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1 April 2008 

Mr. Robert Fensterheim 
Executive Director 
North American Polyelectrolyte Producers Association 

I am writing in response to your request for me to comment on specific issues arising from the 

discussion by the EPA Science Advisory Board of the document titled “Toxicological Review of 

Acrylamide.” 

I am a board certified pathologist (ACVP) and toxicologist (ABT) with over 30 years experience 

in the design, conduct and interpretation of rodent bioassays. Over that period I have participated 

in more than 200 cancer bioassays and examined the histopathological slides from most of them. 

I was Chief of the Pathology Branch at the National Toxicology Program which was responsible 

for assuring the diagnoses from the NTP bioassays were accurate. Subsequently, I was the 

Director of the Toxicology Research and Testing Program of the NTP where I directed all 

aspects of their studies. Since leaving the NTP, I have continued to participate in the design and 

interpretation of numerous bioassays and act as a reviewer of the histopathologic slides from 

them. This experience has provided me with an insight into what these bioassays really mean and 

their limitations. It is in light of this experience that I offer my opinion on the following points: 

1. Combining of tumor types. 

2. The progression of adenomas to carcinomas. 

3. What the pathology of acrylamide tells us about its mode of action. 
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1. Combining of tumor types. 

The basis for the below comments and conclusions is derived from the National Toxicology 

Program’s (NTP) procedures for combining tumors for determining a treatment-related effect in 

rodent bioassays and are described in detail in the paper by McConnell et al. (1986). This paper 

describes the rationale for why combining certain tumors together for statistical purposes is 

scientifically based and provides guidance for what should and should not be combined.  

McConnell, E.E., Solleveld, H.A. and Boorman, G.A.: Guidelines for Combining Neoplasms as 

Evidence of Carcinogenicity in Long-term Toxicity and Carcinogenesis Studies. J. Natl. Cancer 

Institute 76(2):283-289, 1986. 

For brevity, the following comments are restricted to the acrylamide (AA) studies of Johnson, et 

al., 1986 and Friedman et al., 1995. 

1.1. Appropriateness of Combining Brain Tumors 

The basic question in the IRIS document with regard to the brain tumors reported in the 

Friedman study is whether tumors referred to as “malignant reticulosis” should or should not be 

combined with glial cell tumors. The guidelines described by McConnell et al. (1986) and 

current practice by the NTP clearly suggest that they should not be combined to determine a 

treatment-related increase in brain tumors. The reason for this is that they arise from distinctly 

different stem cells. There are three types of gliomas that typically arise in the brains of rats, i.e. 

astrocytoma, oligodengrolioma and mixed gliomas. These glial cell tumors all arise from the 

same stem cell that is derived from the neuroectoderm and, therefore, it is appropriate to 

combine these tumors. In contrast, the stem cell for malignant reticulosis is entirely different, i.e. 

these tumors arise from the reticuloendothelial system, and are more in harmony with 

lymphomas and lymphosarcomas. In fact, the term reticulosis is no longer used for these lesions. 

They are more correctly termed “histiocytic sarcomas.” Therefore, because of their fundamental 

difference in histomorphogenesis, they should not be combined with glial cell tumors. 

Solleveld, H.A. and Boorman, G.A. 11. Brain. In Pathology of the Fischer Rat. Boorman, G.A. et 

al., Academic Press, 1990. 
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Solleveld, H.Y. and Zurcher, C. Neoplasms of the Central Nervous System. In Pathology of the 

Aging Rat, Vol 2. ILSI Press, 1994. 

1.2. Appropriateness of Combining Mammary Tumors 

The basic question in the IRIS document in regard to combining mammary tumors is whether it 

is appropriate to combine adenomas with fibroadenomas. At the time of the writing of the 

guidelines (McConnell et al., 1986), it was suggested that it was appropriate to combine 

adenomas with fibroadenomas because they were thought to arise from the same stem cell, i.e., 

glandular epithelium. However, since that time it has been shown that these tumors are clearly 

different in their histomorphogenesis. The fibroadenomas arise from the ductal epithelium and 

are comprised primarily of hyperplastic fibrous connective tissue, have only small portions of a 

tubular (epithelial) component and rarely become malignant. In contrast, the adenomas arise 

from the acinar portion of the mammary gland, are composed primarily of epithelial cells and 

have the potential to progress to adenocarcinomas. This is why the current NTP policy is not to 

combine adenomas and fibroadenomas for determining a treatment-related effect. 

2. Do Adenomas Progress to Carcinomas? 

The basic premise behind the guidelines for combining tumors (McConnell et. al., 1986 and NTP 

convention) is that most adenomas have the ability to progress to adenocarcinomas. However, 

because they have the potential to progress does not mean that they will progress. Adenomas 

certainly have a different biological potential being classified as benign and why they are viewed 

much differently in the clinical setting with regard to surgical, etc. intervention. That is also why 

the NTP continues to differentiate benign from malignant tumors. The scientific basis for 

differentiating benign from malignant tumors is because it is generally recognized that 

carcinogenesis is a multistep process requiring a series of sequential mutational events. It is also 

well known that benign tumors can revert to normal tissue if the stimulus (chemical) for their 

induction is removed. As pointed out in the Guidelines for Combining Neoplasms (McConnell 

et. al., 1986) “Thus differentiating benign and malignant neoplasms may provide information 

relevant to the mechanistic action of the chemical.”  
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3. What the pathology of acrylamide tells us about its mode of action. 

It is my opinion that the tumor data on acrylamide (AA) are more in line with a hormonal mode 

of action (MOA) for the induction of the tumors arising in the mammary gland, thyroid gland 

and tunica vaginalis testes rather than a direct genotoxic event as suggested in the IRIS 

document. My reasons for this opinion are as follows: 

Although noted in the pathology tables reporting the tumors in the Johnson et al. (1986) and 

Friedman et al. (1995), the IRIS document does not give the proper weight or emphasis to the 

biological potential of the tumors of either the thyroid or mammary gland. Insight into the 

potential MOA can be learned by examining the pattern of the tumor response. As noted in both 

the studies, the tumor response was only statistically significant with regard to benign neoplasms 

of the thyroid (adenomas – both sexes) and mammary gland (fibroadenomas – females only). I 

find this very important data because, for me, it sheds light on the probable MOA. Although I 

consider all three types of tumors related in terms of a MOA, I will speak to mesothelial tumors 

of the tunica vaginalis testes (TVM) later in this document. 

First, while I’m an advocate of combining benign and malignant tumors of the same tissue type 

for determining the carcinogenic activity of a material and have published the seminal paper on 

the subject (McConnell et. al., 1986), there is also a great deal more to this exercise than just 

combining the two morphological types. For example, in my experience most xenobiotics that 

appear to cause a neoplastic response in rodent models via a genotoxic MOA typically result in a 

malignant tumor response, often at the expense of the benign tumors. In fact, it is more common 

than not for the primary tumor response with genotoxic chemicals to be primarily malignant. In 

contrast, xenobiotics that cause neoplasia via an epigenetic mechanism, e.g., perturbation of a 

hormonal pathway, irritation, etc., often cause a primary increase in benign tumors, although an 

increase in malignant tumors is possible depending on the potency of the agent. 

Second, the organ distribution of the tumors can be important for understanding a potential 

MOA. Xenobiotic agents that cause neoplasia via a genotoxic MOA typically cause tumors at 

the site of highest concentration of the parent compound or the site of metabolism to the “active” 

metabolite, e.g., liver, or in an organ with a high affinity for the chemical or its metabolites, e.g., 

bone marrow, kidney, etc., or organs with active cell replication, e.g., liver, bone marrow, 
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intestine, etc. Chemicals that cause tumors via a hormonal MOA typically cause tumors in 

endocrine organs or organs directly influenced by hormones. Therefore, in the case of AA, the 

organ distribution of tumors in the thyroid and mammary gland would argue more for a 

hormonal rather than a genotoxic MOA. Also, if genotoxicity were the primary MOA one would 

expect tumors, especially of a malignant nature, in the liver because this is the site of primary 

metabolism and possibly other non-endocrine organs. 

Finally, if the MOA was based on genotoxicity one would expect to see non-neoplastic “toxic” 

lesions, e.g., liver necrosis, inflammation, etc. In addition, if AA caused tumors via a genotoxic 

MOA one would also expect to find an increase in tumors of the mammary gland of male rats, 

which was not the case. At a minimum, I think there would be dose-related pathology in the male 

mammary gland, which again was not the case. 

At first glance, the mesothelial tumors of the tunica vaginalis testes (TVA) would appear not to 

fit into the hormonal MOA paradigm. However, there are two arguments that suggest that this is 

not the case. First, in my opinion there is nothing unique about the mesothelium that lines the 

testes or scrotum and that of the peritoneal cavity. The only unique feature is its location. The 

mesothelium is morphologically essentially the same as that which lines the rest of the 

abdominal and thoracic cavities. If the MOA for the TVMs were a genotoxic event, why would 

the TVMs only start in this location? If however, the MOA was hormonal, one could envision 

higher levels of the inciting hormone in the tunica vaginalis merely by its being in a 

microenvironment adjacent to the testes which often contain Leydig (interstitial) cell tumors in 

this strain (Fischer 344) of rat, i.e., 90+%. It is known that these Leydig cell tumors are 

hormonally active, so local hormone levels could be higher than in the general circulation. In 

fact, the analysis by Iatropolis et al. (1998) that compared the amount of the testicle occupied by 

Leydig cell tumors to the development of TVMs shows a fairly strong correlation with the 

presence of the TVMs. A more in-depth discussion of this hypothesis can be found in the report 

of a Pathology Working Group (PWG) on the TVMs from the Friedman study, which I 

understand was earlier submitted to the Agency. 

Iatropolis, M.J., et al. Microscopic evaluation of proliferative mesothelial lesions diagnosed 

previously as mesotheliomas of the tunica vaginalis testes. Unpublished report to Cytec 

Industries, October 14, 1998. 
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I would like to offer a second possible MOA for the TVMs that also deserves pointing out in the 

IRIS document. As pointed out by Iatropolis, there is a fairly strong correlation between the size 

of the Leydig cell tumors and the presence of TVMs. With this in mind I propose a further 

hypothesis for the restricted location of these mesotheliomas (TVMs). The scrotum of the rat 

“tightly” encloses the testes; is not pendulous like in higher developed species. Therefore, any 

enlargement of the testes results in an increase in testicular pressure on adjacent tissues. That 

being the case, the findings of Iatropolis suggest that it is possible that the testes bearing Leydig 

cell tumors are overall enlarged, and therefore cause increased pressure on the epididymus and 

its mesothelial covering. This pressure would in turn cause physical irritation of the adjacent 

mesothelium resulting in mesothelial hyperplasia and eventually TVMs. This is further 

supported by the fact that the Fischer 344 rat has both the highest incidence of both Leydig cell 

tumors and TVMs of any of the commonly used strains of rats. It is my understanding that this 

potential MOA was also pointed out in the same PWG report.  

In summary, I believe the organ distribution and benign nature of the tumors found in the 

Johnson et al. (1986), and Friedman et al. (1995) oral acrylamide rat studies do not support a 

genotoxic MOA. I further propose that a hormonal MOA better fits the data, especially for the 

mammary gland and thyroid gland. This may also apply to the TVMs, but a further MOA such as 

physical irritation from an enlarged tumor-bearing testicle is also plausible.  

Thank you for the opportunity to provide these opinions. 

Sincerely, 

Ernest (Gene) McConnell 
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Acrylamide: A Direct Acting Mutagen or 

Enhancer of Age-Related Tumors in Fischer 344 Rats? 

Prepared by: 


Annette M. Shipp, Ph.D. 


Principal 


ENVIRON International Corporation


Monroe, Louisiana 


CHARGE QUESTION 20: 

Are there other MOAs that should be considered? Is there significant biological 
support for alternative MOAs for tumor formation, or alternative MOAs to be considered 
to occur in conjunction with a mutagenic MOA? Please specifically comment on the 
support for hormone pathway disruption. Are data available on alternate MOAs sufficient 
to quantitate a dose-response relationship? 

ANSWER: 

While the USEPA attempted to follow the Human Relevance Framework (HRF), the 
application of that framework was incomplete and inadequate and, further, did not apply 
the same standard of evidence to the mutagenic mode of action (MOA) that was applied 
to the non-genotoxic MOAs. The following provides the basis for this answer.  

I.	 Application of the First Step in the Human Relevance Framework (HRF): Is 
the weight of evidence sufficient to establish the MOA in animals? 

The first step in the HRF may be the most important from a regulatory perspective. 
This initial step directs an investigator to identify the key events in the animal model, i.e., 
biological, cellular, or molecular, by which a chemical could cause the tumors noted. The 
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method by which this step is implemented is not explicitly defined but implicit in that 
step are the following approaches:  

•	 Approach #1: When a tumor arises from a direct mutagenic event or arises 
because of excessive cytotoxicity or enhanced PPARα activation or α2µ-globulin 
accumulation, i.e., events that do not occur under normal physiological 
conditions, the initial step in the HRF works well and cause/effect may be 
discerned from only the chemical-specific data.  

•	 Approach #2: When the increase in tumors occurs for those types of tumors that 
arise spontaneously, due to age-related or species/strain-related normal 
physiological changes, such as Leydig cell tumors in Fischer 344 (F344) male rats 
or liver tumors in B6F3C1 male and female mice, application of the HRF must 
employ a different starting point than just consideration of the chemical data. In 
order to understand the MOA for chemicals that act by enhancing or exacerbating 
either the progression (decreased latency) or incidence of spontaneously occurring 
age-related or strain/species-related tumors, the following must be considered:  

o	 The basic biology of that organ system along with physiological controls, 
such as feed back loops, that explains normal functioning; 

o	 The key steps in that biological/physiological flow of normal functioning 
that could be impacted by either changes due to aging or the application of 
an exogenous chemical resulting in changes in that cell or organ system’s 
homeostasis; and,  

o	 The key step or biological “trigger(s)” (that is the obligatory precursor 
step) that provides the underlying stimulus, even in the absence of 
exogenous chemicals that “push” a normally functioning cell in an organ 
to become a neoplastic cell resulting in a tumor-containing organ. Stated 
differently, what are the biological/physiological changes that occur in the 
development of “spontaneously” occurring tumors in specific organs?  

When an exogenous chemical acts by enhancing age- or species/strain-related tumors, 
the operative question is how does the chemical of interest add to the influence/effects of 
the naturally occurring biological “trigger”? When the underlying biology/physiology of 
the organ system in which the tumor is found is not considered, as is the case with these 
assessments, the conservative burden of proof lies with the exogenous chemical to 
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demonstrate that the MOA is understood. Invariably, there will be gaps that can then be 
used to claim that the MOA is undefined and uncertain. This is especially true for 
chemicals, such as acrylamide (AA), that may be opportunistic rodent carcinogens that 
are exacerbating age-related changes in a highly susceptible rat strain.  

When these “pre-steps”, that is, understanding the normal biology/physiology of a 
system and how that system changes with age, are included in the HRF, then one does not 
have to “connect all the dots” as the USEPA and others are expecting the acrylamide data 
to do, but rather one can use a wider array of data both for that physiological process and 
data from other chemicals that affect that process. In other words, while we may not have 
all of the data for a chemical for all of the “steps” in a biological cascade, we can 
integrate data for a chemical, in this case AA, and other chemicals to determine at what 
point in that biological cascade the chemical is likely acting and ask if that interaction 
influences what would be considered obligatory precursor events. It is less of a stretch to 
say that AA in aging male rats exacerbates the decline in circulating prolactin levels 
leading to and enhancing the biological cascade which results in an increase in 
spontaneous, age-related production of Leydig Cell tumors (LCT) (a known and well-
accepted MOA for dopamine agonists in the production of LCTs) than to say that AA 
forms DNA adducts, which, by vaguely described and essentially unknown steps, 
results in tumors. 

Hence, application of this HRF framework requires an integration of all relevant 
data in a weight-of-evidence analysis of those data to: 1) discern patterns of effects that 
may be indicative of a potential MOA, in particular, is the potential MOA understood 
enough in general that approach #1 or #2 or a combination of both should be applied; 2) 
reconcile apparent conflicting data, in particular when studies in animals are not in 
agreement with epidemiological data; and, 3) determine the relevance of these findings to 
human health based upon the integration of data of pharmacokinetic and 
pharmacodynamic differences. While the USEPA in their recent evaluation of acrylamide 
applied the HRF, the Agency did not do so in a manner that integrated all of the relevant 
data or considered both approaches outlined above.  
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II. Discerning the Mode of Action for Acrylamide in the Production of Tumors in 
Fischer 344 Rats 

Acrylamide produced significant increases in benign tumors in organ systems that are 
under, directly or indirectly, complex biological/physiological controls to ensure normal 
functioning, and, more importantly, are systems that undergo significant changes with 
age in the F344 rat. As discussed in more detail in Shipp et al. (2006), aging is associated 
with changes in the functional activity of many neuroendocrine systems in the F344 rat, 
among which are profound gender- and strain-specific changes in hypothalamic-pituitary 
pathway functioning that influences the balance of hormones that affect reproductive 
senescence (numerous references as cited in Shipp et al., 2006) and that affect thyroid 
function (Cizza et al., 1992; 1996). It is these age-related changes in these pathways, 
which are under hypothalamic-pituitary control, that form the underlying and unifying 
hypothesis that AA, by way of modulating neuroendocrine control, in particular and 
perhaps exclusively, dopaminergic tone, is exacerbating the production of age-related 
tumors in tissues under the control of this very complex biological/physiological system 
that are unique to the ageing F344 male and female rat. The following is a discussion of 
the potential MOAs for the observed tumors that were not adequately characterized in the 
USEPA draft submission. 

1. Evidence that AA influences Dopaminergic Tone 

If the underlying hypothesis is that AA acts by modifying dopaminergic tone that 
then influences the centrally-mediated processes for age-related functioning of selective 
systems, then two elements would need to be described: 1) that dopamine is an essential 
contributor to normal and age-related processes controlled by the hypothalamic-pituitary 
system, in particular in the maintenance of prolactin homeostatis and it’s change with 
aging in the male and female F344 rat which are gender-specific; and 2) that AA can 
influence dopamine actions in these systems. The first element, dopaminergic influence 
on the pituitary, is well documented and not discussed further here but is summarized in 
the review by Shipp et al. (2006). It is well documented that AA modulates dopamine 
activity in rats (Agrawal et al., 1981; Ali et al., 1983; Bondy et al., 1981; Friedman et al., 
1999; LoPachin et al., 2007; Srivastava et al., 1983; Uphouse and Russell, 1982; 
Uphouse et al., 1982; Yamada et al., 1995). The evidence for an influence on dopamine 
activity by AA is summarized as follows:  
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•	 LoPachin et al. (2007) demonstrated that AA inhibits uptake of dopamine into rat 
striatal synaptic vesicles likely by binding to sulfhydral-rich proteins. Inhibition 
of uptake in his region, and perhaps other regions, would allow dopamine to be 
active at the specific locus longer than under normal conditions, thereby, 
increasing the dopaminergic signal on those processes.  

•	 While alterations in the levels of dopamine and its major metabolite, 
dihydroxyphenylacetic acid (DOPAC), were not found in some brain regions 
(e.g., the frontal cortex) (Ali, 1983; Ali et al., 1983), significant increases in 
dopamine levels were found in the caudate nucleus (Ali, 1983).  

•	 The change in dopamine levels in the caudate nucleus was dose-related and 
significantly increased after 20 days of daily injections of 10 or 20 mg/kg. The 
caudate nucleus in rats contains the same type of dopamine receptors as the 
pituitary (Cooper et al., 1991), the D2 receptor, which is thought to be the prime 
dopamine receptor in the pituitary. This difference could be explained by the 
relatively high levels of D3 receptors that are located in the frontal cortex 
(Bouthenet et al., 1991). D3 receptors have been shown to function as 
autoreceptors in some areas of the brain and when activated, serve to decrease the 
production of dopamine (Levant, 1997). Thus, in areas rich in D3 receptors, such 
as the frontal cortex, dopamine levels would be expected to be decreased 
following treatment of a compound such as AA that may modulate dopamine 
activity. 

•	 Spiroperidol (a dopamine antagonist) binding significantly increased in rats 
following either single (25 mg/kg) or repeated doses (10 mg/kg for 10 days) of 
AA (Agrawal et al., 1981; Bondy et al., 1981; Uphouse and Russell 1981). 
Spiroperidol binding was significantly increased within 30 minutes following 
administration of AA, and remained elevated for 24 hours following a single 
injection of AA (Uphouse and Russell 1981). It has been suggested that the 
increase in spiroperidol binding is due to up-regulation of dopamine receptors 
from a previous nonaccessible pool (Agrawal et al.; 1981, Srivastava et al.; 1983, 
Uphouse and Russell 1981), and that the rapid response precludes de novo 
synthesis of receptors (Uphouse and Russell, 1981).  
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•	 Sensitivity to apomorphine, a D2 dopamine agonist, is also altered in AA-treated 
rats. Additionally, administration of L-DOPA at high doses (500 or 1000 
mg/kg/day for 7 to 14 days) resulted in increases in serum LH levels and 
decreases in prolactin levels (Yamada et al., 1995). The authors suggested that the 
increase in serum LH appeared to be due to an increase in GnRH release by the 
hypothalamic-pituitary axis facilitated by the dopamine system (Yamada et al., 
1995). 

2.	 Understanding the Potential MOA for the Production of TVMs by Acrylamide 

2.1. TVMs are a tumor found mainly in male F344 rats. 

One of the USEPA cautions in accepting an F344-specific MOA for AA in the 
production of TVMs was that acrylamide had not been tested in other strains or 
species. This is an example of the lack of integration of data by the USEPA that did 
not consider data in other strains or species with other chemicals to inform and 
address an apparent data gap. When individual pieces of information are considered 
together, there is a clear association between the production of LCTs in male F344 
rats and the occurrence of TVMs. The incidence of spontaneous TVMs is higher in 
F344 rats, which have a high background rate of LCTs, than in the Sprague-Dawley 
and other rat strains, which have a lower spontaneous incidence of LCTs (Capen 
1996; Maekawa and Hayashi, 1992; Takaki et al., 1989; Tanigawa et al., 1987). 
Further, a few of the chemicals, which produced increases in the incidence of TVMs 
in male F344 rats, such as ethylene oxide, were also tested in chronic bioassays in 
other strains of rats and did not produce TVMs in those strains (Berman and Rice 
1979; Kari et al., 1989; Kurokawa et al., 1983; Snellings et al., 1984). Briefly:  

•	 TVMs arise from the mesothelial cells that line the inner surface of the scrotum. 
No other mesothelial tissue in male rats was a target nor was this lesion seen in 
equivalent tissues in female F344 rats in either the Johnson et al. or Friedman et 
al. studies. 

•	 The TVMs reported in these studies were histologically indistinguishable from 
background TVMs (Damjanov and Friedman, 1998; Iatropoulos et al., 1998). 
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•	 Spontaneous occurrence of TVMs, while low, has been observed in a number of 
male rat strains (Gould, 1977; Tanigawa et al., 1987). 

•	 However, a survey of more than 400 bioassays performed by the National 
Toxicology Program indicated that TVMs were not found in male B6C3F1 mice 
evaluated at the same time as male F344 rats by the same route of exposure and 
similar protocols. 

•	 These data indicate that the F344 rat is more prone to form TVMs, when 
compared with other strains of rats and that this may be an F344-specific 
response. The incidence of spontaneous TVMs is higher in F344 rats, which have 
a high background rate of LCTs, than in the Sprague-Dawley and other rat 
strains, which have a lower spontaneous incidence of LCTs (Capen, 1996; 
Maekawa and Hayashi, 1992; Takaki et al., 1989; Tanigawa et al., 1987). 

2.2 The production of TVMs is linked to the production of Leydig Cell Tumors 
(LCTs) 

Two mechanisms for the production of TVMs in male rats have been proposed 
(Tanigawa et al., 1987): 

•	 TVMs occur as a result of hormonal imbalances in the peritesticular area 
(O’Shea and Jabara, 1971). 

o	 There are age-related changes in the synthesis and/or secretion of 
gonadal and adenohypophyseal hormones (Turek and Desjardins, 
1979). 

o	 Specifically, decreases in testosterone levels in the peritesticular area 
results in the changes/increases in localized growth factors, especially 
TGF-beta, which, unlike its action in epithelial cells, provides a 
proliferative signal to mesothelial cells.  

•	 Enlargement of the LCTs produces a physical stimulus on the surrounding 
mesothelium in a manner related to a solid state/foreign body response, which 
has been associated with tumor formation (Tanigawa et al., 1987; Ryan et al., 
1981). 

o	 Examples of solid state carcinogens are well known, notably, asbestos-
induced mesotheliomas (Shabad et al., 1974; Stanton and Wrench, 
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1972). While the mechanism of how asbestos-induced injury is 
translated into a transforming event leading to a tumor production is 
not known with certainty, recent data indicate that there are alterations 
in the expression of growth factors in transformed mesothelial cells 
(Gerwin et al., 1987; Versnel et al., 1988). 

o	 In the reanalysis of TVMs reported in the Friedman et al. (1995) study 
by Iatropoulos et al. (1998), the degree of morphological progression 
of TVMs correlated with the size of LCTs. Further, according to 
Iatropoulos et al. (1998), TVMs were found only in animals with LCTs 
that occupied more than 75% of the testes. Of those TVMs 
rediagnosed as localized hyperplasia, the LCT occupied 25% or less of 
the testes.  

o	 In the Friedman et al. (1995) study, there was a significant increase in 
the mean absolute testes weight in the two highest dose groups 
compared to controls, and the percentage of animals with testes 
reported upon gross examination as increased in size was also 
increased in the high-dose group. 

These data suggest that the formation of TVMs in AA-treated rats was related to the 
occurrence and size of the LCTs. Therefore, the MOA for both spontaneous and 
chemically induced LCTs was considered. The integrating factor for these two proposed 
mechanisms of TVM formation –hormonal action or solid-state response – is that the 
development of LCTs and resultant alterations in the peritesticular microenvironment 
are obligatory precursor steps to TVM development. Whether that extracellular stimulus 
is due to altered hormonal balances in the peritesticular microenvironment that ensue in 
aged rats with advanced LCT development (the more likely mechanism) or through solid 
state pressure due to the increase size of the LCTs, production of these TVMs in either 
case is modulated by mesothelial autocrine growth factors, such as TGF-beta and the 
mesothelial cells response to these. Recent evidence indicates that growth regulatory 
pathways in mesothelial cells are absolutely different from those reported for other 
primary epithelial cell types (Gabrielson et al., 1988). Unlike its inhibitory response in 
some epithelial cell lines, TGF-β stimulated DNA synthesis in cultured mesothelial cells 
(Gabrielson et al., 1988). Further, these cells responded with increased DNA synthesis to 
other growth factors, namely platelet-derived growth factor (PDGF) and epithelial growth 
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factor (EGF). Mesothelioma cells lines have been shown to have increased mRNA levels 
of the PDGF gene when compared with normal mesothelial cells, which suggests that 
these may be autocrine growth factors for these neoplasms (Gerwin et al., 1987). 

2.3 Overview of LCT Production in the F344 rat. 

General regulation of androgen balance and the production of LCTs can be 
summarized as follows:  

•	 In the male rat reproductive system, in particular in F344 rats, maintenance of 
blood androgen hormone levels, primarily testosterone, and control of 
spermatogenesis are regulated by a complex feedback loop involving the 
hypothalamus, pituitary gland and the testes (Capen, 1996; Clegg et al., 1997; 
Creasy and Foster, 1991; Herbert et al., 1995; Prentice and Meikle, 1995). 

•	 Decreases in testosterone levels in aging F344 rats result in a compensatory 
increase in the level of LH, the hormone that stimulates the Leydig cell to 
produce testosterone. 

•	 In the aged F344 rat, age-related hormonal changes, in particular age-related 
decreases in prolactin in response to age-related increases in dopamine in 
TIDA neurons that directly affect the pituitary and changes in cellular receptor 
density in the testes have been reported in F344 rats (Amador et al., 1985). 

•	 Decreases serum prolactin levels result in a down-regulation of LH receptors 
resulting in an age-related decrease in testosterone levels (Cook et al., 1999; 
Prentice et al., 1992). 

•	 A compensatory increase in LH from the brain caused by decreases in 
testosterone results in an up-regulation of LH receptors thereby resulting in 
Leydig cell hyperplasia (Amador et al., 1985), and with continued stimulation 
by LH, eventually results in a progression from Leydig cell hyperplasia to 
neoplasia, a scenario unique to the rat, specifically F344 rats (Amador et al., 
1985; Cook et al., 1999). 

Dopamine agonists, such as mesulergine, norprolac and oxolinic acid, result in 
decreases in serum prolactin levels, which result in a down-regulation of Leydig cell LH 
receptors and subsequent decreases in serum testosterone levels, a mechanism unique to 
rodents (Alison et al., 1994; Prentice et al., 1992, Prentice and Meikle, 1995). To 
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compensate for the decrease in testosterone, LH levels increase, and if sustained, result in 
Leydig cell hyperplasia and LCTs. 

2.4 AA’s Contribution to Age-related Decreases in Prolactin and Testosterone 

Several experiments indicate that AA could produce alterations in hormone levels 
that can impact several organs and organ systems. In particular, decreases in serum 
prolactin and testosterone levels, in combination with changes in testes size and weight, 
suggest a connection between AA’s action at the neurotransmitter level and these effects. 
There is considerable evidence that AA produces a decrease in prolactin and testosterone 
levels in male F344 rats. This evidence can be summarized as follows:  

•	 In the study by Friedman et al. (1999), dose-related decreases in testosterone to 
53% of the control level occurred following a 14-day administration of 25 mg 
AA/kg to F344 rats beginning at age 8 weeks. After 28 days of treatment, 
testosterone levels were reduced in the 12, 19* and 25* mg/kg/day dose groups 
(* statistically different from control). After 14 days of treatment, dose-related 
changes in prolactin levels were noted in all groups except for the lowest dose 
group. The percentage decreases in prolactin levels from control values were 
17%, 36%, 81%, and 87% in the 4.1, 12, 19*, and 25* mg/kg/day dose groups, 
respectively. 

•	 Decreases in serum prolactin and testosterone levels following administration of 
AA have also been reported in other studies (Agrawal et al., 1981; Ali et al., 
1983; Uphouse et al., 1982). Dose-related decreases in testosterone and prolactin 
levels were observed following daily injections of 10 or 20 mg/kg for 20 days, 
and were significantly decreased in the 20 mg/kg/day group (Ali et al., 1983). 

•	 Administration of AA via a single intraperitoneal injection of 100 mg/kg to naïve 
(unhandled) F344 male rats resulted in a statistically significant decrease in 
prolactin levels, compared to controls (Uphouse et al., 1982). Prolactin levels 
were not significantly decreased in animals that had been “gentled,” that is, 
handled to reduce the stress response. This is consistent with other results that 
suggested that animals accustomed to handling had altered sensitivity to 
dopamine-acting compounds (Uphouse et al., 1982). 

In Summary. The biological/physiological cascade that is hypothesized to provide 
the connection between the LCT and the TVMs is as follows:  
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•	 The proposed MOA for AA is by enhancing the hormonal imbalance seen in aging 
male F344 rats by enhancing dopaminergic tone at the level of the pituitary gland 
resulting in a further decrease in prolactin levels. This results in a down-regulation 
of LH receptors on the Leydig cell, adds to age-related decreases in the synthesis 
of testosterone in the testes and secretion of testosterone into the peritesticular 
area, and the results in the formation of earlier and more metabolically active 
LCTs. The formation of LCTs results in further decompensation of hormone 
responsiveness and production resulting in a cascade of hormonal changes in the 
peritesticular microenvironment and subsequent formation of TVMs through a 
growth-factor receptor-mediated autocrine, growth factor response. Consequently, 
the formation of LCTs is considered an obligatory, precursor event for the 
formation of TVMs. 

•	 Further decreases in the regional androgen levels as an indirect result of AA 
administration would accelerate and extend the spontaneous rate of TVM 
formation, even in the absence of exogenous genetic damage in these cells. In this 
case, it would be expected that the tumors would be morphologically the same as 
background, as indicated in the histopathological examinations (Friedman et al., 
1995; Iatropoulos et al., 1998; Johnson et al., 1986). 

2.5 Relevance of TVMs to Human Health 

The evidence suggests that the hormone/growth signal component 
involved in the promotion of these mesotheliomas is linked to the altered 
hormonal microenvironment in the male F344 rat peritesticular area. An 
analogous microenvironment in the human peritesticular area is not expected to 
occur for a number of reasons.  

•	 The extent of the alterations in the hormonal levels in the peritesticular 
microenvironment of the male F344 rat by AA is strain-specific. According to 
Cook et al. (1999), “...compounds that induce LCTs in rats by disruption of the 
HPT axis pose a risk to human health, except for possibly two classes of 
compounds (GnRH and dopamine agonists). Because GnRH and prolactin 
receptors are either not expressed or are expressed at very low levels in the testes 
in humans, the induction of LCTs in rats by GnRH and dopamine agonists would 
appear not to be relevant to humans.” 
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•	 There are significant differences between human and rat mesothelial cells, both in 
the production and the responsiveness to growth factors (Walker et al., 1991). 
Depending on which growth factors and the role they play in mesothelioma 
development, the use of a rat mesothelioma model is not be predictive for humans 
(Walker et al., 1991). 

When considered in combination with the likely MOA for the production of TVMs in 
F344 male rats, the F344 rat is uniquely sensitive. The production of TVMs in the 
F344 rat is not relevant to humans. Therefore, the incidence of TVMs should not be 
considered further. 

3. Understanding the Potential Mode of Action of Acrylamide in the Production of 
Mammary Fibroadenomas in Female F344 rats.  

Fibroadenomas are common, spontaneously occurring tumors in aging female F344 
rats that result from the consequence of aging in both mammary gland development and 
the normal physiology of the reproductive system in F344 rats. The changes in those 
systems in aging female F344 rats are reviewed in Shipp et al. (2006). The control of 
these processes is a complex series of events involving ovarian hormones, such as 
estrogen and progesterone, the pituitary gland hormone, prolactin, and in the case of the 
mammary gland, locally-produced growth factors and other cytokines released by the 
extracellular matrice surrounding and supporting mammary epithelial tissue that are 
likely involved in paracrine and autocrine control of cellular proliferation (see Shipp et 
al., 2006). These events are briefly summarized in the next section. 

3.1. Age-related Changes in Reproductive Function in Female F344 Rats 

In the aging F344 rat, the complex system that controls hormone secretion 
begins to fail. In particular, unlike the male F344 rat, the dopamine inhibition of 
prolactin release is no longer effective in the aging female F344 rat. In the female 
F344 rat: 

•	 Prolactin secretion is inhibited by dopamine, which is released from the TIDA 
neurons into the hypothalamic-hypophyseal portal vessels that supply the 
pituitary gland in response to high levels of blood or cerebrospinal fluid 
prolactin (Capen et al, 1991; MacKenzie and Boorman, 1990; MacLoed and 
Login, 1977; Meites, 1980; Stefaeanu and Kovacs, 1994). Through an 
undetermined mechanism, dopamine interacts with D2 receptors on the 
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pituitary lactotrophs, the cells that secrete prolactin, and inhibits prolactin 
release. Conversely, dissociation from the lactotroph D2 receptor results in a 
loss of inhibition and an increase in prolactin secretion.  

•	 In the aging female F344 rat, there is a breakdown in the control of prolactin 
release possibly from the loss of or damage to TIDA neurons, loss of TIDA 
neuronal function or by some breakdown in the lactotroph, such that the cell is 
no longer responsive to dopamine (MohanKumar et al., 1997, 1998; Reymond 
1990; Sarkar et al., 1982, 1983). As a result of the deterioration of this system, 
prolactin levels are greatly increased and ovarian cyclicity is altered. 

•	 Regardless of the mechanism, the end result is hyperprolactinemia in aged 
female rats, a condition that can then impact ovarian function and result in 
changes in the temporal patterns of ovarian hormone secretion.  

•	 Prolactin stimulates corpus luteum function and stimulates the synthesis of 
progesterone in rats (Neumann, 1991). As a consequence, aging female rats 
with hyperprolactinaemia enter a state of pseudopregnancy in which elevated 
levels of prolactin and progesterone are sustained (Meites, 1980; Neumann, 
1991). 

•	 The ovaries of pseudopregnant rats contain numerous corpora lutea (Cooper et 
al., 1986). As with pregnancy, pseudopregnancy is associated with high levels 
of progesterone and prolactin and low levels of estrogen (Demarest et al., 
1982; Huang et al., 1976; Huang et al., 1978; Lu et al., 1979; Lu et al., 1980; 
Peluso and Gordon, 1992). It is believed that in the pseudopregnant rat, high 
prolactin levels serve to maintain the corpora lutea. Thus, in pseudopregnancy, 
rather than regress, as occurs in a rat that is cycling normally, the corpora lutea 
persist and continue to secrete progesterone (Peluso and Gordon, 1992; Smith, 
1980). 

•	 Pseudopregnancy occurs at a much higher incidence in the aging female F344 
rat (Estes and Simpkins, 1981; Estes, 1982; Peluso, 1992; Saiduddin, 1979) 
and as expected, the background rate of mammary fibroadenomas is higher in 
F344 rats than other strains. 
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3.2	 Normal Mammary Gland Development in F344 rats 

Growth, morphogenesis, and differentiation of the mammary gland in rats 
have been extensively studied and several comprehensive reviews have been 
published (Boorman et al., 1990; Borellini and Oka, 1989; Cunha, 1994; Howlett 
and Bissell, 1993; Imagawa et al., 1990; Russo et al., 1982). Mammary gland 
growth and differentiation are under complex hormonal and cellular control and 
not all of these complex interactions are known with certainty, in particular the 
role of interactive growth factors in response to hormonal signals (Howlett and 
Bissell, 1993). A brief summary is presented here.  

•	 During embryogenesis, epithelial morphogenesis is under mesenchymal 
control and apparently without other hormonal control (Howlett and Bissell, 
1993; Sakakura, 1987). By birth, a basic ductal network, up to third- and 
fourth-order branching, has been established (Howlett and Bissell, 1993). 
Initially, the ducts are narrow and end in terminal ductules or small club-
shaped terminal end buds (TEBs) (Boorman et al., 1990; Russo et al., 1982). 

•	 During the first 3 to 4 weeks of postnatal life, ductal growth continues with 
elongation and branching of ducts within the newly formed mammary fat pad 
stroma and accelerates with TEBs forming at the tips of the ducts (Boorman et 
al., 1990; Borellini and Oka, 1989; Howlett and Bissell, 1993). Elongation of 
the ducts occurs as a result of rapid growth in end buds, which, by turning and 
branching, give rise to the characteristic tree-shaped pattern of the mammary 
ductal system (Russo et al., 1982). 

•	 The number of TEBs quickly reaches a maximum and decreases thereafter as 
they differentiate into terminal ductules and alveolar buds (ABs) (Boorman et 
al., 1990), with each TEB differentiating into three to five smaller ABs 
forming lobules, which begin to differentiate into alveoli (10 to 12 alveoli per 
AB) to form a lobule; and by approximately 6 to 8 weeks of age.  

•	 During pregnancy, mammary gland development is completed with extensive 
lobuloalveolar growth to yield functional epithelial cells with the capacity to 
secrete milk (Howlett and Bissell, 1993).  
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3.3	 Regulatory Control of Mammary Gland Development in the Female F344 Rat 

Growth, morphogenesis, and functional differentiation of mammary 
epithelium depend on signaling from systemic hormones and on signals from the 
local tissue microenvironment to include, the extracellular matrix (ECM), the 
basement membrane and soluble cytokines (Cunha, 1994; Howlett and Bissell, 
1993). These events have been reviewed by Shipp et al. (2006) and summarized 
briefly here. 

•	 In the ECM of the mammary gland, regulatory signals are provided by two 
subcompartments of the mesenchyme/stroma (fibroblasts and adipocytes) and 
the subjacent basement membrane (Howlett and Bissell, 1993). Both 
mesenchymal cell types, adipocyte and fibroblasts, have distinct regulatory 
properties, and are separated from the epithelial cells by the basement 
membrane (Howlett and Bissell, 1993). Consequently, during prepuberty, 
postpuberty, and throughout adulthood, the ECM, in particular the stromal 
connective microenvironment, influences epithelial growth, ductal branching, 
epithelial differentiation, and lactation (Cunha, 1994; Howlett and Bissell, 
1993). 

•	 Lobuloalveolar growth and further differentiation of this ductal system during 
pregnancy and lactation require prolactin and progesterone and signals from 
the microenvironment from the basement membrane (Boorman et al.; 1990, 
Cunha, 1994; Howlett and Bissell, 1993). Progesterone has been shown to 
induce cell proliferation and to direct multilobular and lobuloalveolar 
branching (Darcy et al., 1995; McGrath et al., 1985). 

•	 With each estrus cycle, additional TEBs form ABs with some lobuloalveolar 
growth and involution at the end of the cycle (Russo et al., 1982). With each 
estrous cycle, in response to hormonal changes, the mammary gland in the 
female F344 rat undergoes further differentiation.  

In summary, there is compelling evidence that ECM components work 
together with systemic hormones to direct the development of the mammary 
gland from embryogenesis through to adulthood and to regulate the function of 
mature mammary epithelial cells during pregnancy, lactation, and involution. 
These ECM cues arise from two separate subcompartments of the 
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mesenchyme/stroma (fibroblastic and adipocyte) and from the basement 
membrane, formed from mammary epithelial cells in response to cues from the 
fibroblast stroma. Mammary epithelium can be envisioned as being linked to 
other elements in the microenvironment, namely, the mesenchyme/stroma and 
basement membrane, to form a “dynamic and reciprocally interactive functional 
unit” (Bissell et al., 1982). 

3.4	 MOA in the Production of Spontaneously Occurring Mammary Fibroadenomas in 
the Female F344 Rats 

The connection between increased and sustained levels in prolactin and 
progesterone and the production of fibroadenomas can be understood when the 
role of progesterone in mammary differentiation is considered. Estrogen is 
required for ductal expansion in the prepubertal and postpubertal rat; however, 
progesterone is required for lobuloalveolar branching, differentiation, and growth. 
Increased differentiation of ABs into alveoli requires complex interactions 
between the epithelial cell, its surrounding basement membrane, and the stromal 
fibroblast support system in response to progesterone and other growth factors. 

While stated as a sequence of events for purposes of discussion, this 
complex process can be viewed as interactive, reciprocal stimulation involving 
the readily differentiating alveoli. With progesterone stimulation acting most 
likely at the level of differentiating end bud, interaction between the stromal 
fibroblast, basement membrane, and epithelial cell progresses as each functions in 
the development of the lobuloalveolar structure (Howlett and Bissell, 1993). The 
fibroblast, in response to progesterone or to a mitogenic stimulus initiated by 
progesterone, is stimulated to produce the collagen matrix that provides support 
for the growing structure, as well as additional local signals to the basement 
membrane, which in turn mediates growth and differentiation of the alveoli into a 
functional unit capable of producing milk in response to other signals, such as 
prolactin. Complex growth factors may be involved in this fibroblastic response 
including paracrine stimulation by TGF-β, possibly released from epithelial cells 
or the basement membrane or by autocrine stimulation by fibroblast growth factor 
(FGF), which may aid in angiogenesis for the newly growing lobuloalveolar 
structure. While the exact interactive mechanisms are not known at this time with 
certainty, in pseudopregnancy the mammary gland is under sustained stimulation 
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from prolactin and progesterone, and as a consequence, produces a sustained 
proliferative growth signal to stromal fibroblasts eventually manifested as 
fibroadenomas. Hence, in this model for fibroadenoma development, 
pseudopregnancy is an obligatory precursor step, and the sustained, elevated 
levels of progesterone is the major hormonal trigger. 

Other evidence includes: 

•	 Elevated levels of prolactin and progesterone have been shown to increase the 
incidence of spontaneous mammary fibroadenomas in rats (Meites 1980), 
dogs (Neumann, 1991) and cats (Mol et al., 1995). 

•	 Agents that result in a decrease in prolactin levels, such as L-DOPA or ergot 
drugs (Meites, 1980) or carbergyline (Negishi and Koide, 1997), and/or, 
consequently, a decrease in progesterone levels, e.g., ovariectomy (Meites, 
1980), resulted in either a decrease in the incidence or a regression of 
fibroadenomas in female rats.  

•	 Chemicals known to inhibit dopamine, such as reserpine, decreased the 
latency period and increased the incidence of fibroadenomas (Meites, 1980).. 

•	 Progesterone administration to mature female rats followed by γ-irradiation 
resulted in the production of fibroadenomas, while administration of estradiol 
followed by γ-irradiation produced primarily adenocarcinomas (Yamanouchi 
et al., 1995). The authors concluded that the mechanism by which 
fibroadenomas were produced differed from the mechanism of 
adenocarcinoma formation in that adenocarcinoma formation was associated 
with high levels of estrogen. 

3.5	 AA’s Contribution to Mammary Fibroadenomas 

The predominant mammary tumor observed in the two-year bioassay for 
AA was the increased incidence in fibroadenomas in female F344 rats, which is 
the most common spontaneously occurring tumor in female F344 rats (Boorman 
et al., 1990). Discerning AA’s mode of action in the enhanced development of 
mammary fibroadenomas in female F344 rats requires an integration of all of the 
available data. 
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The pattern of the dose-response provides some insights into the potential 
contribution of AA to the increased incidence of mammary fibroadenomas. The 
incidence of mammary fibroadenomas was comparable to controls at doses below 
0.5 mg/kg/day. A clear point of inflection in the dose-response curve was noted at 
0.5 mg/kg/day, but rather than a linearly increasing trend above that dose, the 
responses plateaued, that is, the incidence in the 3.0 mg/kg/day dose group was 
the same as that seen in 0.5 mg/kg/day dose group. Moreover, the increases in 
incidence in fibroadenomas in the treated groups were not dramatic and were 
within the range of historical control values seen in other two-year bioassays 
(Boorman et al., 1990; Goodman et al., 1979; Maekawa et al., 1983; Solleveld et 
al., 1984). The shape of the dose-response curve suggests that: 

•	 AA may be acting by a MOA that has a threshold or is at least nonlinear at 
low doses; or 

•	 The MOA by which AA may be acting is through a saturable event(s) 
consistent with receptor interactions, e.g., once receptor occupancy has 
reached a level to trigger a response, further receptor interaction may not 
increase that response in a linear manner; or 

•	 AA may be adding to that background biochemical stimulus operative in the 
production of spontaneously occurring fibroadenomas in the aging female rat.  

Further, the fibroadenomas seen in the AA treated groups were 
histologically indistinguishable from those occurring spontaneously (Friedman et 
al., 1995, Johnson et al., 1986) and there was not a consistent statistically 
significant increase in the incidence of adenocarcinomas nor was there a 
significant effect on the latency of fibroadenomas. Taken together, these results 
suggest that AA is likely acting by contributing to changes in the levels of the key 
circulating hormones, namely progesterone. Consequently, a mode of action for 
AA would have to be complementary to the underlying mode of action for 
spontaneously occurring fibroadenomas, that is, resulting in alterations in 
circulating levels of prolactin and/or progesterone, and be consistent with the 
toxicity data for AA. Therefore, development of a MOA for AA must be based not 
only on the experimental data for AA, but also on the hormonal changes in the 
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aged female F344 rat, as they apply to changes in reproductive function and 
subsequent changes in mammary gland differentiation. 

As noted above, the proposed mode of action for spontaneously occurring 
mammary fibroadenomas in the female F344 rat is one that is linked to the 
development of pseudopregnancy in the aged female. Age-related increases in 
prolactin levels, the release of which is refractory to dopamine inhibitory control 
in the aged female F344 rat, result in hyperprolactemia and, consequently, a 
sustained increase in progesterone release from the ovary. Hence, the ability of 
AA to contribute to the same biochemical cascade as is likely to be occurring in 
age-related fibroadenoma development, that is, modulation of prolactin levels or 
more likely progesterone levels, would be expected. 

Administration of dopamine to male F344 rats has resulted in a decrease in 
prolactin levels, indicative of D2 agonist activity (Agrawal et al., 1981, Ali et al., 
1983, Friedman et al., 1999, Uphouse et al., 1982). However, no consistent 
changes in prolactin levels were seen in female F344 rats (Friedman et al., 1999; 
Zenick et al., 1986). Further, prolactin release becomes refractory to dopamine 
control in the aged female F344 rat, and it is likely that a weak agonist would not 
effectively influence prolactin secretion in the aged female F344 rat. Therefore, it 
is unlikely that AA is acting by increasing prolactin from the pituitary. 

The more biologically plausible site for AA action is at the level of the D1 

receptor in the ovary. The control of steroidogenesis has historically been 
considered to be under the control of feedback loops that involve the 
gonadotropins LH and FSH. However, there are data that indicate that F344 rat 
ovarian cells contain dopamine receptors and, based on the results of studies 
conducted with dopamine agonists, there is evidence that dopamine is involved in 
the control of steroidogenesis in the female F344 rat (Arakawa et al., 1994; Mori 
et al., 1994; Negishi et al., 1998). In the rat ovary, this control is thought to be 
mediated by the interaction between dopamine and D1 receptors on ovarian cells 
(Mori et al., 1994). 

In a series of in vitro studies conducted using ovarian cells collected from 
pregnant mare serum gonadotropin (PMSG)-treated rats, Mori et al. (1994) 
reported dose-related increases in progesterone secretion with decreases in 
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estrogen secretion in cells incubated with dopamine or the dopamine D1 receptor 
agonists, SKF3, SKF8 and CY. The levels of cyclic AMP (cAMP) were also 
significantly increased, an effect that is associated with D1 receptor activation, in 
cells incubated with dopamine. No effects on baseline progesterone secretion 
were reported following incubation with propanolol (beta-blocker), domperidone 
(D2 receptor antagonist), bromocriptine (D2 receptor agonist), or bulbocapnine 
(D1 receptor antagonist). However, incubation with bulbocapnine, but not 
propanolol or domperidone, inhibited the dopamine-stimulated secretion of 
progesterone. Results of binding assays conducted with SCH23390, a D1 receptor 
ligand, indicated that a D1 receptor was present in the PMSG-treated rat ovary 
cells. Binding of SCH23390 was inhibited by dopamine, SKF3, SKF8, CY and 
bulbocapnine. Based on these results, Mori et al. (1994) concluded that dopamine 
directly stimulated the rat ovarian cells to secrete progesterone, an effect that was 
mediated through D1 receptors on the ovarian cells and not through the 
beta-adrenergic receptors. Similar results reported by Arakawa et al. (1994) also 
indicated that D1 receptor agonists increased progesterone secretion from PMSG-
treated rats and that incubation with D1 receptor antagonists inhibited the 
dopamine-stimulated increase in progesterone secretion. 

AA acting at the level of the D1 receptor on the corpora lutea would result 
in an increase in progesterone that would add to the enhanced progesterone levels 
produced in response to naturally occurring hyperprolactemia in the aged 
pseudopregnant F344 female rat. While there is no direct evidence, i.e., receptor 
binding, that AA modulates D1 receptor activity in the ovary, there is indirect 
evidence that such an interaction occurs with resulting increases in progesterone. 
In the reproductive study conducted by Zenick et al. (1986) in which female Long 
Evans rats were administered AA in the diet, only two observations were noted 
and only in the highest dose tested. These was a decrease in neonatal pup weight 
postpartum during lactation, which could be indicative of a decrease in lactation 
in response to a decrease in prolactin (the D2 response mentioned in the above 
paragraph), and a slight delay in vaginal patency in female offspring. Delayed 
vaginal patency has been associated with decreases in estrogen levels. Such a 
decrease would be entirely consistent with action at the D1 receptor on the corpora 
lutea and the resulting sustained release of progesterone. This effect was only seen 
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at the highest dose tested, 14 mg/kg/day. It can be surmised that if AA was 
affecting an increase in progesterone levels through D1 interaction in the lower 
dose groups, the level of that increase was not sufficient to block feedback control 
of estrogen release. Lack of an effect on vaginal patency at the lower doses 
comparable with those administered in the bioassay is consistent with the 
suggestion that AA’s contribution to progesterone levels was small and subtle, 
that is, the increases in fibroadenomas were within historical control ranges.  

The hypothesis for AA’s mode of action in the development of mammary 
fibroadenomas in the female F344 rat is that AA, through dopaminergic 
modulation at the level of the ovary, enhanced age-related changes in 
progesterone levels leading to an increase in the background rate of mammary 
gland fibroadenomas. While the initiating stimulus for the induction of a sustained 
increase in progesterone levels may differ — hyperprolactinemia in aged female 
rats versus a dopaminergic contribution to steroidogenesis in the ovary — the 
consequence of both is the same, that is, increases in progesterone levels with the 
resulting cascade of biochemical events in the mammary microenvironment. AA’s 
contribution to the increased incidence of mammary fibroadenomas is likely 
mediated through hormonal signals that would not only have a threshold and be 
under homeostatic control but would also be of questionable relevance to humans.  

3.6	 Relevance to Human Health 

Mammary gland fibroadenomas in female F344 rats are spontaneously 
occurring, benign neoplasms that are formed in response to alterations in the 
complex balance between centrally and ovarian-mediated hormonal control in 
aging female rats. Age-related, centrally-mediated increases in prolactin levels 
result in increases in progesterone, and decreases in estrogen are ultimately 
manifested as sustained pseudopregnancy in the aging female F344 rat. The 
increases in prolactin and progesterone result in a sustained cell proliferative 
response in the stroma/fibroblast cells in the ECM in the mammary gland. This 
prolonged stimulation of these cells is the likely mode in the progression to 
fibroadenomas. The production of fibroadenomas is a species-specific response, 
normal to aged female F344 rats and rats of other strains, as well as mammals 
under luteotrophic control, such as cats and dogs. Both the mode of action of 
fibroadenoma formation in the aged female F344 rat, as well as the mode of 
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action by which AA may be enhancing the progression of this background 
response, are not relevant to humans for the following reasons.  

Fibroadenomas in women result from an increase in estrogen or a decrease 
in progesterone, which is the opposite of the hormonal signals in rodents 
association with fibroadenomas production. Mammary tissue from different 
species has a very similar structural organization, although hormonal 
requirements for the growth and expression of the specific function of the gland 
vary among various strains or species (Borellini and Oka, 1989; Russo et al., 
1982). The evidence strongly indicates that production of spontaneously occurring 
fibroadenomas in the female F344 rat is mediated by an increase in prolactin and 
progesterone, with the subsequent biochemical cascade of proliferative responses 
in mammary stromal fibroblasts. Fibroadenomas in women are characterized by 
abnormal stromal connective tissue cells; however, epithelial cells of the ducts 
and lobules found in association with these stromal cells were identical to normal 
breast tissue (Smith and Oehme, 1991). Moreover, while not known with 
certainty, there is evidence that fibroadenomas in women are hormonally 
responsive tissues associated with any change that alters the balance between 
circulating estrogen and progesterone levels, such that an increase either in 
estrogen or a decrease in progesterone or both has been found to be associated 
with fibroadenomas. As reviewed in Smith (1991), patients with fibroadenomas 
and normal ovulatory cycles had significantly lower progesterone levels than 
controls even though estrogen levels were normal (Sitruk-Ware et al., 1979). 
Plasma progesterone levels in women with fibroadenomas were also significantly 
reduced compared to normal controls matched as to menstrual cycles (Martin et 
al., 1979). Further, in the group studied by Martin et al. (1979), plasma estradiol 
levels at the luteal phase were significantly higher in women with fibroadenomas 
and the level of estrogen receptors in fibroadenomas correlated with the degree of 
epithelial cell proliferation in the fibroadenoma. According to Smith (1991), 
human fibroadenomas are associated with a relative excess level of circulating 
estradiol over that of progesterone. In the rat mammary gland, the elevated level 
of progesterone, such as that produced during pseudopregnancy, is the obligatory 
step in the production of rat mammary fibroadenomas.  
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Pseudopregnancy in the rodent is an obligatory precursor step to 
fibroadenoma production. Age-related, centrally-mediated changes in prolactin 
levels resulting in pseudopregnancy in the aging female F344 rats result in the 
sustained release of progesterone in response to the luteotrophic effects of 
prolactin on the ovary. This is considered to be a precursor step in the production 
of fibroadenomas in rats. Increased levels of progesterone have also been shown 
to produce fibroadenomas in dogs and cats, species that are also under 
luteotrophic control (Neumann, 1991). Prolactin is not luteotrophic in primates, 
including humans (McDonald, 1980; Neumann, 1991); consequently, this 
sequence of events would not be expected to occur. 

Dopamine receptors in the human ovary are unresponsive to dopamine 
agonists. There is evidence that the noradrenergic system, rather than the 
dopaminergic system, plays a role in the control of steroidogenesis in the human 
ovary. In a study by Bodis et al. (1993), human granulosa cells were incubated 
with norepinephrine or dopamine. Concentration-related decreases in 
progesterone secretion were reported in cells incubated with norepinephrine, and 
estradiol secretion was stimulated by dopamine in an inverse dose-related manner. 
The addition of the beta-adrenergic receptor blocker propanolol completely 
inhibited these effects, suggesting that these effects, including the effect of 
dopamine on estrogen secretion, were likely the result of the conversion of 
dopamine to norepinephrine and subsequent stimulation of noradrenergic 
receptors (Mayerhofer et al., 1999). 

The results of Mayerhoffer et al. (1999) confirmed that human ovarian 
cells contain D1-subtype (D1-R) receptors; however, these receptors were not 
associated with the control of steroidogenesis. In the Mayerhoffer et al. (1999) 
study, human granulosa cells were incubated with the selective D1 receptor 
agonist SKF-38393. Increases in cAMP levels and in cell contraction, effects that 
were not inhibited by propanolol, were reported. Direct evidence for the presence 
of D1-R receptors was demonstrated. However, neither basal and hCG-stimulated 
progesterone levels nor basal estradiol levels were significantly altered following 
incubation with SKF-38393. Based on these results, Mayerhoffer et al. (1999) 
concluded that in the human ovary, D1 receptors did not play a role in the control 
of steroidogenesis. Consequently, administration of AA is not expected to alter 
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either progesterone or estradiol levels through dopaminergic modulation in the 
human ovary. 

Mammary gland fibroadenomas in female F344 rats are spontaneously 
occurring, benign neoplasms formed in response to age-related alterations in the 
complex balance between centrally and ovarian-mediated hormonal control. Age-
related, centrally-mediated increases in prolactin levels result in increases in 
progesterone and decreases in estrogen ultimately manifested as sustained 
pseudopregnancy in the aging female F344 rat. The increases in prolactin and 
progesterone result in a sustained cell proliferative response in the 
stromal/fibroblast cells in the ECM in the mammary gland such that the prolonged 
stimulation of these cells results in the progression to fibroadenomas. The 
hypothesis for AA’s mode of action in the development of mammary 
fibroadenomas in the female F344 rat is that AA, through dopaminergic 
modulation at the level of the ovary, enhanced age-related changes in 
progesterone levels leading to an increase in the background rate of mammary 
gland fibroadenomas. While the initiating stimulus for the induction of a sustained 
increase in progesterone levels may differ - hyperprolactinemia in aged female 
rats versus a dopaminergic modulation in steroidogenesis in the ovary - the 
consequence of both is the same, that is, increases in progesterone levels with the 
resulting cascade of biochemical events in the mammary microenvironment. AA’s 
contribution to the increased incidence of mammary fibroadenomas is likely 
mediated through hormonal signals that would not only have a threshold in the 
rodent but would not be relevant to humans. Consequently, the use of the 
incidence of mammary fibroadenomas quantitatively to determine a carcinogenic 
potency for AA is not warranted. 

4.	 Understanding the Potential Mode of Action of Acrylamide in the Production of 
Thyroid Tumors 

4.1	 Normal Physiology of the Rat Thyroid and Modulation of the Physiology in the 
Production of Thyroid Tumors. 

Of the three tumor types under consideration as to the MOA and relevance to 
human health, the production of Follicular cell thyroid  tumors are among the most 
studied types of tumors produced in F344 rats. Discussions and descriptions of the 
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underlying mode of thyroid tumor development usually focus on the manner in 
which the production of thyroid hormones T3 and T4 could be altered, thereby 
resulting in the increase in TSH levels in response to decreased levels of thyroid 
hormones.  

Several lines of evidence indicate that the level of TSH controls not only 
thyroid function and differentiation/growth but also follicular cell proliferation 
(Capen and Martin, 1989; Capen, 1992; Dumont et al., 1992; USEPA - US 
Environmental Protection Agency, 1998). Less discussion, however, has been 
focused on the intracellular response to TSH levels, i.e., the mode by which TSH 
signals the cell to function or ultimately to proliferate. Complex biochemical 
cascades that influence cell function and differentiation versus cell proliferation 
differ among cell types and may vary across species (Dumont et al., 1992). 

There is experimental evidence that the effects of TSH on rat thyroid cells 
are primarily mediated by cAMP (Dere and Rapoport, 1986; Dumont et al., 1992, 
Ealey et al., 1987; Jin et al., 1986; Lewinski, 1980; Medina et al., 2000; Roger et 
al., 1997; Saji and Kohn, 1990; Scheinman and Burrow, 1977; Tramontano et al., 
1988, Tramontano et al., 1988, USEPA - US Environmental Protection Agency 
1998; Wynford-Thomas et al., 1987). However, TSH effects on function (i.e., 
thyroid hormone secretion and thyroid protein iodination) and effects on 
differentiation (i.e., iodine transport and thyroglobulin synthesis) occur at lower 
TSH concentrations than those required for thyroid cell proliferation (Roger and 
Dumont, 1984; Roger et al., 1985). Moreover, in the rat follicular cell, only small 
changes in cAMP levels were required to induce cell proliferation (Dere and 
Rapoport, 1986). This is not surprising since in the rat, TSH levels and thyroid cell 
function are at near maximal levels (USEPA - US Environmental Protection Agency, 
1998). 

As reviewed by Shipp et al. (2006), thyroid tumors may result when the 
normal function of the thyroid to produce T3 and T4 is blocked. As indicated, this 
blockage may occur at one of several steps in this metabolic chain. While the site of 
action in this metabolic change differs, the consequences of each of these modes of 
action are the same-increased TSH levels due to the negative feedback at the level of 
the hypothalamus.  
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However, there is also evidence that increased cell proliferation, and with that the 
potential for tumor production, can occur by modes of action that do not result in an 
increase in TSH levels. Rather, these agents, as described above, act by enhancing 
the cAMP signal resulting in increased intracellular concentrations of cAMP.  

Importantly for AA, little research as been conducted on the effects of 
aging on thyroid function and response to external stimuli. Cizza et al. (1992, 
1996) investigated age-related alterations in hypothalamic-pituitary-thyroid 
function. Progressive follicular loss occurred as the F344 rat aged and was 
associated with significant and progressive decreases in free T4 and T3 levels 
without changes in TSH. This and other changes were described by Cizza et al. as 
an indication that in F344 rats, a progressive, centrally mediated decrease in 
thyroid function occurs with aging.   

4.2	 Effects of AA in the Thyroid and Potential MOA in Thyroid Tumor Induction. 

When evaluated for thyroid function, AA produced morphometric changes 
(Khan et al., 1999) and changes in indices indicative of proliferative responses, i.e., 
BrdU incorporation and PCNA expression (Klaunig, 2000), without significant 
changes in TSH levels (Friedman et al., 1999; Khan et al., 1999; Klaunig, 2000) or 
consistent changes in both sexes in T3 or T4 levels (Friedman et al., 1999). The 
experimental data suggest that the effects of AA in the rat thyroid appear to be an 
increase in thyroid follicular cell proliferation without an appreciable alteration in 
function (e.g., changes in T3, T4, or TSH levels). As discussed previously, exposures 
to AA were associated with mild changes in T3, T4 or TSH levels, although there 
was evidence of proliferation in the thyroid gland (e.g., increased incorporation of 
BrdU, increased expression of PCNA and a microscopic appearance consistent with 
proliferation) without increases in TSH levels. Further, it is possible that TSH was 
increased but at the time points measured had returned to baseline levels. 

Chemicals may alter thyroid hormone homeostasis by interfering with the 
synthesis and secretion of T3 and T4 or by increasing their metabolism. However, 
regardless of the mode of action, the biological response to these chemicals is a 
compensatory increase in TSH release, that if sustained may induce thyroid 
follicular cell hyperplasia that could progress to neoplasia. The data from the 
Friedman et al. (1999) study indicated that AA was associated with decreased T3 
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and T4 levels, but at doses that were much higher than the doses used in the 
bioassays (Friedman et al., 1995; Johnson et al., 1986). In the Friedman et al. 
(1999) study, there was some evidence that TSH was increased in the high-dose 
males after 28 days of treatment. Further, the morphometric changes in the thyroid 
gland reported by Khan et al. (1999) were suggestive of TSH stimulation of the 
gland. The absence of significant effects on T3, T4 and TSH levels after 28 days of 
treatment was in contrast with the findings reported for other chemicals, such as 
propylthiouracil, that interfere with thyroid hormone synthesis and metabolism, 
where marked decreases in T3 and T4 levels and increases in TSH levels were 
observed after a few days of treatment (Capen, 1996; McClain et al., 1988; McClain 
et al., 1989; O'Connor et al., 1999). A number of potential MOAs were considered:  

•	 Disruption of thyroid peroxidase function. AA, as with the sulfonamides that 
disrupt thyroid function by interfering with the thyroid peroxidase enzyme and 
coupling of iodine to tyrosine, has an amide functional group. It could be that 
the amide group is the functional group responsible for interference with the 
peroxidase enzyme and that AA is interfering with thyroid function at the 
peroxidase enzyme level. It could be that AA is a weak inhibitor of peroxidase 
and the coupling of iodine to the tyrosine residue, and rats treated with AA were 
capable of compensating for this inhibition.  

•	 Induction of microsomal enzymes. Induction of the metabolism of thyroid 
hormones would reduce circulating levels of T3 and T4.  In the Friedman et al. 
(1999) study, there was a suggestion that AA decreased T3 and T4 levels, which 
would be expected with microsomal enzyme induction. However, a number of 
factors indicate that this is unlikely: 

o	 The absolute and relative (to body weight) liver weights (increases in 
liver weights would be expected with induction of microsomal enzymes 
due to increased protein synthesis) were increased by approximately 6% 
and 12% in the high-dose males and 15% and 18% in the high-dose 
females, respectively, in the Johnson et al. (1986) bioassay but were not 
increased in the Friedman et al. (1995) study; 

o	 There is little evidence of induction of hepatic enzymes. In a study by 
Das et al. (1982), hepatic microsomal enzyme activity was statistically 
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significantly decreased in male Wistar rats. In contrast, El-Din et al. 
(1993) reported that hepatic S9 fractions obtained from rats that received 
a single intraperitoneal injection of 75 mg AA/kg were effective in the 
activation of known carcinogens when tested in the Salmonella reverse 
mutation assay. 

o	 Chemicals that induce hepatic enzymes, in addition to increasing liver 
weights, often result in microscopic changes in the liver. However, in the 
AA bioassays (Friedman et al., 1995; Johnson et al., 1986), there were 
no statistically significant dose-related microscopic liver changes 
reported. 

o	 Collectively, these differences, the absence of consistent increases in 
liver weights, the lack of microscopic changes in the livers of rats in the 
Johnson et al. (1986) and Friedman et al. (1995) bioassays and no firm 
evidence that AA induces microsomal enzymes, suggest that the 
induction of hepatic microsomal enzymes by AA and subsequent 
increased metabolism of thyroid hormone seems an unlikely mode of 
action for the production of thyroid tumors. 

•	 Glucuronidation. Glucuronidation forming glucuronide conjugates of 
endogenous substrates, such as bilirubin and thyroid hormones, is catalyzed 
by UDP-GT (Parkinson, 2001). Increased glucuronidation and biliary 
elimination of T4 results in disruption of the thyroid-pituitary axis and 
underlies the production of thyroid tumors (Kolaja et al., 1999; Parkinson, 
2001; Vansell and Klassen, 2001; Curran and DeGroot, 1991; McClain et al., 
1989). If AA acted by increasing UDP-GT activity, consequently and 
indirectly, increased glucuronidation of T4 with enhanced biliary excretion of 
T4 may occur. A mode of action involving enhanced biliary excretion of T4 by 
way of induction of UDP-GL is operative in the rat and thought to be the basis 
of phenobarbital-induced thyroid tumors (Curran and DeGroot, 1991). No 
effect on hepatic UDP-GT activity measured in microsomal fraction was 
noted with administration of AA (Howland and Lowndes, 1979); however, 
AA was only administered for 14 days with activity measured on day 15. 
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•	 Activation of cAMP. There is no direct evidence that AA is capable of 
activating the pathway that leads to increased cAMP and subsequent thyroid 
follicular cell proliferation. However, there is indirect evidence that AA may 
activate this pathway. In a study by Abu-Jayyab et al. (1987), the selective 
dopamine D2 receptor agonist bromocriptine (10 mg/kg via intraperitoneal 
injection) produced a slight decrease (3-6%) in cAMP levels in the thyroid 
gland of female rats in vivo. However, when the selective D2 receptor 
antagonist sulpiride was administered (10 mg/kg via intraperitoneal injection), 
cAMP levels were significantly increased over control levels. These data 
suggest that the D2 receptor may be involved in the control of cAMP 
production. This control may be a dopamine-mediated link to somatostatin 
production, which is involved in the regulation of TSH function, or perhaps as 
part of a linked pair of G protein receptors that, as indicated by Khan et al. 
(1992), would balance cAMP production. Therefore, it is possible that AA, by 
acting at a D-like receptor may activate adenylate cyclase. The activation of 
adenylate cyclase would result in an increase in the intracellular cAMP signal, 
which activates a cascade of biochemical events that results in increased DNA 
synthesis and cell proliferation. Further, activation of this pathway has been 
associated with increased PCNA (Dumont et al., 1992; Roger et al., 1997), 
and in rats exposed to AA, PCNA was increased (Klaunig, 2000).  

•	 Oxidative Stress. Another potential mode of action is oxidative stress due to 
glutathione depletion in follicular cells (Chico Galdo et al., 2004). AA 
induced morphological transformation in SHE cells after 7 days of treatment 
at concentrations of 0.5mM and higher and also resulted in reduction in 
glutathione levels (Park et al., 2002). Cotreatment with AA and N-acetyl-L-
cysteine (NAC), a sulfhydryl group donor, resulted in the reduction of AA-
induced morphological transformation in SHE cells and the prevented 
reduction in glutathione levels. BSO treatment with AA enhanced the 
depletion of GSH. Co-treatment with ABT had no effect on transformation 
compared to administration of only AA. These results suggest that cellular 
thiol status (possibly glutathione) is involved in AA-induced morphological 
transformation. 

Page 29 of 41 



Additional research is needed to determine the specific mode of action 
for the induction of benign follicular adenomas in the rat thyroid gland. While 
there is not clear evidence or mixed evidence of effects on thyroid 
hormones, it is important to note that all of these studies were short-term 
and not conducted in aged F344 rats. As demonstrated by Cizza et al. (1992, 
1996) demonstrated that thyroid function in aged F344 rats is compromised. 
If AA is acting by exacerbating age-related changes in thyroid function, that 
action may only be manifested in older animals. Thyroid tumors were 
generally found in animals at terminal sacrifice and no decrease in latency 
was noted. 

The possible ways in which the thyroid homeostasis can be disturbed 
mentioned above are all likely to be processes that have thresholds, that is, a 
certain amount of disruption would be required before feedback loops result in 
sustained TSH stimulation of follicular cells resulting in the biological 
cascade of cell proliferation, hyperplasia, and neoplasia (USEPA - US 
Environmental Protection Agency, 1998). More recently, with respect to other 
chemicals, it has been suggested that thyroid tumors may be induced via a 
hormonal, non-genotoxic mechanism, even though the chemical is genotoxic 
(IARC - International Agency for Research on Cancer, 2001). 

4.3	 Relevance to Humans. 

Several possible modes of action for AA’s effects in rats have been 
considered that involve interference with thyroid hormone levels, either by 
interfering with production or increasing elimination. However, if AA was acting by 
interfering with thyroid peroxidase or by the induction of hepatic enzymes, both of 
which would induce an increase in TSH resulting in continued stimulation of the 
thyroid gland and potentially result in a carcinogenic response in the rat, there is no 
evidence that such a mode of action would result in a carcinogenic response in man 
(Alison et al., 1994; Capen and Martin, 1989; Capen et al., 1991; Capen, 1992, 
1996; USEPA - US Environmental Protection Agency, 1998). 

In an assessment of the relevance of thyroid follicular cell tumors observed 
in rodents and their relevance to human health, the USEPA (1998) noted that despite 
qualitative similarities in the control of thyroid hormone synthesis and secretion in 
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rodents and humans, humans were likely not as sensitive quantitatively to the 
development of thyroid tumors as a result of disruption of the pituitary-thyroid axis. 
The USEPA further noted that the presence of the high-affinity binding protein in 
humans was likely the reason for this quantitative difference. Although rats have 
binding proteins, these are low-affinity proteins, which allow the protein-bound 
thyroid hormone to be removed from the blood, metabolized and excreted more 
readily (USEPA - US Environmental Protection Agency, 1998). As a result, the half-
life of T4 is much shorter in the rat (1 day) than in the human (5 to 9 days). 
Consequently, the rat thyroid gland is chronically stimulated by TSH in order to 
compensate for the rapid turnover of thyroid hormone, and as a result, it is likely 
that increases in TSH would be more likely to induce growth and potentially 
neoplastic changes in the rat thyroid gland than in the human thyroid gland (USEPA 
- US Environmental Protection Agency, 1998). Moreover, thyroid follicular cell 
tumors induced by the chemical perturbation of the pituitary-thyroid axis, which 
would result in increases in TSH, were considered secondary to the effects on 
thyroid gland function, and represented nonlinear or threshold events (USEPA - US 
Environmental Protection Agency, 1998). Therefore, if in the rodent AA was acting 
by interfering with thyroid hormone synthesis via inhibition of thyroid peroxidase or 
by induction of hepatic microsomal enzymes, thereby increasing the metabolism of 
thyroid hormones, it is questionable whether these events would result in thyroid 
cancer in humans. 

The third possible mode of action for AA involves the increase of cAMP levels. It 
is not known with certainty whether that increase would be through an adenylate 
cyclase-linked receptor independent of the TSH receptor (e.g., a D1 receptor), by a 
heterotypic activation of the TSH receptor, or by direct stimulation of adenylate 
cyclase itself. The potential relevance of the activation of cAMP in humans is less 
clear. There are species differences in the control of the intracellular signal 
transduction pathways discussed above. It is important to note that any of these 
pathways may be directly dependent on another step in its own or other pathways 
(Dumont et al., 1992). Consequently, stimulation of a pathway in one cell may 
induce factors that control these or other cells. Therefore, identical results seen in 
one system may have been attained though different pathways (Dumont et al., 
1992) and may differ among species (Raspe et al., 1989). While activation of each 
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of these pathways may lead to a biochemical cascade through protein 
phosphorylations, increased protein and DNA synthesis, and ultimately cell 
proliferation, the relative activity of these differs among species (Dumont et al., 
1992). For example, cAMP is negatively controlled by norepinephrine, and the 
calcium-PI cascade is activated by acetylcholine through muscarinic receptors in 
the dog thyroid (Dumont et al., 1992). Further, TSH activated the calcium-PI 
pathway in human thyroid cells, but not in dog or rat thyroid cells (Dumont et al., 
1992); however, this pathway only plays a minor role in proliferation in the rat 
and dog (Roger et al., 1997). In human thyroid cells in vitro, the activation of 
cAMP resulted in a proliferative response, but only when accompanied by 
supraphysiological levels of insulin (Dumont et al., 1992). 

In the rat and dog thyroid cells, cAMP mediates both 
function/differentiation and proliferation. However, activation of 
function/differentiation occurs at lower TSH/cAMP concentrations than does 
proliferation. Essentially, concentrations of either TSH itself leading to increases 
in cAMP or increases in concentrations of cAMP by other means (e.g., activation 
of another adenylate cyclase-linked receptor) must exceed those required for 
normal function and growth and reach those that trigger proliferation. The rat has 
little buffering capacity with regard to the effects of changes in thyroid hormone 
levels or TSH levels. In order to maintain thyroid hormones within physiological 
levels, the rat thyroid gland is constantly stimulated with high levels of TSH 
(USEPA - US Environmental Protection Agency, 1998), i.e., the rat thyroid 
operates at near maximal capacity. Consequently, only small changes in cAMP 
levels may be required to exceed those required for normal function to those that 
stimulate cell proliferation. In contrast, rather than a proliferative response, 
human thyroid cells may respond with an increase in function or hypertrophy but, 
to date, no chemical has been identified in which alterations in thyroid function by 
a chemical agent have progressed to thyroid tumors. There are two possible 
explanations for potential species differences. First, in the humans, considerable 
buffering capacity is present, and the amount of change in TSH to move from 
normal function to proliferation may not be achievable given the requirements for 
insulin in this proliferative response in human cells in vitro. Secondly, it may be 
that in vivo either PKAI is not expressed in human thyroid cells or is far less 
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active in human cells compared to that in the rat thyroid cell. As a consequence, 
increased activation of PKAII would result in increased function/growth, but 
without activation of PKAI, a proliferative response leading to neoplasia would be 
absent. 

The possible mode of action for AA’s contribution to follicular cell 
tumors in the rat thyroid is not known with certainty. However, if AA were 
increasing circulating TSH levels or the intracellular levels of cAMP in the rat 
thyroid follicular cell via interaction with a receptor, this would represent a 
threshold or nonlinear mode of action. Further, if AA were acting through a 
receptor in the rat, it is possible that in the human thyroid, the receptor may not 
be present or could be linked to some other signal transduction pathway not 
associated with proliferation. In the absence of evidence that this pathway was 
unique to the rat and would not be operative in humans, the incidence of 
thyroid follicular cell tumors was considered in the quantitative assessment. 
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CHARGE QUESTION # 18. 

Have the rationale and justification for the cancer designation for acrylamide been 
clearly described? Is the conclusion that acrylamide is a likely human carcinogen 
scientifically supportable? 

ANSWER: 

Emphatically no. The USEPA has undervalued the epidemiological data from several 
worker populations and from studies of literally tens of thousands of participants whose 
risk of developing one or more types of cancer was correlated with dietary intake of AA, 
and overvalued the animal data, in particular the value of the mouse studies. The decision 
to proceed with the HRF when either there is no epidemiological data or when that data 
are inadequate (which they are not) but positive animal data (mouse studies must be 
excluded in this case) are present should be conducted prior to the determination of the 
cancer designation. To determine that AA is a “likely human carcinogen” prior to 
examining thoroughly the MOA for the identified animal tumors (as is requested in 
Charter Questions 19 and 20) is inappropriate and sends the message to the reader that 
the classification was biased and preconceived. 

The answer to this question has three parts as discussed below. 

I. 	 Incomplete and inadequate use of the human data in the Weight of Evidence 
summary. 

USEPA failed to consider the more recently published updates of the two 
occupational cohorts and one dietary study, the results of which strongly support the 
lack of carcinogenicity in workers exposed to acrylamide. These include: 

1.	 New Occupational Studies: 

Marsh et al. (2007) reported the most recent follow-up of workers in three US 
plants and one plant in the Netherlands, originally reported by Collins et al. (1989) 
and Marsh et al. (1999), adding an additional 8 years of follow-up of US workers and 
an additional 21 years of follow-up for the Dutch workers. No statistical increase in 
cancer mortality at any site, including the thyroid, testes, and CNS, was found for the 
period 1925 to 2002 nor was there evidence of an exposure-response relationship, 
even when evaluated by plant or when smoking history or time since first AA 
exposure were considered. The authors concluded that “acrylamide at the exposure 
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levels experienced by these workers is not associated with elevated cancer mortality 
risks.” One limitation of the study not improved by this additional follow-up is the 
high percentage of the cohort exposed for one year or less. The authors note that, “on 
a relative exposure scale, our study included persons with the highest AMD 
exposures ever experienced by humans” and further, “short-term workers did not 
exhibit a differential mortality pattern often associated with increased mortality for 
both malignant and nonmalignant diseases.” The worker exposures were very well 
characterized in these cohorts. An acrylamide (AA)-exposed worker had to have been 
exposed to AA for greater than 0.001 mg/m3-years, the equivalent of one-day 
exposure at the then current OSHA permissible exposure level (PEL) of 0.3 mg/m3. 
Inhalation of AA at the OSHA PEL would result in estimates of AA intake in workers 
that is significantly greater than the estimated intake of AA from diet. Perhaps the 
most notable in the update studies was conclusive the elimination of the pituitary 
cancer as a potential consequence of AA exposure.  Any residual concern about 
this tumor type has been completely and totally eliminated. 

Swaen et al. (2007) provided an update of the worker cohort in a US plant 
originally examined by Sobel et al. (1986). The cohort size approximately doubled 
and had an additional 19 years of follow-up were included with 75% of the cohort 
exposed to AA for 10 years or more years. No statistically significant differences in 
cancer mortality were seen at any site that was attributed to AA even when the cohort 
was divided into cumulative dose or latency categories. 

2.	 The entirety of the dietary intake studies. 

USEPA failed to give adequate consideration to the epidemiological studies that 
evaluated the relationship between dietary intake and the incidence of several types of 
cancers and omitted other published data.  As noted, Mucci et al., in a series of 
studies did not find an association between AA ingestion in foods and the incidence 
of a number of cancers, including mammary tumors. In their most recent study, which 
was not included in the USEPA draft, this group did not find an association between 
AA dietary exposure and the risk of colon and rectal cancers. This study used 
prospective data from the Swedish Mammography Cohort. The cohort was comprised 
of 61,467 women at baseline between 1987 and 1990. Through 2003, the cohort 
contributed 823,072 person-years, and 504 cases of colon and 237 of rectal cancer 
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occurred. After adjusting for potential confounders, there was no association between 
estimated acrylamide intake and colorectal cancer. 

Taken together, these epidemiological studies, in particular the worker studies 
provide strong evidence that AA is not a human carcinogen at levels at which the 
general population would be exposed. AA exposure has been evaluated in US 
populations in workers at 4 separate work places exposed to AA at significantly 
higher exposures than would be expected to occur in US populations by way of 
dietary intake (Marsh et al., 2007; Swaen et al., 2007). Both studies concluded that 
AA was not associated with an increase in cancer mortality at any site investigated 
including the thyroid, testes, and CNS. Further, studies in a large population 
concluded that there was no increase in risk of several types of cancers including 
breast, ovary, or colo-rectal cancers from the ingestion of .AA in foods. The cancer 
designation should be changed to “Not expected to be a human carcinogen at low 
environmental or dietary exposures”. 

II. The reliance on short-term mouse studies as evidence for AA’s carcinogenicity in 
humans 

The USEPA relied on data from mouse studies to conclude that AA is a 
carcinogen. However, these studies only provide evidence that AA may be a promoter 
of in extremely sensitive strains of mice and have severe limitations to generalize the 
potential for AA to be a human carcinogen at environmentally relevant exposure 
levels. 

In one study, oral administration of acrylamide was associated an increased skin 
tumor yield in SENCAR and ICR-Swiss mice promoted with 12-O-
tetradecanoylphorbol-13-acetate (TPA). The following should be considered: 

•	 In both ICR-Swiss and SENCAR mice, there were no apparent dose-response 
relationships for skin cancer. Significant effects were noted only at high doses 
(total dose of 300 mg/kg), with only marginal, non-significant increases in tumor 
yield occurring at the lower doses  

•	 The data in these studies were not expressed as incidence data (mouse with 
tumors/total number of mice), but where expressed as tumor yield data (total 
number of tumors/mouse). Tumor yield data are not used in the estimation of 
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carcinogenic potency. Further, in one of these mouse studies, no histopathological 
examination of the identified mass was conducted.  

•	 In these assays, acrylamide did not elicit a response in the skin of SENCAR or 
Swiss mice in the absence of TPA or in the skin of BALB/c mice administered 
TPA, a strain of mouse relatively resistant to TPA promotion. SENCAR mice are 
a strain of mice bred specifically to be exceptionally sensitive to the induction of 
skin tumors. 

•	 The induction of skin tumors in mice by TPA promotion occurs via a pathway 
that may not be operative in humans 

•	 TPA-promoted skin tumors in mouse skin are not an appropriate model to assess 
the potential for skin tumors in humans and of questionable relevance in the 
assessment of the carcinogenic potential of acrylamide.  

In the other study relied upon for their conclusion, Lung tumor yield was 
increased in AJ and SENCAR mice. The following should be considered: 

•	 In A/J mice, there were dose-related increases in the incidence of lung tumors and 
lung tumor yield following repeated dosing with acrylamide 

•	 Because A/J mice are highly susceptible to the formation of lung tumors, it was 
unclear if the finding in A/J mice were relevant to humans. 

•	 No clear dose-response relationship was noted in the induction of lung tumors in 
ICR-Swiss mice 

•	 Strain differences exists in the susceptibility to lung tumors 

•	 The A/J mouse is more sensitive than other strains. BALB/c mice were 
completely resistant. 

These data cannot be used to reliably predict the potential carcinogenesis of 
acrylamide in humans.  

III.The reliance on benign tumors that do not progress to malignancy as evidence 
for carcinogenicity in humans.  

Two chronic oncogenicity bioassays where male and female F344 rats were 
administered acrylamide (AA) in drinking water for up to two years have been 
conducted (Friedman et al., 1995; Johnson et al., 1986). The major findings in these 
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studies were significant increases in the incidence benign tumors: tunica vaginalis 
mesotheliomas (TVMs) in male rats, mammary gland fibroadenomas in female rats 
and thyroid follicular cell adenomas in male and female rats. The incidences were 
increased above the incidence in the respective control group and were considered 
related to AA treatment in rats; however, only the increased in the incidence of 
thyroid follicular tumors was outside of the historical control range as reported in the 
literature. Briefly, these results can be summarized as follows: 

•	 Tunica vaginalis mesotheliomas (TVMs) are tumors of the mesothelial lining of 
the scrotum. Mesotheliomas and mesothelial hyperplasia are the most common 
spontaneously occurring tumors and nonneoplastic lesions, respectively, in the 
male F344 peritoneal cavity (Hall, 1990). Almost all of these are thought to arise 
from the tunica vaginalis mesothelium (Hall, 1990) and are considered by 
pathologists to be benign lesions that do not progress to malignancy. These 
tumors should not be considered relevant to human health.  

•	 Mammary fibroadenomas are derived primarily from the stromal matrix (fibrous 
connective tissue) surrounding and supporting the epithelial ductal network in the 
mammary gland with, depending on the extent of involvement of adjacent 
epithelium, some ductular and alveolar epithelial involvement (Boorman et al., 
1990). Fibroadenomas are benign, endstage neoplasms; progression to or 
association with a malignant phenotype, such as adenocarcinoma, is rare, if it 
occurs at all (Boorman et al., 1990). The incidence of fibroadenomas in all dose 
groups was within the historical control range reported for this response in female 
F344 rats [16% to 29% in two-year bioassays (Boorman et al., 1990; Goodman et 
al., 1979; Maekawa et al., 1983; Solleveld et al., 1984) and up to 57% in full life
span studies (Solleveld et al., 1984)]. These tumors should not be considered 
relevant to human health. 

•	 Thyroid follicular cell adenomas in male rats were significantly increased only in 
the high-dose (2 mg/kg/day) groups in both bioassays and the incidence in female 
rats was significantly increased in only the 1 and 3 mg/kg/day dose groups in the 
Friedman et al. bioassay, but was not significantly increased in female rats that 
received 2 mg/kg/day in any dose group in the Johnson study. The incidence of 
follicular cell adenocarcinoma was not increased in either bioassay in either sex in 
any dose group. Follicular cell tumors are not as common as other tumors in rats, 
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with spontaneous incidence rates ranging from 0% to 6% in control groups from 
other two-year or lifetime bioassays (Goodman et al., 1979; Haseman et al., 1998; 
Maekawa et al., 1983; Solleveld et al., 1984; Thomas and Williams 1994). The 
incidence of total follicular cell tumors in rats that received ≥1 mg/kg/day in one 
or both studies (with the exception of female rats in the Johnson study) was 
outside of the historical range commonly observed in this strain. The incidence of 
thyroid follicular cell adenomas observed in the high-dose groups of both 
bioassays was considered related to AA treatment. 

The tumors that were increased in TVM, mammary fibroadenomas, and thyroid 
follicular cell adenomas are all benign tumors with only those in the thyroid having 
the possibility to progress to malignancy. USEPA guidance states that benign tumors 
should be considered on a case-by-case basis (USEPA, 2005). Those that do not 
progress to malignancy are not considered to be carcinogenic and should not be 
considered further in quantitative modeling. For that reason alone, if it human data 
were still considered inadequate, only the thyroid tumor data should have been 
considered to be of possible relevance to human health. 
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CHARGE QUESTIONS #19: 

Do you agree that weight of the available evidence supports a mode of carcinogenic 
action, primarily for the acrylamide epoxide, glycidamide (GA)? Has the rationale for 
this MOA the MOA been clearly and objectively presented, and is it reflective of the 
current science? 

ANSWER:  

No. The experimental mutagenicity data in a limited number of tests are sufficient to 
establish GA as a mutagen at high doses. These data, however, are not sufficient to 
establish a causal link between GA as the proximate carcinogenic agent acting by way of 
a mutagenic pathway leading to the production of the tumors that were consistently and 
significantly increased in F344 rats. . There are a number of issues and concerns with the 
USEPA analysis of the body of mutagenicity/genotoxicity data that have been discussed 
by Dr. Errol Zeiger and will not be discussed here. 
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I have been retained by the North American  Polyacrylamide Producers Association (NAPPA) to 
review the draft IRIS document with respect to its sections on mutagenicity, and make a 
presentation to the SAB at its March 10-12, 2008 meeting, regarding deficiencies or 
inconsistencies in the draft. In addition, I was asked to comment on the discussions and 
conclusions reached during the SAB proceedings, if warranted.   

Acrylamide’s and glycidamide’s genotoxicity in vitro and in vivo is not in question.  What is in 
question, and needs consideration in the IRIS document, is the interpretation of the data.  My 
comments address the completeness and the accuracy of the interpretation of the data.  This IRIS 
document is recognized by the EPA as being of high importance, as evidenced by the Agency’s 
statements and the use of a special SAB Panel to evaluate the draft document.  Therefore, every 
effort should be made to incorporate and address all the relevant publications.  Some of these 
publications appeared after the draft document was prepared, but others have been available for a 
number of years; my reference list indicates which of my referenced articles have not been 
included in this draft document.   

Brief summary of comments 

The main points in of my comments are summarized here: 

- The draft document does not given equal consideration to all relevant modes of action, as 
noted in the EPA draft Framework for Determining a Mutagenic Mode of Action for 
Carcinogenicity: Using EPA’s 2005 Cancer Guidelines and Supplemental Guidance for 
Assessing Susceptibility from Early-Life Exposure to Carcinogens. For example, although the 
MOA related to glycidamide alkylation of DNA is discussed, there is no discussion of the data 
supporting induction of oxidative stress, and the interference with mitosis and meiosis, leading to 
aneuploidy as possible MOAs.  There also are studies available to support the interpretation that 
the genotoxic effects of acrylamide and glycidamide may not be a consequence of the alkylation 
of DNA by glycidamide.  

- There are a number of relevant published articles, dating back to 1995, and including articles 
published after the writing of this document, that are directly relevant to the genotoxic, and 
possibly carcinogenic, mode of action of acrylamide, that have not been addressed in the draft 
document.   

- Acrylamide is a weak genotoxin in mouse somatic cells, and mouse and rat germinal cells.  It 
is not genotoxic in rat somatic cells although the available carcinogenicity data is all from rat 
studies. 

- Although the metabolite, glycidamide, forms DNA adducts, the WOE of the genetic toxicity 
data support the conclusion that the genetic effects seen can be explained by effects other than a 
direct genotoxic mechanism, specifically through interference with the mitotic and meiotic 
apparatus, through induction of an oxidative stress response and/or through protamine alkylation 
and disruption. 

- The criticism of the dose-response analyses of the in vivo genetic toxicity of acrylamide by 
Allen et al. (2005) is inaccurate, and contradicted by the IRIS document itself and by comments 
made by the SAB Panel members.  The Categorical Regression method used by Allen et al. was 
developed by the EPA to allow a synthesis of test data across related endpoints in situations 
where there are multiple studies on a chemical, and to bring a mathematical analysis to bear on 
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the dose-response issue. The doubling-dose analysis suggested by Dearfield (1995) may not be 
appropriate for analysis of chemical risk because it was originally developed for radiation risk 
assessment and presumes a linear relationship, whereas the Categorical Regression does not 
necessarily assume linearity.  As was noted at the SAB meeting, the doubling dose analysis has 
not previously been used by EPA for chemical risk assessment.   

- It is recognized that the various mutagenic modes of action discussed here are not mutually 
exclusive, and that acrylamide may act by different modes of action in different organs and cell 
types. 

These points are expanded upon in the following pages. 

1. The draft document does not given equal consideration to all relevant modes of action in 
addition to the genotoxic mode, as is recommended in the EPA’s draft Framework for 
Determining a Mutagenic Mode of Action for Carcinogenicity (Sept. 2007). 

The EPA draft Framework for Determining a Mutagenic Mode of Action for Carcinogenicity: 
Using EPA’s 2005 Cancer Guidelines and Supplemental Guidance for Assessing Susceptibility 
from Early-Life Exposure to Carcinogens [EPA 120/R-07/002-A] states, (in §2.4.3.3) among 
other similar statements, “If there is evidence for more than one mode of action, each should 
receive a separate analysis.”   

The draft IRIS document analyzes only a possible genotoxic mode of action and does not 
address other possible modes other than a brief mention of aneuploidy, although the WOE 
supports the interpretation that the genetic damage seen in vitro and in vivo is a consequence of 
oxidative stress and/or interference with mitosis and meiosis.  These alternate MOAs are 
supported by a number of publications that appeared before and after the draft IRIS document 
was prepared, and are critical to the interpretation of the genetic effects of acrylamide and 
glycidamide.  

1a. Induction of oxidative stress 

A number of recent in vitro studies have shown that the mutants isolated after treatment with 
acrylamide or glycidamide are primarily caused by loss of heterozygosity (LOH) and tend to be 
the effect of chromosome deletions (Koyama et al., 2006; Jiang et al., 2007; Mei et al., 2008). 
These deletions have been attributed by some of the authors to be the consequence of oxidative 
stress, i.e., increased levels of reactive oxygen species (ROS) and depletion of glutathione which 
is responsible for detoxification of active oxygen species.  

An in vitro comet assay study (Thielen et al.,  2006) using glycidamide in human 
lymphocytes was essentially negative unless the cells were treated with formamidopyrimidine-
DNA-glycosylase (FPG) which recognizes 8-OHdG sites produced by oxidative damage and 
converts them to DNA strand breaks, detectable by the assay.  The concentration and time-course 
of the induction of the oxidative damage sites paralleled the induction of Hprt mutants and shows 
that the oxidative damage sites may be more important than the guanine alkylation sites for the 
genetic effects.  Similar weak comet assay responses were seen in some tissues of mice treated 
with acrylamide (Maniere et al., 2005).  

Two recent studies on the induction of gene expression by AA and GA provides molecular-
level support for the induction of ROS as the primary step leading to the genetic damage 
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(Clement et al., 2007; Hasegawa et al., 2008).  In both human MCF7 cells and C. elegans, the 
principal increases in gene expression were genes associated with detoxification enzymes, 
including those in the glutathione and glutathione-S-transferase pathways, which are associated 
with oxidative damage.  In the Clement study, Mus81/Eme1, which has been implicated in the 
repair of interstrand crosslinks by homologous recombination, was up-regulated (personal 
communication), but the GADD45 gene, considered to be a first responder to DNA damage, was 
down-regulated. No DNA repair or cell cycle control genes were identified in the Hasegawa 
publication. The lack of response by the DNA damage-associated genes, and the dramatic 
increases in oxidative stress/damage-related genes suggests that alkylation of DNA by 
glycidamide may not be responsible for the subsequent genetic damage seen in the cells.  

The studies in vitro and in vivo which have been interpreted as the basis of implicating DNA 
adducts in the genotoxic effects of acrylamide (Manjanatha et al., 2006; Besartinia and Pfeifer, 
2003, 2004) are more consistent with oxidative stress than DNA adducts.  The DNA adducts are 
not in the base pairing region,  Oxidative stress produces the mutants observed in the afore 
mentioned studies. 

1b. Interference with mitosis and meiosis 

Both acrylamide and glycidamide interfere with microtubule motility (and therefore 
chromosome migration) and disassembly (required for motility) in vitro (Sickles et al., 1995, 
1996, 2007).  Acrylamide also induces increases in aneuploidy and polyploidy in mouse bone 
marrow cells (Gassner and Adler, 1996; Schriever-Schwemmer et al., 1997; Shirashi, 1978), and 
mitotic spindle damage in splenic cells (Backer et al., 1989).  In male mouse germ cells it induces 
meiotic delay, and increases in aneuploidy and hypoploidy (Shirashi, 1978; Collins et al., 1992; 
Adler et al., 1993; Gassner and Adler, 1996). 

2. A number of the responses being interpreted here as evidence for gene (point) mutations 
can be equally well interpreted as evidence for gross chromosome damage.  

These include in vitro mammalian cell mutagenicity, in vivo mutations in the BigBlue 
transgenic mouse, and male germ cell specific locus mutations.   

Mei et al. (2008) analyzed the mutations induced in mouse lymphoma L5178Y cells by 
acrylamide and glycidamide and found that 94% of the large colony mutants (which are 
considered to reflect gene mutations) and 100% of the small colony mutants (which are 
considered to reflect chromosome mutations) are deletions.  Similarly, Koyama et al. (2006) 
showed that the majority of acrylamide-induced mutants in human lymphoblastoid TK6 cells 
were deletions, although the majority of glycidamide-induced mutants were not.  

In the Manjanatha et al. (2006) BigBlue mouse study, the majority of the cII mutants induced 
by acrylamide were at a –GGGGGG– reversion hotspot in the gene and, without this hotspot, the 
results would not have been considered positive. Hprt mutations were induced in lymphocytes in 
the same experiment.  Without further analysis, it is not possible to determine if these mutants 
were from point mutations or deletions, because, unlike the small cII locus which will does not 
allow recovery of most deletion mutants, the large Hprt locus allows the recovery of both deletion 
mutants and point mutations.   

It should be noted that in this study, acrylamide was not mutagenic at the cII locus in vivo at 
the low dose (19 and 25 mg/kg/d for males and females, respectively) and the increase seen using 
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the hotspot mutations was only present at the high dose (98 and 107 mg/kg/d for males and 
females, respectively). This high dose was neurotoxic to the animals resulting in premature 
termination of the study.  Similar neurotoxicity was not seen in animals exposed to glycidamide 
(88 and 111 mg/kg/d for males and females, respectively). The low GA dose of 25 mg/kg/d was 
not mutagenic at the cII locus in the males, but the low dose of 35 mg/kg/d induced a small, but 
nonsignificant increase in the females.   

3. The relevance of glycidamide-guanine DNA adducts for acrylamide’s genetic toxicity 
(and carcinogenesis) 

During the discussion the afternoon of the second day of the SAB meeting, in response to a 
question from the SAB Panel as to the relevance of the GA-guanine DNA adducts for 
mutagenicity/carcinogenicity, Dr. Doerge responded that the NCTR’s BigBlue mouse study 
(Manjanatha et al., 2005) showed a shift to GC→TA transition mutations in the cII gene, and that 
this shift was evidence of the GA-guanine adduct’s relevance.  However, in the analysis of the 
spectrum of responses in the BigBlue mouse study it is evident that if the frameshift mutations at 
the hotspot are removed, there was a shift from GC→AT transitions to GC→TA transversions, 
but there was no increase in total mutations induced by AA.  It is not clear in the GA-treated mice 
if the mutagenic would have been judged significant when the hotspot mutations were removed 
from the computations.  A similar shift from GC→AT transitions to GC→TA transversions was 
obtained with GA. Given the evidence for induction of oxidative stress by these chemicals, it is 
also possible that guanine-centered genetic effects could be mediated by 8-OH-dG, a well-
characterized pre-mutagenic adduct.  

In vitro studies with BigBlue mouse embryonic fibroblasts treated with acrylamide produced 
a doubling of the percent G>C transversions (from a control value of approx. 6%), considered by 
the authors to be a weak response, but a 16% decrease in G>A transitions (from a control value of 
approx. 37%) (Besaratinia and Pfeifer, 2003).  None of the individual transitions or transversions 
was statistically significant.  In a parallel study with glycidamide that used the same control value 
as the acrylamide study (Besaratinia and Pfeifer, 2004), there was less than a doubling of G>C 
transversions, but a statistically significant 2.9-fold increase in G>T transversions (from a control 
value of approx. 12%), and a non-significant 30% decrease in G>A transitions (from a control 
value of approx. 37%).  [It should be noted that the values from the two Besaratinia and Pfeifer 
publications are approximations from bar graphs because the actual values were not provided in 
the text.] 

It is recognized that some of the data from the above systems also support a gene mutation 
response, and that some have not been adequately analyzed to determine the nature of the 
mutation, although it is not known without further analyses, which of the mutants, if any, resulted 
from glycidamide adducts and which resulted from oxidative-damage adducts.  Recent studies of 
gene expression changes induced by glycidamide in human cells in vitro (Clement et al., 2007), 
and gene expression changes induced by acrylamide in C. elegans (Hasegawa et al., 2008).  The 
induced gene families were primarily associated with oxidative stress responses. These results 
suggest that alkylation of DNA by glycidamide may not be responsible for the subsequent genetic 
damage seen in the cells.   

Other evidence also suggests that the GA-guanine adducts may be ‘disconnected’ from the 
genetic damage seen in vivo.  For example, Maniere et al. (2005) noted that “the in vivo organ-
specific damaging effect of acrylamide, as determined by the comet assay, was not concordant 
with the extent of glycidamide-DNA binding in the corresponding tissues.”  
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In Sega’s studies of alkylation in male germ cells by acrylamide (Sega et al., 1989) the 
authors concluded that “essentially all” of the sperm alkylation was protamine, and not DNA, 
alkylation.  Dearfield et al. (1995) noted that “the levels of [] radioactivity bound to DNA did not 
change with time, while alkylation of protamines peaked (>10-fold increase) during the second 
week after treatment with acrylamide, which coincides with exposure of late spermatids and early 
spermatozoa.”  Dearfield further noted that the spermiogenic pattern of protamine alkylation 
corresponds with the sensitive sperm stages for the induction of dominant lethal effects, heritable 
translocations, specific locus mutations, and DNA strand breakage. 

4. The increased heritable translocation frequency in male mouse germ cells and its 
implications for heritable risk assessment 

There was concern expressed by the Panel that a heritable translocation test (Shelby et al, 
1987), which reported an induced frequency of 24% at the low dose of 40 mg/kg/d for 5 days 
suggested a linear extrapolation to very low doses.  The report by Adler et al. (1994) should also 
have been considered in this same context.  The Shelby and Adler data sets (Shelby et al., 1987; 
Adler et al., 1994) are summarized in the following Table.    

Summation of heritable translocation studies 
Study Daily dose No. days Cumulative dose Translocation frequency 
Shelby et al., 1987 0 – 0 0.2%*  (1/8,095) 

40 mg/kg 5 200 mg/kg 24% 
50 mg/kg 5 250 mg/kg 39% 

Adler et al., 1994 0 – 0 0.04%*  (3/8,700) 
50 mg/kg 1 50 mg/kg 0.6% 
100 mg/kg 1 100 mg/kg 2.7% 
50 mg/kg 5 250 mg/kg 21.9% 

* historical control value  

When the Adler et al. fitted their data to a Weibull distribution, a non-linear distribution was 
obtained. Adler then used this distribution to estimate a doubling dose of approx. 25 mg/kg.  This 
value can be compared to the 0.39 mg/kg value calculated from the 5x50 mg/kg dose by 
Dearfield in the Adler experiments in § 5.5.1 of the draft IRIS document.  The difference between 
0.39 and 25 mg/kg reflects the difference between assuming a linear (Dearfield) and non-linear 
extrapolation (Adler).  In the IRIS document’s description of the Adler result (p. 219, last 
sentence of the 1st paragraph), there should have been some mention that Adler’s Weibull 
calculation showed that the dose response between 0 and 250 mg/kg was non-linear.  Additional 
support for non-linearity of the heritable translocation response is the need for two independent 
chromosome breaks to produce the two chromosome ends that will eventually (and stochastically) 
rejoin to form the translocation, i.e., it is a 2-hit phenomenon.  This aspect of the assay was 
addressed by Adler et al., 1994. 

In addition to this additional value, the EPA should also attempt to calculate a doubling dose 
or risk factor based on the BMD10 values of 29 and 30 mg/kg for mice and rats, respectively, 
obtained by Allen et al. (2005) using the categorical regression integration of all the germ cell 
data. 
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5. The Table of Risk Extrapolation Factor (REF) scores is unsupported and not relevant 

The REF score Table (§ 5.5.1, p. 217) was introduced in a series of publications in 1992 
(ICPEMC, 1992). It was originally presented by Dearfield et al. (1995) who described them as 
“risk extrapolation factors … between rodent … experimental models and humans ….”  Its 
presence in the IRIS document is described as being for the same purpose.  The Table’s values 
are based on a not-well-supported, and somewhat arcane, characterization of different genetic 
toxicity tests and endpoints that is not adequately justified in the publication, and has not been 
used or examined since. There is no indication, either in the Dearfield et al., 1995 publication, 
nor in the IRIS document, as to how the REF values were derived or how they are to be used. 
However, the IRIS document notes the “considerable uncertainty” associated with the REFs and 
does not appear to use them for subsequent calculations.  

The REF Table, and its associated discussion, should be removed from the document for the 
above reasons. 

6. The dismissal of the analyses presented in Allen et al. (2005) is misplaced and inaccurate. 

Many of the “serious (if not fatal) flaws and assumptions” [§4.8.3.1. Hypothesized Mode of 
Action—Mutagenicity (at pg. 151)] attributed to the Allen et al. (2005) categorical regression 
analyses of in vivo genetic toxicity data, are also used by the EPA in their analyses.   

Briefly, Allen et al. used the EPA’s Categorical Regression procedures to synthesize the 
results of all the in vivo chromosome damage and mutation data, rather than rely on only a single 
test or endpoint.  The developed values were then used to calculate BMD10 values for the 
somatic cell effects reported in mice (all the somatic cell rat studies were negative) and separately 
for the germ cell effects in rats and in mice.   

Some of EPAs criticisms of this study are addressed briefly, below.   

- Allen et al. “… [assumed that] it is acceptable to apply a benchmark response of 10% [i.e., a 
BMD10] to mutagenic events assumed to lead to tumor formation when the generally accepted 
“minimal” risk level for carcinogenicity is 0.0001% ….”  

Response: 
It should be noted that §5.4.3 [Cancer Assessment] of the draft IRIS document calculates and 

uses BMD10 and BMD20 values as starting values for estimating cancer risks.  The Allen et al. 
study calculated the BMD10 values for somatic and germ cell effects but did not attempt to do risk 
assessment using these values. They represented only a synthesis of the in vivo data using 
accepted EPA procedures.  

 The BMD10 values for male germ cell effects were calculated by species and represented only 
a synthesis of the responses seen in the male germ cells.  These values can be used in the IRIS 
estimates of germ cell risk [in addition to the doubling dose approach] 

- “comparing results in mice with results in rats” 
Response: 

It is unclear why this is considered a failing of the Allen et al. study.  Germ cell studies were 
available for both species, although the rat studies were primarily chromosome aberration studies.  
When the two species were analyzed independently the resulting BMD10 values were very similar 
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even though there were no reciprocal translocation or specific locus studies performed in the rats 
and glycidamide is produced at a substantially greater rate in rats than in mice.  Such comparative 
analyses are vital for assessing inter-species variability. 

- “assuming low-dose response relationships based on extrapolations from very high doses, and 

limited sample sizes”  

Response:


This is the traditional approach for using rodent cancer and genetic toxicity data.  The EPA in 
its analyses using the Dearfield table, used the same studies and data as were used in the Allen et 
al. report. This approach to the use of genetic toxicity data (and much other non-cancer 
toxicology data) is typical because it is rare to find chronic genetox studies. Allen et al. did not 
make assumptions about the low-dose response relationships; they simply plotted the data and 
commented on the potential confounding aspects of using short term exposures to model or assess 
chronic risk and addresses this concern.  

- “disregarding the one hit, one tumor hypothesis.” 
Response: 

The Allen et al. report developed BMD10 values for mouse somatic cell genetic toxicity, and 
separately for mouse and rat germ cell genetic toxicity.  The somatic cell value is compared to the 
doses producing rodent cancer, but does not address the hits-per-tumor issue.  Although, as the 
IRIS document notes, one-hit-one-tumor is a hypothesis, Dr. Jerry Rice, one of the consultants to 
the SAB was very emphatic in his comments on the second day of the meeting when he explicitly 
rejected this hypothesis, with a rare exception specifically in the case of retinoblastoma.  He 
noted that tumor induction requires a minimum of two hits.   

Traditionally, experimental data and their analyses are used to test, and drive, the hypothesis; 
the hypothesis is not supposed to dictate the interpretation of the data. It appears as if the Allen et 
al. approach to the data analyses, and their conclusions, are being criticized because they are not 
based on the one-hit/one-tumor model, or any other specific model, but, instead, trying to see 
where the data lead them.   
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1 Draft excerpts from a manuscript on kinesin activity 

2 Acrylamide was found to cause chromosomal aberrations and aneuploidy in vitro and in 

3 vivo (7). Acrylamide also induces genetically transmitted mutations as measured by 

4 heritable translocation test, dominant lethal test and specific locus test (8).  However, 

5 acrylamide does not cause gene mutations as measured in enzyme mediated bacterial 

6 tests. Glycidamide is an extremely stable epoxide; so stable that it is found in mouse, 

7 rat and human urine (9). This epoxide reacts slowly with guanine to produce N-7-(2-

8 carbamoyl-2-hydroxy-ethyl)guanine and, to a lesser extent with adenine to produce N-3-

9 (2-carbamoyl-2-hydroxyethyl) adenine (10). 

10 The mechanism by which acrylamide induces neurotoxicity is now well established (13). 

11 Acrylamide and its metabolite glycidamide are highly reactive with sulfhydryl groups in 

12 proteins (14). Alternatively, either the dependence of the organ or cell upon the function 

13 of the target protein or the sensitivity of specific proteins to sulfhydryl binding may 

14 determine the toxicological specificity of the acrylamide response. Therefore, 

15 concentration responses become essential to identifying critical site(s) of action of this 

16 toxicant. 

17 We organized the discussion around four major themes: (1) data that suggests that 

18 DNA binding is not the basis for genetic anomalies, (2) the studies that demonstrated 

19 that kinesin binding is the mode of action in the peripheral nervous system, (3) the 

20 analogous kinesin studies conducted on genetic material and (4) the implications for 

21 these observations on risk assessment. 

22 DNA alkylation and genotoxicity 



23 Acrylamide binding to DNA is extremely slow; however, the epoxide metabolite 

24 glycidamide does bind DNA (16). In addition, the adducts formed by binding of 

25 glycidamide to DNA are not in the base-pairing region (Figure 1 (17). The concept of 

26 low genotoxic potential of the N-7 adduct is supported by the data presented by Jenkins 

27 et al., (18) which indicates that N-7 alkyl adducts are effectively repaired and thus show 

28 threshold dose response relationships for mutation induction. Others have shown that 

29 alkylation of the N-7 and N-3 groups by methylmethane sulfonate are associated with 

30 thresholds in the formation of micronuclei and mutagenic potential (19).  Therefore, the 

31 alkylation of DNA does not, a priori, dictate a mutagenic mechanism of action and 

32 genotoxic outcomes can vary dependent upon relative alkylation versus repair rate.  

33 There appears to be an inconsistency between the time course of DNA adducts with the 

34 occurrence of DNA damage. The repair of DNA appears rapid as measured in the 

35 alkaline comet assay (20).) When the DNA damage data at 5 and 24 hours are 

36 recalculated as percent of control (to account for differences in control 

37 (background), damage in the bone marrow, and liver are decreasing while the 

38 DNA adducts are increasing (Table 1). In contrast, brain adducts were increasing 

39 over this time period while the adducts were decreasing, (20). Therefore, DNA 

40 adducts and DNA damage as measured by the comet assay are not temporally 

41 correlated. 

42 Human lymphocytes treated with acrylamide at concentrations ranging from 0.5-50 µM 

43 for 1 hour showed double strand breaks in DNA similar to hydrogen peroxide, the 

44 positive control (21).  These were repaired within an hour showing double strand breaks 

45 in the DNA.  This repair in DNA is in marked contrast to the pattern of DNA alkylation.  

46 The loss of bound of acrylamide follows a different time scale. 



47 Treatment of 8-week old rats with 15 mg/kg of acrylamide in drinking water induced no 

48 increase in DNA strand breaks in liver (22, 23). In contrast, there was a significant 

49 increase in DNA breaks/labile sites in both the thyroid (50% over control) and adrenal 

50 (80% over control) glands as measured using the comet assay. The levels of DNA 

51 alkylation in all three organs are virtually the same (20). In contrast, acrylamide 

52 caused an increase in mutant frequency in the TK assay and MN test at a dose of 

53 14mM while showing no DNA damage (23). In a loss of heterozygosity assay, this was 

54 accounted for by deletions. In V79 cells, acrylamide caused neither DNA damage, hprt 

55 mutations or micronuclei at concentrations of up to 6000 µM, 5000 µM or 10,000 µM, 

56 respectively (24). Collectively, these data suggest caution in extrapolation of DNA 

57 adduct level to the default conclusion that acrylamide or its glycidamide adduct produce 

58 genotoxicity. Additional data are required to determine if the DNA adducts are the cause 

59 of genotoxicity. 

60 Prokaryotic cells are not mutated by acrylamide.  Acrylamide has been extensively 

61 tested with and without metabolic activation in Salmonella. Acrylamide was not 

62 genotoxic at 5 mg/plate in one study (26), and was considered equivocal at 10 mg/plate 

63 (25). Glycidamide, on the other hand is a low potency genotoxicant and was found to be 

64 genotoxic at 50 µg/plate (26). One possible explanation is that acrylamide is not 

65 converted to glycidamide in vitro. Emmert et al.(27) transfected a methyl deficient strain 

66 of S. typhimurium with pin3ERb5. This plasmid contains cytochrome P450 reductase, 

67 cytochrome b5 and cytochrome P450 2E1. Allyl chloride, and 2-aminoanthracene, both 

68 substrates of cyp2e1, were genotoxic in this strain. Acrylamide at doses up to 10 

69 mg/plate was not genotoxic in this strain showing that the prokaryote did not respond 

70 even when conversion to glycidamide took place. No satisfactory explanation for this 



71 phenomenon has been proposed, although the lack of sensitivity of the prokaryotic cells 

72 could be a result of the lack of a cytoskeleton and therefore suggestive of a mitotic 

73 spindle mode of action. 

74 Acrylamide was clastogenic to L5178Y and TK6 cells and did not produce point 

75 mutations when tested without S-9 (23, 28). It was not tested with S9 in L5178Y cells. 

76 Measurement of colony size revealed that acrylamide induced only small colonies which 

77 are indicative of chromosome aberrations and not point mutations. This conclusion was 

78 confirmed with cytogenetic analysis. An unpublished NTP study of acrylamide in CHO 

79 cells resulted in induction of chromosome aberrations with S9; the response without S9 

80 was judged "questionable" (NTP, 2007). Results showing chromosomal aberrations and 

81 mitotic spindle effects, and not point mutation, are a recurring theme in acrylamide 

82 genetic toxicology (28)). The compilation of the above results suggest that non-DNA 

83 adduct mechanisms have a more direct correlation with acrylamide induced genotoxicity 

84 than DNA adduct mechanisms. Deficiencies in the database are (1) the absence of 

85 concentration responses linking DNA adducts to mutations and (2) a void of data 

86 considering the impact of DNA repair mechanisms on DNA ACR adducts. 
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156 Figure 1: Double-stranded DNA showing the sites of DNA 

157 adduct formation including the important targets for 

158 alkylators (N7G, N3A, O6G, etc.) From Jenkins et al., 2005 

159 Graphic representation of DNA base binding sites and their 

160 involvement in base pairing. 



161 Table 1. Temporal Relationship Between DNA Adducts and DNA Damagea 

Time After 

Treatment1 

Bone 

Marrow 

Comet2 

Liver 

Comet2 

Brain 

Comet2 

Liver 7-GA-

GUA3 

Brain 7-GA-

GUA3 

2 hours 113 143 86 

5 hours 229 206 186 5.1 3.2 

24 hours 102 142 236 6.3 2.8 

48 hours 2.9 2.6 

162 a. Data from . Maniere, I., Godard, T., Doerge, D. R., Churchwell, M. I., Guffroy, M., 
163 Laurentie, M., and Poul, J. M., DNA damage and DNA adduct formation in rat 
164 tissues following oral administration of acrylamide.  Mutat Res 580:119-129. 
165 1 Groups of rats were treated with 54 mg/kg acrylamide po and killed at the times 
166 indicated. 
167 2 Olive tail moment as % of concurrent control 
168 3  Expressed as molecules per 108 nucleotides. These data are estimated from a 
169 graph. 
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Mortality Patterns Among Workers Exposed 
to Acrylamide: Updated Follow Up 
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Objective: The objective of this study was to update the mortality 
experience of a cohort of workers with and without potential exposure to 
acrylamide (AMD) at three U.S. plants (n � 8508) and one plant in 
The Netherlands (n � 344). Methods: We computed standardized 
mortality ratios (SMRs) using national and local rates and modeled 
internal cohort rates to assess site-specific cancer risks by demographic 
and work history factors and several exposure indicators for AMD. 
Results: For the 1925–2002 study period, we observed both deficit and 
excess overall mortality risks among the U.S. cohort for cancer sites 
implicated in experimental animal studies: brain and other central 
nervous system (SMR � 0.67, confidence interval [CI] � 0.40 –1.05), 
thyroid gland (SMR � 1.38, CI � 0.28 – 4.02), testis and other male 
genital organs (SMR � 0.64, CI � 0.08 –2.30); and for sites selected 
in earlier exploratory analyses of this cohort: respiratory system cancer 
(RSC) (SMR � 1.17, CI � 1.06 –1.27), esophagus (SMR � 1.20, 
CI � 0.86 –1.63), rectum (SMR � 1.25, CI � 0.84 –1.78), pancreas 
(SMR � 0.94, CI � 0.70 –1.22), and kidney (SMR � 1.01, CI � 
0.66 –1.46). Except for RSC, attributed earlier to muriatic acid 
exposure, none of the mortality excesses was statistically significant. In 
the Dutch cohort, we observed deficits in deaths for all sites of a priori 
interest. An updated analysis of our previous exploratory findings for 
pancreatic cancer in the U.S. cohort revealed much less evidence of a 
possible exposure–response relationship with AMD. Conclusion: AMD 
exposure at the levels present in our study sites was not associated with 
elevated cancer mortality risks. (J Occup Environ Med. 2007;49: 
82–95) 
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crylamide (AMD) (CH2 � CHCONH2, 
CAS Registry Number 79-06-1) is a 
vinyl monomer that improves the 
aqueous solubility, adhesion, and 
crosslinking of polymers. Water-
soluble polyacrylamides are the larg
est application of acrylamide and are 
used as additives by the wastewater, 
pulp and paper, textile, chemical, 
mining, and oil industries. Human 
exposure from these industrial appli
cations is generally very limited.1 

AMD is biotransformed in vivo to 
its epoxide, glycinamide, which has 
been reported to be genotoxic in a 
variety of in vitro and in vivo test 
systems.2 AMD is carcinogenic to 
experimental mice and rats, causing 
tumors at multiple organ sites in both 
species when given in drinking water 
or by other means.2– 6 In 1994, the 
International Agency for Research on 
Cancer classified AMD as a probable 
human carcinogen (group 2A) based 
on sufficient animal evidence, inade
quate human evidence, and evidence 
of a DNA reactive mechanism.1 The 
U.S. Environmental Protection Agency 
has also classified AMD as a probable 
human carcinogen,7 and the 11th U.S. 
National Toxicology Program Report 
on Carcinogens listed AMD as “rea
sonably expected to cause cancer in 
humans.”8 

Interest in the potential carcinoge
nicity of AMD was aroused in 2002 
by reports that AMD is formed in 
significant quantities during high-
temperature cooking.9,10 This was 
followed by the 2003 reports that 
AMD is measurable at significant 
concentrations in many common hu
man foods prepared at high temper
atures by frying or baking11 and that 
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the mean daily intake of AMD is 
38�g for males and 29�g for fe-
males.12 AMD is formed during the 
cooking of foods primarily by the 
Maillard reaction between the amino 
acid asparagine and reducing sugars 
such as glucose.13,14 Subsequent ep
idemiologic investigations and risk 
assessments of dietary AMD expo
sures have detected no evidence of 
adverse health effects.15–19 

Only two epidemiology studies of 
AMD-exposed workers have been 
conducted to date. Recognizing the 
limitations of extrapolating findings 
of carcinogenicity bioassays across 
animal species or from animals to hu-
mans,20 these studies were prompted 
by experimental animal studies that 
suggested AMD’s carcinogenic poten
tial based on an increased incidence of 
cancers, including those of the brain 
and other central nervous system 
(CNS), thyroid gland, other endocrine 
glands, reproductive organs, and 
mesotheliomas.3– 6 

The first epidemiology study, a 
small historical cohort study of 371 
Dow Chemical Company employees 
assigned to AMD monomer and po
lymerization operations, found no 
statistically significant mortality ex
cesses in the total cohort and no 
deaths for the implicated cancer 
sites.21 This study did not include 
AMD exposure estimates for indi
vidual workers. The second study, a 
much larger historical cohort mortal
ity study of 8854 male workers with 
potential exposure to AMD at three 
Cytec Industries Inc. (Cytec) chemi
cal manufacturing locations in the 
United States and at one location in 
The Netherlands, was first reported 
in 1989 by Collins and coworkers.22 

An 11-year update of the Cytec 
AMD cohort study (through 1994) 
that did not include The Netherlands 
plant was reported by Marsh and 
colleagues in 1999.23 In the last up
date, no statistically significantly el
evated mortality risks were observed 
for any of the implicated cancer sites, 
although mammary cancer mortality 
could not be evaluated in the all-
male cohort. An exploratory analysis 

of four cancer sites (esophagus, rec
tum, kidney, and pancreas) selected 
because of their 20% or greater ex
cesses in the AMD-exposed group 
and corresponding deficits in the un
exposed group revealed a statisti
cally significant 2.26-fold risk (95% 
confidence interval [CI] � 1.03– 
4.29) for pancreatic cancer mortality 
among workers with cumulative 
exposure to AMD greater than 0.30 
mg/m3-years but no evidence of a 
monotonic exposure–response rela
tionship. A previously reported excess 
mortality risk of respiratory system 
cancer (RSC) at one U.S. plant re
mained elevated among workers with 
potential exposure to muriatic acid 
(relative risk [RR] � 1.50, 95% CI � 
0.86 –2.59).23 The investigators of the 
Cytec cohort study have concluded 
that their results did not support the 
hypothesis that AMD is a human 
carcinogen.22,23 

We extended and updated our in
vestigation of the Cytec AMD cohort 
to continue surveillance of total and 
cause-specific mortality risks in rela
tion to AMD exposure and to exam
ine further our previous exploratory 
findings for pancreatic cancer. We 
report here the results of an 8-year 
extended update (1995–2002) of the 
U.S. AMD cohort and a 21-year 
extended update (1984 –2004) of the 
AMD cohort from The Netherlands 
plant. 

Materials and Methods 

Study Population 
Collins et al22 and Marsh et al23 

have described details of cohort def
inition. In brief, the original AMD 
cohort included all male employees 
with full-time work experience at 
any of three U.S. plants (n � 8508) 
(Fortier, Louisiana; Kalamazoo, 
Michigan; Warners, New Jersey) or 
the Botlek, The Netherlands, plant 
(n � 346) between January 1, 1925, 
and January 31, 1973, with mortality 
follow up through 1983. In our first 
update of mortality through 1994,23 

we did not include the 346 workers 

83 

from the Botlek plant because follow 
up was incomplete at the time of 
analysis. For the U.S. plants, com
pany records were reviewed to up
date the work histories and the AMD 
and muriatic acid exposures of study 
members through 1994. 

The current 8-year mortality up
date of the AMD cohort includes the 
8508 workers from the original U.S. 
cohort and 344 workers from the 
Botlek plant.* Work histories and 
AMD exposures for Botlek plant 
workers were updated from 1984 
through 2004 with the assistance of 
investigators from Maastricht Uni
versity in The Netherlands and the 
personnel department of the Botlek 
plant. All U.S. workers had termi
nated before 1995. 

Table 1 shows selected character
istics of the U.S. and Dutch study 
populations by plant. Among all four 
plants, the Warners facility is the old
est and largest contributing 81% of the 
total eligible study members and 82% 
of the total person-years. Most of the 
cohort members are white. Approxi
mately one half of the U.S. cohort 
and one fourth of the Botlek cohort 
were short-term workers (defined as 
less than 1 year of employment). The 
Fortier, Kalamazoo, and Botlek plants 
included the larger percentages of 
long-term (20� years) workers. Ap
proximately 20% of person-years for 
U.S. workers were associated with 
AMD exposure compared with 79% of 
person-years for Botlek workers. To
bacco smoking history was unknown 
for 67% of the U.S. cohort and 28% of 
the Dutch cohort. 

Cohort Tracing 
The vital status of U.S. study 

members was determined as of De
cember 31, 2002, using our modi
fied, two-stage tracing protocol that 
is based on several conventional 
tracing sources, including the Social 

*The original Botlek cohort reported by Col
lins et al (1989) included 346 workers. During 
the current update, two of the workers were 
determined to be female and ineligible for the 
study. 
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TABLE 1 
Characteristics of Study Plants and Populations Used in Mortality Update 

US Plants 

Characteristics Fortier Kalamazoo Warners All Plants Botlek Plant 

Plant startup date 1951 1930 1917 — 1965 
AMD production dates 1966 – date 1967– date 1954 –1985 — 1966 – date 
Total subjects 1295 60 7153 8508 

White males 1172 57 6013 7242 344 
Nonwhite males 123 3 1140 1266 0 

Year of birth 
�1900 1 5 633 639 0 
1900 –1919 197 15 2602 2814 10 
1920 –1939 724 17 2908 3649 168 
1940� 373 23 1010 1406 166 

Year of hire (entry into study) 
1925–1939 0 5 1584 1589 0 
1940 –1949 0 12 2471 2483 0 
1950 –1959 730 17 1566 2313 0 
1960 –1969 396 10 869 1275 187 
1970 –1973 189 16 663 848 157 

Year of termination from work 
1925–1949 0 1 3083 3084 0 
1950 –1969 561 12 2669 3242 63 
1970 –1989 551 39 1277 1867 178 
1990 –1994 (Botlek 2004) 183 8 124 315 103 

Duration of employment* 
�1 yr 230 6 3932 4168 92 
1–4.9 285 12 1537 1834 87 
5–9.9 133 3 434 570 27 
10–19.9 248 8 453 709 31 
20� 399 31 797 1227 107 

Person-yr† 
Total 47,791 2137 270,417 320,345 10,483 
Unexposed to AMD 28,466 986 225,306 254,758 2134 
Exposed to AMD‡ 19,325 1151 45,111 65,587 8349 

0.001– 0.029 (mg/m3-yr) 9030 441 7832 17,303 1653 
0.03– 0.29 9851 587 14,177 24,615 3394 
0.30� 444 123 23,102 23,669 3302 

Person-yr (1950 –2002) 
Total 47,791 2031 239,335 289,157 
Unexposed to AMD 28,466 882 195,024 224,373 
Exposed to AMD† 19,325 1149 44,311 64,785 N/A 

0.001– 0.029 (mg/m3-yr) 9030 439 7780 17,249 
0.03– 0.29 9851 587 13,823 24,260 
0.30� 444 123 22,708 23,276 

Tobacco smoking status 
Never smoker 196 4 421 621 53 
Ever smoker 550 25 1558 2133 194 
Unknown 549 31 5174 5754 97 

*Duration of employment computed as of last termination date (11/16/94) for U.S. plants and as of 12/31/04 for Botlek plant. 
†1925–2002 for US plants; 1965–2004 for Botlek plant. 
‡Person-yr refer to follow-up time not exposure time. Person-yr among unexposed includes follow-up time of workers before their first AMD 

exposure (ie, started employment in an unexposed job). 
AMD indicates acrylamide; N/A, not applicable. 

Security Administration (SSA), the due mostly to Warners employees coded by a nosologist to underlying 
National Death Index-Plus (NDI) hired before the establishment of the cause of death using the 8th revision 
system, and state vital statistics bu- SSA. For deaths occurring before 1979 rules of the International Classification 
reaus.24,25 Subjects with “unknown” (beginning of NDI), death certificates of Diseases (ICD). 
vital status were untraceable mainly were obtained from the corresponding Table 2 shows the vital and work-
due to missing Social Security num- state health departments and, to con- ing status of the U.S. cohort at the 
bers, a limitation of the original study form with the original study, were end of 2002 by plant. We identified a 
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TABLE 2 
Vital and Working Status of Study Populations by Plant 

US Plants (1925–2002) 
Botlek Plant 

Vital Status Fortier Kalamazoo Warners All Plants (1965–2004) 

Alive 879 27 2626 3532 233 
Dead 458 33 4159 4650 71 
Cause of death known (%) 448 (97.8) 33 (100) 3859 (92.8) 4340 (93.3) 71 (100) 
Cause of death unknown 10 0 300 310 0 
Unknown (%) 18 (1.4) 0 (0) 368 (5.1) 386 (4.5) 40 (11.6)* 
Working status (as of 12/31/94 for 

US plants; 12/31/04 for 
Botlek plant) 

Working 0 0 0 0 16 
Terminated 1255 57 6967 8279 322 
Died while employed 40 3 186 229 6 

*Includes 35 (10%) subjects who emigrated and 5 (2%) lost to follow up in The Netherlands. 

total of 4650 deaths through 2002, an 
increase of 1368 deaths from the 
previous 1994 follow up of the U.S. 
plants. This includes 275 new deaths 
not identified in the previous 1994 
update. Persons lost to follow up 
decreased from 513 persons (6.0%) 
in the original study to 386 (4.5%). 
Underlying cause of death was deter
mined for 4340 or 93.3% of all 
deaths. Most of the 310 decedents 
with unknown cause of death were 
from the Warners plant and 124 of 
these died in New York City, where 
confidentiality rules largely restrict 
the release of cause of death infor
mation for research purposes. 

Follow up of the Botlek popula
tion was conducted through munici
pal population registries and the 
causes of death were obtained from 
the Central Bureau of Statistics in 
The Netherlands. Of the 344 work
ers, 233 were alive at the end of 
2004, 71 were dead, and 40 (12%) 
were lost to follow up, mostly be
cause of emigration. The underlying 
cause of death was determined for all 
deaths and coded to the 9th revision 
rules of the ICD (Table 2). 

Acrylamide Exposure Assessment 
Exposures to AMD varied across 

plants, because each plant produced 
or used AMD differently. AMD is 
produced in two forms, wet AMD in 
aqueous solution and dry AMD that 

can be in either a powder or a solid 
pellet. The Warners plant had oper
ations for producing both forms of 
AMD. The Fortier facility manufac
tured wet AMD monomer. Both 
plants used wet and dry AMD in the 
formulation of  other products.  
Kalamazoo used only wet AMD. Po
tential exposure may have occurred 
during monomer and polymer pro
duction from inhalation of dry pow
der, AMD monomer, or aerosols of 
AMD solution and from dermal ab
sorption of the AMD monomer and 
solutions. At the Botlek plant, acryl
amide was made by bringing acrylo
nitrile in contact with water in the 
presence of a catalyst. Acrylamide 
was made in dry crystal form and in 
aqueous solutions. During 2004, the 
plant was converted to produce 
acrylamide in aqueous solutions 
only. 

The historical reconstruction of 
quantitative AMD exposures de
tailed earlier22 considered a worker 
as “exposed” to AMD if his cumula
tive exposure value was greater than 
0.001 mg/m3-years, the approximate 
equivalent of a 1-day average con
centration exposure to the permissi
ble exposure limit of 0.3 mg/m3 in 
effect at that time. From the individ
ual worker job histories and the job 
and time-specific exposure esti
mates, three time-dependent sum
mary measures of AMD exposure 

were computed for each worker: du
ration of exposure (Dur) � the sum 
of the days spent in jobs with non
zero AMD exposure (in years); cu
mulative exposure (Cum) � the 
product of the number of days in 
each job and the estimated average 
daily exposure to AMD summed 
across all jobs (in mg/m3-years), and 
average intensity of  exposure 
(AIE) � the ratio of Cum to Dur (in 
mg/m3). These summary measures 
are expressed as AMD_DurX, AMD_ 
CumX, and AMD_AIEX, where X 
represents the number of exposure 
categories. 

In the 1994 follow up, exposure 
estimates for the U.S. plants during 
the 1984 –1994 update period were 
assigned using the 1983 AMD expo
sure values developed in the original 
study. Only few employees in the 
follow-up period would have poten
tial exposure to AMD, because the 
Warners plant stopped AMD opera
tions in 1985 and any extrapolation 
error would be small with minimal 
impact on our findings. This conser
vative operating assumption was 
also supported by a review of indus
trial hygiene monitoring data and by 
plant personnel knowledgeable of 
AMD processes during the follow-up 
period. 

We did not update exposures for 
U.S. workers beyond 1994 for the 
current update, because all workers 
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TABLE 3 
Summary Statistics for AMD Exposure Measures by Plant, All Workers, 1925–1994 

US Plants 

AMD Exposure Indicator* Fortier Kalamazoo Warners All Plants Botlek Plant 

Acrylamide duration (AMD_Dur, yr) 
Minimum 0 0 0 0 0.00 
25th percentile 0 0 0 0 0.122 
Median 0 2.62 0 0 1.58 
75th percentile 5.40 15.58 0 0 16.64 
Maximum 34.62 41.67 40.99 41.67 37.75 
Mean 4.16 7.62 1.20 1.69 8.01 
Standard deviation 7.25 9.68 4.79 5.42 10.96 
Coefficient of variation 174.3 127.1 400.5 319.9 136.8 

Average Intensity (AMD_AIE, mg/m3) 
Minimum 0 0 0 0 0.00 
25th percentile 0 0 0 0 0.007 
Median 0 0.003 0 0 0.032 
75th percentile 0.010 0.008 0 0 0.284 
Maximum 0.055 0.124 2.200 2.200 0.410 
Mean 0.007 0.009 0.115 0.098 0.114 
Standard deviation 0.011 0.019 0.364 0.336 0.139 
Coefficient of variation 157.2 201.8 315.8 342.7 121.6 

Cumulative (AMD_Cum, mg/m3-yr) 
Minimum 0 0 0 0 0.00 
25th percentile 0 0 0 0 0.006 
Median 0 0.02 0 0 0.155 
75th percentile 0.06 0.08 0 0 0.640 
Maximum 0.81 0.72 32.31 32.31 6.82 
Mean 0.04 0.08 0.29 0.25 0.569 
Standard deviation 0.08 0.15 1.34 1.23 1.121 
Coefficient of variation 190.7 180.8 458.3 487.6 197.0 

*Computed from date of hire to earliest of date of termination, death or 12/31/1994 for US plants and 12/31/2004 for Botlek plant. 
AMD indicates acrylamide. 

had terminated from employment by 
1995 (Table 1). We also did not 
reevaluate mortality in relation to 
muriatic acid exposure at the Warn
ers plant, because that was not the 
primary objective of the study. For 
the Botlek plant, work histories 
and corresponding AMD exposure 
estimates were updated for the 
1984 –2004 period by plant person
nel familiar with past job classi
fications and AMD processes with 
scientific oversight provided by two 
of the authors (I.M., G.W.) and col
leagues at Maastricht University. Ta
ble 3 shows for each plant selected 
summary statistics for the three 
AMD exposure measures. Because 
about one half of the U.S. and Botlek 
workers were short-term workers 
(�1 year), duration and cumulative 
AMD and muriatic acid exposures 
are generally small. The mean, aver
age intensity of AMD exposure 

across all workers ranged from 0.007 
mg/m3 in Fortier to 0.115 mg/m3 for 
Warners. 

Statistical Analyses 

Descriptive Analysis of 
Standardized Mortality Ratios 

We examined the total and cause-
specific mortality experience of the 
U.S. AMD cohort from January 1, 
1925, to December 31, 2002; for 
Botlek, the observation period was 
January 1, 1965, to December 31, 
2004. Cohort analyses were per
formed using a modified life table 
procedure from the Occupational 
Cohort Mortality Program (OCMAP-
Plus).26 Person-years at risk contrib
uted by each study member were 
jointly classified by plant, race, age 
group, calendar time, duration of em
ployment (Dur), and the time since 
first employment (TSFE). Person-

year counts began at the date of hire 
and continued until date of death or 
the end of the 2002 or 2004 study 
periods. For workers lost to follow 
up, person-year counts stopped at the 
last date of known vital status, which 
was the date of employment termi
nation or the date of emigration. 

For the U.S. cohort, we computed 
expected numbers of deaths by mul
tiplying U.S. male, average annual 
race, age, and time-specific standard 
population death rates (ICD 8 com
parable) by the person-years at risk 
in the corresponding race–age–time 
intervals. U.S. male death rates cov
ering the 1925–1989 observation pe
riod were obtained from an updated 
version of the cohort analysis soft
ware developed by Monson.27 For 
the 1990 –2002 period, correspond
ing U.S. rates were obtained for fully 
or nearly comparable categories 
from the Mortality and Population 



87 JOEM • Volume 49, Number 1, January 2007 

Data System (MPDS) maintained at 
the University of Pittsburgh.28 For 
the Botlek plant, we used corre
sponding Dutch national mortality 
rates (ICD 9 comparable) provided 
by our Dutch coworkers. Compara
bility between the U.S. and Dutch 
cause of death categories was estab
lished to the extent possible. 

For the U.S. plants, we also com
puted expected numbers of deaths 
based on MPDS rates for the male 
populations of the counties in which 
workers largely resided (for Warners— 
Middlesex and Union Counties, 
New Jersey; for Fortier—Jefferson 
Parish, Louisiana; for Kalamazoo— 
Kalamazoo County, Michigan). Due 
to MPDS data limitations, expected 
numbers of cancer deaths were limited 
to the period 1950 –2001; noncancer 
deaths were limited to 1960 –2001 
(with 1962–1964 rates applied to 
1960 –1964 person-years and 2000 – 
2001 rates applied to 2000 –2002 
person-years). Because local death 
rates usually provide the most valid 
external mortality comparisons (be
cause they help to adjust for the 
social, cultural, and economic factors 
related to disease), all but the aggre
gate analyses were based exclusively 
on local rates. Moreover, because the 
counties involved represented large 
population areas, the local rates are 
measured with acceptable variability. 

Mortality excesses and deficits 
were expressed as standardized mor
tality ratios (SMRs) along with their 
95% CIs. SMRs were computed for 
subgroups of the cohort defined by 
plant, race, follow-up period, calen
dar period, year of hire, length of 
employment, and the time since first 
employment. SMRs were also com
puted for selected causes of death for 
categories of the AMD exposure 
measures with and without exposure 
lagging.26 The statistical significance 
of SMRs was assessed using Poisson 
probabilities. All tests were done at 
the 0.05 significance level and no 
adjustment was made for multiple 
comparisons. 

Relative Risk Regression Analysis 
As detailed earlier by Marsh et 

al,23 relative risk regression model
ing was used to investigate the de
pendence of the internal cohort rates 
(modeled as time to death) for se
lected cancer sites on combinations 
of the categorical AMD exposure 
measures with adjustment for poten
tial confounding factors. Data from 
the entire 1925–2002 study period 
were modeled. In brief, for each 
cancer site examined, risk sets were 
explicitly constructed from the co
hort data file with age as the primary 
time dimension using the RISKSET 
program module in OCMAP-Plus.26 

To adjust for year of birth (“cohort”) 
effects, risk sets were caliper-matched 
on year of birth. The time-dependent 
exposures were evaluated for each in
dividual at each event time they were 
at risk. Conditional logistic regression 
models were fit using Stata v8.029 or 
LogXact v6.0.30 

Demographic and exposure vari
ables were first considered univariately 
as categorical variables to identify pat
terns of univariate associations with 
the outcome and to identify sparse data 
problems. Possible exposure– disease 
associations were then evaluated using 
a forward-stepwise approach to adjust 
for possible confounders. Effect mod
ification was assessed to the extent 
possible. The statistical significance of 
each main effect (expressed as a global 
P value) and interaction was assessed 
with a likelihood ratio statistic. For the 
quantitative exposure variables that ex
hibited a monotonic pattern in the pa
rameter estimates, a test for linear 
trend was conducted (expressed as a 
trend P value). All tests were done at 
the 0.05 significance level with no 
adjustment made for multiple compar
isons. The small numbers of observed 
deaths for the cause of death categories 
of interest did not permit RR modeling 
for the Botlek cohort. 

Results 

General Mortality by Study Period 
Table 4 presents for the combined 

U.S. cohort SMRs by cause of death 

and study period. During the 1995– 
2002 update period, we observed 
1093 deaths, yielding a 5% overall 
deficit in total mortality compared 
with the general U.S. experience. For 
the combined 1925–2002 study pe
riod, we observed a statistically signif
icant (P � 0.01) 7% deficit in total 
mortality based on 4650 observed 
deaths and 320,345 person-years. Re
sults for the 1925–1994 period differed 
slightly from those reported by Marsh 
et al23 due to the inclusion of 275 
newly identified deaths. 

For all malignant neoplasms com
bined and for many of the cancer 
site-specific categories examined, 
SMRs decreased in the 1995–2002 
update period as compared with the 
SMRs in the earlier update. For pan
creatic cancer, in particular, we ob
served a 38% deficit in deaths (nine 
deaths, SMR � 0.62, CI � 0.28 – 
1.18) yielding a 6% overall deficit 
for the combined 1925–2002 period. 
SMRs also decreased in the update 
period for the three other cancer sites 
(esophagus, rectum, and kidney) 
identified as “exploratory” findings 
in our previous update,23 resulting in 
small, not statistically significant ex
cesses in the combined study period. 
Respiratory system cancer decreased 
from a statistically significant (P � 
0.01) 19% excess in mortality for the 
1925–1994 period to a not statisti
cally significant 8% excess in the 
update period and remained as a 
smaller but still statistically signifi-
cant (P � 0.01)17% excess in the 
combined 1925–2002 study period. 
Most RSC deaths were due to lung 
cancer. 

For the other cancer sites of a 
priori interest in the combined study 
period (Table 4), we observed defi
cits in deaths for “cancer of the brain 
and other CNS” (SMR � 0.67, CI � 
0.40 –1.05) and “cancer of the testis 
and other male genital organs” 
(SMR � 0.64, CI � 0.08 –2.30). No 
additional deaths from “thyroid 
gland” cancer were observed, yield
ing a not statistically significant ex
cess based on three deaths (SMR � 
1.38, CI � 0.28 – 4.02) for the com
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TABLE 4 
Observed Deaths and SMRs for Selected Causes by Follow-Up Period, All Workers, National Comparison, 
US Plants Combined 

Cause of Death 
1925–1994 1995–2002† 1925– 2002† 

(ICD 8th Revision Codes)* Obs SMR 95% CI Obs SMR 95% CI Obs SMR 95% CI 

All causes (000 –999) 3557 0.93‡ 0.90 – 0.96 1093 0.95 0.89 –1.00 4650 0.93‡ 0.90 – 0.96 
All malignant neoplasms (140 –209) 913 1.06 0.99 –1.13 291 0.97 0.86 –1.08 1204 1.04 0.98 –1.10 

Buccal cavity and pharynx (140 –149) 24 0.99 0.63–1.47 8 1.67 0.72–3.28 32 1.10 0.75–1.56 
Digestive organs and peritoneum 240 1.08 0.95–1.22 68 0.92 0.75–1.23 308 1.05 0.94 –1.18 

(150 –159) 
Esophagus (150) 32 1.27 0.87–1.79 9 1.01 0.46 –1.91 41 1.20 0.86 –1.63 
Stomach (151) 48 1.24 0.91–1.64 8 0.99 0.43–1.95 56 1.19 0.90 –1.55 
Large Intestine (153) 72 0.97 0.76 –1.22 33 1.29 0.89 –1.81 105 1.05 0.86 –1.27 
Rectum (154) 26 1.31 0.86 –1.93 4 0.94 0.26 –2.40 30 1.25 0.84 –1.78 
Liver (155, 156) 13 0.72 0.38 –1.24 4 0.45 0.12–1.16 17 0.63 0.37–1.02 
Pancreas (157) 45 1.04 0.76 –1.39 9 0.62 0.28 –1.18 54 0.94 0.70 –1.22 

Respiratory system (160 –163) 369 1.19‡ 1.07–1.32 110 1.08 0.89 –1.31 479 1.17‡ 1.06 –1.27 
Larynx (161) 15 1.24 0.70 –2.05 1 0.32 0.01–1.79 16 1.05 0.60 –1.71 
Lung (162, 163) 354 1.21‡ 1.08 –1.34 109 1.12 0.92–1.35 463 1.18‡ 1.08 –1.30 

Bone (170) 2 0.69 0.08 –2.50 1 2.30 0.06 –12.83 3 0.90 0.19 –2.63 
Skin (172, 173) 10 0.67 0.32–1.23 4 0.74 0.20 –1.89 14 0.69 0.38 –1.15 
Prostate (185) 73 0.98 0.77–1.24 38 0.93 0.66 –10.28 111 0.97 0.79 –1.16 
Testis and other male genital organs 1 0.36 0.01–1.99 1 2.96 0.07–16.51 2 0.64 0.08 –2.30 

(186, 187) 
Bladder (188) 29 1.30 0.87–1.87 10 1.09 0.52–2.00 39 1.24 0.88 –1.70 
Kidney (189) 23 1.16 0.73–1.74 4 0.57 0.16 –1.47 27 1.01 0.66 –1.46 
Brain and other central nervous 15 0.69 0.39 –1.15 3 0.55 0.11–1.62 18 0.67 0.40 –1.05 

system (191, 192) 
Thyroid gland (193) 3 2.10 0.43– 6.14 0 — 0.00 – 4.89 3 1.38 0.28 – 4.02 
All lymphopoietic tissue (200 –209) 62 0.80 0.61–1.03 22 0.74 0.47–1.12 84 0.78† 0.63– 0.97 

Lymphosarcoma and reticulosar 6 0.62 0.23–1.35 0 — 0.00 –14.14 6 0.60 0.22–1.31 
coma (200) 

Hodgkin’s disease (201) 9 1.33 0.61–2.52 1 2.13 0.05–11.85 10 1.38 0.66 –2.53 
Leukemia and aleukemia (204 –207) 23 0.75 0.48 –1.12 9 0.79 0.36 –1.51 32 0.76 0.52–1.08 
Other lymphatic tissue (202, 203, 23 0.76 0.48 –1.14 12 0.68 0.35–1.20 35 0.73 0.51–1.02 

208) 
Benign neoplasms (210 –239) 10 1.01 0.49 –1.86 2 1.11 0.14 – 4.02 12 1.03 0.53–1.79 
Diabetes mellitus (250) 47 0.76 0.56 –1.02 37 1.18 0.83–1.63 84 0.91 0.72–1.12 
Diseases of the circulatory system 1569 0.91‡ 0.86 – 0.95 383 0.78‡ 0.70 – 0.86 1952 0.88‡ 0.84 – 0.92 

(390 – 458) 
Nonmalignant respiratory disease 196 0.76‡ 0.66 – 0.87 99 0.77‡ 0.62– 0.93 295 0.76‡ 0.68 – 0.85 

(460 –519) 
Cirrhosis of liver (571) 83 0.96 0.76 –1.19 9 0.79 0.36 –1.50 92 0.94 0.76 –1.15 
All external causes of death (800 –998) 251 0.72‡ 0.63– 0.81 20 0.77 0.47–1.19 271 0.72‡ 0.64 – 0.81 
Unknown causes (999.9) 202 108 310 

Persons 8508 4565 8508 
Person-yr 288,126 32,219 320,345 

*Monson life table program ICD 8th revision categories, labels, and codes for US plants for 1925– 89; corresponding MPDS rates for 
1990 –2001. 

†P � 0.05.

‡P � 0.01.

SMRs indicates standardized mortality ratios; ICD, International Classification of Diseases; Obs, observed; CI, confidence interval; MPDS,


Mortality and Population Data System. 

bined period. SMRs for some cancer 
site-specific categories increased in 
the update period; however, none of 
the resulting excesses in the update 
or combined study periods was sta
tistically significant. Most of the 
nonmalignant cause of death catego

ries shown in Table 4 reveal deficits 
in deaths for the update and com
bined study periods. Although not 
shown here, SMR analyses for the 
combined U.S. cohort by race, time 
period, year of hire, and duration of 
employment were essentially unre

markable for the a priori cancer sites 
and the other cause of death catego
ries examined in Table 4. 

General Mortality by Plant 
Table 5 shows the 1950 –2002 

cancer mortality experience of work
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TABLE 5 
Observed Deaths and SMRs for Selected Cancer Sites by Plant, US Workers, 1950 –2002, Local County Comparisons 

Fortier Kalamazoo Warners 
Cause of Death 

(ICD 8th Revision Codes)* Obs SMR 95% CI Obs SMR 95% CI Obs SMR 95% CI 

All malignant neoplasms (140 –209) 
Buccal cavity and pharynx (140 –149) 
Digestive organs and peritoneum 

(150 –159)

Esophagus (150)

Stomach (151)

Large Intestine (153)

Rectum (154)

Pancreas (157)


Respiratory system (160 –163) 
Bronchus, trachea, lung (162)† 

Prostate (185) 
Testis and other male genital organs 

(172.5, 173.5, 186, 187)† 
Bladder and other urinary organs 

(188, 189.9)†

Kidney (189.0, 189.1, 189.2)†

Brain and other central nervous


system (191,192) 
Thyroid gland and other endocrine 

glands (193, 194)† 
All lymphatic and hematopoietic 

tissue (200 –209) 
Leukemia and aleukemia 

(204 –207) 

154 
5 

39 

7 
9 

13 
3 
7 

62 
58 
5 
0 

3 

4 
6 

1 

14 

3 

0.92 
1.13 
1.08 

1.59 
1.98 
1.02 
1.18 
0.98 
0.89 
0.87 
0.43 
— 

0.85 

0.82 
1.69 

2.59 

1.02 

0.58 

0.78 –1.07 7 
0.37–2.64 0 
0.77–1.48 0 

0.64 –3.28 0 
0.90 –3.75 0 
0.54 –1.74 0 
0.24 –3.44 0 
0.40 –2.02 0 
0.68 –1.14 5 
0.66 –1.12 5 
0.14 –1.00 1 
0.00 –9.76 0 

0.18 –2.49 0 

0.22–2.11 1 
0.62–3.67 0 

0.07–14.44 0 

0.56 –1.71 0 

0.12–1.70 0 

0.92 
— 
— 

— 
— 
— 
— 
— 

1.92 
1.99 
1.30 
— 

— 

5.33 
— 

— 

— 

— 

0.37–1.89 
0.00 –21.31 
0.00 –1.96 

0.00 –21.41 
0.00 –10.66 
0.00 – 6.05 
0.00 –18.01 
0.00 –9.86 
0.62– 4.49 
0.64 – 4.63 
0.03–7.22 
0.00 –107.33 

0.00 –15.28 

0.13–29.69 
0.00 –17.93 

0.00 –197.80 

0.00 – 4.35 

0.00 –12.86 

1031 0.98 0.92–1.04 
27 1.03 0.68 –1.50 

264 0.88‡ 0.77– 0.99 

34 1.00 0.69 –1.39 
44 0.82 0.60 –1.10 
92 0.85 0.68 –1.04 
25 0.92 0.60 –1.36 
47 0.90 0.66 –1.19 

409 1.20§ 1.08 –1.32 
392 1.21§ 1.09 –1.34 
105 0.96 0.79 –1.16 

3 1.15 0.24 –3.37 

36 1.07 0.75–1.48 

22 0.86 0.54 –1.30 
12 0.55‡ 0.28 – 0.96 

5 1.80 0.59 – 4.20 

67 0.74§ 0.55– 0.91 

29 0.82 0.55–1.18 

*MPDS ICD 8th revision categories, labels, and codes for US plants. 
†MPDS ICD codes differ from corresponding Monson codes. 
‡P � 0.05. 
§P � 0.01. 
SMRs indicates standardized mortality ratios; ICD, International Classification of Diseases; Obs, observed; CI, confidence interval; MPDS, 

Mortality and Population Data System. 

ers from each U.S. plant compared 
with the local male populations. Re
stricting the observation period ex
cluded only 12 cancer deaths, all 
from the Warners plant. For certain 
categories, the observed number of 
deaths between Tables 4 and 5 may 
also differ due to the slight variations 
in the ICD codes used in the MPDS 
and Monson rates. Table 5 shows 
that 1031 or 86% of the observed 
cancer deaths occurred at Warners 
(SMR � 0.98, CI � 0.92–1.04); 
whereas, only seven were observed 
at Kalamazoo (SMR � 0.92, CI � 
0.37–1.89). With the exception of a 
20% excess for respiratory system 
cancer at Warners, previously attrib
uted to muriatic acid exposures,23 

none of the plants reveals any statis
tically significant cancer-site specific 

mortality excess, including the can
cer sites of a priori interest. 

Table 6 shows the 1965–2004 mor
tality experience of the Botlek plant 
cohort based on the Dutch national 
population comparison. Shown are all 
cause of death categories of a priori 
interest and those with at least one 
observed death. For all causes com
bined and all neoplasms combined 
(includes benign neoplasms), we ob
served statistically significant (P � 
0.01) 43% and 53% deficits in mortal
ity, respectively. Deficits in deaths 
were also observed for most of the 
categories examined, including all 
the cancer sites of a priori interest. We 
observed not statistically significant 
excesses for bone and liver cancer 
based on only one or two observed 
deaths, respectively. 

Cancer Mortality by Acrylamide 
Exposure Status 

Table 7 shows the 1950 –2002 
cancer mortality experience of the 
U.S. cohort by AMD exposure status 
for the selected cancer sites exam
ined in Table 5. Consistent with ear
lier updates,22,23 we observed local 
county rate-based deficits in cancer 
mortality among both “unexposed” 
and “exposed” workers for all can
cers combined and many cancer site 
categories, including “digestive or
gans and peritoneum” and central 
nervous system. In the previous up-
date,23 we selected for further expo-
sure–response analysis any cancer 
site category with a 20% or greater 
mortality excess in AMD-exposed 
workers and corresponding deficit in 
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TABLE 6 
Observed and Expected Deaths and SMRs for Selected Causes, All Botlek Plant Workers, Dutch National Comparison 

1965–2004 

Cause of Death (ICD 9th Revision Codes) Observed Expected SMR 95% CI 

All causes (001–999) 
All neoplasms (including benign) (140 –239)


Esophagus (150)

Stomach (151, 152)

Large intestine (153)

Rectum (154)

Liver (155, 156)

Pancreas (157)

Lung (162, 163)

Kidney (189)

Bone (170)

Testis (186, 187)

Brain (191)

Thyroid (193)

Other lymphoma (202)


Diseases of the circulatory system (390 – 458)

Nonmalignant respiratory disease (460 –519)

All external causes of death (800 –998)

All other causes of death (240 –389, 580 –799)

Unknown causes (999.9)

Persons

Person-yr


71 124.6 0.57† 0.45– 0.72 
21 44.3 0.47† 0.29 – 0.73 
1 1.4 0.69 0.02–3.87 
1 2.7 0.37 0.01–2.07 
3 3.1 0.96 0.20 –2.80 
1 1.1 0.89 0.02– 4.94 
2 0.8 2.42 0.29 – 8.73 
0 1.9 — 0–1.91 
9 16.7 0.54 0.25–1.02 
0 1.3 — 0–2.95 
1 0.1 13.21 0.33–73.59 
0 0.1 — 0–24.73 
0 0.9 — 0– 4.07 
0 0.1 — 0– 40.19 
1 1.04 0.96 0.02–5.34 

34 46.5 0.73 0.51–1.02 
3 9.2 0.33* 0.07– 0.95 
5 5.3 0.95 0.31–2.22 
7 14.5 0.48* 0.19 – 0.99 
0 

344 
10,483 

*P � 0.05. 
†P � 0.01.

SMRs indicates standardized mortality ratios; ICD, International Classification of Diseases; CI, confidence interval.


unexposed workers. Three of the 
four cancer sites selected (rectum, 
pancreas, and kidney) remain here 
as candidates for further exposure– 
response analysis (esophagus not 
selected). No new cancer site catego
ries were selected for additional ex
ploratory analysis based on these 
screening criteria. Results of this 
same analysis for the Botlek cohort 
are shown in Table 8 for the cancer 
site categories with at least three 
observed deaths. Deficits in deaths 
were observed for most of the sub
groups examined and none were se
lected for further exploratory analysis. 

Table 9 shows for the U.S. cohort, 
observed deaths and local rate-based 
SMRs (1950 –2002) for the three se
lected cancer sites by Dur, the time 
since first employment (TSFE), and 
the three exposure measures, AMD_ 
Dur4, AMD_AIE4, and AMD_ 
Cum4. The exposure categories for 
AMD_Cum4 are those used in the 
previous updates.22,23 To help dis
cern trends in SMRs, categories for 

the other variables were chosen to 
most evenly distribute the numbers 
of observed deaths simultaneously 
across the cancer sites examined. 
SMRs for each cancer site tend to 
increase with increasing values of 
both Dur and TSFE but remain as 
small, not statistically significant ex
cesses in the highest categories. For 
the three AMD exposure metrics 
considered, category-specific SMRs 
are generally less than those ob
served in the previous update,23 none 
was statistically significant and there 
is again no consistent evidence of an 
increased risk for cancer mortality in 
relation to AMD exposure. In partic
ular, the pancreatic cancer SMR for 
workers in the highest AMD_Cum4 
category (30� mg/m3-years) de
creased from a statistically signifi
cant SMR � 2.26 (P � 0.05) to a not 
statistically significant SMR of 1.71. 

We further examined pancreatic 
cancer mortality risks with relative 
risk regression models that related 
internal cohort rates to the potential 

confounding variables of interest and 
the categorical AMD exposure mea
sures. Table 10 shows the observed 
number of deaths, the estimated RR 
and 95% CI, and the global and trend 
test (if warranted) P values for each 
category of the variables considered. 
All models are based on 54 cases and 
12,225 noncases and adjusted for age 
and calendar time. The top section of 
Table 10 shows that none of the 
potential confounding variables con
sidered is a statistically significant 
predictor of pancreatic cancer risk. 
Smoking history, a known, relatively 
weak risk factor for pancreatic can

31cer, had a marginally statistically 
significant global test P value (P � 
0.087) and RRs greater than 2.0 in 
the nonbaseline categories. The pat
tern of RRs for smoking history 
suggests that many workers with un
known smoking history were proba
bly “ever smokers.” Time since first 
AMD exposure had a relatively low 
global test P value (P � 0.272) and 
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TABLE 7 
Observed Deaths and SMRs for Selected Cancer Sites by AMD Exposure Status, All US Plant Workers, Local County 
Comparisons, 1950 –2002 

Unexposed AMD-Exposed 
(<0.001 mg/m3-yrs) (0.001� mg/m3-yrs) 

Cause of Death (ICD 8th Revision Codes)* Obs SMR 95% CI Obs SMR 95% CI 

All malignant neoplasms (140 –209) 959 0.96 0.90 –1.03 233 0.99 0.86 –1.12 
Buccal cavity and pharynx (140 –149) 27 1.09 0.72–1.59 5 0.82 0.27–1.42 
Digestive organs and peritoneum (150 –159) 244 0.88† 0.77– 0.99 59 0.97 0.74 –1.25 

Esophagus (150) 33 1.04 0.72–1.46 8 1.14 0.49 –2.24 
Stomach (151) 43 0.88 0.64 –1.19 10 1.05 0.50 –1.92 
Large intestine (153) 91 0.91 0.73–1.12 14 0.64 0.35–1.07 
Rectum (154) 21 0.84 0.52–1.29 7 1.40 0.56 –2.89 
Liver and biliary passages (155–156) 15 0.68 0.38 –1.13 2 0.33 0.04 –1.20 
Pancreas (157) 38 0.78 0.55–1.07 16 1.41 0.81–2.29 

Respiratory system (160 –163) 383 1.16† 1.05–1.28 93 1.10 0.89 –1.35 
Bronchus, trachea, lung (162) 363 1.16† 1.04 –1.29 92 1.14 0.92–1.40 

Prostate (185) 100 0.99 0.80 –1.20 11 0.55† 0.27– 0.98 
Testis and other male genital organs (172.5, 173.5, 3 1.22 0.25–3.58 0 — 0.00 – 6.53 

186, 187) 
Bladder and urinary organs (188, 189.9) 33 1.06 0.75–1.49 6 0.94 0.34 –2.04 
Kidney (189.0, 189.1, 189.2) 19 0.78 0.47–1.21 8 1.27 0.55–2.50 
Brain and other central nervous system (191, 192) 15 0.73 0.41–1.21 3 0.58 0.12–1.69 
Thyroid gland and other endocrine 4 1.57 0.43– 4.02 2 3.18 0.38 –11.49 

glands(193,194) 
All lymphatic and hematopoietic tissue(200 –209) 59 0.68† 0.51– 0.87 22 1.04 0.65–1.58 

Leukemia and aleukemia (204 –207) 23 0.70 0.44 –1.05 9 1.16 0.53–2.21 
Persons 7565 2004 
Person-years 224,373 64,785 

*MPDS ICD 8th revision categories, labels, and (codes) for US plants. 
‡P � 0.01. 
SMRs indicates standardized mortality ratios; AMD, acrylamide; ICD, International Classification of Diseases; Obs, observed; CI, confidence 

interval; MPDS, Mortality and Population Data System. 

TABLE 8 
Observed and Expected Deaths and SMRs for Selected Cancer Sites, All Botlek Plant Workers, Dutch National 
Comparison, 1965–2004 

Unexposed (<.001 mg/m3-yrs) AMD-Exposed (.001� mg/m3-yrs) 

Cause of Death (ICD 9th Revision Codes) Obs SMR 95% CI Obs SMR 95% CI 

All neoplasms (140 –239) (includes benign) 7 0.74 0.30 –1.52 14 0.40* 0.22– 0.68 
Large intestine (153) 2 3.03 0.37–10.96 1 0.40 0.01–2.25 
Lung (162,163) 3 0.82 0.17–2.42 6 0.46 0.17–1.00 

Persons 317 273 
Person-years 2134 8349 

*P � 0.05.

SMRs indicates standardized mortality ratios; ICD, International Classification of Diseases; Obs, observed; CI, confidence interval.


some evidence of an increasing trend 
(P for trend � 0.124). 

For the three AMD exposure met
rics considered, category-specific 
RRs are generally less than those 
observed in the previous update,23 

none of the models or individual RRs 
was statistically significant, and 
there is again no consistent evidence 
an increased risk for cancer mortality 

in relation to AMD exposure. For 
example, our previous univariate 
model for AMD_Cum4 (RRs � 
1.00, 3.14, 0.77, and 2.63 [P � 0.05] 
for �0.001, 0.001, 0.03, and 0.30� 
mg/m3-years, respectively) now re
veals much less evidence of a possi
ble exposure–response relationship 
(updated RRs � 1.00, 2.03, 1.07, and 
2.01, respectively). This finding was 

maintained in our bivariate model for 
AMD_Cum4 adjusted for the first 
time in this update for smoking his
tory (RRs � 1.00, 2.08, 1.12, and 
2.05). Even less evidence of an in
creasing risk with increasing AMD_ 
Cum4 was found in our updated 
bivariate model adjusted for time 
since first AMD exposure (RRs � 
1.00, 1.73, 0.88, and 1.59). Lagged 
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TABLE 9 
Observed Deaths and SMRs for Selected Cancer Sites by Duration of Employment, Time Since First Employment, and 
AMD Exposure Measures, All US Workers, 1950 –2002, Local County Comparisons 

Rectum Pancreas Kidney 

Obs SMR 95% CI Obs SMR 95% CI Obs SMR 95% CI 

Duration of employment (yrs) 
�1 
1– 
15� 

Time since first employment (yrs) 
�20 
20– 
30� 

AMD_Dur4 (years) 
Unexposed 
0.001– 
5– 
20� 

AMD_Cum4 (mg/m3-yrs) 
�0.001 
0.001– 
0.03– 
0.30� 

AMD_AIE4 (mg/m3) 
Unexposed 
0.001– 
0.02– 
0.30� 

8 
13 
7 

3 
5 

20 

21 
3 
2 
2 

21 
1 
4 
2 

21 
4 
0 
3 

0.63 
1.25 
1.05 

0.71 
0.79 
1.04 

0.85 
1.32 
1.15 
1.96 

0.85 
1.43 
2.44 
0.75 

0.85 
2.96 
— 

2.08 

0.27–1.24 
0.66 –2.13 
0.42–2.12 

0.15–2.06 
0.26 –1.83 
0.64 –1.61 

0.52–1.29 
0.27–3.86 
0.14 – 4.14 
0.24 –7.07 

0.52–1.29 
0.04 –7.98 
0.67– 6.25 
0.09 –2.71 

0.52–1.29 
0.81–7.58 
0.00 –1.64 
0.43– 6.09 

22 
17 
15 

4 
11 
39 

38 
6 
6 
4 

38 
3 
4 
9 

38 
5 
5 
6 

0.82 
0.84 
1.17 

0.66 
0.96 
0.92 

0.78 
1.12 
1.55 
1.81 

0.78 
1.65 
0.94 
1.71 

0.78 
1.34 
1.11 
1.85 

0.51–1.24 
0.49 –1.35 
0.66 –1.93 

0.18 –1.68 
0.48 –1.72 
0.65–1.26 

0.55–1.08 
0.41–2.43 
0.57–3.38 
0.49 – 4.63 

0.55–1.08 
0.34 – 4.83 
0.26 –2.40 
0.78 –3.25 

0.55–1.08 
0.44 –3.14 
0.36 –2.60 
0.68 – 4.03 

10 
9 
8 

2 
4 

21 

19 
4 
3 
1 

19 
1 
4 
3 

19 
2 
3 
3 

0.73 
0.87 
1.20 

0.58 
0.65 
1.00 

0.78 
1.31 
1.37 
0.88 

0.78 
0.88 
1.56 
1.15 

0.78 
0.86 
1.27 
1.77 

0.35–1.34 
0.40 –1.64 
0.52–2.37 

0.07–2.09 
0.18 –1.66 
0.62–1.52 

0.47–1.22 
0.36 –3.36 
0.28 – 4.00 
0.02– 4.88 

0.47–1.22 
0.02– 4.92 
0.42– 4.00 
0.24 –3.36 

0.47–1.22 
0.10 –3.10 
0.26 –3.71 
0.37–5.18 

P � 0.05.

SMRs indicates standardized mortality ratios; AMD, acrylamide; Obs, observed; CI, confidence interval.


forms (5, 10, and 20 years) of the 
three AMD exposure metrics pro
duced a similar pattern of findings in 
SMRs and RRs as noted in Tables 9 
and 10 (results not shown). 

Discussion 
Our initial AMD cohort study of 

U.S. and Dutch AMD production 
workers22 and the previous 1994 up
date of the U.S. cohort23 revealed 
little if any evidence that AMD ex
posure is related to increased cancer 
risks. This evidence for the absence 
of an association was supported by 
the many strengths of our study, 
including size, long observation pe
riod, excellent follow up and near 
complete death certificate ascertain
ment, quantitative AMD exposure 
estimates for individual workers, and 
excellent a priori statistical power 
(0.90�) to detect twofold or greater 
excesses for many causes of death 
categories examined. 

The primary limitations of our 
study to date have been the relatively 

low a priori statistical power to de
tect twofold or greater excesses for 
the less frequently occurring cancer 
sites (ie, thyroid gland and male 
genital organs) implicated in experi
mental animal studies3– 6 and the in
ability to evaluate fully breast cancer 
mortality (another implicated site) in 
our exclusively male cohort. This 
limitation notwithstanding, we did 
observe two breast cancer deaths 
among male members of the U.S. 
cohort (Warners plant) who were 
unexposed to AMD (SMR � 1.21, 
95% CI � 0.15– 4.36). Another lim
itation of our study is that nearly one 
half of combined U.S. and Dutch 
cohorts were short-term workers 
(employed less than 1 year) and only 
23% of the combined cohort worked 
10 or more years. Consequently, 
most of the cohort had minimal po
tential for high cumulative AMD ex
posure. However, on a relative expo
sure scale, our study included persons 
with the highest AMD exposures 
ever experienced by humans. Con

trary to many other occupational co
hort studies, short-term workers did 
not exhibit a differential mortality 
pattern often associated with in
creased mortality for both malignant 
and nonmalignant diseases. The long 
length of follow up in this study may 
have mitigated the mortality influ
ence of short-term workers. 

The current study of the U.S. AMD 
cohort was strengthened further by 8 
years of extended follow up that 
yielded in the total cohort 1093 ob
served deaths, including 291 from ma
lignant neoplasms. We also included a 
1984 –2004 update of the original 
Dutch cohort that generated a total of 
71 deaths (including 21 cancer deaths) 
for the overall 1965–2004 study pe
riod. The additional numbers of ob
served deaths also permitted more 
comprehensive statistical analyses 
such as adjustment for smoking history 
in our relative risk regression models 
for pancreatic cancer. The additional 
expected numbers of deaths due to 
“cancer of the brain and other central 
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TABLE 10 
Summary of Relative Risk Regression Analysis for Cancer of the Pancreas, US Plants, 1925–2002 

US Plants (54 cases, 12,225 noncases) 

Variable Category Deaths Risk Ratio 95% CI Global Test (df) Trend Test* (df) 

Univariate models† 
Race 

Year of hire 

Duration of employment (yr)


Time since first employment (yr)


Smoking‡


Time since first AMD exposure (yr)


AMD_Dur4 (yr)


AMD_Cum4 (mg/m3-yr) 

AMD_AIE4 (mg/m3) 

Bivariable models‡ 
AMD_Dur4 (yrs) 

AMD_Cum4 (mg/m3-years) 

AMD_AIE4 (mg/m3) 

Bivariable models§ 
AMD_Cum4 (mg/m3-years) 

AMD_AIE4 (mg/m3) 

White 47 
Nonwhite 7 
1925–1939 10 
1940 –1949 22 
1950 –1959 15 
1960 –1973 7 

�1 22 
1� 17 

15� 15 
�20 4 

20� 11 
30� 39 

Never 1 
Ever 16 
Unknown 37 

�20 42 
20� 5 
30� 7 
�.001 38 
0.001� 6 
5� 6 

20� 4 
�.001 38 
0.001� 3 
0.03� 4 
0.30� 9 

�.001 38 
0.001� 5 
0.02� 5 
0.30� 6 

�.001 38 
0.001� 6 
5� 6 

20� 4 
�.001 38 
0.001� 3 
0.03� 4 
0.30� 9 

�.001 38 
0.001� 5 
0.02� 5 
0.30� 6 

�.001 38 
0.001� 3 
0.03� 4 
0.30� 9 

�.001 38 
0.001� 5 
0.02� 5 
0.30� 6 

1.00 
1.00 
1.00 
1.25 
1.11 
1.78 
1.00 
1.01 
1.43 
1.00 
1.40 
1.34 
1.00 
5.34 
3.38 
1.00 
1.73 
1.83 
1.00 
1.35 
1.83 
1.88 
1.00 
2.03 
1.07 
2.01 
1.00 
1.58 
1.29 
2.32 

1.00 
1.36 
2.03 
2.30 
1.00 
2.08 
1.12 
2.05 
1.00 
1.61 
1.32 
2.16 

1.00 
1.73 
0.88 
1.59 
1.00 
1.23 
0.98 
1.78 

0.45–2.23 

0.56 –2.77 
0.45–2.72 
0.53– 6.00 

0.54 –1.94 
0.73–2.79 

0.36 –5.45 
0.33–5.37 

0.70 – 40.44 
0.46 –24.83 

0.67– 4.46 
0.78 – 4.34 

0.55–3.32 
0.77– 4.36 
0.66 –5.32 

0.60 – 6.84 
0.38 –3.04 
0.96 – 4.21 

0.60 – 4.00 
0.50 –3.33 
0.95–5.64 

0.53–3.53 
0.72–5.73 
0.66 –7.99 

0.60 –7.22 
0.36 –3.51 
0.84 –5.02 

0.55– 4.68 
0.45–3.88 
0.84 –5.45 

0.42–7.06 
0.23–3.36 
0.46 –5.51 

0.35– 4.30 
0.26 –3.76 
0.50 – 6.37 

0.001 (1) 
P � 0.996 

1.03 (3) 
P � 0.793 

1.23 (2) 
P � 0.541 

.25 (2) 
P � 0.883 

4.89 (2) 
P � 0.087 

2.60 (2) 
P � 0.272 

2.76 (3) 
P � 0.430 

3.81 (3) 
P � 0.283 

3.38 (3) 
P � 0.337 

2.50 (3) 
P � 0.475 

3.09 (3) 
P � 0.378 

2.49 (3) 
P � 0.477 

1.44 (3) 
P � 0.696 

1.14 (3) 
P � 0.768 

0.93 (1) 
P � 0.337 

2.37 (1) 
P � 0.124 

2.64 (1) 
P � 0.104 

2.42 (1) 
P � 0.120 

*Trend tests performed only on exposure variables exhibiting a monotonic increase or decrease in parameter estimates. 
†Risk sets matched on exact age and year of birth. 
‡Risk sets matched on exact age and year of birth; models adjusted for smoking.

§Risk sets matched on exact age and year of birth; models adjusted for time since first AMD exposure.

CI indicates confidence interval; AMD, acrylamide.
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nervous system” increased to above 
0.90 the statistical power to detect a 
twofold or greater excess from this a 
priori cancer site. The small, additional 
number of expected deaths for cancer 
of the “testis and other male genital 
organs” and thyroid cancer did not 
materially improve the statistical 
power associated with these two a 
priori sites (power � 0.40 and 0.21, 
respectively). 

In the previous 1994 update, an 
exploratory exposure–response anal
ysis of cancer sites with elevated 
risks among AMD-exposed workers 
(and a corresponding deficit among 
unexposed workers) revealed a sta
tistically significant 2.26-fold risk 
for pancreatic cancer among workers 
with cumulative AMD exposure 
greater than 0.30 mg/m3-years but 
little evidence of an association with 
increasing exposure. Our updated 
analysis of pancreatic cancer and two 
other cancer sites that again passed 
the screening criteria for further 
study (rectum and kidney) revealed 
much less evidence of a possible 
exposure–response relationship with 
AMD based both on SMRs and in
ternal relative risk regression models 
adjusted for time since first AMD 
exposure or smoking history. In par
ticular, the elevated pancreatic can
cer excess in the highest cumulative 
AMD exposure category decreased 
to a not statistically significant 1.59-
fold (95% CI � 0.46 –5.51) excess in 
an RR model adjusted for time 
since first AMD exposure. In addi
tion to the not statistically significant 
excesses in two of the three nonbase
line categories, we observed no evi
dence of an exposure–response rela
tionship (RRs � 1.00, 1.73, 0.88, and 
1.59 for �0.001, 0.001, 0.03, and 
0.30� mg/m3-years, respectively). A 
similar conclusion was reached in the 
model adjusted for smoking history 
(corresponding RRs � 1.00, 2.08, 
1.12, and 2.05). 

Conclusion 
The addition of 1093 observed 

deaths, more than 32,000 person-
years, and a fourth study site to our 

Mortality Patterns for Exposure to Acrylamide • Marsh et al 

historical cohort study of AMD pro
duction workers provided more de
finitive support for the conclusion 
that AMD exposure at levels experi
enced by these workers is not asso
ciated with elevated cancer mortality 
risks. 
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NARRATIVE SUMMARY 


 
 


EXECUTIVE SUMMARY 
A Pathology Working Group (PWG) Review was convened to review pathology findings 


involving the mesothelial lining cells of the tunica vaginalis that were reported by the Study 


Pathologist and to examine the spectrum of proliferative or reactive changes involving mesothelial 


lining cells that were reported by the Study Pathologist or Reviewing Pathologist for the testes or 


epididymides; evaluate mechanistic data; and to provide advice to the study sponsor, SNF SAS, 


on the biological significance of mesothelial lining cell proliferative lesions in rats that occurred in 


the study reported by Johnson et al, (1984 and 1986) and the relative risk of mesothelial cell 


proliferative lesions in humans.  The purpose of the PWG was to review diagnoses of proliferative 


or reactive lesions involving mesothelial lining cells of the tunica vaginalis, provide a consensus 


diagnosis for differences in diagnoses reported by the Study or Reviewing Pathologists, and to 


provide expert guidance concerning the biological significance of proliferative or reactive 


mesothelial lining cell lesions in Fischer 344 rats and the relative risk of these lesions in humans. 


The Pathology Peer Review that was completed by Dr. Rodney A. Miller (Experimental 


Pathology Laboratories, Inc.) disclosed only three animals with different diagnoses for tunica 


vaginalis mesothelial lining cell effects than those rendered by the Study Pathologist.  For two of 


these three animals, where the original diagnoses were “reactive mesothelium” and 


“mesothelioma”, the PWG panel consensus was “no mesothelial cell lesion observed.”  For the 


other animal, whose original diagnosis was “no mesothelial cell lesion observed,” the consensus 


diagnosis was “reactive mesothelium.”  The PWG panel also determined that “no mesothelial cell 


lesion observed” was the consensus diagnosis for six rats that were diagnosed by both 


pathologists as “reactive mesothelium.”  These differences would not change the original 


interpretation of the chronic toxicity or carcinogenicity potential that was originally reported for the 
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study.  The PWG Panel also evaluated and discussed published acrylamide toxicity assessments 


and toxicology research data; assessed the role of genotoxicity and hormonal imbalance in the 


induction of mesothelial cell tumors and the relevance of tunica vaginalis mesotheliomas (TVMs) 


in the F344 rat testes to human health risk assessment.  


 


The Pathology Group concluded that: 


 The Fischer 344 rat is not a good model for identifying chemically-induced testicular 


related effects because of the very high spontaneous rate of Leydig cell tumors  


• The TVMs in this study appear to be rat specific and most likely not relevant to other 
species including man  


• A genotoxic mechanism is not likely involved as: 


o the liver, which is the major site of metabolism, was not a target and no non-
scrotal areas of the mesothelium were involved  


o the tumors have a late onset (noted after 92 weeks)  


o the mesothelial tumors are present in only one sex (males) and only affect one 
mesothelial site (tunica vaginalis) 


• Hormonal profile, particularly as relates to prolactin in the Fischer 344 rat, is not relevant 
to man  


• Hormonal imbalance (prolactin-related) is the most likely mechanism of tumor formation. 
 Since the hormone profile is not relevant to man, this mechanism is not relevant to man  


• Tunica vaginalis testes mesotheliomas are extremely rare in man but relatively common 
tumors in the Fischer 344 rat  


• Acrylamide-induced TVM tumor morphology was not unique but the same as TVM tumor 
morphology in control animals 
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INTRODUCTION 
Morphologic Characterization of Mesothelioma and Mesothelial Cell Reactive 
Lesions in Rodents 


 Mesotheliomas of the tunica vaginalis mesothelium of the testes and epididymis are not 


uncommon in Fischer 344 (F344) rats.  Gould (1977) described nine occurrences of 


mesothelioma on the tunica vaginalis propria of the testis and epididymis of F344 rats from a 


group of 384 control (unexposed) male rats (2.3%) that had been maintained on various 


experimental diets in long-term feeding studies.  Including females, about 700 rats were used in 


the three separate studies from which these animals were drawn.  There were no occurrences 


of mesothelioma among the females.  Among the nine rats, four had extension to the peritoneal 


cavity.  The lesions were limited to the testis, epididymis, and spermatic cord in the least 


affected rats.  The lesions ranged from 2 mm in diameter to large masses covering the visceral 


and parietal peritoneum.  There was one instance of lymphatic invasion but no findings of 


distant metastasis.  The lesions were described variably as confluent, rough superficial 


thickenings of the serosa, sessile broad-based nodules, and complex papillary structures.  


Papillary lesions had the most stroma.  Cells were cuboidal to endothelioid in papillary tumors, 


and the more solid tumors had cuboidal cells on the surface and epithelioid cells with indistinct 


cytoplasmic borders more centrally.  Nuclei with abundant chromatin and a prominent nucleolus 


were common to all tumor types.  Pseudolobulated cells with peripheral spindle-shaped cells 


were noted in the centers of the more solid masses.  Gould also noted the coincidence of 


Leydig cell tumors, but indicated there was no difference in the incidence of Leydig cell tumors 


between the mesothelioma and non-mesothelioma-bearing group.  In his report, Gould reviewed 


ten studies wherein mesotheliomas had been reported and noted that the occurrence of 


mesotheliomas extending beyond the scrotum was unusual. 


 Mitsumori and Elwell (1988) reviewed the slides of mesothelial proliferative lesions in 30 


rats that were randomly selected from 754 rats that had the diagnosis of mesothelioma in the 


NTP TDMS database of 51,230 F344 rats and proposed criteria to differentiate mesothelioma 


from mesothelial hyperplasia.  They characterized hyperplasia as having a simple papillary 


growth pattern, cuboidal cells, no stratification, no pleomorphism, no stromal proliferation, no 


invasion, and indicated mitosis was uncommon.  Mesothelioma was characterized by complex 
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papillary or glandular growth; cuboidal, columnar, or flattened cells that were sometimes 


stratified; pleomorphism, stromal proliferation, and as having mitosis and invasion present 


sometimes. 


 Hall (1990) described the normal peritoneum of F344 rats and pathologic conditions 


affecting the peritoneal cavity.  He indicated that in the F344 rat, mesothelioma was the most 


common neoplasm of the peritoneal cavity; that almost all spontaneous mesotheliomas are 


thought to arise from the tunica vaginalis of male rats; and that mesotheliomas may occur in 


female rats around the ovary or elsewhere in the abdomen but were rare in comparison to 


occurrence in male rats.  He provided descriptive criteria to distinguish mesothelial hyperplasia 


from mesothelioma.  Mesothelial hyperplasia is characterized by focal thickening or single 


papillary (villous) projections of mesothelial cells without stromal proliferation.  This lesion was 


considered a common lesion in the tunica vaginalis of males.  Mesotheliomas are characterized 


as being predominantly papillary in form with several layers of mesothelial cells covering a 


fibrovascular stroma.  Cells are polyhedral to cuboidal with abundant cytoplasm and round to 


oval nuclei with single or multiple nucleoli.  Larger neoplasms can have prominent stroma and 


be covered by flattened or polyhedral mesothelial cells.  Mesotheliomas may also have solid 


areas with a scirrhous response surrounding pleomorphic cells in clusters or forming tubular 


structures.  Invasion of adjacent tissue is considered to be a characteristic of malignant tumors, 


but the invasion may be dependent on the type of adjacent tissue.  Most mesotheliomas are 


thought to spread by direct extension, but some are thought to metastasize via the lymphatics.  


Hall also noted the microscopic classification of mesotheliomas in humans as epitheliomatous, 


sarcomatous, or mixed types; and provided the comparison that most observed in F344 rats are 


the epitheliomatous type, often with a stromal component. 


 The team of McConnell et al., (1992) developed and reported guidelines for diagnosing 


proliferative lesions of testes in rats.  They briefly noted the much higher incidence of 


mesothelioma in the testes of F344 rats as compared to other rat strains and that most arise 


from the tunica vaginalis.  They proposed morphologic criteria for distinguishing mesothelial 


hyperplasia from malignant mesothelioma, concentrating on pattern of growth and stroma with 


less characterization of cellular detail as compared to the description provided by Hall (1990). 
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 Mesothelial Cell Proliferative Lesions in Acrylamide-Exposed Rats 
 Mesothelial cell proliferative lesions were reported and characterized for two chronic 


toxicity/oncogenicity studies of acrylamide administered to F344 rats in drinking water (Johnson 


et al., 1984 and 1986; Friedman et al., 1995) at doses from 0 to 2.0 mg/kg/day for 24 months.  


The first studies, by Johnson et al., (1984 and 1986), described statistically significant increased 


incidences of TVMs in male rats at doses of 0.5 and 2.0 mg/kg/day (18.3% and 16.7%, 


respectively, compared with 5% in controls).  Three rats in each of the two groups had 


extension to the peritoneal cavity.  The first occurrence of mesothelioma was noted in a rat in 


the 0.5 mg/kg/day group that died on day 646.  All mesotheliomas were classified as malignant.  


Reactive mesothelium was noted in rats from all dose groups and the highest incidence (eight 


rats affected, 13.3%) occurred in rats dosed at 0.01 mg/kg/day.   


 


Mesothelioma in Male Rats in Two-Year Acrylamide Studies 


Dose (mg/kg/day)  


Study 0 0 0.01 0.1 0.5 2.0 


 Number of Animals Per Group 


Johnson 60  60 60 60 60 


Friedman 102 102  204 102 75 


 Occurrences of Mesothelioma of Tunica Vaginalis Testes 
With or Without Metastasis (Extension to Abdominal Cavity) 


Johnson 31  0 7 112 102


Friedman 4 4  9 8 133


1Number of animals affected per dose group. 
2Statistically significant difference from control group, mortality adjustment via Mantel-Haenszel 
 procedures (Peto, 1974) α = 0.05 
3Statistically significant difference from control group, (Peto et al., 1980) p<0.001. 
 


 The lifetime study by Friedman et al., (1995) confirmed the increased occurrence of scrotal 


mesotheliomas involving the tunica vaginalis at the high dose among male F344 rats exposed to 


acrylamide in the drinking water at doses of 0, 0.1, 0.5 or 2.0 mg/kg/day.  Based on the 


coincidence of tunica vaginalis mesothelioma tumors and Leydig cell tumors in male F344 rats 


and the association between hormonal imbalance and Leydig cell tumors in male F344 rats, 
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these investigators suggested that a hormonal mechanism might also be involved in the 


pathogenesis of mesothelioma.  


 Damjanov and Friedman (1998) compared the light and electron microscopic features of 


28 tunica vaginalis testis mesothelial cell tumors from F344 rats that received acrylamide in 


drinking water at 0.1, 0.5 or 2.0 mg/kg/day over a 104-week period to seven tumors that 


occurred spontaneously in concurrent control males.  They observed three distinct patterns 


(papillary, tubular or solid) and concluded each tumor had papillary features and focal tubular or 


solid components.  Mitotic figures were uncommon, and no metastasis or invasion was 


observed.  By light microscopy and transmission electron microscopy, they found no differences 


in tumors of acrylamide-treated rats from those in the control group rats.  On the bases of their 


findings they concluded that the mesothelial tumors occurring in acrylamide-exposed rats are 


more comparable to benign scrotal mesotheliomas and adenomatoid tumors than to malignant 


diffuse peritoneal mesotheliomas that occur in humans. 


 Using blocks and slides of tissues with tunica vaginalis testes from 38  Fischer 344 rats 


from the study by Friedman et al. (1995) (A Lifetime Oncogenicity Study in Rats with 


Acrylamide), Iatropoulos et al., (1998) characterized the location, extent, severity, pattern and 


shape of proliferative lesions.  Proliferation was quantitatively assessed using PCNA immuno-


stained sections, morphometry, and blinded observation.  Three types of lesions were identified 


using diagnostic guidance reported by McConnell et al., (1992): focal mesothelial hyperplasia, 


hyperplastic adenomatoid mesothelium (benign mesothelioma), and malignant mesothelioma 


that had three different patterns – plexiform, tubular, and mixed.  There was no difference in the 


pattern of cell proliferation in any of the five dose groups represented in the study (control group 


1; control group 2; and low, middle and high doses of acrylamide).  The highest cell proliferation 


values were noted in the low exposure group.  These investigators noted that tumors that were 


classed as benign occurred in testes where Leydig cell tumors occupied less than 50% of the 


testes and those classified as malignant mesothelioma occurred in testes where Leydig cell 


tumor occupied more than 75% of the testes.  On the basis of this investigation, Iatropoulos and 


coworkers determined that the occurrence of mesothelioma was unrelated to acrylamide 


exposure since there were no compound-related increases in cell proliferation, no specific 
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neoplastic pattern attributable to the compound, and no increase in mesothelial hyperplasia in 


the high-dose group as might be expected from a progressive neoplastic process.  


 Crosby et al., (2000) have disclosed anatomical findings and provided explanation for the 


extension of tunica vaginalis mesotheliomas to the peritoneal cavity that differentiates the 


behavior of the F344 rat tunica vaginalis mesothelioma from that expected to occur with tunica 


vaginalis mesotheliomas in humans.  Using tissues from a two-year study of potassium bromate 


administered in drinking water to F344 rats (DeAngelo et al., 1998), they mapped the 


anatomical distribution of mesothelial lesions associated with the tunica vaginalis of the testes 


and the spleen.  Their data suggest that the testicular and peritoneal mesotheliomas arose from 


the mesorchium and mesosplenium, respectively.  They further noted the comparative 


difference in the anatomy of the human parietal tunica vaginalis and that of the F344 rat.  In 


contrast to humans in which the visceral and parietal tunica vaginalis is a completely enclosed 


pouch, the rat has parietal tunica vaginalis that is continuous with peritoneal parietal 


mesothelium at the inguinal ring and visceral tunica vaginalis that is continuous with the 


mesorchium.  This anatomical difference was concluded to facilitate unimpeded spread of 


mesothelioma arising in the mesorchium to the peritoneal cavity of F344 rats. 


 
Overview of Acrylamide Genotoxicity and Toxicology Studies in Rats 
Acrylamide is a white crystalline solid that is produced from acrylonitrile.  Acrylamide 


monomers are readily linked to form polymers.  Polyacrylamides are used as flocculents in the 


treatment and purification of drinking water.  This use and industrial use are considered the main 


sources of release of acrylamide monomers in the environment (WHO, 1985).  Acrylamide is 


readily absorbed following ingestion, inhalation, or dermal exposure.  Occupational exposures are 


considered to occur mainly through dermal and inhalation exposures in acrylamide production 


plants where workplace sampling has disclosed average levels from personal sampling to be 0.6 


mg/m3 with a range of 0.1 to 3.6 mg/m3.  More recently there has been concern about oral 


exposure to unexpectedly high levels of acrylamide in cooked starches, notably French fries, 


potato chips, and breads (IARC, 1994).  Acrylamide’s occurrence in these cooked foods has been 


traced to the Maillard reactions that occur between amino acids and sugars when heated 


(Mottram et al., 2002).  However, one population-based case control study (Mucci et al., 2003) 







EPL® 
 EXPERIMENTAL PATHOLOGY LABORATORIES, INC. 
  


EPL Project No. 750-001 
 


 13


has discounted the impact of dietary exposure to high levels of acrylamide in certain cooked 


foodstuffs (including fried potatoes and baked breads) on excess human risk for bowel, bladder, 


and kidney cancer.  These results for dietary exposure are pertinent as another study of a small 


cohort of 371 workers exposed to acrylamide via organic dyes had higher cancer-related mortality 


than expected due to cancers of the digestive and respiratory tract (Sobel et al., 1986).  An effect 


might be expected in the gastrointestinal tract, kidney or urinary bladder since acrylamide is water 


soluble, readily absorbed by the gastrointestinal tract, and both acrylamide and its metabolite 


glycidamide are conjugated by glutathione and excreted in urine.  A subsequent study of a cohort 


of 8500 workers found little evidence of overall excess risk of cancer mortality (Marsh et al., 


1999), but disclosed highly variable data that suggested an excess of thyroid cancer and a dose-


relationship with pancreatic cancer.  The study had greater sensitivity to detect an effect on lung 


cancer incidence and showed minimal excess risk between exposed and unexposed workers. 


IARC classified acrylamide as a probable human carcinogen primarily on the basis of 


toxicity data derived from in vitro models and animal models.   The important findings for 


genotoxicity, acute toxicity, repeated dose toxicity, and chronic toxicity/carcinogenesis are 


summarized below. 


 
Genotoxicity 
Acrylamide monomer has been demonstrated to be clastogenic as demonstrated by 


chromosomal aberrations and sister chromatid exchange data obtained using mouse cell systems 


(Adler et al., 1988; Backer et al., 1989; Tsuda et al., 1993). 


In one study acrylamide monomer was found to induce DNA damage in the spore rec 


assay on Bacillus subtilis, but was not mutagenic in an Escherichia coli WP2 uvrA-/ microsome 


assay, Salmonella/ microsome test systems, and a Chinese hamster V79H3/HPRT system 


(Tsuda et al., 1993).  In clastogenic assays in the same study acrylamide monomer induced 


chromosomal aberrations (chromatid gaps, breaks and exchanges) and polyploidy in V79H3 cells; 


increased the frequency of sister chromatid exchanges in V79H3 cells; and induced malignant 


transformation in BALB/c3T3 mouse cells.  On the bases of these results acrylamide monomer 


was considered to be a typical clastogenic rodent carcinogen without mutagenic potential.  In 


agreement with the classification of acrylamide as a clastogen, malignant transformation of mouse 
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C3H/10T1/2 and NIH/3T3 cells has also been observed (Banerjee and Segal, 1986).  Genotoxicity 


has been reviewed more extensively by Dearfield et al. ( 1995) ,Bolt (2003) and Allen et al. 


(2004). 


 


Acute Toxicity 
Short-term, low-level acrylamide doses of 2 and 15 mg/kg/day via gavage for two or seven 


days resulted in no clinical signs of toxicity or toxicity-related deaths in 7-week-old F344 rats.  A 


slight dose-dependent increase in plasma thyroxine (T4) and thyroid stimulating hormone (TSH) 


was noted (Khan et al., 1999).  Thyroid follicle colloid area was decreased and height of thyroid 


follicular epithelium was increased.   Long Evans rats that were 60 days of age developed 


lethargy in response to high acute intraperitoneal doses of a acrylamide (up to 150 mg/kg) 


(Crofton et al., 1996).  No histological effects were associated with acute doses. 


 
Repeated Dose Toxicity 
Neurotoxicity that is manifested clinically and morphologically is a primary feature of 


repeated dose acrylamide toxicity. Crofton et al., (1996) reported overt signs of peripheral 


neuropathy (weakness, ataxia, dragging of hindlimbs) three weeks after rats were exposed to an 


intraperitoneal dose of acrylamide of 20 mg/kg/day.  In a 10d, 30d, and 90d study, signs of 


neurotoxicity were first noted in the 10 mg/kg/day group after eight weeks of daily intraperitoneal 


dosing.  Functional deficits were noted for motor activity after acute and repeated doses, effects 


on grip strength and acoustic startle response were dependent on the duration of exposure.  


Recovery of function was independent of duration of dosing, taking three to four weeks, but 


axonal degeneration seen after 30 and 90 days of exposure did not recover within the three to 


four week period.  A more extensive pathology evaluation of rats exposed to acrylamide at 0, 


0.05, 0.2, 1.5, or 20 mg/kg for up to 93 days with a 144-day recovery period (Burek et al., 1980) 


also disclosed peripheral neuropathy (signs after 92 days); and atrophy of skeletal muscle, 


testicular atrophy, and distended urinary bladders that were attributed to nerve degeneration.  


Nerve degeneration was noted via electron microscopy in rats in the 1 mg/kg/day group.  The 


lesion was reversible in this dose group.  Both acrylamide and its reactive metabolite, 


glycidamide, produced circling behavior after dosing, ataxia after nine days, and central and 
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peripheral neuropathy in male Sprague-Dawley rats that received daily intraperitoneal injections of 


acrylamide at an acrylamide equivalent dose of 50 mg/kg for 14 days (Abou-Donia et al., 1993). 


 
Chronic Toxicity - Oncogenicity  
Two similarly designed chronic toxicity/oncogenicity studies of acrylamide have been 


completed using F344 rats exposed to acrylamide in drinking water at similar doses for two years 


(Johnson et al., 1986; Friedman et al., 1995).  The study by Johnson and colleagues administered 


acrylamide at doses of 0, 0.1, 0.5, and 2.0 mg/kg/day to both male and female rats.  In this study 


both males and females in the 2.0 mg/kg group developed increased incidences of thyroid 


follicular cell tumors.  Males dosed at 2.0 mg/kg also had increased incidence of adrenal gland 


pheochromocytomas.  Mesothelioma of the tunica vaginalis testis with and without metastasis, 


was increased at 0.5 and 2.0 mg/kg in males.  Females in the 2.0 mg/kg group also had increased 


incidences of mammary tumors, glial tumors in the central nervous system, oral cavity squamous 


cell papillomas, uterine adenocarcinomas, clitoral gland adenomas, and pituitary adenomas.  An 


increased incidence and severity of tibial nerve degeneration was seen as early as 12 months of 


dosing in the 2.0 mg/kg/day group and was more severe after 24 months of dosing in this group.  


All other acrylamide dose groups were not different from the control group at any necropsy 


interval. 


 The study reported by Friedman et al., (1995) used doses of 0, 0.1, 0.5 or 2.0 mg/kg/day 


for males and 0, 1.0, or 3.0 mg/kg/day for females.  Females in the 3.0 mg/kg/day group had an 


increased incidence of thyroid follicular cell neoplasms.  Females in the 1.0 and 3.0 mg/kg/day 


groups had increased incidences of mammary fibroadenomas and total mammary tumors.  In 


males thyroid follicular cell adenomas and mesotheliomas of the tunica vaginalis testes were 


increased in the 2.0 mg/kg/day group.  In this study nerve degeneration was seen microscopically 


in males in the 2.0 mg/kg/ day group and females in the 3.0 mg/kg/day group, but clinical signs or 


external lesions suggestive of neuropathy were not observed. 
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Spontaneous Incidence of Mesothelioma and Reactive Mesothelial Lesions in   
F344 and Other Rat Strains  
Several peer-reviewed articles and government technical reports have documented the 


incidence of mesothelioma and mesothelial reactive lesions in F344 and other rat strains.  In their 


report of the classification and anatomical distribution of 62 spontaneous mesotheliomas in F344 


rats from lifetime studies, Shibuya et al., (1990) confirmed the tendency for increased 


spontaneous incidence of mesothelioma in F344 male rats and the predilection of mesothelioma 


for the genital mesothelium of the tunica vaginalis of the testes and epididymis in these rats.  


These studies included 1910 males and 1910 females.  Incidences of mesothelioma were 57 of 


1910 (3.0%) in males and five of 1910 (0.3%) in females.  In males 17 tumors were confined to 


the genital mesothelium of the tunica vaginalis testis and epididymis; 27 tumors were in genital 


mesothelium and had peritoneal extension; six were in pleural, peritoneal, and genital 


mesothelium; two were in peritoneal mesothelium; one tumor each occurred in the pleural, and 


the pericardial and pleural mesothelium, respectively; and one tumor involved four areas: 


pericardial, pleural, peritoneal, and genital mesothelium.  These researchers also confirmed that 


the epithelial type of mesothelioma was the predominant histological type of tumor and was most 


characteristic of the mesotheliomas in genital mesothelium in F344 rats.  Their data disclosed that 


there were 48 epithelial type tumors in males and three in females; two fibrous type tumors each 


in males and females, respectively; and seven mixed type tumors, all in males.  Only one of the 


18 tumors in the male genital mesothelium was a mixed type, all other fibrous or mixed types 


occurred outside the genital mesothelium.  The predominance of the epithelial type of tumor in the 


F344 male rat genital mesothelium differentiated it from the asbestos-induced mesothelioma that 


was considered to be a mixed type of tumor that arose from submesothelial connective tissue. 


Using 419 Fischer-344 and 304 Fischer X Brown Norway  (FBNF1)  male and female rats 


that were allocated to ad libitum fed and food restricted groups and subgroups according to 


longevity, Thurman et al., (1995) observed incidences from 0 to 8% in the testes of male rats in 


the different subgroups.  They concluded that the incidence of mesothelioma was low in both 


genotypes and that incidence was not affected by food restriction. 


A historical control report of spontaneous incidence of neoplasia in F344 rats (NTP, 2003) 


that was generated from the National Toxicology Program (NTP) Toxicology Data Management 
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System (TDMS) reported incidences of benign and malignant mesothelioma that occurred in 


control rats in 37 chronic toxicity/carcinogenicity studies of chemicals tested at four separate 


testing facilities.  This report included oral, inhalation, and dermal routes of exposure.  Among 


1059 male rats there were three with benign mesothelioma and 45 with malignant mesothelioma.  


One female rat among 1109 that were examined had a malignant mesothelioma. 


An updated report of historical control tumor incidence data in the NTP TDMS (Constella 


Group, Inc., 2004) disclosed 22 occurrences (4.8%) of malignant mesothelioma among 460 


Fischer-344 male rats on the NTP 2000 diet that were vehicle controls in studies that used dietary 


dosing.  No occurrences of benign mesothelioma were reported.  


In other strains Crl:CD® (SD) rats that had tumor incidence recorded in a compilation of 


spontaneous neoplasms in male rats from control groups of toxicity studies that were 


approximately 104 weeks in duration (Giknis and Clifford, 2004), one rat out of 2145 (0.047%) had 


mesothelioma involving the testes, one rat out of 2145 had malignant mesothelioma involving the 


salivary gland, and three rats (0.14%) out of 2146 had mesothelioma involving the mesentery.  


The data in this compilation were from control animals from 30 studies that were conducted at 


eight different contract or industrial testing facilities in the US, Europe, Canada, and Japan.  The 


routes of dosing used for the 30 studies in the compilation included: dietary, gavage, and 


subcutaneous.  The available data do not allow a separate characterization of mesothelioma 


incidence by the specific route of dosing used in the study.   


A compilation of neoplasms observed in 555 male Wistar Han rats that were from the 


control groups of 10 studies that were conducted in the US or Europe at four different industrial or 


contract facilities (Giknis and Clifford, 2003).  The studies were 104 weeks in duration and used 


the dietary, gavage or inhalation routes for dosing.  The data does not permit further subgrouping 


of mesothelioma incidence according to the specific route of dosing that was used.  The tabulation 


of data for the testis for each of the 10 studies showed that the highest incidence of testicular 


mesothelioma (two occurrences among 55 rats, 3.6%) were reported for the same study that had 


the highest incidence of interstitial cell adenoma (six occurrences).  There were two or less 


occurrences of interstitial cell adenoma in the other nine studies in the compilation.   


The comparison of data for the F344, Wistar Han and Charles River Sprague-Dawley rats 


indicates that tunica vaginalis mesothelioma much less prevalent than in the F344 rat. 
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Orally Administered Xenobiotic Associated Mesothelioma or Reactive Mesothelial 
Lesions in F344 and Other Rat Strains 


 Herein, information that reviews or discusses chemically-induced mesothelioma or 


reactive mesothelial lesions focuses on the effects of orally administered chemicals via gavage, 


drinking water or in feed, as these routes are more relevant to occurrences of mesothelioma in 


rats exposed to acrylamide via drinking water.  Ten chemicals in the NTP TDMS database 


(NTP, 2005) are known to cause mesothelioma in orally dosed F344 rats in 2-year studies:  2,2-


bis (bromomethyl) - 1,3-propanediol; 3, 3’-dimethoxybenzidine dihydrochloride; 


dimethylbenzidine dihydrochloride; ethyl tellurac; glycidol; methyleugenol; nitrafurazone; o-


nitrotoluene; purified pentachlorophenol; and orthotoluidine hydrochloride. 
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CHEMICAL 


 
 
 


CARCINOGENIC 
DOSES 


 
 
 


MESOTHELIOMA?/ 
OTHER TUMOR SITES? 


TREATMENT-
RELATED LEYDIG 


CELL 
PROLIFERATIVE 


RESPONSE? 


 
 
 
 


MUTAGENIC? 


 
 
 
 


CLASTOGENIC? 
2,2-bis 
(bromomethyl)- 1,3-
propanediol 


≥5000 ppm/day 
 


Yes/urinary bladder, oral cavity, 
esophagus, forestomach, 
intestines, lung, thyroid 


No  Yes Yes


3, 3’-
dimethoxybenzidine 
dihydrochloride 


170 & 330 ppm/day 
 


Yes/skin, liver, oral cavity, 
intestine, Zymbal’s Gland 


No   Yes Yes


dimethylbenzidine 
dihydrochloride 


70 & 150 ppm/day 
 


Yes/skin, liver, oral cavity, 
intestine, Zymbal’s Gland 


No   Yes Yes


ethyl tellurac 
 


300 & 600 ppm/day 
 


Yes, but equivocal/ 
Harderian gland  


No   Yes Yes


glycidol  
 


38 and 75 
mg/kg/day 


Yes/mammary, brain, skin, 
intestine, Zymbal’s Gland 


No   Yes Yes


methyleugenol 
 


≥37 mg/kg/day Yes/liver, glandular stomach, 
biliary system 


No    No Yes (only
SCE1 +) 


nitrafurazone 
 


310 & 620 
mg/kg/day 


Yes/prepuce     No., testes
degeneration 


Yes Yes


o-nitrotoluene 
 


≥625 ppm/day Yes/liver, lung Yes, LCTs 
decreased with 
increased dose  


No  Yes (only
SCE +) 


purified 
pentachlorophenol 


1000 ppm/day Yes/nose  
 


No   No No
(weak + CA & 


SCE) 
orthotoluidine 
hydrochloride 
 


3000 & 6000 
ppm/day 


Yes/male spleen & female spleen, 
urinary bladder, mammary  


No   No Yes


1Abbreviations:  CA = chromosomal aberrations; SCE = sister chromatid exchange; LCTs = Leydig cell tumors 
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 MacKenzie and Garner (1973) compared neoplasms in six sources of rats that had 


received various irradiated food diets and were killed when debilitated or at approximately two 


years of age.  They observed 749 tumors among 2,082 male and female rats that included 258 


Sprague-Dawley, 535 Charles River-SD, 268 Holtzman-SD, 217 Diablo-SD, 131 locally bred 


Osborne-Mendel, and 673 locally bred Oregon rats.  One mesothelioma was found in a male 


Oregon rat that had severe ascites.  It covered most abdominal organs and was noted to have 


invaded the parenchyma of the spleen where it formed nests and cords resembling carcinoma 


in the deeper tissue. 


 


Conduct of the Reviewing Pathologist's Examination 
A reexamination of the hematoxylin and eosin stained histologic slides of testes and 


epididymides from male F344 rats in the 2-year study of acrylamide administered in drinking water 


reported by Johnson et al., (1984), was conducted by Dr. Rodney A. Miller, Experimental 


Pathology Laboratories, Inc. (EPL®) in accordance with guidelines in USEPA Pesticide Regulation 


(PR) Notice 94-5, August 24, 1994 (USEPA, 1994).  The purpose of this peer review was to 


validate the accuracy and consistency of the initial histopathologic examination of tissues and to 


employ current histopathologic criteria and nomenclature for proliferative or reactive lesions 


involving mesothelial lining cells of the tunica vaginalis testes (Hall, 1990) during the 


reexamination of the slides.  The reviewing pathologist reexamined all sections of testes and 


epididymides that were present from all male rats (generally six sections of testis and six sections 


of epididymis per rat).  The results of the peer review and original diagnoses were used by the 


PWG Chairperson to determine which slides the PWG panel reviewed. 


 


Conduct of the Pathology Working Group Review  


A Pathology Working Group (PWG) Review, consisting of independent consultants with 


expertise in the evaluation of toxicology study data, interpretation of study results from 


carcinogenicity bioassays, testicular pathology and mechanisms of testicular toxicity, and 


mesothelioma in rodents, was held in Raleigh, NC on January 27, 2005.  The purpose of the 


PWG was to review diagnoses of representative mesothelial lining cell proliferative and reactive 


lesions in the tunica vaginalis testes of rats dosed with acrylamide in drinking water for two years 
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and to provide guidance on the biological significance and potential relevance of the rat 


proliferative lesions to humans exposed to acrylamide. 


The PWG Review was chaired by Dr. Henry G. Wall, Experimental Pathology 


Laboratories, Inc. (EPL®), who organized the meeting and arranged for the expert panelists to 


participate in the meeting.  The Chairperson was also responsible for conducting the meeting, 


leading the discussion, and preparing a report of the PWG’s findings.  Curricula vitae for each of 


the panel members are included in Appendix B of this report.  The members of the expert panel 


are listed as follows: 


 
Henry G. Wall, D.V.M., Ph.D., DACVP, DABT Chairperson 
Keith A. Johnson, D.V.M., Ph.D. , DACVP Study Pathologist and Expert Panel Member 
Rodney A. Miller, D.V.M., Ph.D., DACVP Peer Review pathologist and Expert Panel 


Member 
Dianne M. Creasy, Ph.D., FRC Path Expert Panel Member 
Chirukandath Gopinath, B.V.Sc., Ph.D. Expert Panel Member 
Ernest E. McConnell, D.V.M., MS, DACVP,  
  DABT 


Expert Panel Member 


 


 At the outset of the slide examination diagnostic criteria for mesothelial cell proliferative 


lesions of F344 rats established by Hall (1990) were reviewed and agreed to be applied during the 


microscopic examination.  The PWG examined coded slides consisting of representative sections 


of the testes and epididymides of 42 rats that had neoplastic or reactive lesions of the tunica 


vaginalis.  They also examined all sections of testes and epididymides from three rats for which 


there were differences in the diagnoses provided by the Study Pathologist and the Reviewing 


Pathologist, and examined the testes and epididymides of five rats that were not diagnosed as 


having a proliferative or reactive lesion of the tunica vaginalis by either the Study or Reviewing 


Pathologist.  The purpose of this reexamination of these lesions was to provide the PWG 


members with a thorough knowledge of the nature of the changes of concern so they could 


evaluate potential mechanisms for each lesion diagnosed and to enable them to provide advice 


regarding the biological significance of the lesions in the F344 rat and their relevance to humans.  


Each participant recorded his or her diagnoses and comments on a worksheet prepared by the 


Chairperson.  Each lesion was discussed by the group, reexamined if necessary, and the final 


opinions were recorded on the Chairperson’s worksheets.   
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The animals and slides examined for each of the diagnoses are tabulated in Appendix A. 


 


RESULTS AND DISCUSSION 
Pathology Working Group Slide Review 
The Pathology Working Group (PWG) participants light microscopic examination of testes 


and epididymis sections from 50 rats provided familiarization with lesions representing the full 


spectrum of morphologic changes associated with tunica vaginalis testes mesothelium in the 


study reported by Johnson et al., (1986).  The PWG detailed results are presented in Appendix A.  


There was agreement with diagnoses by both the Study Pathologist and Reviewing Pathologist 


for tissues from 43 rats including the five rats that did not have a mesothelial cell neoplasm or 


reactive lesion diagnosis assigned by either the Study or Reviewing Pathologist.  The Pathology 


Peer Review disclosed only three animals with different diagnoses for tunica vaginalis mesothelial 


lining cell effects than those rendered by the Study Pathologist.  For two of these three animals 


where the original diagnoses were “reactive mesothelium” and “mesothelioma”, the PWG panel 


consensus was “no mesothelial cell lesion observed.”  For the other animal, whose original 


diagnosis was “no mesothelial cell lesion observed,” the consensus diagnosis was “reactive 


mesothelium.”  The PWG panel also determined that “no mesothelial cell lesion observed” was 


the consensus diagnosis for six rats that were diagnosed by both pathologists as “reactive 


mesothelium.”  These differences would not change the original interpretation of the chronic 


toxicity or carcinogenicity potential that was originally reported for the study.    


 


Assessment of the Biological Significance of Mesothelial Lining Cell Proliferative or 
Reactive Lesions Observed in F344 Rats 
Upon completion of the examination and discussion of microscopic slides the PWG Panel 


evaluated and discussed published acrylamide toxicity assessments and toxicology research data 


and assessed the role of genotoxicity and hormonal imbalance in the induction of mesothelial cell 


tumors and the relevance of tunica vaginalis mesotheliomas (TVMs) in the F344 rat testes to 


human health risk assessment.  
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Genotoxicity 
As previously summarized several investigators have concluded that acrylamide is 


clastogenic on the basis of in vitro animal cell systems (Reviewed by Dearfield, et al., 1995; Allen 


et al., 2004).  Recently in vivo genotoxicity data from several sources were considered and 


employed in a dose-response modeling case study of acrylamide to determine the application of 


the methodology to risk assessment (Allen et al., 2004).  This report noted that only weak 


interaction of acrylamide with DNA has been demonstrated and that DNA interactions with 


acrylamide exposure are probably due to the epoxide, glycidamide.  Although the glycidamide 


pathway is known to exist in rats, its role in the pathogenesis of mesothelioma of the tunica 


vaginalis testis of the F344 rat has not been established. 


 
Metabolism and Adduct-Formation 


  Fennell, et al., (2005) have summarized the metabolism of acrylamide and recently 


characterized hemoglobin adduct formation in humans that received 0.5, 1.0 or 3.0 mg/kg of 


radiolabeled acrylamide orally, or a 50% solution that was dermally applied.  Acrylamide is 


metabolized by two major pathways: glutathione conjugation and epoxidation to glycidamide.  


Both acrylamide and its reactive metabolite glycidamide can form adducts with hemoglobin.  In 


rodents cytochrome P450 2E1 catalyzes acrylamide epoxidation.  Human metabolism of 


acrylamide was compared to that of F344 rats that had received acrylamide at 3.0 mg/kg via 


gavage.  Humans were found to metabolize acrylamide to glycidamide more slowly than F344 rats 


and eliminated acrylamide more slowly than F344 rats.  F344 rats metabolized a greater amount 


of acrylamide by the glycidamide pathway than humans. 


 


Cell Proliferation 
Using F344 and Sprague-Dawley rats dosed via drinking water with acrylamide at 0, 2 or 


15 mg/kg, for 7, 14 or 28 days, Lafferty et al. (2004) evaluated DNA synthesis, mitosis, and 


apoptosis in the thyroid follicular epithelium, testicular mesothelium, and adrenal medulla, the 


target tissues for acrylamide induced neoplasia in F344 rats, as well the non-target tissues liver 


and adrenal cortex.  In a second experiment, DNA synthesis was evaluated in the same tissues 


using only F344 rats and acrylamide doses of 0 or 2 mg/kg in drinking water to two groups and 
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the same regimen was applied to another two groups of rats with the addition of 1-


aminobenzotriazole (ABT), a cytochrome p450 inhibitor, at 100 mg/kg/day intraperitoneally to 


each group.  Dosing in the second experiment was for seven days.  The first study disclosed that 


there were no effects of acrylamide on mitosis or apoptosis in any of the five tissues that were 


examined in either rat strain.  DNA synthesis was increased in the thyroid of F344 rats at both 


doses and only at 2 mg/kg in Sprague-Dawley rats.  DNA synthesis was increased in the adrenal 


medulla of both rat strains at both doses and was highest after seven days.  DNA synthesis was 


increased in the testicular mesothelium at all doses and all time points in F344 rats and was only 


increased in Sprague-Dawley rats dosed at 15 mg/kg.  In the second study, liver weight and 


relative liver weight were increased in rats that received ABT.  Acrylamide, co-treatment with ABT, 


increased DNA synthesis in thyroid follicular cells, but that increase was not different from the 


increase induced by ABT alone.  Compared to untreated controls, ABT alone had no effect on 


adrenal medulla DNA synthesis and co-treatment with acrylamide prevented acrylamide-induced 


increased DNA synthesis.  Acrylamide had no effect on DNA synthesis in the liver with or without 


ABT.  In contrast ABT alone or with acrylamide increased liver DNA synthesis.  In testicular 


mesothelium, ABT alone did not increase DNA synthesis and did have any influence on 


acrylamide induced DNA synthesis.  These studies demonstrated that neoplasia in the thyroid, 


adrenal medulla and testicular mesothelium in the F344 rat was correlated with increased DNA 


synthesis in the target organ, that there were strain differences between Sprague-Dawley and 


F344 rats that suggest the larger percentage of acrylamide converted to glycidamide in the F344 


rat by the action of cytochrome P450 contributed to the induction of thyroid and testicular 


mesothelial tumors and would also indicate a rationale for the unique sensitivity of F344 rats to 


develop thyroid and tunica vaginalis mesotheliomas when chronically dosed with acrylamide.  


 


Hormonal Mechanisms 
O’Shea and Jabara (1971) provided one of the early reports that linked mesothelial cell 


proliferation in genital tissues to the effect of a sex hormone.  They examined multiple organs 


from intact female, ovarectomized female, and male dogs that were treated with subcutaneously 


dosed stilbestrol (300 to 750 mg) over a prolonged period (262 to 578 days).  Microscopic 


papillary lesions were noted in the serosa of the testis and epididymis of one male and on the 
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testicular serosa of another male.  Two male dogs were unaffected.  Three of five ovarectomized 


females had mild papillary lesions on uterine serosa extending onto the broad ligament.  No 


papillary lesions were observed on serous surfaces of the uterus or broad ligament in intact 


females. 


Berman and Rice (1979) provided data and one of the earlier interpretations that the F344 


rat had increased likelihood to develop mesothelioma of the tunica vaginalis, that the testicular 


mesothelium had a unique property that was distinct from mesothelium elsewhere, and 


recognized a coincidence of mesothelial cell tumors and Leydig cell tumors in F344 male rats.  


Their study provided a comparative assessment of the induction of mesothelioma and proliferative 


lesions of the testicular mesothelium in F344, Sprague-Dawley and Buffalo rats by a single 


intraperitoneal injection of methyl (acetoxymethyl) nitrosamine (DMN-Oac), the reactive 


metabolite of dimethylnitrosamine.  In discussing their observations, Berman and Rice presumed 


that testicular mesotheliomas were produced by the action of DMN-Oac, and suggested that 


mesothelium might be a target due to a higher rate of cell division. 


The KS Crump Company (1999) completed a comprehensive weight of evidence 


evaluation of the carcinogenic potency of acrylamide and concluded that acrylamide was unlikely 


to be a carcinogen affecting tunica vaginalis testes of humans.  Their report documented the 


uniqueness of the F344 rat development of mesotheliomas affecting the tunica vaginalis of the 


testes following chemical exposures.  This was done using data from 400 bioassays in rat.  They 


also noted the propensity of male F344 rats to have high incidences of Leydig cell tumors and 


considered that mesothelioma was linked to Leydig cell tumors in this strain of rats.  Their report 


emphasized a potential hormonal connection based on data indicating that acrylamide reduced 


serum prolactin via its interaction with dopamine and proposed that this interaction led to Leydig 


Cell tumors that were metabolically more active, thereby contributing to greater hormonal 


imbalance in the testicular environment where mesothelioma occurred. 


Carcinogenic agents may affect the F344 rat testes via a mechanism that involves 


dopamine agonist-like activity or directly reduce prolactin, thereby reducing LH receptors and 


testosterone, and stimulating proliferation of Leydig cell.  However, this effect is considered 


unlikely in humans because decreased prolactin does not reduce the number of LH receptors in 


human testes (Clegg et al., 1997).  Humans would not be expected to develop Leydig cell tumors 
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or have increased risk for the development of mesothelioma stimulated by hormonal imbalances 


in the testicular environment. 


 


Alternative Pathogeneses for Mesothelioma and Reactive Mesothelium in 
Acrylamide-Exposed Rats 
The report by The KS Crump Company (1999) briefly addressed the potential role of 


paracrine and autocrine growth factors in the pathogenesis of mesotheliomas.  Research in this 


area is very active.  McLaren and Robinson (2002) have reviewed research activity in this area 


noting the production of growth factors by mesothelial cells, growth factor receptors on 


mesothelial cells, IL-6 secretion by mesothelial cells, and role of growth factors in the malignant 


transformation of mesothelial cells.  Specifically relevant to F344 rats, Kuwahara et al., (2001) 


evaluated transforming growth factor β (TGF-β) production in F344 rat derived mesothelioma cell 


and normal mesothelial cell cultures and found that mesothelioma cells showed higher levels of 


TGF-β mRNA expression when compared with normal mesothelial cells.  Treatment with 


exogenous TGF-β had no influence on the growth pattern of the mesothelioma cell line, but did 


slightly induce the normal mesothelial cells.  The authors considered their findings in the F344 rat 


mesothelioma cell line to be consistent with results reported for human and murine mesothelioma 


cells derived from asbestos-related mesothelioma in both species and that TGF-β may promote 


aggressive growth of mesothelioma cells through an autocrine mechanism.  


  The discovery that SV40 produced mesothelial tumors in hamsters led Carbone and her 


colleagues (2002) to investigate the role of this agent in humans.  Using PCR amplified DNA from 


human mesothelioma samples they demonstrated SV40 large T antigen (tag) in 27 of 48 


mesothelioma samples.  This finding was of concern due to the demonstrated prevalence of SV40 


in human mesotheliomas and because the known ability of SV40 to transform cells.  Although the 


strongest causative link for mesothelioma in humans is asbestos exposure, the presence of an 


agent that may be active in neoplastic development complicates assessments of mesothelioma 


causality and pathogenesis in humans.  The role of the SV40 polyomavirus has received no 


attention in studies of tunica vaginalis mesothelioma in F344 rats.   
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Assessment of the Relative Risk to Humans of the Mesothelial Lining Cell 
Proliferative or Reactive Lesions Observed in Rats 
 Mesothelioma in Humans    
Epithelioid mesothelioma is the predominant type of mesothelioma that occurs 


spontaneously and is associated with mesothelioma of the tunica vaginalis testes in F344 rats 


when attributed to chemical exposures.  A variety of types of malignant mesothelioma occur in 


humans including, epithelioid, biphasic (mixed), and sarcomatoid patterns (Segal et al., 2002).  


Rare histological variants include small cell, lymphohistiocytoid, deciduoid, and desmoplastic 


mesotheliomas.  Benign mesothelial tumors include well-differentiated papillary mesothelioma, 


benign multicystic mesothelioma (peritoneal inclusion cyst), and adenomatoid tumor.  Epithelial or 


mixed type tumors tend to have a more favorable prognosis than sarcomatoid tumors. 


Few cases of mesothelioma of the tunica vaginalis testis have been reported in humans.  


A 1998 review (Plas et al., 1998) noted 73 cases having been reported in a 30-year period.  


Though rare they are considered to occur in all age groups, this contrast with the unusually late 


onset in male F344 rats.  It was noted that 34.2% of the cases in humans had a history indicating 


exposure to asbestos.  There were no clear associations with other causes.  Of 74 cases found in 


the literature, 51 cases had histomorphologic data.  Among the 51 cases, 31 were the epithelioid 


type, and 19 were the biphasic type.  Lymphatic or distant metastases were reported for several 


of the cases. 


 
 
The F344 Rat as a Predictive Model for Mesothelioma in Humans Exposed to 
Acrylamide 


 
The findings of several investigations (Berman and Rice, 1979; Kurokawa et al., 1983; 


Snellings et al., 1984; Kari et al., 1989) indicate that mesotheliomas of the tunica vaginalis testes 


occur spontaneously at a rather high incidence, that the mesothelial response following chemical 


exposures is unique to males and has the highest prevalence in the tunica vaginalis testes.  The 


facts that mesotheliomas occur predominantly in male F344 rats, originate in and are usually 


limited to the serosa of the tunica vaginalis testes; and that characteristics of the tumors 


associated with acrylamide exposure do not differ from characteristics of tumors that occur 


spontaneously are data that would indicate this tumor response in rats is unlikely to be related to 
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genotoxicity of acrylamide and are irrelevant to assessment of human risk associated with 


acrylamide exposure.  


 
CONCLUSIONS 
 


In consideration of the expertise and all data reviewed, the Pathology Working Group 
concluded that:  
 


 The Fischer 344 rat is not a good model for identifying chemically-induced testicular 
related effects because of the very high spontaneous rate of Leydig cell tumors  


• The TVMs in this study appear to be rat specific and most likely not relevant to other 
species including man  


• A genotoxic mechanism is not likely involved as: 


o the liver, which is the major site of metabolism, was not a target and no non-
scrotal areas of the mesothelium were involved  


o the tumors have a late onset (noted after 92 weeks)  


o the mesothelial tumors are present in only one sex (males) and only affect one 
mesothelial site (tunica vaginalis) 


• Hormonal profile, particularly as relates to prolactin in the Fischer 344 rat is not relevant 
to man  


• Hormonal imbalance (prolactin-related) is the most likely mechanism of tumor formation. 
 Since the hormone profile is not relevant to man, this mechanism is not relevant to man  


• Tunica vaginalis testes mesotheliomas are extremely rare in man, but relatively common 
tumors in the Fischer 344 rat  


• Acrylamide-induced TVM tumor morphology was not unique but the same as TVM tumor 
morphology in control animals 


 


 
  
      
HENRY G. WALL, D.V.M., Ph.D. 
Chairperson 
 
 
      
Date 
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Chemical Name:  Acrylamide 
Two-Year Drinking Water Chronic Toxicity-Oncogenicity Study in Fischer 344 Rats 


 
Animal 


No. 
No. of 
Slides 


 
Study Pathologist’s Diagnosis 


 
Reviewing Pathologist’s Diagnosis 


Pathology Working Group 
Consensus Diagnosis 


Group 0 mg/kg/day 
80A3147 3 Reactive Mesothelium With or 


Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium  


80A3155 3 Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma 


80A3162 1 No Mesothelial Cell Lesion 
Observed 


Reactive Mesothelium With or 
Without Inflammation, 
Mesoepididymis, Chronic, Slight 


Reactive Mesothelium  


80A3168 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium  


80A3195 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium  


80A3205 3 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3214 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium 


80A3224 3 No Mesothelial Cell Lesion 
Observed 


No Mesothelial Cell Lesion 
Observed 


No Mesothelial Cell Lesion 
Observed 
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Chemical Name:  Acrylamide 
Two-Year Drinking Water Chronic Toxicity-Oncogenicity Study in Fischer 344 Rats 


 
Animal 


No. 
No. of 
Slides 


 
Study Pathologist’s Diagnosis 


 
Reviewing Pathologist’s Diagnosis 


Pathology Working Group 
Consensus Diagnosis 


Group 0.01 mg/kg/day 
80A3234 1 No Mesothelial Cell Lesion 


Observed 
Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


No Mesothelial Cell Lesion 
Observed 


80A3258 3 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium  


80A3282 3 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


No Mesothelial Cell Lesion 
Observed 


80A3284 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


No Mesothelial Cell Lesion 
Observed 


80A3286 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium  


80A3290 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium  


80A3312 3 No Mesothelial Cell Lesion 
Observed 


No Mesothelial Cell Lesion 
Observed 


No Mesothelial Cell Lesion 
Observed 


80A3316 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium  


80A3324 3 No Mesothelial Cell Lesion 
Observed 


No Mesothelial Cell Lesion 
Observed 


No Mesothelial Cell Lesion 
Observed 
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Chemical Name:  Acrylamide 
Two-Year Drinking Water Chronic Toxicity-Oncogenicity Study in Fischer 344 Rats 


 
Animal 


No. 
No. of 
Slides 


 
Study Pathologist’s Diagnosis 


 
Reviewing Pathologist’s Diagnosis 


Pathology Working Group 
Consensus Diagnosis 


Group 0.1 mg/kg/day 
80A3328 3 Mesothelioma, Tunic, Primary, No 


Metastasis 
Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3349 3 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3373 3 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3385 3 Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma 


80A3395 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


No Mesothelial Cell Lesion 
Observed 


80A3399 3 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3401 3 Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma 
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Chemical Name:  Acrylamide 
Two-Year Drinking Water Chronic Toxicity-Oncogenicity Study in Fischer 344 Rats 


 
Animal 


No. 
No. of 
Slides 


 
Study Pathologist’s Diagnosis 


 
Reviewing Pathologist’s Diagnosis 


Pathology Working Group 
Consensus Diagnosis 


Group 0.5 mg/kg/day 
80A3420 3 No Mesothelial Cell Lesion 


Observed 
No Mesothelial Cell Lesion 
Observed 


No Mesothelial Cell Lesion 
Observed 


80A3432 3 Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma 


80A3445 3 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3452 3 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3459 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


No Mesothelial Cell Lesion 
Observed 


80A3468 3 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3473 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


No Mesothelial Cell Lesion 
Observed 


80A3477 3 Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma 


80A3485 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium  


80A3489 5 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3491 4 Mesothelioma, Tunic, Primary, No 
Metastasis 


No Mesothelial Cell Lesion 
Observed 
 


No Mesothelial Cell Lesion 
Observed 
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Chemical Name:  Acrylamide 
Two-Year Drinking Water Chronic Toxicity-Oncogenicity Study in Fischer 344 Rats 


 
Animal 


No. 
No. of 
Slides 


 
Study Pathologist’s Diagnosis 


 
Reviewing Pathologist’s Diagnosis 


Pathology Working Group 
Consensus Diagnosis 


Group 0.5 mg/kg/day - Continued 
80A3494 4 Mesothelioma, Tunic, Primary, 


Metastasis 
Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma 


80A3499 3 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3503 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


No Mesothelial Cell Lesion 
Observed 
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Chemical Name:  Acrylamide 
Two-Year Drinking Water Chronic Toxicity-Oncogenicity Study in Fischer 344 Rats 


 
Animal 


No. 
No. of 
Slides 


 
Study Pathologist’s Diagnosis 


 
Reviewing Pathologist’s Diagnosis 


Pathology Working Group 
Consensus Diagnosis 


Group 2.0 mg/kg/day 
80A3510 3 No Mesothelial Cell Lesion 


Observed 
No Mesothelial Cell Lesion 
Observed 


No Mesothelial Cell Lesion 
Observed 


80A3528 4 Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma 


80A3531 2 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3544 3 Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma 


80A3545 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium  


80A3558 1 Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium With or 
Without Inflammation, Epididymal 
Ligament, Chronic, Slight 


Reactive Mesothelium  


80A3567 3 No Mesothelial Cell Lesion 
Observed 


No Mesothelial Cell Lesion 
Observed 


No Mesothelial Cell Lesion 
Observed 


80A3574 4 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3582 2 Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma, Tunic, Primary, 
Metastasis 


Mesothelioma 


80A3583 3 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3590 3 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 


80A3592 3 Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma, Tunic, Primary, No 
Metastasis 


Mesothelioma 
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