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Abstract

Inorganic lead compounds are carcinogenic in animals and have carcinogenic potential in humans.
In mice, lead (Pb) is a transplacental carcinogen in the kidney. Metallothionein (MT) is a metal-
binding protein that can reduce the toxicity of various metals, including Pb, either by direct
sequestration or as an antioxidant for metals that generate reactive oxygen species. Although MT
appears to reduce Pb carcinogenicity in adult mice it is unknown how MT deficiency may affect
Pb carcinogenicity from early life exposure. Thus, groups (n = 10) of pregnant MT-I/11 double
knockout (MT-null) or 129/SVVJ MT wild type (WT) mice were exposed to Pb acetate in the
drinking water (0, 2000, 4000 ppm Pb) from gestation day 8 through birth and during lactation.
Maternal drinking water Pb exposure continued to weaning at 4 weeks of age and the male
offspring were then directly exposed to Pb until 8 weeks of age and observed until 2 years old.
High dose (4000 ppm) but not low dose (2000 ppm) Pb reduced survival in the latter part of the
study in both MT-null and WT mice. In MT-null mice, but not WT, early life Pb exposure caused
a dose-related increase in testicular teratomas, to a maximum incidence of 28% compared to
control (4%). Pb-induced renal cystic hyperplasia, considered preneoplastic, were a prominent
occurrence in MT-null mice but nearly absent in WT mice. Pb dose-related increases in renal
cystic hyperplasia occurred in adult MT-null with early life exposure with maximal incidence of
52%. Pb-treated MT-null mice also showed dose-related increases in urinary bladder hyperplasia
with occasional papilloma that were absent in WT mice. Thus, MT deficiency made mice more
sensitive to early life Pb exposure with regard to testes tumors, and renal and urinary bladder
preneoplastic lesions.
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INTRODUCTION

Metallic agents are an important class of known or suspected human carcinogens (Tokar et
al., 2011). Inorganic Pb is considered a probable human carcinogen and is clearly
carcinogenic in rodents (IARC 2006). It is thought that the free, ionic species of Pb is
critical to the oncogenic response to this metal (IARC 2006). In rodents, inorganic Pb causes
tumors in various target sites, but most commonly is associated with kidney cancers (IARC
2006). Brain gliomas have been induced by oral exposure to inorganic Pb compounds in at
least three separate studies in rats, an interesting finding given the neurotoxic potential of Pb
(IARC 2006). In addition, endocrine-sensitive target sites, such as the testes, adrenals,
prostate, pituitary, and mammary glands have shown tumor formation after oral exposure to
inorganic Pb compounds in one or more studies (IARC 2006).

Clearly, the single most frequently observed tumors after inorganic Pb exposure in rodents
occur in the kidneys in rats (IARC 2006). When chronically exposed as adults to oral
inorganic Pb compounds, rats frequently develop renal adenoma and/or adenocarcinoma
(IARC 2006). Although mice in general are less sensitive to renal carcinogenesis, kidney
cancers and preneoplasia can also be induced in genetically altered MT-1/11 knockout (MT-
null) mice when chronically (~96 weeks) exposed to inorganic Pb in their drinking water
during adulthood (Waalkes et al., 2004). However, a much shorter period (~6 weeks) of
indirect early life inorganic Pb exposure that first passes through the maternal system
(transplacental/translactational) is carcinogenic in the kidneys of B6C3F1 mouse progeny
when they reach adulthood (Waalkes et al., 1995). There is a growing concern about the
developmental basis of adult disease (Gluckman and Hanson, 2007), and this concern
certainly extends to cancer. In the early life Pb exposure mouse study in question, the
pregnant dams were exposed to Pb in the drinking water during gestation and lactation with
exposure ending at weaning (Waalkes et al., 1995). The resulting offspring, which only had
Pb exposure through the mother, showed marked increases in renal proliferative lesions,
including cancers, when they became adults (Waalkes et al., 1995). Unlike tumors in the
kidneys generated by long term, continuous Pb exposure in adult mice (IARC 2006;
Waalkes et al, 2004), early life Pb exposure induced tumors long after Pb exposure ended
and the tumors occurred in the absence of chronic nephropathy (Waalkes et al., 1995),
indicating that a cycle of repeated proliferative repair (regenerative hyperplasia) was not
necessarily required for renal tumor formation (IARC 2006; Waalkes et al., 1995), a theory
of general mode of action for Pb-induced renal carcinogenesis in rodents.

Metallothionein (MT) is a soluble, low-molecular-weight protein that binds metals via
numerous cysteines (Klaassen et al. 2009; Vasak 2005). MT is a key factor in the ability of
cells to limit the toxicity from exposure to a variety of metals (Klaassen et al. 2009; Vasak
2005), including Pb (Qu et al., 2002; Zuo et al., 2009). The synthesis of MT is markedly
increased by exposure to many metals and it is suspected that the increased levels of MT
protein then can sequester the metal of concern in a non-toxic form (Klaassen et al. 2009;
Qu et al., 2002; Vasak 2005; Zuo et al., 2009). MT exists in multiple forms but for most
tissues, like kidney, MT-1 and MT-I1 are clearly the major forms (Klaassen et al., 2009; Qu
et al., 2002; Vasak 2005; Zuo et al., 2009). MT avidly binds a variety of metals, so such
sequestration is clearly a mechanism by which the protein detoxicates elemental inorganics
(Klaassen et al. 2009; Vasak 2005). Pb likely is associated with MT in the inclusion bodies
that are typically formed in tissues with high Pb burden and acts to limit the metal’s toxicity
(Qu et al., 2002; Zuo et al., 2009). Long-term storage has its drawbacks, as it leaves the
metal in place, and, presumably, can eventually be overwhelmed and allow the metal to be
mobilized. It also appears that MT can scavenge reactive oxygen species (ROS), either
generated by toxic metals, by other metals released by the toxic metals, or by other
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chemicals, and thus reduce tissue damage from oxidant stress (Klaassen et al. 2009; Sato
and Kondoh 2002; Vasak 2005). Indeed, cells deficient in MT are hypersensitive to injury
by oxidants (Lazo et al. 1995; Suzuki et al. 2000). In this regard, generation of ROS may be
a factor in the carcinogenic mechanism of action of Pb (IARC 2006). In fact, when
chronically exposed to oral inorganic Pb as adults, whatever the mechanism, MT-null mice
are much more sensitive to the induction of proliferative renal lesions, including tumors,
compared with wild-type (WT) mice normally expressing MT (Waalkes et al., 1995).

Thus, there is clear evidence that MT can reduce Pb toxicity (Qu et al., 2002; Zuo et al.,
2009), including Pb carcinogenicity after exposure in adulthood (Waalkes et al., 2004),
either by direct binding or potentially by sequestration of Pb-generated ROS. In this regard,
there is growing concern of the developmental basis of adult disease, and Pb is carcinogenic
to mice after early life exposure in mice (Waalkes et al., 1995). However, the impact MT
deficiency might have on Pb carcinogenicity after early life exposure is unknown.
Therefore, the present study tested the hypothesis that poor expression of MT would
enhance the carcinogenic effects of early life exposure to inorganic Pb using genetically
engineered MT-null mice, which are deficient in the two major forms of MT (MT-I, -I1).

MATERIALS AND METHODS

Chemicals

Pb (I1) acetate was obtained from Sigma Chemical Co. (St. Louis, MO) and its purity was
99.8%.

Animals and treatment

Animal care was provided in accordance with the U.S. Public Health Policy on the Care and
Use of Animals as defined in the Guide to the Care and Use of Animals (NIH Publication
86-23). Homozygous MT-I/11 knock-out mice (129-Mt1tm/Bri mt2 t/Bri 129/SyPCJ
background) (Masters et al., 1994) and corresponding wild type (WT) mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). The homozygous mutants were mated inter
se to maintain the line. Mice were housed in a standard barrier facility at a temperature of
68-72°F, with a relative humidity of 50 + 5%, and a 12 hr light/dark cycle. A basal diet
(5L79; Ralston Purina, St. Louis, MO) and acidified water were provided ad libitum. The
NCI-Frederick animal facility, where the treatment, holding and biopsy portions of the
present study were conducted, and its animal program are accredited by the American
Association for Accreditation of Laboratory Animal Care.

A total of 30 WT and 30 MT-null timed primigravid female mice were randomly divided
into three groups per phenotype of 10 each and given drinking water with Pb acetate at 0
(control), 2000 ppm Pb (low) or 4000 ppm Pb (high) ad libitum from gestation day 8 on
through birth and lactation until the pups were weaned (the maternal animals were then
discarded) at 4 weeks —old. After weaning, pups were randomly put into groups (initial n =
25) of males (females were then discarded) based on maternal exposure and strain and Pb
exposure continued until 8 weeks of age. Mice were sacrificed when significant clinical
signs developed or at 104 weeks of age (birth = time 0). The doses of Pb were selected based
on their carcinogenic activity in prior early life exposure work in mice (Waalkes et al.,
1995).

Clinical data and pathology

Individual body weights were recorded at intervals of every five weeks. Only terminal body
weights are reported for brevity. Clinical signs were checked daily. Mice were killed with
CO, when moribund or at the study termination. A complete necropsy was performed on all
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moribund animals, animals found dead, or at the terminal sacrifice. The following tissues
were taken and processed for histological analysis: brain, testes, liver, kidneys, urinary
bladder, lungs, adrenals, spleen, thymus, pituitary, stomach and all grossly abnormal tissues.
Four cross sections were taken of each brain. All of the liver and lung tissues from both
experimental and control animals were examined for gross pathology. All liver and lung
lobes were collected. Longitudinal sections of each kidney were used. For all other tissues,
such as stomach, only grossly looking lesions were fixed. No attempts were made to obtain
bone marrow and no hematology was performed. All tissues were fixed in 10% neutral
buffered formalin, embedded in paraffin, sectioned at 5 um and stained with hematoxylin
and eosin for histological analysis. All pathological assessments were performed such that
the pathologist was unaware of the treatment group during assessment. Pb-induced cystic
hyperplasia was pathologically defined as tubular cysts lined by one or more layers of
abnormal hyperplastic epithelium but not filling the lumen. Pictorial examples of renal
cystic hyperplasia in mice are available (Waalkes et al., 1995).

Data analysis

RESULTS

Data are given as lesion incidence (number of affected mice/total mice available for
examination) or as mean £ SEM, as appropriate. A probability level of P < 0.05 was
considered to indicate a significant difference in all cases. In pair-wise comparison of lesion
incidence, a one-sided Fisher’s exact test was used. To analyze dose-related trends in
incidence, a two-sided Chi-squared test for trend was used. For multiple comparisons of
mean survival data, a two-sided Dunnett’s test was used. Incidence is based on numbers of
animals available for pathological analysis, and loss of animals to observation was typically
due to autolysis after death that was considered too advanced for appropriate diagnosis.

Pb exposure and survival

Male WT and MT-null mice were exposed to Pb in utero via the maternal system during
gestation (gestation day 8 to birth), translactationally from birth to weaning at 4 weeks of
age and then directly to drinking water containing Pb (0, 2000, or 4000 ppm Pb) until 8
weeks of age. Tumors and proliferative lesions were then assessed in male mice until the
animals reached 2 years of age (see Materials and Methods for details). Table 1 shows
long-term survival of WT and MT-null mice exposed to this early life Pb dosing schedule.
In both strains, there was a clear reduction at 104 weeks in survival in the group that had
received the high Pb dose (4000 ppm Pb). The lower Pb dose did not perturb survival at any
time in either strain. Effects on survival did not occur at earlier times, such as 50 weeks,
regardless of dose.

Body weights

Table 1 shows the effects of early life Pb exposure on body weight at the time of sacrifice.
There was a dose-related reduction in both strains of mice which was significant (P < 0.05)
at both levels of Pb in the WT mice but only at the high dose level in the MT-null mice.
When cross-compared at the same dose of Pb, there were no differences between MT-null
and WT mice in body weights.

Testicular tumors

Early life Pb exposure increased the formation of testicular tumors but only in MT-null mice
(Table 2). Testicular teratomas were found in excess at both dosages of Pb and showed a
trend with dose, although this did not appear particularly strong. The maximal response in
MT-null mice was a 28% occurrence of teratomas compared to 4% in control. WT mice did
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not show any evidence of a Pb-induced increase in testicular tumors of any kind including
teratomas (Table 2).

Figure 1 shows a typical testicular teratoma from an adult mouse exposed to Pb during early
life.

Renal proliferative lesions

The effect of early life exposure on renal preneoplastic lesions is shown in Table 3. In the
MT-null mice, renal cystic hyperplasias (see Methods for definition) showed a very clear
dose-response relationship with early life Pb exposure and were a common finding at the
high dose. Renal cystic hyperplasias are considered preneoplastic lesions in the mouse
kidney. The WT mice showed no evidence of Pb-induced cystic hyperplastic lesions. In
addition, no chronic nephropathy occurred in any of the Pb-treated groups regardless of
strain or Pb dose.

Renal tumors were too rare to attribute to any treatment (one renal cell carcinoma occurred
at 2000 ppm and 2 adenoma occurred at 4000 ppm) and, interestingly, only occurred in the
WT mice despite the lack of any significant preneoplastic lesions (Table 3). No urothelial
hyperplasia was seen in the kidney pelvis in any groups regardless of strain or Pb dose.

Urinary bladder proliferative lesions

Pb-treated MT-null mice were also predisposed to proliferative lesions of the urinary
bladder in comparison to WT mice which showed no evidence of such Pb-induced lesions
(Table 4). In MT-null mice, urinary bladder transitional cell hyperplasia increased from 0%
in controls to 36% at the 4000 ppm dose with a clear dose-response relationship (Figure 2).
The incidence of urinary bladder hyperplasia (16.7%) in the low Pb dose-treated MT-null
mice also approached significance (P = 0.0502). In addition, two urinary bladder papillomas
occurred at the high dose in MT-null mice while none occurred in WT animals.

Lung Tumors

Lung tumors were common in both MT-null and WT mice and were not impacted by early
life Pb exposure with the single exception of adenocarcinoma at 2000 ppm in the MT-null
(Table 5).

Spontaneous Tumors

Spontaneous tumors are listed in Table 6. None showed relationships with Pb treatment or
clear Pb dose-response relationships.

DISCUSSION

To test our hypothesis that MT deficiency exacerbates early life inorganic Pb-induced
carcinogenesis, WT and MT-null mice were exposed to Pb first in utero, then during
lactation via breast milk, and then directly as weanlings via their own drinking water until 8
weeks of age. Thus, any oncogenic responses would have occurred long after all
experimental Pb exposure had ended. The results show that MT-null mice are more
susceptible to development of inorganic Pb-induced testicular tumors, and renal and bladder
preneoplastic, proliferative lesions after early life exposure. MT mitigates various aspects of
Pb toxicity (Qu et al., 2002; Zuo et al., 2009), and can reduce carcinogenicity of chronic oral
inorganic Pb exposure when given throughout adulthood in mice (Waalkes et al., 2004).
Furthermore, MT-competent mice only exposed to inorganic Pb in utero and
translactationally via maternal drinking water developed renal proliferative lesions,
including tumors, indicating early life Pb exposure can be carcinogenic in adulthood
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(Waalkes et al., 1995). Thus, this present study provides evidence of an enhanced
proliferative response in MT-null mice after early life inorganic Pb exposure. Although the
doses used in this present work are higher than what humans would encounter, they are
within the range for what has often been used in prior work to induce tumors in rodents
(IARC 2006).

The induction of testicular teratomas by early life inorganic Pb exposure seen only in MT-
null mice is of interest on several levels. The deficiency of MT is consistent with a
predisposition to Pb toxicity and carcinogenicity (Qu et al., 2002; Waalkes et al., 2004; Zuo
et al., 2009). Further, historical data from MT-null mice obtained and housed in the same
fashion as mice in the present study show that testicular teratomas in control mice occurred
at a similarly low spontaneous rate (MT-null 2 cases/74 control mice, 3%; Waalkes et al.,
2004, 2005, 2006a). Hence, the early life Pb-induced increase in testicular teratoma in the
current work is fortified by confidence in control rates from multiple long-term studies in
this strain (present study; Waalkes et al., 2004, 2005, 2006a). In addition, testicular
teratomas are thought to originate from pluripotent, embryonic stem cells (primordial germ
cells; Kimura et al., 2003; Wang and Enders, 1996). Indeed, inoculation of isolated
embryonic stem cells into mice will result in the formation of teratomas (Langa et al., 2000;
Taylor et al., 2006). Teratomas come from germ cell lesions in situ which are thought to be
formed by a disruption of the embryonic, fetal or early postnatal life stem cell environment
(Kristensen et al., 2008). Stem cells rapidly differentiate during development. It is thought
that differentiating cells in early life are very sensitive to damage from environmental stress,
including chemical stress, since development is a highly orchestrated process of
differentiation together with extensive proliferation shaped by apoptosis (Birnbaum and
Fenton, 2003). These processes (proliferation, differentiation, etc.) provide ample
“opportunities” for events leading to chemical carcinogenesis to occur (Birnbaum and
Fenton, 2003) and frequently involve stem cells. In general, it is suspected that
transplacental carcinogenesis may involve fetal stem cells (Anderson et al., 2000; Waalkes
et al., 2007). In fact, we now have solid evidence that other inorganic transplacental
carcinogens likely act through stem cell disruption (Tokar et al., 2010a; Tokar et al., 2010b;
Waalkes et al., 2008).

The association with MT deficiency, early life Pb exposure and induction of renal
preneoplasias was clear in the present study and WT mice were equally insensitive, although
they showed a few renal tumors. In prior work, renal proliferative lesions were not observed
in MT-null mice treated as adults with other inorganics, including injected nickel or cisplatin
(Waalkes et al., 2005; 2006a). MT-null mice, but not WT mice, do show renal cancers and
proliferative lesions when treated chronically as adults with oral inorganic Pb (Waalkes et
al., 2004). However, similar to the present study, when exposed in utero and
translactationally, B6C3F1 mice show renal proliferative lesions, including tumors, as adults
(Waalkes et al., 1995). Likewise, SENCAR mice exposed in utero to cisplatin via maternal
injection develop renal proliferative lesions in excess (Diwan et al., 1993) while F344 rats
exposed to cisplatin in utero readily develop renal cancers with barbital promotion after
birth, indicating cisplatin initiation within the kidney (Diwan et al., 1995). In the sites where
Pb is found in abundance during exposure, such as the kidney, MT is often associated with
inclusion bodies, potentially as a response to sequester and detoxicate Pb (Qu et al., 2002;
Zuo et al., 2009). In this regard, though the kidney of WT mice or WT cells in vitro can
make Pb-inclusion bodies in abundance when exposed to inorganic Pb, neither the kidney of
MT-null mice nor MT-null cells in vitro can make these inclusion bodies (Qu et al., 2002;
Zuo et al., 2009). Furthermore, the inability to make MT-containing Pb-storage inclusion
bodies causes a clear hypersensitivity to Pb-toxicity at the cellular and organismal levels (Qu
et al., 2002; Waalkes et al., 2004; Zuo et al., 2009). This hypersensitivity in MT-null
animals includes cancer causation with chronic exposure in adults (Waalkes et al., 2004). In
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the present study we did not observe Pb inclusion bodies in WT mice after the early life
exposures, likely because most of the mice lived long after Pb exposure ended. None-the-
less, the inability to form inclusion bodies containing Pb, as seen in MT-null mice from
various prior studies (Qu et al., 2002; Waalkes et al., 2004; Zuo et al., 2009) very likely
contributed to the outcome of enhanced renal proliferative lesions. In this regard, in rodents
after translactational Pb exposure, biokinetic data indicate tissue levels return to normal after
a relatively short period of time (4 months; Hejtmancik et al., 1982). Thus, the time lag
between Pb exposure and the finding of renal lesions indicates that the genesis of these
lesions was set into motion by early events that then manifested in adulthood and did not
require the actual presence of excess Pb. It is also noteworthy that additional adulthood
exposures to Pb or other renal toxicants, as might be expected in a less well-controlled
environment, could very well drive such lesions into overt neoplasia.

The occurrence of proliferative lesions in the urinary bladder, including two early tumors, in
MT-null animals after early life Pb exposure was unexpected. Urinary bladder proliferative
lesions have not been seen in MT-null mice in association with inorganic Pb or other
inorganic carcinogens given in adulthood (Waalkes et al., 2004, 2005, 2006a), or with
inorganic Pb exposure during early life in B6C3F1 mice (Waalkes et al., 1995). Similarly, in
transplacental studies with inorganic arsenic exposure in CD1 mice, arsenic alone does not
induce bladder proliferative lesions but does predispose mice to estrogen-induced
stimulation of such lesions, including urinary bladder papilloma and transitional cell
carcinoma (Waalkes et al., 2006b, 2006c). Thus, there is the precedent for early life
exposure to an inorganic carcinogen and induction of bladder proliferative lesions, although
clearly more work is needed to define mechanisms.

Although there is nothing comparable to a MT-null mouse in human populations, MT
expression shows a rather high rate of variability in humans (Allan et al., 2000; Bem et al.,
1988; Onosaka et al., 1986; Sillevis Smitt et al., 1992; Wu et al., 2000) for reasons that are
not clear. In this regard, it appears that persons who poorly express MT tend to be prone to
chronic arsenicosis (Liu et al., 2007). A clear role for the natural variability in MT
expression in human Pb toxicity has not been defined, and often people are exposed to
complex mixtures of inorganics (Wang and Fowler, 2008). Further study is required to
define if a poor ability to synthesize MT would predispose humans to Pb toxicity, and
perhaps carcinogenicity, as appears to be the case with MT-null mice (Qu et al., 2002;
Waalkes et al., 2004; Zuo et al., 2009; present study).

Overall, MT-null mice were clearly more sensitive to the oncogenic effects of early life
inorganic Pb exposure, showing testicular teratomas, and renal and urinary bladder
proliferative lesions in excess compared to essentially no response in MT-competent WT
mice. This fortifies the data that MT plays an important role in Pb toxicity (Qu et al., 2002;
Waalkes et al., 2004; Zuo et al., 2009), including carcinogenesis. The present study also
adds to the concern that there may be subpopulations based on genetic make-up that are
hypersensitive to inorganic carcinogenesis after early life exposure and indicate this is a time
of particular sensitivity.
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Figure 1.
A typical teratoma of the testis from a Pb-exposed mouse. The teratoma is composed

predominantly of mature nervous tissue and cysts lined by respiratory epithelium and
intestinal epithelium with goblet cells and well differentiated muscular layers. H & E. (300

X).
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Figure 2.
A typical urinary bladder lesion showing hyperplasia (transitional epithelium) from a 4000
ppm lead-treated MT-null mouse. H & E. (100 X).
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TABLE 2

Testicular teratoma in male WT or MT-null mice after early life exposure to Pb acetate?

Phenotype PbDose n  Testicular Teratoma

Incidence  Percent

WT Control 25 2 8%
WT 2000 25 1 4%
WT 4000 23 3 13%
trend P = 0.375
MT-null Control 25 1 4%
MT-null 2000 24 g* 25%
MT-null 4000 25 7* 28%

trend P = 0.030"

aDoses given as ppm Pb in the drinking water from gestation day 8 through experimental week 8. During gestation and lactation Pb was in
maternal water while after weaning (4 weeks of age) Pb was in the water of the offspring. Male offspring were observed for 104 weeks after birth.
Sample size (n) equals number of mice available for pathological analysis.

*

An asterisk indicates a significant difference from phenotype-matched control incidence or a significant dose-related trend (P < 0.05). Direct
comparsions of incidence data were by one-sided Fisher Exact test. If a two-sided test was applied to these same data, MT-null teratoma incidence
at both 2000 and 4000 ppm Pb remained significantly greater (P < 0.05) than control.
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TABLE 4

Urinary bladder proliferative lesions in male WT or MT-null mice after early life exposure to Pb acetate?

Strain Pb Dose n Tumors and Preneoplasias

Papillomas  Hyperplasia

WT Control 25 0 0

WT 2000 25 0 2

WT 4000 23 0 1
trendP= - 0.43

MT-null ~ Control 25 0 0

MT-null 2000 24 0 4

MT-null 4000 25 2 9
trendP=0.08 0.005*

aDoses given as ppm Pb in the drinking water from gestation day 8 through experimental week 8. During gestation and lactation Pb was in
maternal water while after weaning (4 weeks of age) Pb was in the water of the offspring. Male offspring were observed for 104 weeks after birth.
Sample size (n) equals number of mice available for pathological analysis.

*
An asterisk indicates a significant difference from phenotype-matched control incidence or a significant dose-related trend (P < 0.05). A dash (-)
indicates a trend test would be of little meaning.
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TABLE 6

Non-treatment related tumors in male WT or MT-null mice after early life exposure to Pb acetate?

Strain Pb Dose (n)  Tumors and Preneoplasia

WT Control (25)  Harderian gland carcinoma; leg hemangiosarcoma; liver adenoma; liver hemangiosarcoma

WT 2000 (25) adrenal cortical adenoma; adrenal pheocromocytoma; Harderian gland carcinoma (2); leukemia; spleen histiocytic
sarcoma; stomach squamous cell carcinoma; stomach hyperplasia

WT 4000 (23) adrenal cortical adenoma; liver adenoma

MT-null ~ Control (25) leukemia; liver adenoma (2); liver hemangioma; lymphoma

MT-null 2000 (24) adrenal adenoma (3); gall bladder adenoma (1) and hyperplasia (3); Harderian gland carcinoma; leukemia; liver
adenoma (2); hepatocellular carcinoma; mesenteric fibrosarcoma; preputial gland adenoma; stomach hyperplasia.

MT-null 4000 (25) adrenal fibrosarcoma; esophagus hyperplasia; liver adenoma; pituitary adenoma; stomach papilloma (2) and

hyperplasia (1);

aDoses given as ppm Pb in the drinking water from gestation day 8 through experimental week 8. During gestation and lactation Pb was in
maternal water while after weaning (4 weeks of age) Pb was in the water of the offspring. Male offspring were observed for 104 weeks after birth.
Sample size (n) equals number of mice available for pathological analysis. Assessment of combined gall bladder proliferative lesions in MT-null
mice treated with 2000 ppm Pb (tumors plus hyperplasia, n = 4 cases) approached significance (P = 0.0502) when compared to control (n =0

cases).
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