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CONSENSUS REPORT

Introduction

The IARC Monographs programme is an international consensus approach to the identification 
of chemicals and other agents that may present carcinogenic hazards to humans. The 
Monographs assess the strength of the published scientific evidence for such identifications, 
which are based primarily on epidemiological studies of cancer in humans and bioassays for 
carcinogenicity in mice and rats. Information that may be relevant to the mechanisms by which 
the putative carcinogen acts is also considered in making an overall evaluation of the strength 
of the total evidence for carcinogenicity to humans.

Following a meeting on mechanisms of carcinogenesis held in 1992 (Vainio, H., Magee, P.N., 
McGregor, D.B. & McMichael, A.J., eds (1992) Mechanisms of Carcinogenesis in Risk 
Identification (IARC Scientific Publications No. 116), Lyon, IARC), a series of IARC 
publications have dealt with specific topics on generic mechanisms of carcinogenesis that are 
relevant to overall evaluations of carcinogenic hazards of certain groups of chemicals to 
humans. These include reports on Peroxisome Proliferation and its Role in Carcinogenesis in 
1995 (IARC (1995) Peroxisome Proliferation and its Role in Carcinogenesis. Views and Expert 
Opinions of an IARC Working Group (IARC Technical Report No. 24), Lyon, IARC) and 
Mechanisms of Fibre Carcinogenesis in 1996 (Kane, A.B., Boffetta, P., Saracci, R. & Wilbourn, 
J.D., eds (1996) Mechanisms of Fibre Carcinogenesis (IARC Scientific Publications No. 140), 
Lyon, IARC).

In the IARC Monographs programme, an agent with sufficient evidence of carcinogenicity in 
experi-mental animals and inadequate evidence of carcinogenicity in humans will ordinarily be 
placed in the category Group 2B—the agent (or mixture) is possibly carcinogenic to humans. 
When there is strong evidence that carcinogenesis in experimental animals is mediated by 
mechanisms that do operate in humans, the agent may be upgraded to Group 2A—probably 
carcinogenic to humans. However, the classification scheme allows for down-grading into 
Group 3— the agent (or mixture) is not classifiable as to its carcinogenicity to humans if there 
is strong, consistent evidence that the mechanism of carcinogenicity in experimental animals 
does not operate in humans or is not predictive of carcinogenic risk to humans.

Numerous agents that are carcinogenic to the thyroid follicular epithelium, renal cortical 
epithelium or urinary bladder urothelium in experimental animals, humans or both have been 
evaluated in the IARC Monographs (see Appendix 1). A recurring theme is that both clearly 
genotoxic and some apparently non-genotoxic agents cause tumours in each of these tissues 
in experimental rodents. A second recurring theme is that, in bioassays for carcinogenicity in 
rodents, tumours in these tissues are often accompanied by tumours at other sites.

As a general rule, tumour morphology in rodents is similar for tumours at a given site, 
irrespective of the nature of the inducing agent. Thus, agents that may be acting by 
fundamentally different carcinogenic mechanisms may not be distinguishable by 
histopathology alone. However, in some cases, carcinogenic activity has been detected only in 
the thyroid follicular epithelium in rodents in association with a defined hormonal mechanism, 
in the male rat renal cortex in the presence of α2u-globulin-associated nephropathy or in the 
urinary bladder in rodents in the presence of urinary precipitates or calculi. The predictive 
value of tumours arising in any of these circumstances may be different from that of 
histologically similar neoplasms that arise in the same organs in rats or mice when these 
mechanisms or processes do not operate.

(N.B. - The protein is a urinary globulin and is properly designated α2u-globulin (Roy, A.K. & 
Neuhaus, D.W. Proc. Soc. Exp. Biol. Med., 121, 894–899, 1966). It is not a micro(µ )globulin, 
as the term α 2µ-globulin would suggest and this latter designation which has sometimes been 
used for the urinary globulin is to be avoided.)

This IARC workshop was held in Lyon on 3–7 November 1997 to examine the scientific basis 
for possible species differences in mechanisms by which thyroid follicular-cell tumours in mice 
and rats, renal tubule-cell tumours in male rats and urinary bladder tumours in rats may be 
produced. The workshop also addressed the predictive value of these tumours for the 
identification of carcinogenic hazards to humans when they occur alone and when they occur 
along with tumours in other organs. The workshop did not formally evaluate the carcinogenic 
hazard posed by any agent; such evaluations are undertaken in the context of the the IARC 
Monographs programme.

In the following sections, etiological risk factors in humans and experimental animals as well as 
the hypotheses underlying the proposed species-specific mechanisms for each of the above-
mentioned tumour types are summarized. The applicability of the underlying mechanisms to 
humans is also discussed, and current gaps in knowledge are highlighted. Finally, for each 
tumour type, recommendations are presented on how the mechanistic data could be used in 
the overall evaluation of carcinogenicity to humans.

The Consensus Report uses the background scientific reviews that were prepared before the 
workshop by individual participants. These individual authored papers formed the basis for the 
discussions that were held and are included in the second part of this volume.

Follicular-cell neoplasms of the thyroid

Human thyroid follicular-cell tumours

Incidence, etiology and pathology of thyroid tumours in humans

Thyroid cancer represents about 0.5% of cancers recorded among men and about 2% of those 
recorded among women. In most countries, incidence rates are below 2 per 100 000 men and 
4 per 100 000 women. Mortality rates are 5–10-fold lower than incidence rates, especially 
among women. There is evidence that in the last three decades mortality has been slowly 
decreasing, while the recorded incidence has been increasing in most developed countries 
(see Franceschi & Dal Maso, this volume).

Ionizing radiation is the only known human thyroid carcinogen; a history of adenoma and goitre 
are established risk factors for thyroid carcinoma. The evidence for other factors, including 
iodine deficiency and iodine excess, hormonal and reproductive factors, is less consistent. 
Wide variations exist in the clinical behaviour of thyroid cancer, depending upon the 
histological type.

Benign thyroid tumours derived from follicular cells are relatively common in humans, while 
carcinomas are uncommon. Tumours derived from C cells (medullary carcinoma) are not 
included in this discussion. Carcinomas are subdivided into differentiated tumours, which retain 
both structural and functional follicular cell differentiation, and the undifferentiated tumours, 
which lack these features. Undifferentiated carcinomas are rare, rapidly progressive tumours. 
Differentiated carcinomas form up to 90% of clinically detected thyroid carcinomas and can be 
divided into two main groups: papillary carcinoma and follicular carcinoma. This classification 
was originally based on the dominant architectural pattern of the tumour, but it is now applied 
to describe tumours that are characterized by differing cytology, encapsulation, distribution of 
metastases and molecular biology; architectural pattern is of less importance in classification. 
Small papillary carcinomas, formerly called occult, are relatively frequent, but of little clinical 
significance. It seems likely that no more than a small proportion of microcarcinomas progress 
to clinically significant tumours. In the past, these microcarcinomas were usually found 
incidentally in surgical specimens or at autopsy. They are now increasingly found using 
ultrasound or other techniques.

The differing histological types occur at different frequencies in different countries, with Iceland 
and Hawaii showing the highest incidence of thyroid carcinomas, 80% of which are papillary 
carcinomas. These countries have a high dietary iodine intake, but it is not clear whether this 
plays a role in the high thyroid cancer incidence. Follicular carcinomas are proportionally more 
common in countries with low iodine intake, and the ratio of papillary to follicular carcinoma 
has changed in several countries after iodination of the diet. It is not certain, however, that the 
increasing incidence of papillary carcinoma is causally related to an increase in dietary iodine, 
as there has been a general trend for papillary carcinomas to increase for several decades. 
Incidence figures are influenced by several factors, including changing diagnostic techniques. 
In patients with congenital defects in thyroid hormone synthesis, with consequently elevated 
levels of thyroid-stimulating hormone (TSH), follicular adenomas are common and cancer, 
when it occurs, is almost always follicular in type. It therefore seems likely that high circulating 
levels of TSH in humans are associated with an increased incidence of tumours of the follicular 
type.

The role of other hormonal factors (see Franceschi & Dal Maso, this volume) has been 
suspected on the basis of the high female-to-male incidence ratio and the rapid rise in the 
incidence of thyroid cancer (largely papillary carcinoma) in females at puberty. Ten published 
case–control studies from the USA, Europe and Asia have studied the influence of 
reproductive and menstrual factors and use of exogenous female hormones on the incidence 
of thyroid cancer. A moderately increased risk was seen in parous women and in those who 
underwent an early menopause or who used oral contraceptives. The level of risk diminishes 
with time after these events or cessation of oral contraceptive use. Diagnostic ascertainment 
bias may play a role, since the majority of thyroid carcinomas in young women are detected as 
a consequence of medical examination for other reasons (e.g., oral contraceptive use, 
premenopausal complaints).

Mechanistic considerations in humans

Papillary carcinoma appears to arise directly from the follicular cell without any precursor 
lesion; it is the major type of thyroid cancer induced by radiation exposure and there is no 
evidence that it is causally linked to elevated TSH. Rearrangements of tyrosine kinase receptor 
genes (ret or trk) occur in a proportion of cases of papillary cancer and ret rearrangements 
have been identified in papillary microcarcinomas (see Thomas & Williams, this volume).

Follicular carcinoma appears to arise by progression from follicular adenoma. Ras mutations 
have been found in a proportion of follicular cancers, whereas tyrosine kinase receptor gene 
rearrangements have not been detected. The relationship between incidence of follicular 
carcinoma and iodine intake and the association of follicular but not papillary carcinoma with 
dyshormonogenesis suggest that prolonged TSH elevation may be associated with an 
increased risk of follicular carcinoma in humans. This effect does not appear to be large. The 
effect of TSH is mimicked in patients with Graves’ disease with circulating autoantibodies that 
bind to the TSH receptor; these patients are often treated with drugs such as methimazole, 
which may also cause a TSH increase. There is no evidence of a substantial increase in 
frequency of thyroid cancer in these patients, suggesting that short-term elevation of TSH in 
adults is not relevant to the incidence of human thyroid carcinoma.

In humans, ionizing radiation induces mostly papillary carcinomas. Children are much more 
sensitive to the thyroid carcinogenic effects of ionizing radiation than are adults.

Thyroid follicular-cell tumours in rodents 

Incidence, etiology and pathology

Spontaneous thyroid tumours derived from the follicular cell occur in 1–3% of laboratory rats 
and mice (adenomas and carcinomas combined in a variety of strains of rats aged two or more 
years). In general, male rats show a higher incidence of follicular-cell tumours than female rats 
(see Thomas & Williams, this volume).

In rodents neoplasms derived from the thyroid follicular cell are not subdivided on the basis of 
pathological and molecular biological criteria into papillary and follicular types as in human 
patients. Thyroid tumours in rodents are usually follicular in architecture and do not possess 
the morphological or cytological features that are considered to be diagnostic for papillary 
thyroid carcinoma in humans. Most thyroid neoplasms in rodents that develop spontaneously 
or following exposure to xenobiotic chemicals are well demarcated lesions composed of 
variably sized colloid-containing follicles lined by hyperchromatic follicular cells. There often is 
evidence of progression of focal hyperplastic lesions to follicular cell adenomas and 
occasionally carcinomas. In contrast, the thyroid tumours that develop in mice transgenic for 
the human papillary carcinoma oncogene (ret/PTC1) do show morphological features seen in 
human papillary carcinomas (papillary infoldings, frequent nuclear grooves and intranuclear 
cytoplasmic inclusions). In comparison to the human tumours, little is known about the 
molecular biology of rodent thyroid tumours. 

The thyroid follicular cell is one of the more common target sites for tumorigenesis in long-term 
toxicological studies in rats. Both genotoxic and non-genotoxic agents have been shown to 
induce thyroid follicular-cell tumours. Non-genotoxic agents can be divided into those which 
have effects directly on the thyroid (blocking uptake of iodine into the follicular cell, e.g., 
perchlorate; inhibiting thyroid peroxidase, e.g., thioureas, etc.; or inhibiting hormone release, 
e.g. lithium) and those which have effects on thyroid hormone catabolism and excretion (e.g., 
agents such as lupiditine which increase uptake into the hepatic cell or those such as 
phenobarbital which increase thyroid hormone loss from the liver through enzyme induction). 
The only known common pathway through which these agents act is the pituitary–thyroid 
feedback mechanism involving TSH. Among the genotoxic agents that cause thyroid tumours, 
some (e.g., certain dianilines) may also affect thyroid homeostasis. 

A group of agents that induce thyroid follicular tumours by a non-genotoxic mechanism are 
also associated with the induction of liver tumours, although not necessarily in the same 
species (see McClain & Rice, this volume).

Radiation (exposure to either external radiation or to isotopes of iodine) has been shown to 
induce thyroid tumours in both rats and mice. At high doses, the mechanism of radiation 
thyroid carcinogenesis may involve not only genotoxic activity but also an effect through 
interference with thyroid hormone homeostasis leading to an increase in plasma TSH. 
Experimental evidence from rats shows a bell-shaped rather than a linear dose–response 
curve at high radiation levels, with the dose which gives the peak tumorigenic response in the 
rat thyroid lying within the range which demonstrably interferes with thyroid function (see 
Thomas & Williams, this volume).

Mechanistic considerations in rodents

The role of TSH-induced growth in the development of thyroid follicular tumours in rodents may 
be related to the increased chance of mutation that accompanies increased mitotic activity or 
to the increased chance of expansion of clones of cells bearing pre-existing mutations. The 
evidence that in rodents thyroid hormone imbalance alone leads to tumour formation is based 
on studies on the effect of iodine deficiency, partial thyroidectomy and transplantation of TSH-
secreting tumours. Each of these regimes induced thyroid tumours in rodents without the use 
of any other agent. The frequency of tumour induction is higher if administration of a mutagen 
is followed by goitrogen-induced sustained high TSH than if either the mutagen or the 
goitrogen is given separately. The importance of post-mutagenic growth is shown by the 
abolition of mutagen-induced carcinogenesis if all TSH-induced growth is suppressed. 
Additional evidence for the carcinogenic role of TSH-induced growth due to agents interfering 
with thyroid hormone homeostasis has been provided by experiments showing that return of 
the TSH level to normal using thyroid hormone abolishes the tumour-promoting effect of 
phenobarbital on the thyroid (see McClain & Rice, this volume).

Species differences relevant to thyroid carcinogenesis

Species differences in thyroid biochemistry and physiology

There are several species differences in thyroid physiology. Thyroxine-binding globulin (TBG) 
is the predominant plasma protein in humans and non-human primates that binds and 
transports thyroid hormone in the blood. This protein has binding affinities 3 and 5 orders of 
magnitude greater than the other two thyroxine-binding proteins, albumin and pre-albumin, 
respectively. The lack of TBG in the adult rat is an important difference.

Major differences are also present in the half-life of thyroxine, 12 h in the rat versus 5–9 days 
in humans, and in the serum level of TSH which is 25 or more times higher in the rodent than 
in humans. The rat also exhibits enhanced thyroid hormone elimination with less efficient 
enterohepatic recirculation than humans. The histology of the resting rodent thyroid is similar 
to that of the stimulated human gland, with small follicles lined by tall follicular cells. Thus, both 
the physiological parameters and the histological appearance indicate that the rodent thyroid 
gland is more active and operates at a higher level with respect to thyroid hormone turnover as 
compared to the human gland.

Species differences in goitrogenic effects

In general, the goitrogenic effects of chemicals do not operate via a species-specific 
mechanism. An exception is the goitrogenic effect of sulfonamides.

Some species, including rodents, are sensitive to sulfonamides, whereas no goitrogenic effects 
are observed at high dosages in monkeys or at therapeutic doses in humans. The biochemical 
basis for this species difference has been shown to be a marked species difference in the 
inhibition of thyroid gland peroxidase in vitro between rats and primates. The monkey is also 
less sensitive to the inhibition of thyroid peroxidase and the goitrogenic effects of 
propylthiouracil; however, this difference was not as great as with the sulfonamides.

Species differences in thyroid carcinogenesis

The weight of the evidence suggests that rodents are more sensitive than human subjects to 
thyroid tumour induction due to hormonal imbalances that cause elevated TSH levels. 

Gaps in our knowledge

At the population level, it would be useful to obtain incidence and mortality data from areas of 
the world which have never been assessed but which are likely to have extreme variations with 
respect to iodine intake and other exposures (e.g., low-level radiation) potentially associated 
with thyroid cancer risk. Concurrent surveys on distribution by histological type should also be 
planned. The role of dietary habits, low-level radiation and cancer family history in different 
types of thyroid cancer should also be studied further by means of analytical epidemiology 
techniques.

Molecular studies of genes known to be involved in human thyroid tumours (e.g., ret, ras, trk, 
p53) should be expanded to link genetic changes to environmental factors where the latter are 
known (e.g. radiation). Other genes involved in thyroid carcinogenesis need to be identified, 
including germ-line mutations involved in familial thyroid tumours.

Similar molecular biological studies need to be carried out in animal thyroid tumours, both 
spontaneous and induced, so that any alterations can be linked to morphological changes and 
to the inducing agents used. 

Renal-cell neoplasms of the kidney

Incidence, etiology and pathology of renal carcinomas in humans

Approximately three-fourths of human renal-cell carcinomas are conventional (clear-cell) 
carcinomas, the majority of which are associated with somatic alterations on chromosome 3 
including the von Hippel-Lindau (VHL) gene. Other major renal-cell carcinoma subtypes are 
associated with distinctive cytogenetic features not involving the VHL gene. The most common 
of these are the papillary (chromophil) carcinomas associated with polysomies of 
chromosomes 7, 17 and other chromosomes and with deletion of the Y chromosome in 
tumours of males. Chromophobe carcinomas are another cytogenetically and morphologically 
distinct subgroup, characterized by hypodiploidy with loss of multiple chromosomes. It is 
important for future epidemiological and biological studies to consider these and other recently 
characterized tumour subgroups as potentially distinct entities involving different pathogenic 
mechanisms (see Beckwith, this volume).

The incidence rates of renal-cell carcinoma are highest in northern Europe, Australia and North 
America (6–8 per 100 000 in men, 3–4 per 100 000 in women), intermediate in southern 
Europe and Japan and low in the rest of Asia, Africa and South America. Incidence rates have 
been increasing in most populations, although the rate of increase seems to be slowing down 
in some countries and levelling off in a few others. The incidence in men is 2–3 times that in 
women (see Mellemgaard, this volume).

Two risk factors (cigarette smoking and obesity) have consistently been found to increase the 
risk of renal-cell carcinoma and together account for approximately 40% of cases in high-risk 
countries. Cigarette smoking increases the risk approximately two-fold and a doseÐresponse 
effect as well as an effect of cessation have been demonstrated. Other tobacco products have 
not been associated with renal-cell carcinoma risk to the same extent.

Obesity (defined as a high body-mass index) increases risk in women and, to some extent, 
also in men. The increase in risk may be as high as 3–4-fold in very obese women. It is not 
known whether the diet, peripheral oestrogen synthesis or some other factors are responsible 
for the association.

Human exposure to gasoline and d-limonene is particularly interesting in the light of these 
agents’ ability to induce α 2u-globulin nephropathy and renal tumours in male rats. Although 
some case–control studies have found an approximately 50% increase in risk among 
individuals exposed to gasoline after adjustment for other risk factors, other studies gave 
negative results and cohort studies of refinery workers and gasoline station attendants have 
yielded inconsistent findings. Furthermore, no studies have looked at leaded and unleaded 
gasoline separately. No epidemiological study has focused on d-limonene, but studies of diet 
and renal-cell carcinoma have not suggested an association with intake of fruit juice or citrus 
fruit which contain d-limonene.

The use of phenacetin increases the risk of urothelial cancer and, to a lesser extent, that of 
renal-cell carcinoma, but this drug is no longer available in most western countries. Other 
analgesics (e.g., aspirin and paracetamol) do not seem to influence the risk of renal-cell 
carcinoma.

Some studies have shown a moderate increase in risk of renal-cell carcinoma among users of 
diuretics or other antihypertensive drugs. It is unknown whether it is the medical condition, the 
drug itself or shared risk factors for renal-cell carcinoma and the medical condition that are 
responsible.

A possible role of diet and several occupational and environmental exposures (e.g., asbestos, 
cadmium, lead, pesticides, dry-cleaning processes, trichloroethylene, fungal toxins) in inducing 
human renal-cell carcinoma remains unresolved.

Mechanisms of renal-cell carcinogenicity in rodents

In the rodent kidney, several mechanisms of chemically induced carcinogenesis have been 
identified based on reasonably robust data-sets from the published literature. These 
mechanisms can be categorized as follows:

A. Direct DNA reactivity. Some model genotoxic carcinogens (or their metabolites), particularly 
certain N-nitroso compounds, are known to interact directly with DNA of renal tubule cells, 
causing genomic alterations.

B. Indirect DNA damage mediated by oxidative stress. At least two compounds (potassium 
bromate and ferric nitrilotriacetate) have been shown to generate reactive oxygen species in 
rodent kidneys, which in turn have the potential to cause genomic alterations.

C. Sustained stimulation of cell proliferation. A number of non-genotoxic chemicals appear to 
lead to the development of renal cell tumours through a process involving prolonged renal 
tubule cell injury coupled with regenerative cell proliferation. This mechanistic pathway can be 
further subcategorized as involving either

(i) a regenerative response to chemically induced cytotoxicity (chloroform has been suggested 
as an example of a chemical that directly affects proximal tubule cells causing cytotoxicity, cell 
death and compensatory cell proliferation); or

(ii) a regenerative response not dependent on direct chemical cytotoxicity but on cytotoxicity 
resulting from impairment of a physiological process; this is the proposed mechanism for α2u-
globulin nephropathy and the associated renal carcinogenesis.

Kidney tumours induced by chemicals in category C tend to occur in low incidence (usually 
less than 30%), even at high doses, with a long latency, and may exhibit sex-dependent 
differences and in some cases, species-specificity. This is in contrast to chemicals 
representing mechanistic categories A and B that can induce high (up to 100%) incidences of 
renal tumours which may have relatively short latent periods, and are not typified by sex-
specificity.

α 2u-Globulin-associated nephropathy as a mechanism of renal tubule cell 
carcinogenesis in male rats

α 2u-Globulin nephropathy is a syndrome that occurs exclusively in male rat kidney. A diverse 
group of non-genotoxic chemicals have been shown to cause acute renal changes manifested 
as the accumulation of this urinary globulin in phagolysosomes of renal proximal tubule cells. 
The toxicity appears to be caused by the accumulation of a single, major male rat-specific 
protein, α 2u-globulin (see Swenberg & Lehman-McKeeman, this volume). The α 2u-globulin 
accumulating in the male kidney is synthesized in the liver, where its expression represents 
about 1% of total hepatic mRNA. Hepatic synthesis of α 2u-globulin is regulated by complex 
hormonal interactions, particularly androgens, whereas in female rats, oestrogens repress 
hepatic synthesis. Lysosomal accumulation of α 2u-globulin leads to death of individual renal 
cells and compensatory cell proliferation which may result in atypical tubule hyperplasia and 
ultimately renal tubule tumours. Several agents that induce α 2u-globulin nephropathy have 
been shown to promote both spontaneously and chemically initiated tubule epithelial cells to 
preneoplastic and neoplastic lesions in male rat kidney. Furthermore, a quantitative 
relationship between sustained renal-cell proliferation and the promotion of preneoplastic 
and/or neoplastic lesions has been established, providing support for the conclusion that 
sustained renal cell proliferation is causally related to the development of renal tumours in 
male rats.

The contribution of α 2u-globulin to the species-specificity of the nephropathy has been shown 
in several ways. First, it has been determined that the NBR strain of rats that does not 
synthesize the hepatic form of α 2u-globulin, does not develop α 2u-globulin nephropathy and is 
not susceptible to renal tumour promotion by these agents. Additionally, it has been shown 
that, although mice are resistant to renal toxicity following exposure to agents that induce α 2u-
globulin nephropathy, transgenic mice engineered to synthesize α 2u-globulin developed the 
nephropathy. Mechanistic studies have demonstrated that the requisite step in the 
development of the syndrome is the ability of a chemical (or metabolite(s)) to bind reversibly, 
and specifically, to α 2u-globulin. Binding of chemicals to α 2u-globulin appears to alter the 
lysosomal degradation of the protein, leading to its accumulation in phagolysosomes. 
Furthermore, a comprehensive survey of structurally-related proteins along with experimental 
analyses has provided evidence that, although other species, including humans, synthesize 
proteins that are similar to α 2u-globulin, differences in ligand-binding properties, physiological 
function and renal hand-ling of these homologues preclude their involvement in this protein 
droplet nephropathy. For example, although mice synthesize mouse urinary protein (MUP), a 
protein that shares approximately 90% amino acid sequence identity with α 2u-globulin and 
which is considered the murine homologue of α 2u-globulin, this protein does not contribute to 
a similar syndrome in mice.

An alternative hypothesis to the accumulation and impaired degradation of α 2u-globulin (see 
Melnick & Kohn, this volume) proposes that α 2u-globulin in male rats may serve to transport 
and concentrate the ligand within proximal tubule cells. Release of the ligand or subsequent 
metabolism of the ligand may produce cytotoxicity. However, one compound, 2,4,4-trimethyl-2-
pentanol, has been tested and not found to be cytotoxic in primary cultures of renal tubule 
fragments. Although there are no data supporting this alternative hypothesis, it can be 
concluded that a process involving α 2u-globulin as a vector for chemically induced injury would 
remain exclusive to the male rat.

There are differences in opinion as to whether the hypothesis linking α 2u-globulin nephropathy 
to the induction of kidney tumours is consistent with the available data on chemicals or 
mixtures proposed to act through this mechanism. Such differences have been attributed to a 
lack of compliance with the criteria that must be fulfilled in order to state that the mechanism by 
which chemicals induce renal tubule cell tumours is exclusively through an accumulation of the 
rat male-specific α 2u-globulin. The Working Group therefore formulated the following criteria 
(all of which must be met) for concluding that an agent causes kidney tumours through an α 2u-
globulin-associated response (Table 1).

Numerous chemicals have been shown to induce hyaline droplets in the kidneys of male rats. 
However, for many of these there is a lack of sufficient data and/or adherence to previous 
developed criteria, that characterize a chemical causing kidney tumours solely through an α 2u-
globulin-associated response. Swenberg and Lehman-McKeeman (see this volume) have 
judged that only seven of 40 chemicals and mixtures which induce hyaline droplets in male rat 
kidney have fully met the criteria in Table 1 for an α 2u-globulin-associated response. All of the 
remaining chemicals need additional data in order to determine whether they meet these 
criteria. Some chemicals which induce hyaline droplets in the kidney in male rats are excluded 
by these criteria (see Swenberg & Lehman-McKeeman, this volume).

Do similar mechanisms occur in humans?

A requisite step in the development of α 2u-globulin nephropathy is the binding of a chemical 
(or metabolite) to α 2u-globulin. α 2u-Globulin is a member of a superfamily of proteins that bind 
and transport a variety of ligands. Many of these proteins are synthesized in mammalian 
species, including humans. Therefore, the question of a similar mechanism occurring in 
humans can be addressed by determining whether these structurally homologous proteins can 
function in humans in a manner analogous to α 2u-globulin. This question can be answered 
both qualitatively and quantitatively. 

The protein content of human urine is very different from that of rat urine, as humans excrete 
very little protein (about 1% of the concentration in male rats). Human urinary protein is also 
predominantly a species of high molecular weight, and there is no protein in human plasma or 
urine identical to α 2u-globulin.

With respect to the α 2u-globulin superfamily, it has been shown that MUP, the protein most 
similar to α 2u-globulin, does not contribute to a similar syndrome in mice, and the lack of a 
response in female rats, which synthesize many other proteins of this superfamily, 
demonstrates that these proteins are unlikely to contribute to the renal toxicity.

Saturable binding of 2,4,4-trimethyl-2-pentanol and d-limonene-1,2-oxide to α 2u-globulin can 
be shown in vitro, but these chemicals do not bind to other members of the α 2u-globulin 
superfamily. Furthermore, it has been shown that 2,4,4-trimethyl-2-pentanol does not bind 
specifically to any low molecular weight protein isolated from male human kidney, indicating 
that there are no proteins constitutively present in human kidney that are similar to α 2u-
globulin. The X-ray-derived crystal structure of α 2u-globulin further supports the unique binding 
property of this protein. Other superfamily proteins are characterized by flattened, elongated 
binding pockets, whereas the ligand-binding site in α 2u-globulin is distinguished by its 
spherical, non-restrictive shape.

From a quantitative perspective, adult male rat kidneys reabsorb about 35 mg of α 2u-globulin 
per day. Female rats synthesize less than 1% of the amount of α 2u-globulin reabsorbed by 
male rats, but no α 2u-globulin is detected in the female rat kidney and female rats do not 
develop the nephropathy. The most abundant α 2u-globulin superfamily protein in human 
kidney and plasma is α 1-acid glycoprotein, and this protein does not bind to agents that induce 
α 2u-globulin nephropathy in rats.

Taken together, there is no evidence that a mechanism similar to α 2u-globulin nephropathy 
occurs in humans.

Gaps in knowledge

For many chemicals that induce hyaline droplets in male rat kidney, there is insufficient 
information to evaluate whether this response is associated with an α 2u-globulin-related 
mechanism. The most important data gaps are therefore those required to establish whether 
such chemicals fulfil the criteria for an α 2u-globulin-associated response.

Because d-limonene is currently being evaluated as a cancer chemopreventive agent, it should 
be possible to establish in humans whether this agent produces nephrotoxicity at the high 
doses used in those clinical trials.

There is also a need for further epidemiological studies of gasoline exposure, preferably with 
quantitative exposure assessment and sufficient data on other risk factors to allow adjustment 
for potential confounding factors.

There is a need for further evaluation of quantitative relationships between the various 
intermediate steps in order to improve prediction of the carcinogenic response of chemicals 
operating through the α 2u-globulin-associated mechanism. 

Information on effects of chemicals on lysosomal function relative to their abilities to cause α 2u-
globulin accumulation is needed.

Kinetic models linking α 2u-globulin accumulation and ligand dosimetry after multiple dosing 
are needed.

Clarification of whether an endogenous ligand exists for α 2u-globulin would help in 
understanding the physiological function of this protein and might further delineate the 
mechanisms underlying α 2u-globulin-associated pathology in the kidneys of male rats. 
Mechanisms of cell death should be investigated.

A hypothesis has been put forward that α 2u-globulin serves to concentrate nephrotoxic ligands 
and that the renal pathology is related to a release of such bound ligands. Additional 
experiments designed to examine this hypothesis are warranted.

Urinary bladder neoplasms

Incidence, etiology and pathology of urinary bladder tumours in humans

Incidence and mortality rates for bladder cancer tend to be higher in developed countries than 
in developing countries. Between 1973 and 1994, bladder cancer incidence in the United 
States showed moderate increases in both sexes and various races, whereas mortality tended 
to decline, particularly in men. In the early 1990’s, most age-adjusted mortality rates for men 
within Europe fell within the range of 5–8 per 100 000. Rates for women were between 1 and 3 
per 100 000 in most countries and showed no appreciable changes over time. In most of 
western Europe, mortality has declined in generations born since 1940. 

Transitional-cell carcinoma of the bladder accounts for about 95% of bladder cancer, although 
squamous-cell carcinomas are more common in certain regions, such as the Middle East (see 
La Vecchia & Airoldi, this volume).

Cigarette smoking is recognized as the main cause of bladder carcinoma and accounts for 
about 50% of cases in most developed countries. A high risk of bladder carcinoma has been 
observed in workers exposed to some aromatic amines. Based on these and other 
occupational risks (e.g., among leather workers, truck drivers and aluminium production 
workers), it has been estimated that 5–10% of bladder carcinomas in industrialized countries 
were due to exposures of occupational origin.

A number of other factors have been evaluated as possible human bladder carcinogens. 
Several studies have investigated the association between coffee consumption and bladder 
cancer risk. Although excess risks have been reported in some studies, the lack of dose– or 
duration–risk relationships leaves this issue open to discussion. There is also no convincing 
evidence of any appreciable risk of bladder cancer from personal use of hair dyes.

Two cancer chemotherapeutic drugs, cyclophosphamide and chlornaphazine, and treatment 
with ionizing radiation have been shown to cause bladder cancer in humans. Heavy 
consumption of phenacetin-containing analgesics was strongly associated with lower urinary 
tract carcinomas including bladder carcinomas in several studies, but paracetamol-containing 
analgesics have not been shown to have such effects.

Infectious agents and other diseases of the urinary tract, which may cause chronic 
inflammation, have a major influence on bladder cancer risks in northern Africa and the Middle 
East and other areas where Schistosoma haematobium infestation is endemic. In these 
regions, there is a consistent relationship between carcinomas (especially squamous-cell 
carcinomas) of the bladder and urinary schistosomiasis. 

The role of urinary tract infections other than those associated with schistosomiasis on bladder 
carcinogenesis is more difficult to assess. Most findings, however, are consistent with a 2–3-
fold elevated risk. The association appears to be stronger for squamous-cell carcinomas and 
may be stronger in women.

With reference to urinary tract stones, four case–control studies published between the 1960s 
and the 1980s found relative risks between 1.0 and 2.5. At least three more recent 
case–control studies and one record-linkage cohort study gave a relative risk between 1.2 and 
1.4 for a history of urinary tract stones. An interesting feature of these investigations was that 
the association was stronger in women, with statistically significant relative risks higher than 2. 
Although there exists a potential for recall bias in the case–control studies and uncontrolled 
confounding in the cohort study, these findings suggest that the presence of urinary tract 
stones is associated with bladder carcinoma in humans.

No epidemiological study has addressed the issue of a possible role of persistent crystalluria 
as a risk factor for urothelial carcinoma in humans. Likewise, quantitative studies on cellular 
proliferation and possible precursors of bladder carcinoma in relation to the presence of 
bladder stones and/or urinary infections in humans are lacking.

Overall, epidemiological data do not indicate that saccharin and other artificial sweeteners are 
related to human bladder cancer, although studies in children are scanty. Occasional 
observations of increased or decreased risks in some subgroups are to be regarded as 
fluctuations within a series of multiple comparisons.

Calculi-, amorphous precipitate- and microcrystalluria-associated irritation, cell 
proliferation and urinary bladder carcinogenesis in mice and rats

Many non-genotoxic chemicals have been shown to induce formation of microcrystals, 
amorphous precipitates and/or calculi in the urine of mice and rats (see Fukushima & Murai, 
this volume). Such chemicals include uric acid, calcium oxalate, uracil, thymine, melamine and 
others. The proliferative and tumorigenic effects produced in the bladder of these rodents 
require the concentration of the chemical in the urine to be sufficiently high to lead to 
precipitate formation and ultimately to calculi.

The ability of chemicals to produce calculi varies with species, strain and sex, as do the 
proliferative and tumorigenic responses. Calculus formation is also dependent on specific 
chemical and physical conditions of the urine (e.g., pH, volume), which have not been 
completely delineated. Marked increased urothelial cell proliferation (e.g., papillomatosis in 
rats) is caused by the presence of a calculus. The same response is observed when 
chemically inert materials (e.g., glass beads, paraffin wax and cholesterol pellets) are 
surgically implanted into the bladder of rodents, or when physiological conditions are altered 
leading to calculus formation (e.g., uric acid metabolism following portacaval shunt). The 
extent of the proliferation is dependent on the abrasiveness of the surface of the implanted 
pellet or the number and size of calculi.

These proliferative effects of calculi are commonly sustained in rodents since these species 
are normally horizontally positioned allowing the object to remain within the lumen of the 
urinary bladder, with less chance of elimination. If the calculus is removed before a neoplasm 
is produced, the proliferative changes are rapidly reversed. Bacterial urinary tract infections 
can enhance the formation of calculi. If the calculus remains in the urinary bladder for an 
extended period of time, it may lead to cancer formation.

Microcrystalluria is associated with irritation and cell proliferation but its association with 
bladder carcinomas is less clear.

Are calculi associated with irritation and cell proliferation in humans and do the 
mechanisms of carcinogenesis mediated by such effects in rodents operate in humans?

Urinary bladder calculi, irrespective of composition, cause irritation and cell proliferation in 
humans (see Fukushima & Murai, this volume). There is some epidemiological evidence that 
urinary tract cancer in humans is associated with a history of calculi in the bladder (see La 
Vecchia & Airoldi, this volume). The risk in humans may not be as great as that in rodents 
because the calculi are usually voided spontaneously or removed by surgical procedures. 
Thus, although there are quantitative differences in the carcinogenic response to calculi 
between species, the effect is not species-specific. However, calculus formation is dependent 
on attainment in the urine of critically high concentrations of the constituent chemicals which 
form the calculus. The carcinogenic effects are also dependent on reaching a threshold 
concentration for calculus formation.

Urinary bladder carcinogenesis produced by chemicals causing calcium phosphate 
containing precipitates in the urine of rats

High doses of several sodium salts of moderate to strong organic acids (see Cohen, this 
volume) produce a calcium phosphate-containing precipitate in the urine of rats and increased 
urothelial proliferation. Increased bladder tumour incidences are seen when these sodium salts 
are administered after treatment with bladder carcinogens such as N-[4-(5-nitro-2-furyl)-2-
thiazolyl]formamide (FANFT) or N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN). One exception 
is sodium hippurate, which reduces the pH of the urine to below 6.5, so that precipitate does 
not form.

Other sodium salts such as sodium ortho-phenylphenate and trisodium nitrilotriacetate which 
do not cause formation of calcium phosphate-containing precipitates in the urine of rats have 
other biological properties which are associated with their carcinogenic effects in the urinary 
bladder of rats.

In the 1970s, sodium saccharin was fed to rats at high doses in the diet in a two-generation 
protocol (before conception, throughout gestation, lactation and post-weaning, for the lifetime 
of the animal) and found to be carcinogenic to the urinary bladder. Subsequent studies have 
demons-trated that if administration begins at birth, tumour response is similar to that observed 
when exposure began before conception. The male rat is considerably more susceptible than 
the female rat. Administration beginning before five weeks of age also produced an increased 
incidence of tumours, although less than when administration began at birth or earlier. 
Administration of sodium saccharin to rats beginning at six to eight weeks of age, as in a 
standard two-year bioassay, did not produce a tumorigenic response. Monkeys treated with 25 
mg/kg bw/day sodium saccharin starting at birth, and mice, hamsters and guinea-pigs treated 
with high doses of sodium saccharin in the diet starting at an adult age (doses of the same 
order of magnitude as those given to rats) did not show proliferation or neoplastic effects in the 
urinary bladder.

In relation to other sodium salts of moderate to strong organic acids (the most extensively 
studied being sodium ascorbate), an effect on the urothelium has been identified mainly in 
male rats using either short-term studies evaluating cell proliferation in the bladder epithelium 
or in studies in which high doses of the sodium salt were administered after an initial period of 
treatment with a bladder carcinogen, such as FANFT or BBN. However, two-generation 
studies have not been reported for any of these other sodium salts. Only a few of these sodium 
salts have been studied in mice and no proliferative effect on urothelium has been observed. 
None of the other sodium salts has been studied in other species 

Saccharin, ascorbate and the other chemicals being discussed are sodium salts of moderate 
to strong acids. They are nearly completely ionized at physiological pH, and as anionic 
structures do not interact with DNA. Genotoxicity assays in vivo have been nearly entirely 
negative. Also, the evidence does not support a role of contaminants of these chemicals as the 
cause of the urinary tract effects in rats. The carcinogenic action of these sodium salts involves 
the formation of a calcium phosphate-containing precipitate in the urine of the rats fed high 
dietary doses. This causes cell death of superficial layers of the urothelium, leading to 
regenerative hyperplasia and ultimately to tumours. Quantitative aspects of the cell 
proliferation help to explain the necessity for administration beginning at weaning or earlier. 
The formation of this precipitate requires a urinary pH above 6.5. Administration of the 
corresponding acids of the sodium salts does not produce a proliferative effect on the rat 
bladder epithelium. In addition, any treatment which produces acidification of the urine inhibits 
both formation of the calcium phosphate-containing precipitate and the neoplastic effects of 
these sodium salts on urothelium. Acidification can be accomplished by co-administration of 
the sodium salt with ammonium chloride or administration in semi-synthetic diets, such as AIN-
76A, which produce markedly acidic urine. 

Formation of this precipitate appears to require high urinary concentrations of protein, as found 
in rats. Male rats are more susceptible than female rats, presumably because of the higher 
concentration of protein in their urine, secondary to excretion of large amounts of α 2u-globulin. 
Administration of sodium saccharin or sodium ascorbate to NBR male rats, which do not 
excrete high concentrations of α 2u-globulin, results in little to no hyperplastic response in the 
urinary bladder. 

Even in male rats, which are the most sensitive animals, high doses are required for formation 
of the precipitate, induction of the cytotoxicity and induction of proliferative responses in the 
urothelium. In general, at a level of 1% of the diet, there was no statistically significant effect 
for either sodium saccharin or sodium ascorbate, and only slight effects were seen at doses of 
2.5–3.0% of the diet. Most of the other sodium salts have been evaluated at doses equimolar 
to 5% sodium saccharin or as 5% of the diet.

Mice are resistant to the proliferative effects of sodium saccharin and the other sodium salts 
which have been studied, despite also having appropriate urinary pH, high urinary protein 
concentrations, and high osmolality like the rat. However, urinary concentrations of calcium 
and phosphate are considerably lower in the mouse than in the rat, and this greatly reduces 
the potential for formation of a calcium phosphate precipitate.

Studies in monkeys, including one investigation in which sodium saccharin was administered 
at a dose of 25 mg/kg bw per day for 18–23 years beginning immediately after birth, showed 
no evidence of formation of the precipitate or cytotoxic or proliferative changes in the urinary 
tract. These findings may be due to the lower doses of sodium saccharin as well as the much 
lower concentrations of protein and lower osmolality in the urine of non-human primates than 
in mice and rats.

Do the mechanisms of carcinogenesis involving calcium phosphate-containing 
precipitate formation, cell death and cell proliferation, operate in humans?

Extensive epidemiological studies in humans have failed to show an increased risk of urinary 
bladder cancer secondary from use of artificial sweeteners. Healthy humans have very low 
concentrations of urinary protein and much lower urinary osmolalities than rodents, two of the 
critical parameters required for the formation of cytotoxic calcium phosphate-containing 
precipitate. In individuals with nephrotic syndrome, there is proteinuria that can attain protein 
concentrations nearly as high as those found in rats. However, the osmolality does not 
increase above normal levels in humans (50–500 mosmol/kg). The highest osmolalities that 
could be attained in humans have been estimated theoretically at approximately 1200 
mosmol/kg, compared with 1400–2000 mosmol/kg in saccharin-treated rats. Thus the 
epidemiological, experimental animal and mechanistic data suggest that the tumorigenic 
response in the urinary bladder of rats generated by these sodium salts is a species- and dose-
specific phenomenon that does not occur in humans.

Since epidemiological reports on high dietary intakes of sodium, calcium and vitamin C related 
to bladder cancer are scattered and the results are inconclusive, no inference on mechanisms 
of carcinogenesis can be drawn.

Gaps in mechanistic knowledge

Few data are available on mechanistic pathways which occur subsequent to calculus formation 
in the urinary bladder of rodents or humans. p53 and H-ras mutations are not found in urinary 
bladder tumours in rats treated with calculus-inducing agents. However, the molecular and 
genetic events involved in cell cytotoxicity, regenerative hyperplasia and tumour formation are 
unknown. Amorphous precipitates may vary widely in composition and no generalization can 
be drawn that is universally applicable to all such precipitates. There is little information 
regarding the reasons for quantitative differences in carcinogenic response to different agents 
between species and sexes.

Urinary precipitate produced by certain sodium salts consists mainly of calcium phosphate and 
this precipitate is cytotoxic to the urothelium. Mechanisms leading to urothelial cell death are 
not known. Critical factors essential for the formation of the urinary precipitate have not been 
fully identified and the physical and chemical mechanisms for the formation (or the lack of 
formation) of the precipitate need to be more clearly defined.

Conclusions

The overall conclusions of the Working Group were formulated by providing answers to 
questions concerning how the mechanistic data reviewed in the previous sections can be used 
in making overall evaluations of carcinogenicity to humans.

How can mechanistic data on thyroid-stimulating hormone (TSH)-associated follicular-
cell neoplasms in rodents be used in making overall evaluations of carcinogenicity to 
humans?

Agents that lead to the development of thyroid neoplasia through an adaptive physiological 
mechanism belong to a different category from those that lead to neoplasia through genotoxic 
mechanisms or through mechanisms involving pathological responses with necrosis and 
repair.

Agents causing thyroid follicular-cell neoplasia in rodents solely through hormonal imbalance 
can be identified using the following criteria.

●     There is a lack of genotoxic activity (agent and/or metabolite) based on an overall 
evaluation of in-vitro and in-vivo data

●     The presence of hormone imbalance has been demonstrated under the conditions of the 
●     carcinogenicity assay.
●     The mechanism whereby the agent leads to hormone imbalance has been defined.

When tumours are observed both in the thyroid and at other sites, they should be evaluated 
separately on the basis of the modes of action of the agent.

Agents that induce thyroid follicular tumours in rodents through interference with thyroid 
hormone homeostasis can, with few exceptions, also interfere with thyroid hormone 
homeostasis in humans if given at a sufficient dose for a sufficient time. These agents can be 
assumed not to be carcinogenic in humans at exposure levels which do not lead to alterations 
in thyroid hormone homeostasis.

How can mechanistic data on α2u-globulin-associated renal-cell neoplasms in male rats 
be used in making overall evaluations of carcinogenicity to humans?

In making overall evaluations of carcinogenicity to humans, it can be concluded that production 
of renal-cell tumours in male rats by agents that fulfil all of the following criteria for an α 2u-
globulin-associated response is not predictive of carcinogenic hazard to humans:

●     Lack of genotoxic activity (agent and/or metabolites) based on an overall evaluation of in-
vitro and in-vivo data

●     Male rat specificity for nephropathy and renal tumorigenicity
●     Induction of the characteristic sequence of histopathological changes in shorter-term 

studies, of which protein droplet accumulation is obligatory
●     Identification of the protein accumulating in tubule cells as α 2u-globulin
●     Reversible binding of the chemical or metabolite to α 2u-globulin 
●     Induction of sustained increased cell proliferation in renal cortex
●     Similarities in dose–response relationship of the tumour outcome with the 

histopathological end-points (protein droplets, α 2u-globulin accumulation, cell 
proliferation)

In situations where an agent induces tumours at other sites in the male rat or tumours in other 
laboratory animals, the evidence regarding these other tumour responses should be used 
independently of the α 2u-globulin-associated tumorigenicity in making the overall evaluation of 
carcinogenicity to humans. 

How can mechanistic data on calculi- and microcrystalluria-associated urinary bladder 
neoplasms in mice and rats contribute to making overall evaluations of carcinogenicity 
to humans?

For chemicals producing bladder neoplasms in rats and mice as a result of calculus formation 
in the urinary bladder, the response cannot be considered to be species-specific; thus, the 
tumour response is relevant to an evaluation of carcinogenicity to humans. There are 
quantitative differences in response between species and sexes. Calculus formation is 
dependent on the attainment in the urine of critical concentrations of constituent chemicals 
which form the calculus; therefore, the biological effects are dependent on reaching threshold 
concentrations for calculus formation. Microcrystalluria is often associated with calculus 
formation, but its relevance to species-specific mechanisms cannot be assessed.

How can mechanistic data on urinary calcium phosphate-containing precipitate-
associated bladder neoplasms in rats contribute to making overall evaluations of 
carcinogenicity to humans?



Calcium phosphate-containing precipitates in the urine of rats, such as those produced by the 
administration of high doses of some sodium salts, including sodium saccharin and sodium 
ascorbate, can result in the production of urinary bladder tumours. This sequence can be 
considered to be species- and dose-specific and is not known to occur in humans.

In making overall evaluations of carcinogenicity to humans, it can be concluded that the 
production of bladder cancer in rats via a mechanism involving calcium phosphate-containing 
precipitates is not predictive of carcinogenic hazard to humans, provided that the following 
criteria are met:

●     the formation of the calcium phosphate-
●     containing precipitate occurs under the conditions of the carcinogenicity bioassay which 

is positive for cancer induction;
●     prevention of the formation of the urinary 
●     precipitate results in prevention of the bladder proliferative effect;
●     the agent (and/or metabolites) shows a lack of genotoxic activity, based on an overall 

evaluation of in-vitro and in-vivo data;
●     the agent being evaluated does not produce tumours at any other site in experimental 

animals;
●     there is evidence from studies in humans that precipitate formation or cancer does not 

occur in exposed populations.

In situations where an agent induces tumours at other sites in rats or tumours in other 
laboratory animals, the evidence regarding these other tumour responses should be used 
independently of information on tumours associated with calcium phosphate-containing 
precipitates in making the overall evaluation of carcinogenicity to humans.
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Table 1. Criteria for an agent causing kidney tumours
through an α 2u-globulin-associated response in male 

rats

●     Lack of genotoxic activity (agent and/or metabolite) based on an overall 
evaluation of in-vitro and in-vivo data

●     Male rat specificity for nephropathy and renal tumorigenicity
●     Induction of the characteristic sequence of histopathological changes in 

shorter-term studies, of which protein droplet accumulation is obligatory
●     Identification of the protein accumulating in tubule cells as α 2u-globulin
●     Reversible binding of the chemical or metabolite to α 2u-globulin
●     Induction of sustained increased cell proliferation in the renal cortex
●     Similarities in dose–response relationship of the tumour outcome with the 

histopathological end-points (protein droplets, α 2u-globulin accumulation, 
cell proliferation
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