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APPENDIX A 

Carcinogenic Threshold: Was the reductive capacity of the rodent GI tract 
exceeded in the NTP (2008) two-year bioassay? 
Because hexavalent chromium is rapidly converted to the trivalent form in the GI tract, 
several investigators have asserted that negligible amounts of Cr VI are orally absorbed 
(De Flora and Wetterhahn, 1989; De Flora et al., 1997; De Flora, 2000; Proctor et al., 
2002b).  DeFlora and associates estimate a reducing potential of the human GI tract in 
excess of 80 mg/day.  Consistent with the estimates of DeFlora and associates, studies by 
Proctor and coworkers also showed that stomach fluids rapidly reduced Cr VI to Cr III at 
levels that ranged from 0.3 to 1 mg/L (Proctor et al., 2002a).  These investigators also 
reported that initial Cr VI levels from 100 to 400 μg/L did not alter the rate of reduction. 

In studies in humans where the oral administration of Cr VI resulted in increased blood 
chromium levels and an increase in urinary half-life, the metal was administered at levels 
that would not exhaust the reducing capacity of stomach fluids (based on the findings of 
DeFlora and coworkers 1989, 2000 and Proctor and associates, 2002b).  Increased 
absorption and a prolonged urinary half-life of chromium, compared to what would be 
expected using Cr III, were also observed in a study where Cr VI was administered in an 
acidic vehicle (orange juice) (Kerger, 1996).  Other studies by Kerger and associates 
indicated a rapid and essentially complete reduction of Cr VI to Cr III (in vitro) when 
added to orange juice (Kerger, 1996).  Thus while considerable amounts of chromium are 
reduced to Cr III in the GI tract, toxicokinetic studies in humans that were conducted at 
relatively high doses (necessary to detect Cr absorption), but at doses well below the 
reducing potential of the GI tract, indicate a portion of the dose is absorbed.  The 
absorption at the doses that were tested does not appear to be due to the exhaustion of the 
reducing capacity of the GI tract. 

Studies in animals also do not indicate that the absorption of Cr VI was a consequence of 
the exhaustion of the capacity of the GI tract to reduce Cr VI to Cr III.  Chromium blood 
and kidney levels were determined in male B6C3F1 mice administered Cr VI in drinking 
water at 1 to 300 mg/L for 21 days (NTP, 2007).  Blood and kidney chromium levels 
increased with the concentration of chromium in water with no threshold evident (Figures 
A1 and A2).  Figure A2 is the same data as Figure A1 with the addition of the highest 
dose group. 
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Square: Kidney chromium levels     Diamond: Blood chromium levels 

 

 

In another study, Cr VI was administered in drinking water at 5 to 180 mg/L to female 
B6C3F1 mice for 6 to 371 days (NTP, 2008).  Chromium levels in erythrocytes, plasma, 
liver and kidney were measured (Figures A3-A6).  Notable increases in chromium levels 
were observed in the liver (probably due to blood flow via the portal circulation) and 
kidney (the site of elimination), while little increase was observed in the red blood cell 
and the plasma, an observation consistent with previous studies (Witmer et al., 1989; 
Thomann et al., 1994; Costa, 1997).  At the four times when measurements were 
performed, chromium levels in the liver and kidney were markedly increased with dose 
(perhaps beginning to plateau at the highest doses).  The plots of chromium accumulation 
in tissue versus Cr VI concentration in drinking water were linear or supralinear, 
suggesting that there was no saturation of reductive capacity of the GI tract over this dose 
range (Collins et al., 2010).  The findings of this study are consistent with the 
aforementioned 21 day study.  The findings of both of these studies are not consistent 
with the assertion that Cr VI absorption occurs only when the reducing capacity of the GI 
tract is exhausted. 

 

Figure A1. Blood and Kidney Chromium Levels in Male Mice 
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Square: Kidney chromium levels.   Diamond: Blood chromium levels 

 

 

 

  

Figure A2. Blood and Kidney Chromium Levels in Male Mice 
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Figure A4. Chromium Tissue Levels on Day 13 in Female Mouse 
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Figure A3. Chromium Tissue Levels on Day 6 in Female Mouse 
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Figure A6. Chromium Tissue Levels on Day 371 
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Figure A5. Chromium Tissue Levels on Day 18 
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APPENDIX B 

Mouse Cancer Study of Borneff et al. (1968) 
Using a three-generation study design, Borneff et al. (1968) treated 120 female and 10 
male NMRI mice with 1 mg K2CrO4 per day (500 ppm) in drinking water (containing 3 
percent household detergent).  An equal number of animals received drinking water (3 
percent detergent) only.  In addition, two groups of 120 females and 10 males which 
received either benzo[a]pyrene alone or benzo[a]pyrene + 500 ppm K2CrO4 in drinking 
water were included in the study.  The Cr VI drinking water concentration (135 mg/L) 
was approximately twice the lowest drinking water concentration giving intestinal tumors 
in the two-year bioassay (NTP, 2008).  Animals were mated six weeks after the start of 
treatment.  Two mice from each litter were selected as the first generation (F1) mice. 

Three weeks after birth these mice were separated by sex and received the same food and 
concentration of test substance [0 or 500 ppm K2CrO4, or benzo[a]pyrene or 
benzo[a]pyrene + 500 ppm K2CrO4] in their drinking water as did the parent (F0) 
generation.  An outbreak of mousepox (ectromelia) virus occurred during the eighth 
month of the experiment, and within three months the majority (512) of the animals died.  
All animals received a mousepox vaccination two months after the outbreak, and this 
effectively ended the epidemic. 

First generation (F1) mice were mated after the mousepox epidemic had ended.  The 
numbers of offspring from the mating of F1 mice were much less than after the breeding 
of the F0 animals.  The F2 generation mice received the same food and concentration of 
test substance [0 or 500 ppm K2CrO4, or benzo[a]pyrene or benzo[a]pyrene + 500 ppm 
K2CrO4] in their drinking water as did the F0 and F1 generations.  The F2 mice received 
the pox vaccine at two months of age, and all animals received a second dose of the 
vaccine three months later.  These studies were terminated after 880 days.  At the time of 
termination, F2 mice had been exposed for approximately 17 months (510 days).  
Necropsies were performed on all mice killed on the 880th day plus those that died during 
the course of the studies, with the exception of those that had died of ectromelia. 

Two carcinomas of the forestomach were observed in female mice exposed to K2CrO4.  
No malignant stomach tumors were found in control mice.  Nine benign forestomach 
tumors were observed in female mice exposed to K2CrO4.  These tumors were identified 
as papillomas and described histologically as having a more or less branched structure.  
Nine tumors (combined carcinomas and papillomas) were observed in the F0 generation, 
1 tumor in the F1 generation and 2 tumors in the F2 generation.  The authors indicated in 
their discussion that the carcinomas and benign tumors occurred in different animals. 

Benign and malignant neoplasms were combined for the statistical analysis (McConnell 
et al., 1986; U.S. EPA, 2005).  The combined incidence of malignant and benign 
forestomach tumors (11/66) in K2CrO4-exposed-female mice (all three generations 
combined) was significantly different than the combined incidence of tumors in control 
female mice (2/79) [Fisher’s Exact test, p<0.05, (OEHHA analysis)].  Analysis of tumor 
incidence by generation finds that in F0 animals, 22 percent of K2CrO4-exposed mice had 
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forestomach tumors compared to 3.6 percent of controls.  In the F1 and F2 animals, tumor 
incidence was similar to controls. 

Borneff and coworkers suggest that the mousepox epidemic may have delayed tumor 
growth in the F1 generation (as suggested by other studies and as evidenced by the five 
month delay in the appearance of benzo[a]pyrene-induced tumors in this study).  Borneff 
and coworkers also cite a study in which growth of melanoma was inhibited after massive 
pox vaccination.  In contrast to the F1 generation, tumor growth had already begun in F0 
mice at the time that the mousepox epidemic occurred (experimental month eight).  The 
F2 generation was not exposed to mousepox virus; however, they were vaccinated and 
this could have affected tumor development. 

Borneff and coworkers calculated that the K2CrO4 –exposed mice who developed 
forestomach carcinomas were exposed to more than 700 mg of chromate, and postulated 
that a minimum dosage of 700 mg was needed for expression of chromate’s carcinogenic 
effect.  Based on this, Borneff and coworkers suggested that the dose received by the F2 
generation (corresponding to a total dose of about 510 mg of chromate over a 17 month 
lifetime), was not sufficient for the induction of tumors in these animals. 

Issues related to experimental design and adequacy of the animal model 
Certain aspects of the three-generation drinking water studies reported by Borneff et al. 
(1968) henceforth referred to as “the study,” should be considered in a positive light.  A 
large number of female mice per treatment group was used in the study.  The study 
contained a vehicle and positive control that are critical for interpreting the results of the 
study.  The animals were exposed to Cr VI in drinking water for their lifetime and the 
drinking water solution containing K2CrO4 was analyzed at regular intervals to confirm 
its stability. 

Because the study contained a vehicle control group and a positive control group, the 
statistically significant increase in forestomach tumors that occurred in female animals 
administered Cr VI compared to the vehicle/negative control group would appear to be 
due to the administration of Cr VI.  However, certain aspects of the study complicate and 
may compromise the findings of the study.  (1) The animals were housed in groups.  
There has been some suggestion that this may have influenced the results of the study.  
(2) A major outbreak of mousepox virus caused significant mortality in the F0 generation.  
(3) Only one dose level of Cr VI was employed in the study.  There has been some 
suggestion that the dose was excessive.  (4) Tumors observed in the forestomach of mice 
are not representative of what may occur in the stomach of humans.  (5) There were no 
reported preneoplastic lesions in the forestomachs of mice in this study.  (6) There was no 
increase in tumors in animals exposed in utero.  (7) The multigenerational design raises 
certain issues about how to interpret the increased incidence of tumors in the study. 

The importance of each aspect on the overall study findings is discussed below: 

1) Group housing.  The tumors occurred in female mice.  Group housing of female 
mice is standard NTP practice, and is not associated with differences in forestomach 
tumors (Haseman et al., 1994). 
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2) Mousepox Virus.  While there was significant mortality in the F0 generation due to 
the outbreak of the mousepox (ectromelia) virus, there is no evidence that the increase in 
tumors observed in female mice were due to the virus.  There is no evidence that the 
forestomach of the mouse is a site where mousepox lesions occur (Dick et al., 1996).  
Borneff and coworkers characterized the forestomach papillomas histologically as 
displaying a branched structure, which is typical of papillomas.  If these lesions were 
instead a result of the mousepox infection, then an equal increase in papillomas should 
have been observed in “surfactant only” vehicle control animals, which did not occur.  
The high early mortality in the F1 generation resulting from the mousepox epidemic and 
the shorter lifespans of the F1 and F2 generations are a concern because the high mortality 
could have compromised the ability of the study to detect a carcinogenic response.  
Fortunately, because the study began with rather large numbers of animals, enough of the 
animals survived to allow sufficient sensitivity to detect a carcinogenic response. 

3) Dose of Cr VI in the study.  Only one dose level of Cr VI was administered to the 
mice.  The dose administered did not appear to be excessive such that the study could be 
considered compromised.  Borneff et al. (1968) stated that the dose chosen was “close to 
the maximum concentration that is tolerated by mice without developing any damage.”  
The paper did not report any toxicity, excess mortality, or weight loss associated with 
K2CrO4 treatment. 

The level of Cr VI employed did not appear to have achieved the maximum tolerated 
dose (MTD) that is normally targeted in cancer bioassays.  As defined in the 1976 
Guidelines for Carcinogen Bioassay in Small Rodents (Sontag et al., 1976, the MTD is 
the “highest dose of the test agent during the chronic study that can be predicted not to 
alter the animals’ longevity from effects other than carcinogenicity.”  It was also defined 
as a dose that caused “no more than a 10 percent weight decrement” (compared to 
controls) and “does not produce mortality, clinical signs of toxicity or pathologic lesions 
(other than those that may be related to a neoplastic response) that would be predicted [in 
the chronic study] to shorten an animal’s natural life span.”  Over time, histopathological 
appearance became more important in design of the chronic NTP studies, with effects on 
weight gain of secondary importance (McConnell, 1989). 

In evaluating study design, McConnell has stated “if significant toxicity was not achieved 
at the highest dose, one can say that the MTD was not achieved.”  He also stated that 
“overall, probably the best design for choosing doses in cancer bioassays …is to use an 
MTD for the high dose.”  In particular, the MTD is “clearly justified when one is 
designing studies of chemicals found in drinking water, food, air and the work 
environment” (McConnell, 1989). 

In its Report of the Ad hoc Panel on Chemical Carcinogenesis Testing and Evaluation of 
the NTP Board of Scientific Counselors (NTP, 1984), the National Toxicology Program 
stated that the MTD should be used in animal bioassays for carcinogenic agents as the 
highest level administered.  The International Agency for Research on Cancer (IARC, 
1980) stated that the high dose is one that produces some toxicity during the course of the 
study.  Regarding lower doses, IARC (1980) stated: “The chief purpose of the lower dose 
is to ensure that at least one group of animals can be compared meaningfully with the 
controls, even if a misjudgment occurred in the selection of the high dose (i.e., if the high 
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dose group suffers such severe mortality that few animals live long enough for tumours to 
arise or suffer such severe toxic effects that the relevance of the findings in the high dose 
group is doubtful).” 

In the Guideline for Carcinogen Risk Assessment (2005), the U.S. EPA stated that “an 
adequate high dose would generally be one that produces some toxic effects without 
unduly affecting mortality from effects other than cancer or producting significant 
adverse effects on the nutrition and health of the test animals.”  It further stated that “The 
high dose would generally be considered inadequate if neither toxicity nor change in 
weight gain is observed (U.S. EPA, 2005).”  Based on these guidelines, there is no 
evidence that a dose in excess of the MTD was administered, since there were no signs of 
excess mortality, toxicity or weight loss in the study. 

4) pH of the forestomach.  Because a major portion of the dose of orally ingested Cr 
VI appears to be reduced to Cr III in the acidic environment of the human stomach (De 
Flora, 2000), the occurrence of tumors in the mouse forestomach may not be 
representative of what would occur in humans if the mouse forestomach is a neutral 
environment with a pH of seven.  However, there is no evidence that the pH of the mouse 
forestomach is neutral.  No studies in the scientific literature were identified in which 
mouse forestomach pH has been measured.  However, studies measuring the pH of the rat 
forestomach consistently found that the forestomach is acidic (Kunstyr et al., 1976; 
Browning et al., 1983; Browning et al., 1984; Ward et al., 1986).  Kunstyr et al. (1976) 
reported that pH values were dependent on the degree of filling of the forestomach and 
varied between pH 3 and 5.  Browning et al. (1984) reported that forestomach pH in male 
rats was 4.3+0.1 except in starving animals where it was much more acidic (pH 2.3+0.5). 

While the stomach in humans is typically acidic, there is a sizable population with near 
neutral pH in their stomach due to disease (e.g., pernicious anemia, Helicobactor pylori 
infection) and due to medications (e.g., proton pump inhibitors, histamine receptor 
blockers).  Infant’s stomachs are also near neutral pH during the first days to weeks after 
birth.  A more detailed discussion can be found in the sensitive subpopulation section of 
the PHG. 

5) Lack of preneoplastic lesions.  If oral exposure to Cr VI in drinking water induced 
tumors in female mice, preneoplastic forestomach lesions might also be expected, but 
none were reported by the investigators.  The Borneff et al. (1968) study also included a 
positive control, benzo[a]pyrene, which caused significant increases in forestomach 
tumors in this study and in previous studies of Borneff (1963) and others (Rigdon and 
Neal, 1966).  In the Borneff et al. (1968) study, preneoplastic lesions were not reported in 
mice administered benzo[a]pyrene.  The reason for this is unknown, but is likely due to 
the same factor in mice exposed to chromium and those exposed to benzo[a]pyrene).  
Thus, the significance of the lack of reported preneoplastic lesions in mice receiving Cr 
VI in this study is unclear. 

6) In utero exposure.  The Borneff study used a multigenerational protocol, which 
resulted in two generations exposed in utero and during weaning (F1 and F2) and one 
generation that was not (F0).  Under certain circumstances this additional exposure might 
be expected to result in an increased response.  With an increased focus on assessing 
impacts of toxicants on children (U.S. Congress, 1996), the U.S. EPA explored the use of 
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protocols similar to that employed by Borneff et al., which included perinatal exposure of 
animals (U.S. EPA, 1996).  They concluded, “quantitatively, perinatal carcinogenicity 
dosing may or may not result in higher tumor incidence than standard dosing.” 

It has not been demonstrated that the perinatal period is a period of increased 
susceptibility to Cr VI.  The reducing ability of the dam’s stomach, blood and placenta 
may protect the fetus.  In addition, pups feed on dam’s milk and and do not directly 
consume drinking water, so pups may not receive much exposure to Cr VI until after 
weaning.  However, in light of chromium accumulation in various tissues of adult 
animals ingesting Cr VI, chromium accumulation in the fetus and adverse fetal effects 
cannot be ruled out. 

7) Multigenerational design.  While there are certain advantages to bioassays that 
evaluate exposure to toxicants for several generations, this design may complicate the 
evaluation of findings of the study.  The animals in the Borneff study were related to one 
another across generations and therefore each generation cannot be considered to be 
independent from a statistical standpoint.  No information was provided as to which 
specific animals had tumors. 

The animals in each generation were administered the identical test articles, received the 
same food, housing, and housekeeping, and were monitored in the same way (at the same 
time and in the same cages for much of their lifetime).  The F0 generation that survived 
the mousepox virus received a greater cumulative dose of Cr VI because they lived the 
longest, which perhaps explains the occurrence of tumors primarily in the F0 generation. 

In any event, each generation of mice in this study should not be considered to be a 
separate (independent) study, and representing them as such would not be advisable.  The 
decision to combine tumors across the three generations of female mice for statistical 
analysis seems the most appropriate thing to do for these limited data. 

Potential Influence of Helicobacter Infections on Stomach Tumors 

Statistically significant increases in stomach tumors were observed in the Borneff study 
in the F0 generation, while no significant increases were observed in the F1 and F2 
generations.  Why the increase was only detected in the F0 generation is unclear.  
OEHHA hypothesizes that this effect may have occurred because of the presence of 
helicobacter in the stomach of the F0 generation mice.  Since the time of the Borneff 
study, helicobacter species have been closely related to stomach ulcers and stomach 
tumors in humans (Correa, 1988, 1992; Centers for Disease Control, 2002).  Studies in 
animals exposed to carcinogens have also revealed stomach tumors when the animals 
were infected with helicobacter and no increases in uninfected animals.  The mice in the 
Borneff study were exposed to infectious agents but it is unknown if they were infected 
with helicobacter (the agent was unknown at the time of the study).  NTP has detected 
helicobacter infection in animals in past NTP studies (Hailey et al., 1998). 

The location of the tumors in the forestomach in the Borneff study is consistent with 
helicobacter thriving in the less acidic environment.  Recent studies in animals with other 
carcinogens showed that neither helicobactor nor the carcinogen alone yielded increases 
in stomach tumors whereas the combination of both agents resulted in an increase in 
stomach tumors.  The treatment of mice with Cr VI may have prevented the transmission 
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of this agent to the F1 and F2 generations, thereby accounting for the lack of tumors in the 
F1 and F2 generation (the newborn stomach is characterized by lower acidity which may 
have substantially reduced the conversion of Cr VI to Cr III, precipitating the eradication 
of the helicobacter infection in the newborn).  A more thorough review of the research 
associated with this hypothesis follows. 

The Helicobacter Hypothesis 
Helicobacter pylori, a bacterium that commonly occurs in the human stomach, has been 
linked to various stomach maladies including gastritis, gastric and duodenal ulcers, and 
cancer.  Stomach cancer in humans associated with H. pylori infection appears to occur 
when and where the local environment in the stomach favors the organism.  While the 
incidence of gastritis is quite high in people with H. pylori infections, most people with 
these infections do not develop stomach cancer. 

In humans, H. pylori growth occurs in condition of moderate acidity.  Similarly, 
Helicobacter infections in the stomach of animals tend to occur in less acidic 
environments.  This suggests that the organism should thrive in the less acidic 
environment of the rodent forestomach, the site of most chemically-induced stomach 
tumors in rodent bioassays. 

Recently, a model of H. pylori infection that more closely mirrored what is observed in 
humans was developed in the Mongolian gerbil.  Chemically induced tumors in the 
stomach of Mongolian gerbil occurred mostly when the chemical agent was administered 
in combination with Helicobacter and not when the potent chemical agent or 
Helicobacter was administered alone.  The occurrence of stomach tumors in the rodent 
bioassays, primarily in the forestomach, may be due to the bacterium preferentially 
colonizing this portion of the stomach and the combined actions of the bacterium and the 
chemical agent.  An interaction of Helicobacter species with chemical carcinogens may 
help explain some of the variability in animal bioassay results as well as the localization 
of tumors. 

Only certain human populations with a high prevalence of H. pylori infections develop 
stomach cancer, while others do not.  Only a small fraction of individuals who are 
infected by H. pylori develop stomach cancer.  Given the results of studies in the 
Mongolian gerbil, other factors such as exposure to chemical agents combined with the 
bacterial infection may be involved.  Correspondingly, current bioassays may not be 
optimal for detecting chemicals that induce stomach cancer. 

Helicobacter infections in people are transmissible, and incidence increases with age.  
The same pattern is likely in rodent colonies.  The possible role of Helicobacter infection 
is discussed in relation to studies on Cr VI, a chemical linked to stomach tumors in 
humans and rodents.  Research is proposed to evaluate if colonization by Helicobacter 
could have an important role in the development of tumors in animals exposed to Cr VI 
(and other agents).  Such studies could provide valuable information related to the 
mechanisms of stomach cancer induction in humans as well as in the standard rodent 
bioassays. 
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Helicobacter Pylori 
Helicobacter pylori is a gram-negative spiral-shaped bacterium that colonizes the 
stomach of humans.  Other species of Helicobacter occur in the stomachs of cats, dogs, 
ferrets and rodents.  Large portions of the world’s population are infected with H. pylori.  
Since 1982 when the bacterium was “discovered,” H. pylori has been linked to gastritis, 
gastric and duodenal ulcers, and gastric cancer (Isselbacher et al., 1994; IARC, 1994; 
Hansson et al., 1996).  While much has been learned since the discovery of H. pylori, 
remarkably little is known about the pathophysiology of H. pylori infection, particularly 
how the infection is acquired and how infection results in disease. 

H. pylori occurs in all human populations but is much more prevalent in developing 
countries.  Seventy to ninety percent of adults harbor H. pylori in China, Africa and India 
(Lee et al., 1996).  The prevalence of H. pylori infection is low in young children but 
then rapidly increases with age (IARC, 1994; Lynch, 2002).  Infection rates are higher in 
55-64 years-old males and females compared to 25-34 years old (IARC, 1994).  Within 
the United States, H. pylori infections are more common among Mexican-Americans (62 
percent) and non-Hispanic blacks (53 percent) compared to non-Hispanic whites (26 
percent) (National Institute of Diabetes and Digestive and Kidney Diseases, 2002).  The 
prevalence of H. pylori infection appears to be declining among non-Hispanic whites but 
not in minority groups (National Institute of Diabetes and Digestive and Kidney 
Diseases, 2002). 

Early reports that bacteria occur in the human stomach were dismissed because it was 
believed that no organism could survive in the highly acidic environment of the stomach 
(Lynch, 2002).  Any bacterium observed in tissue samples from the stomach was 
considered to have resulted from contamination of the sample.  Investigators in Australia, 
after observing spiral-shaped bacteria in the stomach epithelium of a number of patients 
with gastritis, resolved that the pathology was likely from these bacteria (Marshall and 
Warren, 1984; Marshall, 1983; Warren, 1983).  The investigators were able to culture the 
bacterium and then reproduce symptoms after inoculating themselves with the bacterium.  
Since these pioneering studies, a number of epidemiological studies have linked H. pylori 
infections with various stomach pathologies (IARC, 1994). 

While H. pylori occurs in the stomach, it is only acid-tolerant; it is not impervious to the 
low stomach pH.  The organism employs ingenious strategies to survive in a highly 
acidic stomach environment.  H. pylori tends to colonize portions of the human stomach 
that are normally less acidic (e.g., the antrum) (Lee et al., 1996).  It resides between the 
mucus layer and stomach epithelium in the human stomach (Isselbacher et al., 1994).  
The mucus layer is believed to contribute to protecting the stomach’s epithelial lining 
from the harsh acidic luminal environment.  The organism uses multiple flagella and 
perhaps secretes enzymes to move through the mucus layer.  H. pylori then attaches to 
the epithelial lining, probably by binding to cellular membrane proteins on the epithelial 
cells.  The organism produces large amounts of the enzyme urease that converts urea to 
ammonia and carbon dioxide.  This reaction provides a localized less-acidic environment 
that protects the organism from the effects of gastric acid. 

H. pylori survival is tenuous at neutral pHs.  This may be due to the loss of its 
transmembrane potential in alkaline environments.  The effect of pH on transmembrane 
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potential which is needed to generate ATP was investigated in H. pylori in vitro (Sachs et 
al., 1996; Meyer-Rosberg et al., 1996).  The organism was able to maintain 
transmembrane potential differences over a pH range of 3.5 to 8.5.  When the pH was 
greater than 8.5, the transmembrane potential collapsed.  Thus when the pH is greater 
than 8.5, ATP would not be synthesized, which is not compatible with the survival of the 
organism.  When little acid is present in the stomach, the organism would appear to self-
destruct as it continues to produce ammonia from urea, raising the pH of its 
microenvironment.  Effective treatment of H. pylori infections in humans involves the 
combination of antibiotics with acid suppressing medications (Centers for Disease 
Control, 2002).  The combined therapy, which is much more effective than 
administrating antibiotics alone, probably is due to a much less hospitable environment in 
the stomach for H. pylori (although a modestly elevated pH may stimulate the growth of 
H. pylori, thereby making the organism more vulnerable to antibiotics). 

The influence of local acid production on H. pylori colonization in the human stomach 
has been reviewed by Van Zanten and coworkers (Van Zanten et al., 1999; Lee et al., 
1996).  While H. pylori survives between pH 4 and 8, it tends to flourish (multiply) in a 
less acidic environment (above a pH of 5) and therefore normally occurs in the antrum, 
the less acidic portion of the human stomach (Van Zanten et al., 1999).  When the pH is 
increased due to acid suppression by proton pump inhibitors, vagotomy, or gastric 
atrophy caused by H. pylori itself (gastritis leading to atrophic gastritis) colonization 
begins to occur in the body of the stomach, which is normally characterized by a lower 
pH (Lee et al., 1996).  Less colonization occurs in the antrum, as a higher pH is less 
hospitable to the organism (Lee et al., 1996; Van Zanten et al., 1999). 

Raising the pH of the stomach by administering proton pump inhibitors has been linked 
to increased atrophic gastritis (Kuipers et al., 1996).  Gastric atrophy is characterized by 
an increase in luminal pH because of the loss of secretory glands.  Pernicious anemia is 
characterized by an almost total lack of secretory glands in the stomach.  H. pylori is 
absent in the stomach of patients with pernicious anemia, becomes absent in areas of the 
stomach characterized by gastric atrophy, and does not normally colonize the small 
intestine.  This is probably due to the organism’s need for a minimally acidic 
environment to survive.  There have been suggestions that duodenal ulcers occur as 
acidic conditions begin to occur in the small intestine, which would favor H. pylori 
colonization (Van Zanten et al., 1999). 

The influence of acid on H. pylori colonization in the human stomach is mirrored in the 
stomach of animals (Lee et al., 1996).  Danon and coworkers inoculated female BALB/c 
mice with Helicobacter felis and then examined various portions of the glandular 
stomach 2, 6, 23 and 26 months post-inoculation (Danon et al., 1995).  H. felis 
colonization occurred in the antrum and cardia at various times post-infection, while 
colonization was not observed in the body of the stomach, the acid secreting portion of 
the mouse glandular stomach.  Colonies occurred throughout the glandular stomach when 
mice received omeprazole, an inhibitor of acid secretion. 

Colonization and Transmission 

It is not known how H. pylori infection is acquired (Centers for Disease Control, 2002).  
The prevalence of infection is much lower in infants and children than adults, suggesting 
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that transmission occurs postnatally.  Transmission is likely through oral-oral or fecal to 
oral routes (Centers for Disease Control, 2002).  Transmission of the disease has been 
documented through the use of contaminated endoscopes (Centers for Disease Control, 
2002).  Humans probably remain infected with H. pylori for life unless a therapeutic 
intervention occurs, although there is some evidence of reversion to uninfected status 
(Xia and Talley, 1997). 

Mutant strains of H. pylori with limited urease activity or deficient flagellin genes were 
compromised in their ability to colonize the stomachs of gnotobiotic pig (IARC, 1994; 
Eaton et al., 1991, 1996; Tsuda et al., 1994).  However, once an infection was 
established, the inhibition of urease activity did not eradicate the bacteria.  This suggests 
possible vulnerability of the organism before it becomes established in the stomach. 

Gastritis and Ulcers 

Helicobacter pylori causes gastritis in virtually all infected individuals (Isselbacher et al., 
1994).  However, many individuals are asymptomatic to the gastritis that results from the 
H. pylori infection (Lynch, 2002).  Chronic gastritis may lead to atrophic gastritis, which 
is characterized by a loss of the normal architecture of the mucosa including the loss of 
acid secreting glands.  The loss of a portion of the acid-secreting glands results in an 
increase in stomach pH, which leads to the growth of Helicobacter in a more hospitable 
stomach environment.  While most duodenal ulcers (up to 90 percent) and gastric ulcers 
(up to 80 percent) are linked to H. pylori infections, fewer than 20 percent of individuals 
that test positive for H. pylori have ulcers (Centers for Disease Control, 2002). 

Cancer 

In 2000, cancer of the stomach resulted in the third (females) or second (males) highest 
rates of mortality of all tumor sites worldwide (IARC, 2000).  Mortality from stomach 
cancer is highest in developing countries (e.g., China) (Centers for Disease Control, 
2002).  The high incidence of stomach cancer in developing countries has been attributed 
to dietary factors, nutritional status, and the lack of refrigeration.  These countries are 
also characterized by a widespread occurrence of H. pylori in the population (Lynch, 
2002).  Greater than 80 percent of the population in China is believed to be infected with 
H. pylori. 
Individuals infected with H. pylori have a 2- to 6-fold increased risk of developing gastric 
cancer and mucosal-associated, lymphoid-type lymphoma compared to uninfected 
individuals (Centers for Disease Control, 2002).  IARC determined that there was 
sufficient evidence that “infection with Helicobacter pylori is carcinogenic to humans 
(Group 1)” (IARC, 1994).  The high incidence of stomach cancer in China cannot be 
attributed only to the high prevalence of H. pylori infection, given that other populations 
with high incidence of H. pylori (such as in Africa and India) do not display a 
comparable high incidence of stomach cancer (Miwa et al., 2002).  Most people infected 
with H. pylori do not develop stomach cancer so H. pylori infection does not appear to be 
the sole causative agent (Crespi and Citarda, 1998). 

The occurrence of adenocarcinoma of the stomach is believed to be the culmination of a 
sequence of events.  Adenocarcinoma is preceded by gastritis, chronic atrophic gastritis, 
intestinal metaplasia, dysplasia, and then cancer (Correa, 1988, 1992).  These events are 
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associated with H. pylori infections.  The sequence suggests that the loss of the glandular 
features, particularly the acid secreting character of the stomach, precedes changes that 
ultimately lead to stomach cancer. 

The mechanisms by which H. pylori infection produces gastritis, ulcers and gastric cancer 
are still largely unknown.  The organism secretes lipases, cytotoxic proteins and urease, 
which generates toxic ammonium.  All these agents may contribute to the pathogenesis 
that leads to gastritis and ultimately to the occurrence of gastric cancer.  In addition the 
organism causes an immune response characterized by the attraction of neutrophils and 
monocytes which generate reactive oxygen species (ROS).  The immune cells are not 
able to eliminate the bacterium from the stomach.  The chronic gastritis associated with 
H. pylori infection is consistent with release of reactive metabolites such as ROS during 
an immunological response.  Evidence of oxidative DNA damage has been detected in 
samples of stomach epithelium from areas of chronic gastritis associated with H. pylori 
infection in humans (Farinati et al., 1998; Hahm et al., 1997). 

Animal Models. 

The link between H. pylori infection and gastritis, ulcers and cancer in humans triggered 
the search for animal models to aid in understanding the pathophysiology of the infection.  
Various species of Helicobacter have been detected in rodents, dogs, cats and ferrets.  
While animals can be inoculated with H. pylori, the organism does not thrive in most 
animal models.  Related Helicobacter species such as H. felis more closely mimic the 
disease in rodents.  However, rodents infected with H. felis or H. pylori generally do not 
precisely mimic what is observed in human infections (Dubois, 1998; Lee, 2000).  Even 
when mice are successfully infected with H. pylori, much lower levels of inflammation 
occur and mononuclear but not polymorphonuclear lymphocytes characterize the 
infiltrating inflammatory cells (Dubois, 1988; Nedrud, 1999).  Gastritis is rarely seen in 
H. felis or H. pylori infections in mice (Lee, 2000).  H. felis does not appear to attach 
itself to the stomach epithelium in rodents, but appears to remain “free floating” within or 
below the mucus layer (Dubois, 1998).  Recently, an animal model of H. pylori infection 
was developed in the Mongolian gerbil that yields pathophysiology that is reasonably 
close to what is observed in humans (Lee, 2000). 

The Forestomach 

The rodent stomach is composed of two distinct parts, the forestomach and the glandular 
stomach, separated by the limiting ridge.  The forestomach is believed to function as a 
temporary storage depot for ingested food (Nagayo, 1973).  Studies have shown it is not 
essential for the survival of the animal (Kunstyr et al., 1976). 

The two portions of the rodent stomach are connected, and mixing of their content does 
occur.  Acid is secreted in the rodent’s glandular stomach, particularly during the time of 
feeding.  Food mixes with stomach secretions then is stored in the forestomach.  
Measurements of the pH of the rat forestomach ranged from 3 to 5, with an average 
measurement of about 4 (Browning et al., 1983, 1984; Kunstyr et al., 1976; Ward et al., 
1986).  This is considerably higher than the pH levels measured in the glandular stomach 
(Ward et al., 1986). 

The higher pH of the rodent forestomach would appear to be more hospitable to 
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Helicobacter than the glandular stomach.  The apparent lack of attachment to epithelial 
cells (at a specific site) suggests Helicobacter (H. felis) would not be limited to a specific 
segment of the rodent stomach, and it might be expected to occur in greater numbers in 
the rodent forestomach.  Unfortunately, measurements of the distribution of Helicobacter 
in the rodent forestomach are lacking.  Investigators that study the pathophysiology of 
Helicobacter in rodent models generally ignore the forestomach because the well-defined 
anatomical division does not occur in humans. 

The common presumption that forestomach tumors in gavage studies result from a 
selective direct contact of the gavage solution with the forestomach (rather than the 
glandular portion of the stomach) appears to be inconsistent with the anatomy.  The 
esophagus empties in the area of the limiting ridge at the junction of the two portions of 
the rodent stomach (analogous to the human stomach).  Gavage administration would 
appear to deposit solutions into this area of the rodent stomach, similar to normal food 
delivery. 

Because of the idiosyncratic growth characteristics of Helicobacter, this organism may 
not be detected in standard bacterial cultures.  In their pioneering study, Marshall and 
Warren nearly failed to grow it in culture because of its growth requirements and long 
incubation period (Lynch, 2002).  Helicobacter infections in the rodent stomach are not 
characterized by the inflammation (gastritis) observed in the human stomach (Lee, 2000). 
Helicobacter is not usually observed on routine histological examination of H&E stained 
sections (at least in liver sections) (Hailey et al., 1998).  Thus its occurrence in the 
glandular stomach or forestomach would not necessarily have been detected in past 
rodent bioassays. 

In 1993, liver lesions were identified in treated and control male mice in two completed 
NTP bioassays (Nyska et al., 1997).  These lesions (hepatitis, oval cell hyperplasia and 
karyomegaly, and chronic inflammation) were consistent with infection with 
Helicobacter hepaticus, an organism closely related to H. pylori.  Further investigation 
detected H. hepaticus in 9 long-term completed NTP cancer bioassays where hepatitis 
was reported (Hailey et al., 1998).  The presence of this organism may be confounding 
the findings of hepatic tumors in these bioassays associated with exposure to chemical 
agents (Nyska et al., 1997). 

Chemical Carcinogens 

In long term animal bioassays conducted by the NCI and NTP, neoplasms of the 
forestomach were much more common than neoplasms of the glandular stomach (fifth 
most common tumor versus the 32nd most common tumor, respectively) (Huff, 1999).  
Nineteen chemicals in male and 13 chemicals in female rats, and 20 chemicals in male 
and 21 chemical in female mice were positive for forestomach tumors.  Two chemicals 
were positive for tumors of the glandular stomach and only in the female rat (Huff, 
1999).  Given the association of Helicobacter infection with stomach tumors, the 
occurrence of tumors in the portion of the rodent stomach with elevated pH could be 
related to a more hospitable environment for the growth of Helicobacter. 

Although tumors of the forestomach are much more common than tumors of the 
glandular stomach in rodent cancer bioassays, the relevance of these tumors is somewhat 
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problematic given the lack of a comparable structure in the human stomach.  The 
pathophysiology of Helicobacter infection in human stomach cancer involves a 
progression that results in the loss of glandular structure.  Describing the sequence of 
events in the human stomach preceding carcinoma, IARC states “They follow a 
sequential presentation of chronic nonatrophic gastritis, atrophic gastritis, intestinal 
metaplasia and dysplasia.  Atrophy (loss of gastric glands) is a pivotal change in the 
precancerous process” (IARC, 1994).  A “de-glandular process” appears to occur in the 
stomach before cancer occurs in the humans infected with Helicobacter pylori.  Cancer in 
the aglandular portion of the rodent stomach, the forestomach, may be very relevant to 
what is occurring in the human stomach.  Colonization of Helicobacter tends to occur in 
the portion(s) of the human stomach (e.g., antrum) with no acid-secreting glands. 

While Helicobacter infections have been detected in the stomach of a number of species, 
it is unclear what role they play in the carcinogenesis process in animals.  Recent studies 
(discussed below) suggest that Helicobacter may have a role in carcinogenesis in 
animals, particularly in combination with chemical carcinogens. 

The inoculation of Mongolian gerbils with H. pylori prior to or following the 
administration of N-methyl-N-nitrosourea (MNU) in drinking water resulted in a 
statistically significant increase in adenocarcinoma of the glandular stomach after 40 
weeks (Sugiyama et al., 1998).  No tumors were observed in animals exposed to H. 
pylori or MNU alone. 

In a study that lasted for 50 weeks, Mongolian gerbils were administered N-methyl-N-
nitroso guanidine (MNNG), H. pylori, or a combination of the two agents (Shimizu et al., 
1999).  No tumors were observed in a control group infected with H. pylori alone 
although almost of the animals in this control group exhibited inflammation, edema, 
hemorrhagic spots and erosions, and hyperplasia of the stomach.  These effects were not 
observed in an uninfected control group. 

Statistically significant increases in tumors of the glandular stomach were observed when 
60 or 300 ppm of MNNG was administered in drinking water for 10 weeks, followed by 
an infective dose of H. pylori (after one week), when compared to MNNG alone.  In a 
separate experiment, animals infected with H. pylori and then administered 100 or 20 
ppm of MNNG for 30 weeks (one week after the H. pylori was administered) showed 
statistically significant increases in stomach tumors compared to MNNG alone, but only 
in the low dose group.  Fewer tumors in the high dose group may be related to H. pylori 
being eradicated from the stomachs of many of the animals in the high dose group 
(possible due to a direct toxic effect of MNNG on the bacteria). 

Mongolian gerbils were first inoculated with H. pylori and after four weeks MNNG (50 
µg/ml) was administered in drinking water for an additional 20 weeks (Tokieda et al., 
1999).  Eighteen weeks later, four of six animals exposed to H. pylori and MNNG 
displayed adenocarcinomas in the glandular stomach, while only 3 of 17 animals 
displayed tumors in animals receiving MNNG alone.  No tumors were observed in 
animals exposed to H. pylori alone.  Histopathological examination of the forestomach 
revealed hyperkeratotic changes and hypertrophy in animals exposed to MNNG but not 
in animals exposed to just H. pylori alone.  Forestomach tumors occurred in one animal 
exposed to MNNG and H. pylori and one animal exposed to MNNG alone.  Ninety-three 
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percent of animals exposed to H. pylori alone remained infected at the end of the study 
but only 40 percent in animals exposed to MNNG and H. pylori, indicating that the 
chemical may have had bactericidal activity. 

N-methyl-N-nitrosourea was administered in drinking water to Mongolian gerbils (10 
ppm for 20 weeks or 30 ppm for six of 10 weeks), which were sacrificed after 41 weeks 
(Maruta et al., 2001).  The gerbils were inoculated with H. pylori one week prior to (10 
ppm) or one week subsequent to (30 ppm) MNU treatment.  Control groups consisted of 
animals inoculated with H. pylori alone or animals treated with MNU and not inoculated 
with H. pylori.  Fourteen of 39 animals developed carcinomas of the stomach in animals 
inoculated with H. pylori and then treated with 10 ppm MNU.  Six of 18 animals treated 
with 30 ppm of MNU and then inoculated with H. pylori developed carcinomas.  No 
carcinomas were observed in the stomach of animals treated with 10 ppm or 30 ppm of 
MNU alone, or animals inoculated with H. pylori alone. 

The administration of 10 ppm of MNU in drinking water to Mongolian gerbils for 20 
weeks, with sacrifice after an additional 20 weeks, yielded seven adenocarcinomas of the 
stomach in 20 animals exposed to H. pylori one week prior to treatment but no tumors in 
animals inoculated with H. pylori 24 weeks prior to treatment with MNU (Maruta et al., 
2000).  Animals treated with MNU alone did not develop stomach tumors. 

Vagotomy 

Vagotomy, a procedure involving the resection of the vagus nerve, has been used to 
reduce the secretion of acid into the stomach (stimulation of the vagus nerve results in the 
release of gastrin and increased section of acid into the stomach).  Vagotomy has been 
linked to increases in gastric tumors in humans and animals (Capper and Johnson, 1964; 
Haukland and Johnson, 1981; Morgenstern, 1968).  While changes in acid secretion 
(hypochlorhydria) and duodenal reflux have been suggested as being involved in the 
increase in cancer, the mechanism remains unknown.  Increases in gastric tumors have 
also been observed in vagotomized animals administered 20-methylcholanthrene 
(Vilchez and Echeve-Llanos, 1964; Morgenstern, 1968) or MNNG (Fujita et al., 1979; 
Tatsuta et al., 1985) when compared to sham-operated animals.  In vagotomized rats 
administered MNNG, Tatsuta et al. (1985) observed increased stomach pH and atypical 
glandular hyperplasia.  In addition, there were increased numbers of rats with gastric 
cancer and an increase in the number of gastric cancers per rat compared to animals 
treated with MNNG alone. 
An increase in stomach pH that is associated with vagotomy in these studies is consistent 
with conditions that are more hospitable to Helicobacter infections.  The increases in 
stomach tumors and glandular hyperplasia are consistent with effects associated with 
Helicobacter infection. 

Stomach Irritation and Cancer 

Helicobacter pylori infection results in gastritis in humans and has also been linked to 
stomach cancer.  However, most individuals infected with the organism do not develop 
stomach cancer and certain populations with high prevalence of Helicobacter infection 
have a high incidence of stomach cancer while other populations do not.  Other factors 
appear to be involved. 
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The Mongolian gerbil, when infected with H. pylori, develops gastric symptoms that 
mimic what is observed in humans.  Tumors of the stomach were observed in animals 
exposed to MNU or MNNG in combination with H. pylori.  Stomach tumors were not 
observed following exposure to H. pylori alone in the Mongolian gerbil.  Exposure to 
chemical agents may be one of the “other factors” involved in the pathophysiology of 
stomach cancer associated with H. pylori infection in humans. 

Little inflammation of the stomach is observed when mice are infected by Helicobacter.  
However, irritation is detected in the stomach of mice exposed to some agents that 
produce stomach cancer (Wilkinson and Killeen, 1996; Frederick et al., 1990; Boorman 
et al., 1986).  The irritation (and cancer) has been attributed to the agent alone 
(particularly since there is no evidence that something else could be causing the 
irritation).  However, the irritation could be evidence of the presence of Helicobacter 
infection and perhaps the combined actions of Helicobacter and the carcinogenic agent, 
given that Helicobacter infection and its associated gastritis or irritation precedes 
stomach cancer in humans and the Mongolian gerbil.  While a role for Helicobacter 
infection in the pathophysiology of chemicals linked to stomach cancer in rodents is 
intriguing, little information regarding the possible occurrence of the organism in the 
stomach or forestomach of rodents in past bioassays is available. 

Hexavalent Chromium - Toxicity Studies 

Three studies have linked exposure to Cr VI in drinking water with statistically 
significant increases in cancer of the GI tract (NTP, 2007; Zhang and Li, 1987; Borneff et 
al., 1968).  Zhang and Li (1987) was an ecological epidemiology study that revealed 
statistically significant increases in the incidence of both stomach cancer and overall 
cancer rates in rural villagers exposed to what appears to be high concentrations of Cr VI 
in drinking water.  The NTP (2007) study revealed a statistically significant and dose-
related increase in duodenum tumors in both male and female mice.  Borneff et al. (1968) 
was an animal study that revealed a statistically significant increase in the incidence of 
tumors of the forestomach in female mice exposed to 500 ppm of potassium dichromate 
in drinking water. 
 

Zhang and Li, 1987.  A statistically significant increase in the incidence of stomach 
tumors was detected in rural villagers in China exposed to a relatively high level of Cr VI 
in their drinking water.  Most notable about this increase was that it occurred after a 
rather short duration of exposure and latency period, 12 to 17 years.  The villagers in this 
study were likely to have been infected by Helicobacter pylori, given its very high 
prevalence in the Chinese population.  The brief exposure duration and latency period 
before stomach cancer was detected is reminiscent of the short exposure and latency 
period for stomach tumors in the Mongolian gerbil following the administration of 
MNNG and MNU. 

 

Borneff et al., 1968.  The forestomach tumors in this study (for the protocol see 
Appendix B) were found almost exclusively in the F0 generation.  This generation was 
characterized by a slightly later onset of exposure, a slightly longer duration of exposure 
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than the F1 generation, and a significantly longer duration of exposure than the F2 
generation.  While tumor incidence was markedly increased only in the F0 generation, 
exposure duration was markedly shorter only in the F2 generation and not in the F1 
generation.  Thus, differences in the duration of exposure do not appear to explain why 
tumors occurred primarily in the F0 generation. 

We postulate that an earlier exposure of mice to Cr VI in the F1 and F2 generations (which 
occurred following weaning) may have “prevented” tumors in these generations.  This 
finding could have resulted from a combined exposure to Cr VI and a Helicobacter 
infection, analogous to the studies in which MNNG or MNU was administered to 
Mongolian gerbils. 

Mice in the F0 generation infected with Helicobacter and exposed to Cr VI developed 
forestomach tumors.  The lack of tumors in subsequent generations in the Borneff study 
may simply reflect the elimination of Helicobacter from the forestomach at an early age 
by the high concentration of Cr VI in their drinking water.  Mutagenicity tests have 
revealed that Cr VI is cytotoxic to E. coli at concentrations of 10 to 15 ppm (Lantzsch 
and Gebel, 1997) or 100 to 150 ppm (Olivier and Marzin, 1987).  In the newborn mouse 
essentially no acid is secreted into the stomach (Helander, 1970).  At ten days of age (the 
last time period in the Helander study), stomach pH level in fasted mice was around 4, 
well above levels measured in adult animals (Helander, 1970).  If rates of acid secretion 
were still reduced at 21 days of age, the rate of chromium reduction to Cr III in the 
stomach and forestomach at the time of weaning in the Borneff et al. (1968) study may 
have been reduced.  Higher Cr VI levels in the stomach and forestomach may have 
prevented colonization or eliminated Helicobacter from the forestomachs of the mice in 
the F1 and F2 generations.  The elimination of a Helicobacter infection from the 
forestomach in the Borneff et al. (1968) study would be analogous to apparent 
bactericidal effects of MNNG on Helicobacter in the Mongolian gerbil (Tokieda et al., 
1999; Shimizu et al., 1999). 

Once established, Helicobacter is difficult to eliminate from the stomach.  In humans, 
one or more antibiotics are administered in combination with a drug that acts as a proton 
pump inhibitor.  An established infection with Helicobacter in the F0 generation may 
have been refractory to the bactericidal effects of Cr VI in drinking water, particularly at 
the pH levels in the adult stomach.  However, the organism may have been more 
vulnerable in the young pups.  The high concentration of chromium in drinking water 
may have prevented the transmission of Helicobacter to the F1 and F2 generation because 
of the antibiotic properties of a high chromium concentration. 

An ectromelia epidemic occurred in the eighth month of the Borneff et al. (1968) study, 
which resulted in significant mortality in the F0 and F1 generations.  The epidemic was 
ended by vaccination of the entire colony.  Thus, the mouse colony was obviously not 
free of infective agents.  Mouse infection with ectromelia is not associated with stomach 
tumors (Dick et al., 1996), in contrast to the occurrence of certain species of Helicobacter 
in the stomach of mice and their association with stomach tumors. 

Any role that Helicobacter infection may have played in the increase in forestomach 
tumors observed in Borneff et al. (1968) and stomach tumors in Zhang and Li (1987) will 
remain unresolved.  There are no data or possibility of obtaining data from these studies 
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to support or refute a possible role of Helicobacter infection in the occurrence of stomach 
cancer.  These studies were conducted prior to the discovery of the role of Helicobacter 
in the etiology of stomach cancer. 

 

NTP, 2007.  The NTP study was conducted in mice free of Helicobacter infection.  
Interestingly, the tumors occurred in the duodenum and not the stomach (Zhang and Li, 
1987) or forestomach (Borneff et al., 1968).  Helicobacter infection is characterized by 
the occurrence of intestinal metaplasia, a transformation of the stomach into a tissue that 
resembles the intestine. 

Toxicity Mechanisms 

Hexavalent chromium rapidly enters the cell via the anion transport system and then is 
rapidly reduced to Cr III inside the cell.  There is evidence of the generation of reactive 
intermediates Cr V and Cr IV as well as the formation of reactive species such as 
hydroxyl free radicals and singlet oxygen during the reduction process (De Flora and 
Wetterhan, 1989; Cohen et al., 1993; Sugden and Stearns, 2000).  These highly reactive 
species have been associated with oxidative DNA damage. 

Similar mechanisms of action have been attributed to Helicobacter effects on the stomach 
epithelium, namely the generation of reactive intermediates such as reactive oxygen 
species by infiltrating neutrophils and monocytes.  As mentioned earlier, oxidative DNA 
damage has been detected in samples of stomach epithelium from areas of chronic 
gastritis associated with H. pylori infection in humans (Farinati et al., 1998). 

 

Future Studies 
Stomach Cancer 

While the stomach is one of the most common sites of neoplasms in humans, cancer 
bioassays in animals have yielded almost no tumors in the glandular stomach.  Tumors in 
the rodent forestomach are much more common.  But given that this portion of the 
stomach does not occur in humans, it is unclear if tumors of the rodent forestomach are 
representative of what occurs in the human stomach (Nagayo, 1973). 

The lack of tumors in the glandular stomach in cancer bioassays is problematic.  It seems 
unlikely that tumors of the human stomach are not caused by exposure to chemical 
agents, considering the large variation in rates among different populations, apparently 
associated with environmental causes.  Alternatively, it could be postulated that the 
tumors that are occurring in the human stomach may be due to exposure to agents not yet 
tested in animal cancer bioassays. 

Many potent carcinogens have been tested in animal bioassays and they have typically 
been administered by the oral route, allowing direct contact with the stomach epithelium.  
Under these circumstances, tumors in the glandular portion of the rodent stomach 
probably should have been observed.  The lack of tumors in the glandular stomach in 
cancer bioassays suggests that the current animal bioassays are not an appropriate model 
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for detecting agents that cause stomach cancer in humans (particularly if tumors of the 
forestomach are considered to be irrelevant to humans). 

Recent studies have linked exposure to chemical carcinogens to tumors in the glandular 
stomach in the Mongolian gerbil, for the most part only when Helicobacter infection was 
present.  In the Mongolian gerbil model, potent carcinogens were inactive or much less 
active unless Helicobacter infection was present.  This finding suggests a role for 
Helicobacter infection in the etiology of stomach cancer associated with chemical agents. 

Tumors in previous cancer bioassays in rodents may have occurred because the animals 
were infected by Helicobacter.  Accordingly, Helicobacter infection may be necessary or 
appropriate for an animal model of human stomach carcinogenesis. 

Helicobacter infections produce changes in the human stomach including atrophic 
gastritis and intestinal metaplasia prior to the appearance of stomach tumors.  
Helicobacter infections are producing a “de facto” aglandular epithelium (reminiscent of 
the rodent forestomach) prior to the occurrence of gastric cancer in humans.  Thus, the 
rodent forestomach may be an appropriate model for tumors of the human stomach. 

Given the emerging understanding of the possible involvement of Helicobacter in various 
pathologies of the stomach, future bioassays should at a minimum account for its 
presence.  Other research should investigate the possible role that it may play in fostering 
carcinogenic response to various chemical agents in animals and humans. 

Specific Areas of Investigation 

1) The higher pH of the rodent forestomach suggests that this organ is a more hospitable 
environment for Helicobacter than the glandular stomach.  This may be the reason that 
tumors occur in the forestomach and not glandular stomach in rodent bioassays.  It ought 
to be determined if Helicobacter occurs in the rodent forestomach, and if the organism 
preferentially colonizes this portion of the rodent stomach. 

2) Future bioassays ought to determine if Helicobacter is occurring in the stomach of 
rodents used in the bioassay. 

3) Evidence of Helicobacter colonization in archived samples from past rodent bioassays 
would be useful in investigating if there is role of this organism in stomach cancer.  This 
type of investigation is equivalent to previous efforts that demonstrated the occurrence of 
Helicobacter hepaticus in the liver of rodents in past NTP studies (Hailey et al., 1998). 

4) Given that a large portion of the human population is infected by Helicobacter pylori, 
the hypothesis that chemical agents are acting in combination with Helicobacter to cause 
stomach cancer ought to be investigated. 

5) If there is strong evidence that Helicobacter infection has a role in carcinogenic 
response to chemicals in the stomach, it may be advisable to use rodents that are infected 
with Helicobacter in cancer bioassays. 
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