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Cell Proliferation and Renal Carcinogenesis

by Brian G. Short

Enhanced cell proliferation occurs at several stages of renal tumorigenesis. Initiation by
genotoxic nephrocarcinogens such as dimethylnitrosamine (DMN) is likely a result of DNA
damage coupled with an initial burst of DNA synthesis associated with the cytotoxic effects of
the compound. The level of initiation by DMN can be further enhanced by unilateral nephrecto-
my or hydronephrosis, which induces a brief burst of cell proliferation followed by tumorigene-
sis in the contralateral kidney. The role of sustained cell proliferation in renal tumor develop-
ment is less well understood. The most compelling evidence comes from studies with
nongenotoxic renal carcinogens such as unleaded gasoline and d-limonene, which induce o,,-
globulin (0G) nephropathy and renal epithelial tumors exclusively in male rats. Sustained
increases in cell proliferation in these studies depend on the presence of a chemical-oG com-
plex in phagolysosomes of P, proximal tubule cells, which results in cytotoxicity and compen-
satory hyperplasia only in male F344 rats, but not female F344 rats or oG deficient male NBR
rats. Furthermore, initiation-promotion experiments demonstrated a strong correlation between
the dose-response of cell proliferation and the incidence of preneoplastic and neoplastic
lesions. Clearly, similar correlative studies with a number of other renal carcinogens and non-
carcinogens are warranted before general conclusions can be made. Cell proliferation is exces-
sively elevated in tubules affected by chronic progressive nephropathy, but the significance of
the lesion to renal carcinogenesis is unclear. Elucidating mechanisms of renal cell proliferation
are necessary for our understanding of cause and effect relationships. An exciting recent find-
ing is altered expression of transforming growth factor-o in hereditary rat renal cell carcinoma.
This animal model may be useful for studying detailed histochemical relationships between

altered growth factors and cell proliferation in various stages of renal carcinogenesis.

Introduction

Limited knowledge exists for evaluating the role of
renal cell proliferation in renal carcinogenesis. Com-
pounds from diverse chemical classes that induce renal
tumors in different species of experimental animals
have been reviewed (1,2) The broad morphological
array of tumor types (e.g., nephroblastoma, renal mes-
enchymal tumors, renal epithelial tumors, and renal
transitional tumors) reflect the marked heterogeneity
of cell types of the kidney. Renal epithelial cell tumors
comprises the vast majority of induced tumors, often
with specific sites of origin within various segments of
proximal and distal tubules and collecting ducts. For
these reasons, evaluation of cell proliferation should be
conducted within specific subpopulations of the
nephron. Information on toxicokinetics, metabolism,
genotoxicity, cytotoxicity, repair, and gene expression
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induced by a particular chemical may also be necessary
to properly assess the relationship between cell prolifer-
ation and renal cancer.

Renal Cell Proliferation in Initiation

Cell proliferation is required for the conversion of
DNA lesions to mutations. Sustained elevations in cell
proliferation may also yield mutations secondary to
errors in DNA synthesis and/or endogenous DNA
damage. Thus, an agent can increase the probability of
DNA damage by either directly altering the DNA or
by increasing the number of times DNA replicates. In
the kidney, the evidence for cell proliferation enhanec-
ing the rate of initiation has been evaluated in a limited
number of experimental studies. In the case of mes-
enchymal and cortical epithelial renal neoplasms
induced by dimethylnitrosamine (DMN), a correlation
exists between the ability of this renal carcinogen to
cause toxic injury and to stimulate a pulse of early pro-
liferation in the same cell populations that give rise to
tumors (3). Thus, the DNA damage induced by DMN
in the resident cortical fibrocyte and proximal tubule
epithelial cells is fixed by the proliferative stimulus of
DMN.
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The level of initiation by DMN can be further
enhanced by unilateral nephrectomy or hydronephro-
sis, which induces a brief burst of cell proliferation fol-
lowed by tumorigenesis in the contralateral kidney (4).
These experiments are similar in principle to those in
the liver, in which hepatocyte initiation is enhanced by
partial hepatectomy. However, mechanistic studies in
the liver, which demonstrated that initiation is highest
when DNA injury has been induced immediately pre-
ceding the S phase of DNA synthesis (5), have not
been conducted in the kidney. Studies in the liver have
demonstrated that proliferation induced by mitogenic,
as opposed to cytotoxic, agents does not enhance hepa-
tocyte initiation (6,7). These investigators have sug-
gested that initiated cells formed after exposure to
mitogenic agents are prone to apoptosis, which elimi-
nates initiated cells. Similar mitogenic agents for the
kidney, such as lead nitrate, induce apoptosis after
withdrawal of the mitogenic stimulus, (8) but the effect
of mitogenic agents on renal initiation is unknown.

Induced cell proliferation may yield mutations direct-
ly by fixing endogenous DNA damage. This hypothesis
has no direct experimental evidence in the kidney, but
the idea deserves support because it may explain how
nongenotoxic carcinogens increase the number of spon-
taneously initiated cells and thus contribute to the car-
cinogenicity of these agents.

Renal Cell Proliferation in
Promotion and Progression

Increased rates of cell proliferation may be impor-
tant in the promotion and progression phases of car-
cinogenesis by increasing the clonal expansion of initi-
ated cells (9). Cell proliferation is essential for tumor
formation, as cancer is a proliferative disease by defini-
tion (10). Correlations between increased cell prolifera-
tion and tumor development in the target organ are
usually based on incomplete data because proliferation
rates are collected at a single, early time point. Studies
of renal cell proliferation at multiple time points are
lacking. Furthermore, most studies have not identified
the target renal cell population for tumorigenesis.
Therefore, relatively few examples exist that ade-
quately support the correlation between renal cell pro-
liferation and tumor promotion.

oz~Globulin Inducing Agents

Many chemicals have been identified that induce o,-
globulin (aG) nephropathy and renal cancer exclusive-
ly in male F344 rats (Table 1), and these chemicals
have been reviewed elsewhere (11,12). Increases in
renal cell proliferation associated with oG nephropa-
thy have been demonstrated in male rats after acute
exposure to pentachloroethane and perchloroethylene
(14) and 1,4-dichlorobenzene (23,28). Sustained increas-
es in cell proliferation associated with oG nephropathy
have been demonstrated in male rats after acute or

Table 1. Chemicals reported to cause male rat-specific
0g,-globulin nephropathy and renal carcinogenesis.

Chemical References
Pentachloroethane (18,14)
Unleaded gasoline (15,16)
JP-5 jet fuel (17,18)
Isophorone (19,20)
Perchloroethylene (14,21)
1,4-Dichlorobenzene (22,23)
Dimethylmethylphosphonate (24)
Hexachloroethane (25)
d-Limonene (26,27)

chronic exposure to unleaded gasoline [UG (29,30)] or
d-limonene [dL(31)]. Five- to 11-fold increases in P,
cell proliferation observed after 6 or 12 months of
exposure to UG or dL. were strongly correlated with
the presence of chemical-aG complex in phagolyso-
somes of P, proximal tubule cells of male rats.
Furthermore, the absence of oG nephropathy and P,
cell proliferation in female F344 rats exposed to UG or
in oG-deficient male NBR rats exposed to dL. demon-
strated the requirement of this protein for protein
droplet nephropathy and cell proliferation. In addition,
initiation-promotion experiments of UG and dL demon-
strated a strong correlation between the presence of
increased cell proliferation and promotion of preneo-
plastic and neoplastic lesions (31,32). These experi-
ments with UG and dL provide a convincing case for a
causal relationship between cell proliferation and renal
carcinogenesis in male rats.

Cell proliferation is increased in P; cells and proxi-
mal tubular cells within foci of chronic progressive
nephrosis (CPN) from rats exposed to UG (30).
Although the mechanism for increased cell prolifera-
tion of P; and CPN tubules is unknown, the cause is
most likely secondary to cytotoxicity observed in P,
segments. In any event, these cells types may also be
at risk for developing renal tumors.

The magnitude and duration of increases in renal cell
labeling index necessary for kidney tumor formation
are unknown, but these few examples with a-inducing
agents suggest that P, cell labeling indexes of 5-fold or
greater for at least 6 months are needed. Twenty-one-
month recovery studies after 3 months of exposure to
decaline or JP-8 were not associated with a tumor
response, suggesting that a longer exposure period
may be required for tumor formation (17,33). Per-
chloroethylene causes oG nephropathy at high gavage
or inhalation concentrations, but a 28-day inhalation
exposure study of male rats to 400 ppm, a concentra-
tion associated with kidney tumors, did not cause oG
nephropathy in these rats (14,34). Recently, the phar-
maceutical agent, 1-(aminomethyl)cyclohexaneacetic
acid, was shown to induce aG nephropathy but not
renal tumors in a 2-year bioassay in rats (35). Male rats
exposed to this chemical may have had insufficient
renal tubular injury and regeneration to effectively
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promote tumor formation. Clearly, data on magnitude
and duration of cell proliferation following chronic
exposure to these and other aG-inducing agents are
required to enhance our understanding of the relation-
ships between oG nephropathy, cell proliferation, and
renal cancer in male rats. Although increased cell pro-
liferation appears to be a necessary event for the for-
mation of renal tumors caused by aG-inducing agents,
other contributing mechanisms may also be present in
some cases. For example, genotoxicity of perchloroethy-
lene through the glutathione conjugation/B-lyase path-
way in the rat may contribute to the development of
kidney tumors caused by this aG-inducing agent (34).

Sodium Barbital

Sodium barbital (NaBB), a renal tumor promoter
and weak renal carcinogen, induced chronic nephropa-
thy resembling CPN and sustained, 5- to 10-fold
increases in renal cell proliferation over a 2- to 52-
week exposure period (36). Cell proliferation studies of
the renal tumor-promoting activity of NaBB after ini-
tiation with streptozotocin (STZ) demonstrated ame-
lioration of the NaBB-induced nephropathy and a
decreased proliferative response after STZ treatment
(37). However, STZ initiation did not abolish the renal
tumor-promoting effect of this compound, implying a
lack of correlation between cell proliferation and renal-
promoting effect. The authors acknowledged that spe-
cific cell types were not counted separately and that
the proliferative rate of renal cells seemed to be a
more accurate quantitative index of the severity of
nephropathy. The authors suggested that tumor pro-
moters may target initiated cells for mitogenesis
rather than noninitiated parenchymal cells, which
undergo hyperplasia as a reparative response to cyto-
toxicity. These initiated cells may have different
growth control mechanisms than noninitiated cells and
their response to mitogens or toxins may differ as for
hepatocytes. Studies such as this indicate the impor-
tance of attempting to identify initiated (target) cells
within the renal tubule that respond to the mitogenic
or other effects of tumor promoters. It is suggested
that quantification of labeled cells within areas resem-
bling CPN should be separated from more normal-
appearing renal cells because the contribution of CPN
tubules to renal cancer is yet to be defined.

Miscellaneous Chemicals,
Hormones, and Drugs

Lead acetate, a renal carcinogen and tumor promot-
er in rats, induces sustained, 15-fold increases in cell
proliferation in proximal tubule cells (38—40). Estrogen-
induced kidney tumors in hamsters may be caused by
both mitogenic effects and formation of reactive estro-
gen metabolites (41). Characterization of early kidney
lesions in diethylstilbestrol-induced tumors in ham-
sters implicate the primitive interstitial cell, which dif-

ferentiates into malignant tubules (42). Cell prolifera-
tion studies of estrogenic compounds may also be com-
plicated by the fact that different cell types are affect-
ed by various estrogenic compounds, such as
diethylstilbestrol, and ethinyl estradiol.

Sustained cytotoxicity, preneoplastic lesions, and
renal cell tumors are observed with a number of
agents, including antibiotics, analgesics, metal com-
pounds, mycotoxins, tumor promoters, and other
agents (1,2,43,44). Although it is reasonable to suggest
that cell proliferation may be associated with the
tumorigenic effects of these agents, the data are lack-
ing. Renal toxicity and hyperplasia has also been
observed without a carcinogenic effect following chron-
ic exposure to several chemicals, including chloro-
methane, hydrochlorothiazide, a-methyldopa, toluene,
and merecuric chloride (44,45). Cell proliferation studies
of renal carcinogens as well as noncarcinogens are war-
ranted to clarify the role of sustained proliferation and
renal tumorigenesis.

Developing a Data Set on
Cytotoxicity, Cell Proliferation, and
Renal Cell Tumors

Several key ingredients of cell proliferation studies
are necessary to establish relationships of eytotoxicity
to renal tumors (Table 2). Examination of cell prolifer-
ation at bioassay doses and at multiple time points is
critical. Cell proliferation data on doses where tumor
information is not available are of limited use.
Likewise, cell proliferation data obtained after acute
dosing may be misleading for determining correlations
with tumorigenicity. Continuous labeling with
[BH]thymidine or 2-bromodeoxyuridine via osmotic
pumps to identify S-phase cells is recommended for
most studies as this technique is more sensitive than
pulse administration of label. Microscopic identification
of the site of cytotoxicity and the cell type of preneo-
plastic and neoplastic lesions is important for deter-
mining the target cell population. Perfusion, rather
than immersion fixation of the kidney and thin (2-3
pum) sections may be needed to adequately characterize
cytotoxicity and preneoplastic lesions. In addition, pre-
neoplastic and neoplastic lesions should be examined in

Table 2. Developing a data set on cytotoxicity,
cell proliferation, and renal cell tumors.

Use bioassay doses at multiple time points to evaluate cytotoxicity
and renal cell proliferation

Determine the site of cytotoxicity and cell type of preneoplastic
and neoplastic lesions by light microscopy

Evaluate cell proliferation using a technique to identify S-phase
cells

Evaluate differential cytotoxicity and cell replication in lesion and
nonlesion tissue, including separation of chronic progressive
nephropathy from lesion and nonlesion tissue
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as many sections per kidney as possible (at least 4 sec-
tions/kidney). Established classification schemes for
preneoplastic and neoplastic lesions should be used to
maintain consistency of terminology. A generalized
and more widely used classification, which incorporate
early lesions, has recently been proposed and may
improve the current database on renal lesions (46). It
is advisable to separate epithelial from interstitial
cells, as well as proximal from distal tubular epithelial
cells in quantitation. Identification of P, P, and P;
proximal tubule cells may be critical in certain cases,
such as o,G-inducing agents. Tubules affected by
CPN should be counted as a separate entity because
their relevance to tumorigenesis is unknown.

Additional Information Needed for
Modeling Renal Cancer

Simply measuring cell proliferation is inadequate for
judging whether a chemical will ultimately increase
the risk of cancer. The ultimate goal for such investiga-
tions in renal cancer should be two-stage growth mod-
eling, similar to approaches developed for the liver and
urinary bladder (47). Because the most relevant prolif-
eration is that which occurs in the stem cell population,
future cell proliferation studies in the kidney should be
directed toward collecting these data within preneo-
plastic lesions, using recently developed biochemical
markers of these lesions (48,49). Second, the total
number of stem cell divisions, not only proliferation
rate, must be ascertained. Thus, we need to include
data on the number of normal cells and stem cells with-
in the kidney. Third, we should include cell death rates,
which means we need to begin to identify and count
apoptotic renal cells.

Mechanisms of Renal Cell
Proliferation

Studies of oncogenes, tumor-suppressor genes, and
growth factors are essential for our understanding of
the relationships between cell proliferation and renal
cancer. The Eker rat, a model for hereditary renal cell
carcinoma, has altered expression of transforming
growth factor-a in early tumor development, but no
expression is observed in highly replicating CPN foci
(49). Cell proliferation studies in carrier and noncarrier
rats have demonstrated increased cell proliferation
rates in atypical tubules, atypical hyperplasias, and
renal cell tumors (50). Labeling indexes in normal and
CPN foci did not differ between carrier and noncarrier
rats. This animal model may prove useful for investiga-
tions into the genetic basis for spontaneous and car-
cinogen-induced renal cell cancer, including relation-
ships between growth-factor expression and cell
proliferation in lesion and nonlesion tissue.

Investigating the nephrogenic repair response may
be valuable for clarifying our understanding of renal
cancer. Nephrotoxic and nephrocarcinogenic halo-

alkenes, which form toxic and mutagenic intermediates
by the cysteine conjugate B-lyas: pathway, cause
necrosis of P; proximal tubule epithelial cells. This
event leads to a dramatic site-specific increase in cell
proliferation, followed by a decrease in differentiation
(dedifferentiation), and an increase in markers more
characteristic of embryonic kidney (51). Furthermore,
proliferation but not dedifferentiation occurs in
undamaged P, proximal tubule cells. Proliferation and
dedifferentiation of P; proximal tubule cells may be
important in transformation to a malignant phenotype
(52).

Investigations on kinematics, or the movement of
proliferating cells, within the nephron have identified
two kinetic compartments: a progenitor compartment
composed of proximal and distal convoluted epithelia
and a part of thick, straight tubules, and a quiescent
compartment composed of the remaining nephron
within the papilla (53). Cells in the cortical regions of
the nephron stream toward the papilla at a rate of 1.1
locations/day and are eliminated. The importance of
kinematics in nephrotoxicity and renal carcinogenesis
is unknown, but may be important for understanding
the repair response of the nephron.

Conclusions

Relationships between sustained renal cell prolifera-
tion and carcinogenic potential have been established
for several chemicals, but general conclusions must
await data from correlative studies with other chemi-
cals, including studies with noncarcinogens as well as
carcinogens. Cell proliferation rates as well as total cell
numbers should be quantitated in lesion and nonlesion
tissue. Counting and classifying preneoplastic and neo-
plastic lesions must be thorough and standardized.
Underlying mechanisms of renal cell proliferation must
be understood before cause and effect relationships are
drawn.

REFERENCES

1. Hiasa, Y., and Ito, N. Experimental induction of renal tumors.
CRC Crit. Rev. Toxicol. 17: 279-343 (1987).

2. Dietrich, D. R., and Swenberg, J. A. Renal Carcinogenesis. In:
Toxicology of the Kidney, 2nd ed. (J. B. Hook and R. Goldstein,
Eds.), Raven Press, New York, 1993, pp. 495-537.

3. Hard, G. C. Autoradiographic analysis of proliferative activity in
rat kidney epithelial and mesenchymal cell subpopulations fol-
lowing a carcinogenic dose of dimethylnitrosamine. Cancer Res.
35: 3762-3773 (1975).

4. Ohmori, T. Enhancing effect on N-nitrosodimethylamine-induced
tumorigenesis by unilateral hydronephrosis J. Nat. Canc Inst.
73: 951-957 (1984).

5. Kaufmann, W. K., Rice, J. M., MacKenzie, S. A., Smith, G. J.,
Devor, D., Qaqgish, B. F., and Kaufman, D. G. Proliferation of
carcinogen-damaged hepatocytes during cell-cycle-dependent
initiation of hepatocarcinogenesis in the rat. Carcinogenesis 12:
1587-1593 (1991).

6. Columbano, A., Ledda-Columbano, G. M., Coni, P., Pani. P.
Failure of mitogen-induced cell proliferation to achieve initiation
of rat liver carcinogenesis. Carcinogenesis 8: 345-347 (1987).



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

CEL PROLIFERATION AND RENAL CARCINOGENESIS

. Ledda-Columbano, G. M., Columbano, A., Curto, M., Ennas, M. G.

Further evidence that mitogen-induced cell proliferation does
not support the formation of enzyme-altered islands in rat liver
by carcinogens. Carcinogenesis 10: 847-850 (1989).

. Ledda-Columbano, G. M., Columbano, A., Coni, P., Faa, G., and

Pani, P. Cell deletion by apoptosis during regression of renal
hyperplasia. Am. J. Pathol. 135: 657662 (1989).

. Pitot, H. C. Fundamentals of Oncology, 3rd ed. Marcel Dekker,

New York, 1986.

Popp, J. A., and Marsman, D. C. Chemically induced cell prolif-
eration in liver carcinogenesis. Prog. Clin. Biol. Res. 169:
389-395 (1991).

Swenberg, J. A., Short, B., Borghoff, S., Strasser, J., and
Charbonneau, M. The comparative pathobiology of o,,-globulin
nephropathy. Toxicol. Appl, Pharmacol. 97: 3546 (1989).
Flamm, W. G., and Lehman-McKeeman, L. D. The human rele-
vance of the renal tumor-inducing potential of d-limonene in
male rats: implications for risk assessment. Regul. Toxicol.
Pharmacol. 13: 70-86 (1991).

NTP. Toxicology and Carcinogenesis Studies of Pentachloro-
ethane in F344/N Rats and B6C3F, Mice. NTP Technical Report
No. 232. National Toxicology Program, Research Triangle Park,
NC, 1983.

Goldsworthy, T. L., Lyght, O., Burnett, V. L., and Popp, J. A.
Potential role of a,,~globulin, protein droplet accumulation, and
cell replication in the renal carcinogenicity of rats exposed to
trichloroethylene, perchloroethylene, and pentachloroethane.
Toxicol. Appl. Pharmacol. 96: 367-379 (1988).

Kitchen, D. N. Neoplastic renal effects of unleaded gasoline in
Fischer 344 rats. In: Advances in Modern Environmental
Toxicology, Vol. 3. Renal Effects of Petroleum Hydrocarbons
(M. A. Mehlman, C. P. Hemstreet, J. J. Thorpe, and N. K.
Weaver, Eds.), Princeton Scientific Publishers, Princeton, NJ,
1984, pp. 65-71.

Olson, M. J. Accumulation of oy,-globulin in the renal proximal
tubules of male rats exposed to unleaded gasoline. Toxicol. Appl.
Pharmacol. 90: 43-51 (1987).

Bruner, R. H. Pathologie findings in laboratory animals exposed
to hydrocarbon fuels of military interest. In: Advances in
Modern Environmental Toxicology, Vol. 3. Renal Effects of
Petroleum Hydrocarbons (M. A. Mehlman, C. P. Hemstreet III,
J. J. Thorpe, and N. K. Weaver, Eds.), Princeton Scientific
Publishers, Princeton, NJ, 1984, pp. 133-140.

Gaworski, C. L., MacEwen, J. D., Vernot, E. H., Bruner, R. H.,
and Cowan, M. J. Comparison of the subchronic inhalation toxic-
ity of petroleum and oil shale JP-5 jet fuels. In: Advances in
Modern Environmental Toxicology, Vol. 3, Applied Toxicology
of Petroleum Hydrocarbons (M. A. Mehlman, C. P. Hemstreet,
J. J. Thorpe and N. K. Weaver, Eds.), Princeton Scientific
Publishers, Princeton, NJ, 1984, pp. 33-47.

NTP. Toxicology and Carcinogenesis Studies of Isophorone in
F344/N Rats and B6C3F1 Mice. NTP Technical Report No. 291.
National Toxicology Program, Research Triangle Park, NC, 1986.
Strasser, J., Charbonneau, M., Borghoff, S. J., Turner, M. J., and
Swenberg, J. A. Renal protein droplet formation in male Fischer
344 rats after isophorone treatment. Toxicologist 8: 136 (1988).
NTP. Toxicology and Carcinogenesis Studies of Tetrachloro-
ethylene in F344/N Rats and B6C3F, Mice. NTP Technical
Report No. 311. National Toxicology Program, Research Triangle
Park, NC, 1986.

. NTP. Toxicology and Carcinogenesis Studies of 1,4-Dichloro-

benzene in F344/N Rats and B6C3F', Mice. NTP Technical Report
No. 319. National Toxicology Program, Research Triangle Park,
NC, 1987.

. Charbonneau, M., Strasser, J., Lock, E. A., Turner, M. J., and

Swenberg, J. A. Involvement of reversible binding to o,,-globu-
lin in 1,4-dichlorobenzene-induced nephrotoxicity. Toxicol. Appl.
Pharmacol. 99: 122-132 (1989).

. NTP. Toxicology and Carcinogenesis Studies of Dimethyl

Methylphosphonate in B6C3F1 Mice. NTP Technical Report No.
323. National Toxicology Program, Research Triangle Park, NC,
1987.

25.

26.

27.

29.

30.

31

32.

35.

36.

317.

39.

40.

41.

119

NTP. Toxicology and Carcinogenesis Studies of Hexachloro-
ethane in F344/N Rats. NTP Technical Report No. 361. National
Toxicology Program, Research Triangle Park, NC, 1989.

NTP. Toxicology and Carcinogenesis Studies of d-Limonene in
F344/N Rats and B6C3F, Mice. NTP Technical Report No. 347.
National Toxicology Program, Research Triangle Park, NC, 1990.
Kanerva, R. L., McCracken, M. S., Alden, C. L., and Stone, L. C.
Morphogenesis of decalin-induced renal alterations in the male
rat. Food Chem. Toxicol. 25: 53-61 (1987).

. Eldridge, S. R., Tilbury, L. F. Goldsworthy, T. L. and Butter-

worth, B. E. Measurement of chemically induced cell prolifera-
tion in rodent liver and kidney: a comparison of 5-bromo-2'-
deoxyuridine and [*H]thymidine administered by injection or
osmotic pump. Carcinogenesis 11: 2245-2251 (1990).

Short, B. G., Burnett, V. L., Cox, M. G., Bus, J. S., and Swen-
berg, J. A. Site-specific renal cytotoxicity and cell proliferation
in male rats exposed to petroleum hydrocarbons. Lab. Invest.
57: 564-577 (1987).

Short, B. G. Burnett, V. L. And Swenberg, J. A. Elevated prolif-
eration of proximal tubule cells and localization of accumulated
oz,~globulin in F344 rats during chronic exposure to unleaded
gasoline or 2,2 4-trimethylpentane, Toxicol. Appl. Pharmacol.
101: 414431 (1989).

Dietrich, D. R., and Swenberg, J. A. The presence of o,,-globulin
in F344 rats is necessary for d-limonene promotion of male rat
kidney tumors. Cancer Res. 51: 3512-3521 (1991).

Short, B. G. Steinhagen, W. H. and Swenberg, J. A. Unleaded
gasoline and 2,2 4-trimethylpentane: promoting effects on the
development of atypical cell foci and renal tubular cell tumors in
rats exposed to N-ethyl-N-hydroxyethylnitrosamine. Cancer
Res. 49: 6369-6378 (1989).

. Mattie, D. R., Alden, C. L., Newell, T. K., Gaworski, C. L., and

Flemming, C. D. A 90-day continuous vapor inhalation toxicity
study of JP-8 jet fuel followed by 20 or 21 months of recovery in
Fischer 344 rats and C57BL/6 mice. Toxicol. Pathol. 19: 77-87
(1991).

. Green, T., Odum, J. Nash, J. A., and Foster, J. R. Perchloro-

ethylene-induced rat kidney tumors: an investigation of the
mechanisms involved and their relevance to humans. Toxicol.
Appl. Pharmacol. 103: 77-89 (1990).

Dominick, M. A., Robertson, D. G., Blevins, M. R., Sigler, R. E.,
Bobrowski, W.F., and Gough, A. W. ay,-Globulin nephropathy
without nephrocarcinogenesis in male Wistar rats administered
1-(aminomethyl)cyclohexaneacetic acid. Toxicol. Appl. Pharmacol.
111: 375-387 (1991).

Hagiwara, A., Diwan, B., and Ward, J. M. Barbital sodium, a
tumor promoter for kidney tubules, urinary bladder, and liver of
the F344 rat, induces persistent increases in levels of DNA syn-
thesis in renal tubules but not in urinary bladder epithelium or
hepatocytes. Fundam. Appl. Toxicol. 13: 332-340 (1989).

Konishi, N., Diwan, B. A., and Ward, J. M. Amelioration of sodi-
um barbital-induced nephropathy and regenerative tubular
hyperplasia after a single injection of streptozotocin does not
abolish the renal tumor promoting effect of barbital sodium in
male F344/Ncr rats. Carcinogenesis 11: 2149-2156 (1990).

. Zollinger, H. U. Durch chronische Bleivergiftung erzeugte

Nierenadenome und Carcinome bei Ratten and ihre Bezie-
hungen zu den entsprechenden Neubildungen des menchen.
Virch. Arch. Pathol. Anat. 323: 694-710 (1953).

Hiasa, Y., Ohshima, M., Kitahori, Y., Fujita, T., Yuasa, T., and
Miyashiro, A. Basic lead acetate: promoting effect on the devel-
opment of renal tubular cell tumors in rats treated with N-ethyl-
N-hydroxyethylnitrosamine. J. Natl. Cancer Inst. 70: 761-765
(1983).

Choie, K. K., and Richter, M. D. Cell proliferation in rat kidneys
after prolonged treatment with lead. Am. J. Pathol. 68: 359-370
(1972).

Metzler, M. Nephrocarcinogenicity of estrogens. Toxicol. Lett.
53: 111-114 (1990).

. Oberly, T. D., Gonzalez, A., Lauchner, L. J., Oberly, L. W., and Li,

J. J. Characterization of early kidney lesions in estrogen-induced
tumors in the Syrian hamster. Cancer Res. 51: 1922-1929 (1991).



120

43.

47.

B.G.SHORT

Kluwe, W. M., Abdo, K. M., and Huff, J. Chronic kidney disease
and organic chemical exposures: evaluations of causal relation-
ships in human and experimental animals. Fundam. Appl.
Toxicol. 4: 889-901 (1984).

. Tennant, R. W., Elwell, M. R,, Spalding, J. W., and Griesemer, R.

A. Evidence that toxic injury is not always associated with induc-
tion of chemical carcinogenesis. Mol. Carcinog. 4: 420440 (1991).

. NTP. Toxicology and Carcinogenesis Studies of Mercuric

Chloride in F344/N Rats and B6C3F,; Mice. NTP Technical
Report No. 408. National Toxicology Program, Research Triangle
Park, NC, 1991.

. Dietrich, D. R., and Swenberg, J. A. Preneoplastic lesions in

rodent kidney induced spontaneously or by non-genotoxic
agents: predictive nature and comparison to lesions induced by
genotoxic carcinogens. Mutat. Res. 248: 239-260 (1991).

Cohen, S. M., and Ellwein, E. B. Genetic errors, cell prolifera-
tion, and carcinogenesis. Cancer Res. 51: 6493-6505 (1991).

. Tsuda, H., Moore, M. A., Makoto, A., Satoh, K., Tsuchida, S.,

Sato, K., Ichihara, A., and Ito, N. Comparison of the various

49.

50.

51.

52.

forms of glutathione S-transferase with glucose-6-phosphate
dehydrogenase and gamma-glutamyltr speptidase as markers
of preneoplastic and neoplastic lesions in rat kidney induced by
n-ethyl-n-hydroxyethylnitrosamine. Jpn. J. Cancer Res. 76:
919-929 (1985).

Walker, C., Everitt, J., Freed, J. J., Knudson, A. G., and
Whiteley, L. O. Altered expression of transforming growth fac-
tor-a in hereditary rat renal cell carcinoma. Cancer Res. 51:
2973-2978 (1991).

Goldsworthy, T. L., Wolf, D. C., Walker, C., and Everitt, J. Cell
proliferation in a rat model for hereditary renal cell carcinoma.
Proc. Am. Assoc. Cancer Res. 33: 26, (1992).

Wallin, A., Zhang, G., Jones, T. W., Jaken, S., and Stevens, J. L.
Mechanism of the nephrogenic repair response. Lab. Invest. 66:
474484 (1992).

Stevens, J. L., and Jones, T. W. The role of damage and prolifer-
ation in renal carcinogenesis. Toxicol. Lett. 53: 121-126 (1990).

. Zajicek, G., and Arber, N. Streaming kidney. Cell Prolif. 24:

375-382 (1991).



