Cr Across the GI Tract in Mice 
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Discussion Topic 2 
Reduction mechanisms 

Lead Discussant: 
Dr. Sean Hays 

Topic 2: Reduction of CrVI in GI
 
Fluids
 

Sean M. Hays, PhD 

Summit Toxicology
 
University of Colorado, School of Public Health
 

Colorado State University, Department of Chemical Engineering
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Charge Questions 

•	 Is it possible to significantly deplete or 
overwhelm any of these reducing agents in small 
rodents by administering repeated doses of a
xenobiotic that undergoes a reduction reaction?
Under the conditions of the NTP bioassay, YES. 

•	 Is it possible to deplete or saturate reduction
capacity in humans? Probably not at relevant
drinking water concentrations. 

•	 It’s a matter of ‘dose’ and rates of reduction, 
transit and absorption….which all factor into
assessing extent of CrVI delivery to the small
intestine. 

Conceptual Model For Cr in the GI Tract 
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Cr(VI)	 Portal 
Plasma 

Competing Rates 
R1 = GI transit 
R2 = Reduction 
R3 = Transport to epithelium 
R4 = Absorption into blood 
R5 = Blood flow 
R6 = Sloughing of epithelium 
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Modeling of CrVI Reduction 

• Most have modeled using mixed second‐order kinetics 
• RE + CrVI  CrIII + REO 

dCCrVI  k [RE][Cr(VI )]
dt 

– As CrVI and/or RE are depleted, reaction slows 
– If CrVI << RE 

• CrVI is fully consumed 
• Rxn is first‐order with respect to CrVI 

– If CrVI >> RE 
• CrVI is left after reducing agents are consumed 
• Rxn is not first‐order with respect to CrVI 

Modeling CrVI Reduction: 
(Connett, 1983) 

 
19



   
 
 
 

 

Mouse Stomach Fluid 

39 

0.01 

0.10 

1.00 

10.00 

100.00 

1000.00 

0  20  40  60  80

m
g 
C
r(
V
I)

 p
e
r 
L 
ga
st
ri
c 
co
n
te
n
ts

 

Minutes 

dCCrVI 

dt 
 k [RE][Cr(VI )] 

           
 

           
   

DO NOT CITE OR QUOTE 

 

Model for Cr(VI) Reduction in Rodent 
Stomach Fluid 

dCCrVI  k [RE][Cr(VI )]
dt 

•	 RE – Reductants; 16 mg/L stomach contents 
(mice and rats) 

•	 k=0.2  and  0.3  L  mg‐1 hr‐1 in  mice  and  rats,  
respectively 

40 
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Cr(VI) Reduction based on Cr(VI) 
Loading in Gastric Fluid 

Human 
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Reduction Capacity of CrVI 

•	 Rodents ~ 16 mg/L stomach contents (Proctor 
et al., 2012) 

•	 Humans 
– Fasted: ~ 4 – 10  mg/L (Kirman et al., 2013) 

– Fed: ~ 10 – 60  mg/L (DeFlora et al., 1987) 
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pH Dependence: Human Stomach 
Fluid 

Exposure Timing 
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Because Cr(VI) reduction is pH-dependent, exposure events A & B 
will result in different internal doses even if external doses are the 
same 
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Modeling Various Competing Factors 

47 

Kirman et al. (2013) 
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PBPK Model 
Structure 

Urinary
 
Excretion
 

Kirman et al. (2013) 
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Charge Questions 

•	 Is it possible to significantly deplete or 
overwhelm any of these reducing agents in small 
rodents by administering repeated doses of a
xenobiotic that undergoes a reduction reaction?
Under the conditions of the NTP bioassay, YES. 

•	 Is it possible to deplete or saturate reduction
capacity in humans? Probably not at relevant
drinking water concentrations. 

•	 It’s a matter of ‘dose’ and rates of reduction, 
transit and absorption….which all factor into
assessing extent of CrVI delivery to the small
intestine. 

Charge Questions 

•	 Are there examples in the literature or based on
your experience (aside from hexavalent
chromium) where the saturation or depletion of
enzymatic or other non‐enzymatic molecules (not
necessarily limited to reducing agents) in the
gastrointestinal tract lumen occurred following
ingestion of pharmaceuticals, essential elements,
or toxic chemicals? 

•	 Which reducing agents in the gastrointestinal
tract lumen are most at risk of being inhibited,
saturated, or depleted by xenobiotics? 
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EXTRAS
 

pH Dependence: 
(A) GSH (Weigand 1984), (B) Ascorbate (Xu et al. 2004) 

(A) (B) 
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CrVI:GSH Ratio Dependence 
Weigand 1984: (note difference in x‐axis scale) 

CrVI:Ascorbate Ratio Dependence 
(Suzuki 1990) 

Decreasing 
CrVI:ascorbate 
ratio 
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DeFlora et al. 1987 

•	 Measured amount reduced after 60 min of incubation. 
•	 Not measures of rates of reduction.  Rather, measures of total mass of CrVI reduced by 

stomach fluid, despite being reported by DeFlora as ug/ml/h. 
•	 DeFlora et al. 1987: “the reaction was rather rapid, the top levels of reduction being 

attained after 10‐20 min”. 

Reduction Rates of Cr(VI) in Stomach 
Fluid: Mouse v Human 
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Reduction Rates of Cr(VI) in Stomach
 
Fluid: Mouse v Human
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Discussion Topic 3 
Gastrointestinal pharmacokinetics 

Lead Discussant: 
Dr. John Crison 

Physiologically Based 

Pharmacokinetic Modeling
 

Sept. 19, 2013 

60 
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Physiologically Based  Pharmacokinetic Modeling 

PBPK Models: 

 Provide a mechanistic understanding of the 
absorption, distribution, metabolism, and 
excretion. 

 Commercial software is available. 

 Specialized PBPK models may be necessary for 
specific problems not addressed with commercial 
software. 

Examples of Commercial PBPK Software 

GastroPlus™ (Simulations Plus) and Simcyp™ 
(Certara) 

 Well defined GI tract that includes transit, 
pH and permeability changes, metabolism, 
and active transport, etc. 

 Includes mathematical descriptions of other 
relevant tissues. 

62 
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Predictive Capabilities 

PBPK models are mechanistic and can be 
predictive providing there is adequate input data 
to describe the absorption, distribution and 
clearance. 

Simcyp™ ADAM Model
(Advanced Dissolution, Absorption, and Metabolism) 

64
Darwich, A.S., et al, Current Drug Metabolism, 2010, 11:716-729. 
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GastroPlus™ ACAT Model 
(Advanced Compartmental Absorption Transit) 

65
Brown, J., et al, Therapeutic Delivery, 2012, 3(9):1047-1059. 
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Non-Commercial Models 

R1 = GI Transit 
R2 = Cr6 reduction 
R3 = Cr transport 
R4 = Cr absorption (blood) 
R5 = Cr transit (portal) 
R6 = sloughed cells 

Kirman, C.R., et al, Chemico-Biological Interactions 2013, 204:13-27. 
66 
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Review and Analysis of 
Gastric Reduction 
by Dr. Silvio De Flora 

Presented by: 
Dr. Sean Hays 

Brief history of Cr(VI) studies in the GI tract 

•	 Donaldson and Barreras (1966)‐ First observed 
Cr(VI) reduction in human gastric juice 

•	 De Flora and Boido (1980)‐Mutagenicity of some 
compounds may be impacted by pre‐incubation 
with human gastric juice 
– For Cr(VI), gastric juice sharply decreased mutagenicity 

– Mutagenicity attenuated by raising pH 

•	 De Flora et al. (1987)‐ nasogastric tube study 
– Human gastric juice extracted over 24 hrs 

– Measured pH, Cr(VI) reduction capacity, mutagenicity 
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Circadian reduction of Cr(VI) in human gastric environment
 
[De Flora et al. (1987)] 

•	 Nasogastric tube positioned for 24h in stomachs 
of 17 subjects; hourly samples of gastric juice 
– Dietary conditions standardized for all subjects 

– Total of 428 gastric juice samples analyzed for Cr(VI) 
reduction and mutagenicity; pH also monitored 

– s‐diphenylcarbazide (DPC) colorimetric method for 
reduction; highly sensitive Salmonella typhimurium 
strain TA102 for Ames mutagenicity assay 

•	 All of the 428 gastric samples were capable of 
reducing Cr(VI) 

•	 Baseline Cr(VI) reduction: 8.3 +/‐ 4.7 μg Cr(VI)/mL 
•	 Fed‐state reduction : 31.4 +/‐ 6.7 (~50‐60 μg Cr(VI)/mL max) 
•	 Cr(VI) reduction complete within 10‐20 min; most or reaction <1 minute 
•	 Gastric juice secretions promoted reduction, inhibited mutagenicity 
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Estimation  of  Cr(VI)  reduced  daily  by  gastric  juice  (and  other  organs) 
•	 1000‐1500  mL gastric  juice  secreted  daily  (fasting),  plus  800  mL after  

each  meal 
•	 [8.3 μg/mL]  x  [1000‐1500  mL]  +  [31 μg/mL x  800  mL]  x  3  meals 
•	 Overall  Cr(VI)  reduction  by  gastric  juice:  84‐88  mg  per  day 

Other notes 

•	 These studies likely underestimate the actual Cr(VI) 
reducing ability in total gastric contents 
– Gastric samples centrifuged to remove food residues 

– Food/beverage, and intestinal bacteria/GSH reduce Cr(VI) 

•	 24‐hour continuous sampling of human gastric 
contents no longer permitted 
– Ongoing studies of donated gastric samples confirm prior 
results (10 and 20 μg Cr(VI)/mL for fasted and post‐meal) 

•	 Other components besides acid reduce Cr(VI) 
– Cr(VI) reduction was enhanced by administering gastric 
secretion stimulators, decreased by anti‐secretory drugs 
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Reduction and absorption of Cr(VI) in humans 

•	 On Day 1, a study suggested that Cr(VI) can be absorbed after oral ingestion 
by humans, based on distribution of total chromium in RBC, plasma, and 
urine (J.R. Kuykendall et al., 1996) 

–	 4 adult volunteers (fasted) drank a bolus 500 mL water containing 5 mg 
Cr(VI) in 2 minutes 

•	 Four independent ex vivo studies indicated that the fasted human gastric 
juice reduces ~10 µg Cr(VI)/mL. Since the fasted human stomach contains 
~25 mL gastric juice, they will reduce 250 µg (0.25 mg) Cr(VI). 

–	 Only a small part of the ingested 5mg Cr(VI) could be reduced by stomach 

•	 The half‐time for water emptying by the stomach is ~10 minutes, but the rate 
of emptying is proportional to amount in the stomach. It is likely that adding 
500 mL water to 25 mL gastric juice in 2 minutes resulted in rapid emptying 

•	 In conclusion, the reducing capacity of the human gastric juice is extremely 
high (>80 mg/day) but is not infinite. Under extreme conditions, which are 
quite unrealistic, the reduction capacity of gastric juice can be exceeded 

Species differences 
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Humans 
• pH  =  1‐2 
• Single  secretory region  with  
numerous  folds  (rugae) 

• Slower  transit   and  emptying  time 
• Small  intestine:  mostly  jejunum 

– Small  intestine  tumors  very  rare 

Rodents 
• pH  =  3‐5 
• Two  distinctive  regions: 
forestomach devoid  of  glands  and 
only  stores  food  (60%  of  SA) 

• No  post‐meal  peaks  of  gastric  juice 
• Longer  relative  length  of  duodenum 
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NTP (2008) study 

•	 No stomach tumors observed in rodents despite
potential susceptibilities of stomach tissue 

•	 Statistically significant increase only at highest
concentration in males, two highest in females 
– No statistically significant increase in GI tumors at the low
concentrations (5‐30 mg Cr(VI)/L water) 

– Water at these levels has poor color and appearance 
•	 NTP results show a lower efficacy of the mouse
stomach to reduce Cr(VI); should not apply to humans 
– Detoxifying capacity of gastric environment not infinite 
– At huge doses, the reducing capacity of the mouse GI tract
was likely exceeded 

•	 High‐dose oral cancers in rats are typical of portal‐of‐
entry effect, before any detoxification may occur 

Overview of materials submitted by Dr. Silvio De Flora 

EXTRA MATERIALS 
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Effect of antacids 

•	 Petrilli and De Flora (1982) 
– Subjects treated with cimetidine or ranitidine (inhibitors of 
histamine H2 receptors) reduced ~1.5 μg Cr(VI)/mL 

– Untreated subjects: 9.2 μg Cr(VI)/mL 

•	 De Flora et al. (1987) 
– Administration of antacid drug at dinner: elevated pH and 
no post‐dinner peak of Cr(VI) reducing capacity 

– No effect on Cr(VI) reduction due to lunch or breakfast 

•	 Antiulcer/antacid drugs: both inhibit gastric secretion, 
and neutralize pH 
– Cr(VI) reduction is less efficient, but still occurs 
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Discussion Topic 5 
Disease states and medical factors 

Lead Discussant: 
Dr. Kim Barrett 

Gastrointestinal physiology and 
pathophysiology 

Relevance for hexavalent chromium 
absorption and/or reduction 

UC San Diego 
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GI physiology and pathophysiology 

•	 Physiological factors affecting solute absorption 
– Epithelial transport 

– Epithelial barrier function 

– Motility 

•	 Physiological factors affecting solute reduction 
– Gastric acid secretion 

– Gastric emptying 

– Intestinal microbiota 

•	 Modulation of these factors in disease 

Key features of the intestinal epithelium 
and its function 

•	 Vast surface area 
•	 Imperative to allow nutrient uptake while restricting
passage of undesirable substances/microorganisms 

•	 Continual turnover 
–	 Specialization of cell function 

•	 Lifelong symbiotic relationship with a vast commensal
microbiota 

•	 Determinant of luminal fluidity 
•	 Dynamically regulated in health and disease 
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Net small intestinal transport
 
NaCl, nutrients, other 
electrolytes (sulfate, Cr?) 

Villus 

Cl‐

Crypt 

•Transport properties of 
epithelial cells evolve along the 
crypt‐villus axis 

•Absorption normally 
predominates overall but 
secretion is also ongoing as 
needed 

SeSegrgreeggaattiioonn ofof trtraannsportsport evevenentsts liklikelyely anan ovoverersimsimpplificlificaattionion 
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Na+, NaCl 
SCFA, other electrolytes 

SurfaceSurface 

CryptCrypt 

•Water balance in health 
driven primarily by 
absorption 
•Secretion likely important to 
modulate local composition 
of luminal contents 

•Role of reflexes 
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Intestinal barrier function 

•	 Predominantly ascribable to properties of 
epithelial tight junctions 
– Claudins, occludin as sealing molecules 
– Cytoplasmic regulatory proteins 
– Perijunctional actomyosin ring 

•	 Distinct junctional properties arise from 
expression of variable combinations of different 
sealing and pore‐forming claudins 

•	 Permeability decreases distally, and in 
villus/surface cells vs. crypt epithelium 

Copyright ©2004 American Physiological Society 

Van Itallie, C. M. et al. Physiology 19: 331-338 2004; 
doi:10.1152/physiol.00027.2004 

Speculative model of tight junction pores 
Tight junctions form as continuous contacts at the apical end of adjacent epithelial cells 

 
44



           

             
     

DO NOT CITE OR QUOTE 

Effect of claudins on epithelial barrier
 
function
 

Protein Resistance PNa Tracer flux 

Cldn1 -

Cldn2 -

Cldn4 No  

Cldn5 No  

Cldn7 No  

Cldn8 No  
Adapted  from  Van  Itallie and  Anderson,  Annu.  Rev.  Physiol. 68:403‐29,  
2006  

The intestine as an integrator – role  of 
motility in transport regulation 
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Modulation of GI transport physiology 

• Crypt/villus, cephalocaudal axes 
– Epithelial immaturity/crypt hyperplasia 

• Infectious diarrhea, inflammatory bowel diseases 
• Functional bowel disorders, constipation 
• Medication use 

– Acid suppression 
– Prokinetics 
– Antibiotics (effect on microbiota) 

• Fed vs. fasted state 
• Celiac disease 

– Villous atrophy ‐ loss of absorptive epithelium 
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Transport in secretory diarrhea 
NaCl 

Villus 

Cl‐

Crypt 

cAMP induces: 

•Reduced NaCl absorption 

•Increased secretion 

•Net secretion predominates 

Motility may also be hastened 
by distension, further reducing 
absorption 

Note that Na‐nutrient 
absorption usually unaffected 



     
       

   
 
 

       

   
   
   

                  TrTraannssppoorrtt inin cocolloonniicc ininflammaflammationtion oror
 
infinfeectionction 

NaNaCCll 
NaNa++ 

Cl‐Cl‐

SurfaceSurface 

CryptCrypt 

•Secretory capacity largely 
absent (implications for host 
defense) 
•Markedly reduced 
electrogenic and/or 
electroneutral sodium 
absorption results in fluid 
accumulation 

•DRA, NHE3, ENaC 
expression and/or 
function variably 
downregulated 
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DRA expression in the proximal colon is 
reduced by wild‐type Salmonella infection 
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The epithelial barrier in disease 

•	 Reduced barrier function in the setting of
inflammation, infection, TPN 

•	 Activation of myosin light chain kinase leads to
physical separation of junctional complexes 

•	 Downregulation and/or internalization of some
claudins or occludin in response to cytokines and
other inflammatory mediators 
– Epithelial immaturity may also contribute 

•	 Upregulation of pore‐forming claudin 2 
•	 Ulceration/denudation of epithelium 
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From Turner, J.R., Am. J. Pathol. 
169:1901‐9 (2006) 

Barrier dysfunction can be 
caused by infectious and 
inflammatory stimuli 
secondary to occludin 
endocytosis and actin‐
myosin contraction 

Actin 

Occludin 
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Modulation of motility 

Intestinal  transit  slowed  by: 

•	 Fed  state 

•	 Surgery 

•	 Constipation 

•	 Opioids 

Intestinal  transit  hastened  by: 

• Excessive  distention 

• Motilin release 
– During  fasting 

• Prokinetic agents 

Gastric pH 

Reduced  by:	 

•	 Fasting 

•	 Gastrinoma 

Increased  by: 

• Fed  state  (buffering  despite  
increased  acid  secretion) 

•	 Acid‐suppressive  
medications 

•	 Aging 

•	 Pernicious  anemia 

•	 Atrophic  gastritis  (H.  pylori) 
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Gastric emptying 

Increased  by:	 

•	 Fasted  state 

•	 Bariatric  surgery 

Decreased  by: 

• Presence  of  nutrients 

• Solids  vs. liquids 

•	 Calories  in  small  intestine 

•	 Gastroparesis 
–	 Diabetes 

Characteristics of the human 
microbiota 

•	 A self‐organizing community of approximately 
1014 individual bacteria 
– Possibly as many as 1500 distinct species 

– Cells in average human = 1013 

•	 An integral part of our evolution (and co‐
evolution) 

•	 A metabolic factory 
– Produces approximately 100x more proteins than the 
host (“metagenome”) 

•	 Bacterial density varies considerably by segment 
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Simren et al., Gut doi:10.1136/gutjnl‐2012‐302167 

Dysbiosis in disease 
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Intestinal absorption of Cr(VI) 

•	 In general, the ability to predict hexavalent Cr uptake is
limited by a lack of knowledge of the precise route(s)
for its absorption 
– As recently as 2011, authors refer to its uptake via sulfate
“channels” 

– In fact, there are numerous sulfate carriers, including 
sodium‐dependent cotransporters or chloride exchangers,
which are members of the Slc13 and Slc26 families of 
solute carriers 

– Relative contributions of these and/or other carriers and
channels to Cr(VI) uptake is unknown, and their precise
distribution and/or modulation in disease settings have
not been mapped 

Conclusions 

•	 Numerous physiologic conditions as well as 
disease states have the potential to alter uptake 
of hexavalent chromium 
– Effects on epithelial transport, barrier function, 
motility, and capacity for reduction of Cr(VI) to Cr(III) 

•	 Our ability to predict the precise impact of these 
various conditions on chromium assimilation is 
hampered by a dearth of precise understanding 
of chromium transport pathways in the gut, as 
well as their regulation 
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Discussion Topic 5 
Disease states and medical factors 

Discussion 

Topic 5
 

Sean Hays 
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CrVI Competing Rates 
Cr(VI)	 Portal 

Plasma 

Competing Rates 
R1 = GI transit 
R2 = Reduction 
R3 = Transport to epithelium 
R4 = Absorption into blood 
R5 = Blood flow 
R6 = Sloughing of epithelium 

Cr(VI) 

Cr(III) 

Epithelium 

Cr(VI) 

Cr(III) 

Cr(VI) 

Cr(III) 

R1 

R2a R2b R2c 

R3 R4 

R3 R4 

Lumen 

R5 

R6 

         

DO NOT CITE OR QUOTE 

Addressing Disease States & Conditions 
Quantitatively 
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Addressing Disease States & Conditions 
Quantitatively 

Key questions for understanding 
impact to risk assessment 

•	 Does the altered condition/state result in 
parameter values outside normal variation? 

•	 If so, does the change in parameter value 
cause an increased dose (CrVI) delivery to SI? 
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Key questions for understanding 
impact to risk assessment 

•	 Does the altered condition/state result in 
parameter values outside normal variation? 

•	 If so, does the change in parameter value 
cause an increased dose (CrVI) delivery to SI? 

•	 Is altered condition/state chronic or acute in 
nature? 
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PODs vs. Duration
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PODs vs. Duration 
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Depending upon disease state, an acute, subchronic or chronic 
RfD may be most appropriate for assessing risk. 

‐ villus cytoplasmic vacuolization 

‐ crypt hyperplasia 

Thompson et al., 2012 
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Discussion Topic 6 
Dietary and nutritional factors 

General Discussion 
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Effect of High Dose Cr(VI) on Iron
 
Homeostasis
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NTP (2008a): Findings of Anemia

• In the 2‐year NTP bioassay, microcytic hypochromic 
anemia reported in male rats and female mice which 
was more severe in rats

• Anemia ameliorated with time, but significant 
changes in some hematological markers were still 
evident in the high dose group rats at one year, 
which was the final time point that hematology was 
evaluated

• These anemic responses to high concentrations of 
Cr(VI) suggest interference with iron (Fe) absorption 
and/or homeostasis
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Effects on Tissue and Serum 
Iron After 90 Days of Cr(VI) Exposure

130

Dose‐dependent decreases in total Fe in duodenum, liver, and serum in both rats and mice 
(Thompson et al., 2012) 

Se
ru
m

Iron Metabolism and Cr(VI)

• Cr(VI), Cr(V), and Cr(IV) can oxidize ferrous 
iron (Fe2+) to ferric iron (Fe3+) (Buerge and 
Hug, 1997; Fendorf and Li, 1996):

– Cr(VI) + Fe2+  Cr(V) + Fe3+   (i)  

– Cr(V) + Fe2+   Cr(IV) + Fe3+   (ii)  

– Cr(IV)+ Fe2+   Cr(III) + Fe3+   (iii)  

• Fe2+ is transported across the duodenum
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Iron Metabolism and Cr(VI)

• The major form of non‐heme dietary iron is 
Fe3+, which must be reduced to Fe2+ prior to 
absorption by enterocytes in the proximal small 
intestine 

• Anemic effects were not observed in rodents 
chronically exposed to Cr(III) (NTP, 2008b; Stout 
et al., 2009) 

• Hypothesis: High Cr(VI) concentrations in the 
lumen of the small intestine oxidize luminal Fe2+

perturbing iron (Fe) absorption 

Cr(VI) Reduction by Fe(II):
pH Dependence (Buerge 1997)
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Discussion Topic 7 
Lifestages 

General discussion 
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Addressing Life Stage Differences

Model Application to Humans:  Age Differences 
in Gastric pH 

137

(A) (B) 

0 

1 

2 

3 

4 

5 

6 

7 

0 5 10 15 20 25 

G
as
tr
ic

 p
H

 

Hours 

Adult PPI User 
(Atanassoff et al. 
1995) 

0 

1 

2 

3 

4 

5 

6 

7 

8 

0 1 2 3 4 

G
a
st
ri
c 
p
H

 

Hours 

Infants, mean age = 36 
weeks (Omari and 
Davidson, 2003) 

Elderly Subjects, mean 
age = 71 years (Russell 
et al., 1993) 

Adult Subjects, mean 
age = 25 years 
(Dressman et al., 1990) 



DO NOT CITE OR QUOTE 

 
65

Model Application to Humans: Estimating 
Internal Dose to Different Age Groups

138
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Model Application to Humans: Estimating 
Internal Dose to Different Age Groups
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Contribution of Age Group‐Specific Doses to 
Lifetime Average Daily Dose (LADD)

Impact of 3‐month PPI Use by Adult

PPI use is predicted to have a short‐term 
increase in delivery of Cr(VI) to the SI.  
However the impact to the LADD (black 
dashed line) is negligible
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