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Review

Confounders for kidney carcinogenesis in rodent cancer bioassays
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Abstract: In the long-term safety testing of chemicals for carcinogenicity the toxicologist needs to be aware of a number of scenarios 
where renal tubule tumors, or their precursors, arise that are not due to a carcinogenic action of the test article. Situations producing 
false positive results in the kidney include exacerbation of chronic progressive nephropathy (CPN) in rats, confusion of atypical tubule 
hyperplasia (the obligate precursor of renal tubule tumor) with foci of benign CPN-related renal tubule cell proliferation, inclusion of 
spontaneous tumor entities, such as the amphophilic-vacuolar tumor, in the test article tumor count, the possibility of a link between 
spontaneous forms of tubule dilatation and renal tubule tumor formation in mice, and the supposed predictivity of chemically-induced 
karyomegaly for renal carcinogenicity in both rats and mice. Examples of these misleading situations are described and discussed. 
(DOI: 10.1293/tox.2021-0000; J Toxicol Pathol 2022; 35: 1–6)
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Introduction

In the long-term safety testing of chemicals for carci-
nogenicity, whether new pharmaceuticals, medical devices, 
industrial chemicals, agrochemicals, or food additives/in-
gredients, the toxicologist should be aware of a number of 
situations where renal tubule tumors, or their precursors, 
arise that are not due to a carcinogenic action of the test ar-
ticle. Situations with the potential to produce false positive 
results in the rodent kidney include: exacerbation of chronic 
progressive nephropathy (CPN) in rats; confusion of atypi-
cal tubule hyperplasia, the obligate precursor of renal tubule 
tumor, with foci of benign CPN-related renal tubule cell 
proliferation; inclusion of spontaneous tumor entities such 
as the amphophilic vacuolar tumor in the test article tumor 
count, including the possibility of a link between spontane-
ous forms of tubule dilatation and renal tubule tumor forma-
tion in mice; and the supposed predictivity of chemically-
induced karyomegaly for renal carcinogenicity in both rats 
and mice.

One entity that will not be considered here is alpha-2u-
globulin nephropathy in the rat. Many diverse chemicals 
can induce renal tubule tumors through the induction of in-
creased expression and hepatic secretion of alpha-2u-glob-

ulin, which, when bound to the xenobiotic, accumulates in 
the proximal tubule to cause sustained epithelial cell dam-
age and compensatory cell turnover. In this case, the tumors 
are genuinely induced by the chemical, but the mechanism 
underpinning the kidney tumor induction, namely non-co-
valent binding of the chemical to alpha-2u-globulin, does 
not apply to humans because humans do not have a similar 
protein to which the test article can bind.

The study that will be used for reference is the 1992 
National Toxicology Program 2-year carcinogenicity bioas-
say of quercetin in rodents1. Quercetin is a widely distribut-
ed plant flavonol that is consumed by humans. In this study 
there was a low increase in foci of renal tubule hyperplasia 
and adenomas, and significantly, a single carcinoma, in the 
high-dose male rats. These results led the NTP to classify 
quercetin as showing some evidence of carcinogenic activ-
ity in male rats. This is in conflict with the numerous pub-
lications exploring the beneficial inhibitory effects of quer-
cetin.

Exacerbation of chronic progressive nephropathy
Chronic progressive nephropathy is a spontaneous 

disease that commonly affects rat kidney. The disease com-
mences at an early age, probably within a few months of 
birth being identified as sporadic foci (Fig. 1) of basophil-
ic tubule cells with conspicuous basement membrane and 
crowded nuclei2. In male rats in particular it progresses 
relentlessly through mid-life to occupy more and more of 
the renal parenchyma, frequently causing end-stage chronic 
kidney disease by the time the rat becomes aged. Advanced, 
and in particular end-stage CPN, can represent a risk factor 
for the development of a low to marginal incidence of renal 
tubule tumors. This has been demonstrated in control rats 
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by Hard et al3.
The development of CPN is markedly affected by diet 

and sex hormones. High protein in the diet and androgens 
are both conducive for CPN severity. There appears to be 
no strict counterpart of CPN in humans, either pathologi-
cally or biologically. Because CPN is so easily affected by 
diet and sex hormones, it is debatable whether chemical en-
hancement of spontaneous disease severity can be regarded 
as an adverse reaction relevant to risk assessment.

Chemical treatment can exacerbate the development of 
CPN by increasing the rate at which severity of the disease 
progresses3. Because the number of rats with very advanced 
to end-stage CPN is increased in severe CPN exacerbation, 
accompanying this exacerbation of disease progression is a 
further increased risk of developing renal tubule adenomas. 
Traditionally the marginal increase in renal tubule tumors 
has been blamed on the test chemical but this overlooks the 
potential CPN-exacerbating properties of the test agent. If 
the severity of CPN is increased in the study to frequent 
cases of end-stage CPN, and the renal tubule tumor inci-
dence is marginal to low, then a mode of action involving 
CPN exacerbation should be considered.

Re-examination of the kidney lesions in the NTP quer-
cetin study by the author, including grading of CPN in each 
rat on a specialized scale of 0–8 where grade 8 was end-
stage kidney, linked the foci of hyperplasia and adenomas 
to CPN exacerbation.

Another aspect of end-stage CPN that is frequently 
misunderstood is so-called transitional cell hyperplasia of 
the lining of the papilla, sometimes referred to as urothe-
lial hyperplasia. This lesion is a consequence of CPN of ad-
vanced severity, and is not a direct result of administration 
of the test article. In Souza et al.4, we have reviewed this 
lesion and drawn attention to the facts that the lining of the 
papilla is not urothelium and the lesion itself appears not to 
be hyperplasia. The lesion seems to start as a vesicular out-
pouching of the papilla lining (Fig. 2) and we suggest that 
more accurate nomenclature would be “vesicular alteration 
of papilla lining”4. It is important to recognize that this le-
sion is only observed in advanced CPN.

Discrimination of tumor precursors from benign CPN 
tubule cell proliferation

In this Consultant’s experience, some long-term stud-
ies have quite frequently been confounded by a failure to 
distinguish between preneoplastic and benign types of renal 
tubule cell proliferation. For example, the Technical Report 
Series of the National Toxicology Program have used the 
single term hyperplasia, which is inclusive of simple tubule 
hyperplasia (Fig. 1), a benign type of tubule cell prolifera-
tion, and atypical tubule hyperplasia5, which is preneoplastic 
and an obligate precursor of renal tubule adenoma (Fig. 3). 
This problem is particularly evident in studies where cases 
of advanced to end-stage CPN are frequent because exam-
ples of non-neoplastic tubule cell proliferation with a mis-
leading florid morphology are commonly encountered in the 
kidneys of rats with advanced CPN6.

Rat kidneys with end-stage CPN have very little normal 
parenchyma. Most cortical tissue consists of strips of con-
tracted, atrophic epithelium alternating with larger wedges 
of dilated tubules crammed with casts of eosinophilic, hya-
line material. This pattern is particularly noticeable at the 
surface of the kidney. The tracts of dilated tubules cause 
the end-stage kidney in rat CPN to be larger than normal rat 
kidney, which is a major point of difference from end-stage 
kidney in humans7. End-stage kidney in humans is shrunken 
and smaller than normal human kidney.

Small florid epithelial proliferations within CPN-af-
fected tubules of cortex and outer stripe of outer medulla 
involving the proximal tubule can be common in end-stage 
CPN rat kidney. These lesions have posed a diagnostic prob-
lem for study pathologists regarding discrimination from le-
sions on the pathway to tumor development, that is, atypical 
tubule hyperplasia. However, serial sectioning shows that 
such CPN-related tubule cell proliferations are not preneo-
plastic but peter out as atrophic tubules6. Florid CPN pro-
liferative lesions tend to consist of small, bland cells with 
no nucleolar prominence, surrounded by conspicuous base-
ment membrane thickening (Fig. 4). Encircling of the lesion 
by attenuated fibroblasts (implying expansion of the lesion), 
is absent8. CPN proliferative lesions can also take the form 
of mildly dilated tubules with modest, multicellular tubule 
lining in parts of the cross-sectioned tubule. There is usu-
ally some luminal desquamation of cells in these affected 
tubules. In many cases, the lesion represents a point where 
the tubule is making a turn into a convolution, where tubule 
cells tend to crowd together and pile up. Serial sectioning 
of end-stage CPN kidney shows these various, abnormal 
proliferative lesions to involve tubules undergoing atrophic 
change6. It could be speculated that these lesions represent 
attempts by the failing kidney to preserve some tubule epi-
thelium, and perhaps maintain some kidney function. Some 
of the foci of hyperplasia in the NTP quercetin study were 
CPN-related tubule cell proliferations and were therefore not 
relevant for inclusion in the neoplasia/preneoplasia results.

Inclusion of tumors of spontaneous origin in final 
tumor counts

The aim of conducting 2-year bioassays is to deter-
mine the long-term safety of a test article, in particular to 
eliminate the possibility of human exposure to agents with 
carcinogenic activity. In doing this it is also important to 
avoid inclusion of any neoplasms of spontaneous origin in 
the final tumor count, which would result in an inaccurate 
number because tumors unrelated to chemical treatment 
would be included. Accordingly, attention is drawn to a phe-
notypically distinctive tumor in rats, and a predisposition to 
cystic tubule formation that the author has encountered in 
CD-1 mice.

Amphophilic-vacuolar tumor of the rat

In rats there is a spontaneous renal tubule tumor that 
has been fully recognized only in the last 20 years. This 
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neoplasm has distinctive epithelial morphology enabling its 
separation from kidney neoplasms that are induced by renal 
carcinogens. This spontaneous renal tubule tumor, named 
amphophilic-vacuolar (A-V) tumor, has been encountered in 
long-term studies conducted in the US, Europe, Great Brit-
ain, and Japan. It occurs in rats of various strains includ-
ing the Fischer 344, Sprague-Dawley, and Wistar strains9, 10, 
and affects both genders. The author first became aware of 
this distinctive neoplasm in 1994 in 90-day toxicity stud-
ies11, although it had also been reported by other groups12. 
The Thurman et al.12 report was most significant because it 

identified that these neoplasms could occur in littermates, 
suggesting that this proliferation might have a genetic basis.

The distinctive morphology includes well developed, 
often large, epithelial cells with eosinophilic or amphophilic 
staining character, and cytoplasmic vacuoles. The vacuoles 
can be intracellular vacuoles, or represent minilumen for-
mation where the perimeter of the vacuole is contributed by 
several neighboring cells. The nuclei are often quite large 
and can contain a hypertrophic nucleolus. The tumors can 

Fig. 1.	 Early stage of CPN is a very good example of simple tu-
bule hyperplasia. The convolutions of a single tubule are 
basophilic and the lining retains a single cell structure. 
The tubule cells are smaller than normal, crowded togeth-
er, and with thickened basement membrane. Toxicologic 
pathologists also call this lesion regeneration.

Fig. 2.	 So-called “transitional cell hyperplasia” of the renal pa-
pilla. This lesion occurs in advanced to end-stage CPN, 
and consists of vesicular outpouchings of lining epithe-
lium. It is called urothelial cell hyperplasia by some au-
thorities, but the renal papilla lining is not urothelium 
and the lesion does not satisfy the criteria for hyperplasia. 
More appropriate terminology is “vesicular alteration of 
renal papilla lining”.

Fig. 3.	 Atypical tubule hyperplasia, the obligate precursor of 
adenoma, consists of solid ingrowth of tubule cells into 
the tubule lumen. The lesion is encircled by a layer of 
flattened fibroblasts, indicating that it is expansile. The 
characteristic feature is particularly well shown in this 
example because of partial autolysis.

Fig. 4.	 CPN-related tubule cell proliferation. This lesion, occur-
ring in end-stage CPN, is confused with atypical tubule 
hyperplasia, but it is not an obligate precursor of neo-
plasms. Distinguishing features are: small poorly defined 
epithelial cells, and the prominent band of basement mem-
brane surrounding the lesion.
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be adenomas or carcinomas. They appear to arise in the 
cortex, from foci of atypical hyperplasia. With growth, 
carcinomas develop as well-defined lobules of tumor cells, 
frequently with a central area of cell degeneration. Carcino-
mas protrude from the kidney surface, and their widest part 
is in the cortex. Typically, the tumor extends in tapering, 
wedge-shaped fashion down into the outer and inner stripes 
of outer medulla. Occasionally, basophilic lobules develop, 
but examination of all of the tumor area usually discloses 
the distinctive, staining and vacuolar character in parts. 
There is no record that this tumor phenotype is capable of 
metastasizing.

The occurrence of this tumor type was studied in detail 
in the archived renal tissue held in the NTP Archives9. This 
Archive had 150 long-term studies in which renal tubule tu-
mors had been recorded, representing a pool of some 90,000 
rats, predominantly Fischer 344 strain. Of these rats, 1,012 
had been diagnosed as having a renal tubule tumor. Histo-
logical re-examination of each of these tumors showed that 
half of the studies with this diagnosis (74) had at least one 
tumor with the A-V phenotype. So the neoplasm is uncom-
mon at approximately 0.1% incidence in 2-year studies, but 
is encountered relatively frequently in approximately 50% 
of long-term studies diagnosed with renal tubule tumors. 
None of the lesions in this survey of 74 studies had metasta-
sized. Most studies with A-V tumors had a single neoplasm 
of this type, but the number of A-V tumors in a study varied 
from 1 to 5. This distribution again suggested that a single 
litter in the study may have been carrying a genetic defect. 
Statistical analysis of the data from this histological review 
showed that the distinctive tumor type was spontaneous and 
had no association with chemical exposure9 Therefore, tu-
mors of this distinctive phenotype should not be included 
in kidney tumor counts in cancer bioassays, but should be 
recorded separately.

The single carcinoma in the high-dose males of the 
NTP quercetin study was unquestionably of the A-V phe-
notype (Fig. 5) and therefore of spontaneous origin. In 
summarizing the numbers of quercetin-related neoplastic 
lesions, excluding the CPN proliferative foci, and the A-V 
lesions, there was a modest increase in foci of preneoplasia 
and adenomas, but no carcinomas in high-dose male rats. 
That modest increase in foci of atypical tubule hyperplasia 
and adenomas was associated with CPN exacerbation.

Cystic tubules in the CD-1 mouse

On several occasions this author has encountered a 
predisposition in the CD-1 mouse for developing solitary or 
sporadic cystic renal tubules in the cortex (Hard GC, un-
published observations). This situation appears to lead to 
development of renal tubule adenomas and banal carcino-
mas. The tumors are faintly basophilic and initially located 
in the cortex, where the sporadic cystic tubules are located. 
In one study, there were intermediate stages of hyperplasia 
and early adenoma formation in cystic tubules, providing a 
definite link between cystic tubule and renal tubule neopla-

sia. However, incidence of cystic tubules did not correlate 
with exposure to the test article, but occurred spontaneously 
in all groups, including control mice. The tumors were most 
prevalent in the high-dose male mice, but this was a very 
high dose that exceeded regulatory authority guidelines for 
high dose selection. Such a high exposure would very prob-
ably result in saturation of metabolic pathways, resulting in 
very different metabolic profiles from those occurring under 
realistic conditions of exposure, thus predisposing to bio-
logic stress13–15. In addition, the test article did not induce 
any pathologic indication of renal tubule cell injury at any 
time-point, including exposures at 4 weeks, 52 weeks, and 
104 weeks. There was also no increased mitotic response in 
renal tubules, which would have occurred had there been 
any chemically-induced compensatory activity to replace 
chemically-damaged tubule epithelium. It was concluded 
that the renal tubule neoplasms in this mouse study were 
due to the spontaneous development of cystic tubules with 
abnormal cell lining, probably as a result of a genetic aber-
ration. This case represents another example of spontaneous 
development of renal tubule tumors that should not be at-
tributed to a test article response.

Karyomegaly
A markedly enlarged nucleus in a renal tubule cell 

(Fig. 6), known as karyomegaly, has long been viewed as an 
adverse finding that might predict the development of renal 
tubule tumors and identify the inducing chemicals as poten-
tial renal carcinogens16–20. A literature review of karyomeg-
aly in laboratory animals and humans was conducted in 
2018 by the author21. At least 50 chemicals/substances have 
been reported to induce this nuclear alteration in rats, but it 
is a much less common occurrence in mice and other labo-
ratory animals21. A number of chemicals that induce this 
change in rats do not produce the same effect in other spe-
cies. Of particular potency in the rat is the food component 
lysinoalanine, and the mycotoxin, ochratoxin A. Both of 
these compounds have been tested in other laboratory ani-
mal species, with negative results. Feeding an excessively 
high dose of lysinoalanine, 10,000 ppm to Swiss mice, was 
required to elicit a minimal response of karyomegaly in 
this species compared to 50 ppm in the rat22. Review of the 
literature indicates that the rat has a predisposition for de-
veloping karyomegaly as a response to chemical toxicity21. 
This literature review also demonstrated that karyomegaly 
in the rat kidney is not a reliable predictor of renal tumor 
development.

Modest increase in renal tubule nuclear size is not lim-
ited to chemical exposure, but also occurs in some physi-
ological conditions. It has been known for many decades 
that, in general, nuclear volume doubles with each increase 
in ploidy level23. During the cell cycle, there is a change in 
ploidy from 2n to 4n in the DNA synthesis (S) phase, per-
sisting into the G2 phase. There is also increase in nuclear 
size (up to doubling) in pathological conditions such as tem-
porary renal ischemia24, and following unilateral nephrec-
tomy25. Therefore, the threshold for diagnosing renal tubule 
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karyomegaly needs to be set at a level of ploidy that dis-
criminates the abnormal from the normal. It is suggested 
that this threshold be at least 4x normal tubule nucleus size 
(octaploidy) for diagnosing renal tubule karyomegaly.

Karyomegaly is rare in human kidney and the occa-
sional cases observed in renal biopsy or autopsy tissue are 
from patients with a genetic condition termed karyome-
galic interstitial nephritis (KIN). This condition was 
shown by Zhou and 43 co-authors26 to be caused by an au-
tosomal recessive mutation of the FAN1 gene, the protein 
of which functions in repair of DNA interstitial crosslinks 
within the Fanconi anemia DNA damage response path-
way. Karyomegaly in the human kidney has also been ob-
served occasionally in HIV patients that have received the 
antiviral drug, tenofovir, but this association appears to be 
inconsistent27. Although the rat is uniquely predisposed to 
responding to chemically-induced toxic injury with renal 
tubule karyomegaly, renal tubule karyomegaly in the rat is 
not consistently associated with development of renal tubule 
tumors or their precursors21. Therefore, karyomegaly in the 
rat kidney is considered to be an inaccurate predictor of re-
nal carcinogenic potential of chemicals.

Disclosure of Potential Conflicts of Interest: The author 
declares no conflict of interest.
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In memory of Dr. Gordon Hard

We were saddened to learn of the passing of Dr. Gordon Hard, who died on November 22, 2021. Dr. 
Hard was a preeminent authority in the global field of toxicologic pathology, providing important 
contributions, particularly the toxicologic pathology of the kidney. He was highly respected around 
the world for his dedication to teaching, research, and leadership in toxicologic pathology. He will be 
greatly missed by all who knew and worked with him.
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