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Abstract: Carcinogenic potential of chemicals is currently evaluated using a two year bioassay in rodents. Numerous difficulties are
known for this assay, most notably, the lack of information regarding detailed dose response and human relevance of any positive
findings. A screen for carcinogenic activity has been proposed based on a 90 day screening assay. Chemicals are first evaluated for
proliferative activity in various tissues. If negative, lack of carcinogenic activity can be concluded. If positive, additional evaluation for
DNA reactivity, immunosuppression, and estrogenic activity are evaluated. If these are negative, additional efforts are made to deter-
mine specific modes of action in the animal model, with a detailed evaluation of the potential relevance to humans. Applications of this
approach are presented for liver and urinary bladder. Toxicologic pathology is critical for all of these evaluations, including a detailed
histopathologic evaluation of the 90 day assay, immunohistochemical analyses for labeling index, and involvement in a detailed mode
of action analysis. Additionally, the toxicologic pathologist needs to be involved with molecular evaluations and evaluations of new
molecularly developed animal models. The toxicologic pathologist is uniquely qualified to provide the expertise needed for these evalu-

ations. (DOI: 10.1293/tox.2016-0036; J Toxicol Pathol 2016; 29: 215-227)
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Introduction

The standard for evaluation of carcinogenic potential
for a chemical is the two year bioassay in two rodent spe-
cies, usually rats and mice!. Although there have been some
minor refinements during the past four decades, this bioas-
say has remained essentially the same as that developed in
the 1960’s as part of the National Cancer Institute Bioassay
Program. Over the years, several difficulties have been iden-
tified regarding this assay, including its high cost and the
length of time to perform and adequately evaluate it. Several
criticisms have been raised including the use of high doses,
usually the maximum tolerated dose (MTD) and fractions
thereof, and the use of large numbers of animals. In addi-
tion, fundamentally the only information that is gained from
this assay is whether or not the chemical increases the inci-
dence of some type of tumor or tumors in rats and/or mice.
Minimal dose response information is obtained since the
doses used in these studies are in the range of only one order
of magnitude, not the multiple orders of magnitude that are
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needed for a better assessment of the dose response, particu-
larly down to doses relevant to human exposure. However,
the most significant limitation of the two year bioassay is
that it does not generate information about the relevance of
the findings to human risk. Initially several chemicals were
tested where a strong relationship between the findings in
the animal test and human cancer development existed.
These generally involved the potent, DNA-reactive (geno-
toxic) carcinogens such as aromatic amines, polycyclic aro-
matic hydrocarbons, nitrosamines, and aflatoxin!. However,
over the past decades, numerous chemicals were tested in
which either extremely high doses had to be used to produce
tumors since the chemical was non-toxic, or the relevance
of the tumors produced by the chemical were shown to be
produced by a mechanism that was not relevant to humans.
Such examples of non-relevant modes of action include the
production of calcium phosphate-containing urinary pre-
cipitate by sodium saccharin and other sodium salts lead-
ing to the induction of bladder tumors in rats2. 3, d-limonene
and the induction of kidney tumors in male rats by binding
to a,,-globulin3, ethyl acrylate induction of forestomach tu-
mors in rodents4, and a variety of others. Determining the
relevance of tumors in the bioassay to humans had to be
determined in follow-up mechanistic research. The proposal
is to utilize a short term screen to identify potential pre-neo-
plastic changes, and then evaluate the mechanistic processes
involved to determine both a detailed dose response and rel-
evance to humans. The two year bioassay is not necessary
for evaluation of carcinogenic potential.
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Carcinogenesis

Any studies performed in animal models, whether the
two year bioassay or others, are based on two fundamental
assumptions: 1) the effects produced at the doses used in the
bioassay will also occur at doses to which humans are ex-
posed (dose extrapolation); and 2) the effect that is produced
in rodents will produce a similar effect in humans (species
extrapolation)!- 5. As was stated by George Box more than
five decades ago, “Models: all are wrong, some are useful’.
As scientists, it is incumbent on us to evaluate the results of
the use of a given model as to how they might extrapolate
to humans. Unfortunately, evaluation of the extrapolation to
humans is not always investigated.

For cancer and non-cancer endpoints, the US EPA,
Health Canada, and International Programme on Chemical
Safety (IPCS) have evolved a framework for a transparent,
structured, disciplined evaluation of mode of action data
in animal studies, followed by a detailed evaluation of the
human relevance of the mode of action’!2. It is based on
determination of the key events necessary for production of
the adverse effect by the chemical in the animal model, and
then an evaluation of those key events in humans qualita-
tively and quantitatively. The criteria for evaluating the vari-
ous aspects of mode of action utilize a modification of the
Bradford Hill criteria used in assessing causality in epide-
miology studies’. These include temporality, dose response,
strength of the evidence, consistency of the findings, and
biological plausibility. In addition, alternative modes of ac-
tion are evaluated and data gaps identified regarding a given
mode of action for the induction of an adverse effect by a
chemical. This framework continues to evolve, and now is
incorporated into the adverse outcome pathway analysis
that utilizes molecular biological investigations!3-16. It is a
fundamental understanding of the key events in the process
of producing the adverse effect that is essential for our un-
derstanding of the mode of action and for extrapolating be-
tween the animal model and the human. The key event is
defined as a necessary step in the process, and all of the key
events together are sufficient to explain the induction of the
adverse effect.

Utilizing this framework can form the basis for a short
term screen for carcinogenesis that provides a much more
rational approach to this assessment than the current two
year bioassay.

To understand the basis for the shorter term approach
to this risk assessment process, the fundamental basis for
carcinogenesis needs to be understood!’. 18. It has long been
known that cancer is the result of numerous errors in the
genome occurring in a single pluripotential, tissue stem cell.
Cancer is a clonal disease, so all of the critical genetic er-
rors must occur in a single cell. It is clear that more than one
genetic abnormality must be present for cancer to develop,
although the precise number is not usually known. Further-
more, these errors are fixed into place during DNA replica-
tion. Also, it has long been known that DNA replication,
although incredibly precise, does not have 100% replica-

tion precision. Rather, rare mistakes occur every time DNA
replicates. Thus, a chemical, or for that matter, any agent,
can increase the risk of cancer only one of two fundamental
ways!7-20: 1) it can increase the rate of DNA damage per cell
division (DNA reactivity, genotoxicity); or 2) it can increase
the number of cell divisions increasing the opportunity for
spontaneous errors to occur (non-DNA reactive, increased
proliferation) every time DNA replicates. DNA reactive car-
cinogens at high doses nearly always are toxic, in addition
to being DNA reactive. Thus, at high doses, DNA reactive
chemicals both increase proliferation and directly damage
DNA.

Synergy Between DNA Reactivity and Cell Pro-
liferation

When there is both an increase in DNA reactivity
(genotoxicity) and increased cell proliferation, there is a
strong synergism. In effect, the increased proliferation pro-
vides more numerous targets for the DNA reactive effect
and increases the possibility of spontaneous errors. There
are numerous examples of this synergy in human cancer
risk, including some instances where the increased risk is in
one agent, such as cigarette smoking, and in other circum-
stances the increase in DNA reactivity and increase in DNA
replication are induced by different sources!s: 20. An excel-
lent example which provides a quantitative indication of this
synergy is the interaction between aflatoxin (DNA reactive)
and hepatitis B virus infection (cytotoxicity with consequent
regenerative cell proliferation) 20. In parts of China where
there is increased exposure to aflatoxin without hepatitis B
virus infection, the increased risk of hepatocellular carcino-
ma is approximately three times. In areas where there is no
increased aflatoxin exposure but increased hepatitis B virus
infection, the increased risk is approximately ten to twelve
times. In populations that have both an increased exposure
to aflatoxin and have hepatitis B virus infection, the overall
risk is approximately sixty-five times, clearly more than ad-
ditive and more than multiplicative, a true synergy.

In animal experiments, there are numerous examples
of interaction between increased cell proliferation and DNA
reactivity. One example is the EDO1 study involving more
than 24,000 mice orally administered acetylaminofluorene
(AAF) at relatively low doses, with a detection limit of an
increased incidence of 1% instead of the usual 10% in two
year bioassays?l. A number of subgroups were also inves-
tigated, but the results clearly showed that the incidence
of liver tumors was increased at all doses, even as low as
30 ppm. In contrast, an increase in urinary bladder tumors
only occurred at doses of 60 ppm and above, despite a linear
dose response for DNA adduct formation in both tissues.
In this study, at the doses used, there was no effect of AAF
on hepatocellular proliferation, whereas in the urinary blad-
der, urothelial cell proliferation was increased at doses of
60 ppm and above, the same doses at which there was an
increase in detectable tumor incidence. It is apparent that at
the lower doses, the presence of DNA adduct formation was
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not sufficient to increase the incidence of tumors in the uri-
nary bladder to a detectable level (greater than 1%), but that
the increase in DNA reactivity combined with increased cell
proliferation at the dose of 60 ppm and above produced de-
tectable tumor incidences.

In animal studies utilizing different stimuli for DNA
reactivity and increased cell proliferation, an experiment
involving the administration of sodium saccharin at 5% of
the diet and N-[4-(5-nitro-2-furyl)-2-thiazolyl]-formamide
(FANFT) at a dose of 0.005% of the diet, illustrates the in-
teraction?2. FANFT is a DNA reactive carcinogen specific
for the urinary bladder in rats. Sodium saccharin increases
cell proliferation and has no effect on DNA reactivity or
genotoxicity in general. At these doses, in a standard two
year bioassay, there was no increase in tumor incidences,
but when they were administered together, there was a de-
tectable incidence of tumors, approximately 30%.

In summary, there are only two fundamental ways by
which chemicals can increase the risk of cancer, either DNA
reactivity, which increases the rate of the number of errors
in the DNA with each replication, or an increase in cell pro-
liferation, which produces an increased number of replica-
tions in which spontaneous errors can occur during replica-
tion. The two can both occur, which results in synergy.

DNA Reactivity, Immunosuppression and Estro-
genic Activity

For the past two decades, there has been an effort to
utilize mode of action evaluations for risk assessment of
chemicals and then determine if these modes of action have
possible human relevance’16.23. The criteria for evaluation
of mode of action have been clearly delineated. The methods
used for extrapolating to human relevance both qualitatively
and quantitatively have also been delineated and continue to
be refined and evolve.

Overall, there are three types of mode of action that
clearly are relevant to human cancer risk!: 5. These are DNA
reactivity, immunosurveillance, and estrogenic stimulation
of cell proliferation. These effects can readily be evaluat-
ed in short term screens rather than waiting for a two year
bioassay to determine carcinogenicity. DNA reactivity can
be evaluated utilizing structure activity relationship (SAR)
computer programs, by assessment of mutagenicity in vi-
tro (Ames assay), and more recently by the utilization of in
vivo mutagenicity assays24-33. If a chemical is DNA reac-
tive, an evaluation utilizing human cells can be performed
to demonstrate the relevance to humans, and evaluate meta-
bolic pathways that are necessary to generate the reactive
intermediate that will form DNA adducts. Demonstration of
DNA reactivity results in presumptive evidence of carcino-
genicity in humans. This is not true for other screening tests
for genotoxicity, such as micronucleus formation, the Comet
assay, and others, which involve indirect damage to DNA
and can be greatly influenced by a number of factors, espe-
cially cytotoxicity, that do not portend an increase in cancer
risk. Especially in in vitro studies, many of these genotoxic-

ity assays have been shown to produce false positive results
which cannot be extrapolated to the in vivo situation in ani-
mals, and certainly not to an increase in cancer risk either in
animals or in humans.

Immunosuppression is another process that predicts an
increased risk of carcinogenesis in humans, and this can be
readily evaluated in a variety of both in vitro and in vivo as-
says34. Hematologic effects and effects on lymphoid organs
such as lymph nodes, thymus, spleen, and bone marrow can
be demonstrated morphologically in a 90 day study. More
specific assays can also be used to determine certain aspects
of the immune response.

Individuals that are immunosuppressed are at greatly
increased risk of developing cancer!: 20.35. This includes in-
dividuals that are born with inherited immunosuppressive
disorders, transplant recipients treated with immunosup-
pressive therapy, patients with a variety of neoplastic and
non-neoplastic disorders treated with drugs that are immu-
nosuppressive, and individuals that have AIDS. However,
the increased risk of tumors is not uniform for all types of tu-
mors. In reality, the increased risk of cancer in immunosup-
pressed individuals is related to those malignancies that are
produced by infectious diseases, such as B cell lymphoma
(EBV), squamous cell carcinoma (HPV), hepatoma (HBV
and HCV), and Kaposi’s sarcoma (HHVS, also known as
Kaposi’s sarcoma virus). Thus, the immunosurveillance is
for the infectious diseases, not the neoplasms themselves.
The infectious diseases can lead to the production of certain
malignancies. With respect to human risk, if a chemical is
immunosuppressive at levels to which humans are exposed,
it will lead to an increased risk of developing these infec-
tious disease-related malignancies.

The relationship of estrogen to the production of cer-
tain malignancies, especially breast and endometrium, is
well-documented 20.36,37. Other tumors that might be related
to estrogen include liver and ovary, although the relation-
ship is not as strong as for breast and endometrium. Screen-
ing for an estrogenic effect can be accomplished in a variety
of in vitro and in vivo assays, including estrogen receptor as-
says and bioassays which include examination of estrogen-
dependent tissues such as ovary, uterus, cervix, vagina, and
breast!. 20. 36,37 Examination of these tissues is included in
routine 90-day studies and could also be included in shorter
term studies. Substances with estrogenic activity at doses to
which humans are exposed, are likely to pose an increased
risk for development of estrogen-related malignancies. The
dose and potency of the estrogenic activity are particularly
critical in evaluating human risk, but a two year bioassay is
not necessary to determine these factors.

Short Term Screen for Carcinogenicity

Currently the standard process for evaluating sub-
stances for carcinogenic activity is to perform a dose range
finding study, usually 90 days, in the test species, followed
by a two year bioassay. If increased incidences of tumors
occur in the two year bioassay, further investigative work is
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then conducted to determine the mode of action and whether
the mode of action is relevant to humans, and to evaluate a
more detailed dose response of the key events in the mode
of action. Given the vast amount of knowledge that has been
gained over the past five decades from the performance of
these bioassays and the investigation of the modes of action
of a wide variety of chemicals that have been tested, we now
know the modes of action in animal models for most tumor
types, and furthermore, we have a reasonable basis to judge
which of these modes of action are relevant to humans. The
proposal was first put forward nearly fifteen years ago to
take advantage of this vast knowledge and use it in a more
predictive and rational way to evaluate chemicals in short
term screening assays instead of in a two year bioassay!: 5.
The short term screening assays are focused on mode of ac-
tion and human relevance. What really is needed is a de-
termination as to whether the chemical poses a cancer risk
to humans. not an investigation to determine if a chemical
poses a cancer hazard in rats or mice. We will present how
this process can be applied to an evaluation of liver carcino-
genesis and urinary bladder carcinogenesis, and then pres-
ent an overall approach to the predictive evaluation of can-
cer risk from chemicals. The role of toxicologic pathology is
both essential and noteworthy.

Liver Carcinogenesis

Production of hepatocellular carcinomas (hepatomas)
in rodent species was one of the first tumor types to be pro-
duced experimentallys. This was accomplished by Yoshida
in 1932 and involved the administration of an azo dye for
production of liver cancer. His seminal observation was fol-
lowed by further investigations by Kinosita, published in
1937. Extensive investigations on azo dyes and other sub-
stances over the past eight decades have provided a good
understanding of how chemicals produce liver cancer in
rodents’ 38. Furthermore, we have also developed a basic
understanding of what produces hepatocellular cancer in
humans3. 40. For liver carcinogenesis, the modes of action
can be divided into those that are DNA reactive and those
that are non-DNA reactive as described above. Non-DNA
reactive chemicals that are carcinogenic for the liver can be
divided into those that act through specific receptors versus
those that do not. Furthermore, as for all non-DNA reac-
tive modes of action, the increase in cell proliferation can
either be due to an increase in cell births or a decrease in
cell deaths, which results in an accumulation of more cells.
Increased cell births can be produced by cytotoxicity and
regeneration or by direct mitogenesis. Decreased cell deaths
can be produced by either blocking apoptosis or blocking
differentiation (a cell death process). Listed in Table 1 are
the various modes of action that have been specifically iden-
tified in rodents for hepatocellular carcinogenesis. Examples
are known for all of these, but we describe in detail a few
of these to illustrate issues that arise with regard to mode of
action and extrapolation to human relevance.

Chloroform has been demonstrated repeatedly to pro-

Table 1. Modes of Action for Hepatocellular Carcinogenesis

I. DNA Reactivity
Metabolic activation
II. Increased Cell Proliferation

A. Receptor mediated
1. PPARa (peroxisome proliferation)
2. Enzyme induction (CAR, PXR, AHR)
3. Estrogen
4. Statins
5. Other
B. Non-receptor mediated
1. Cytotoxicity
2. Viral
3.Iron overload
4. Increased apoptosis (e.g. fumonisin B1)
5. Other

Modes of action known to be relevant to humans are indicated
in bold type. Modified from Cohen, SM, Toxicol Pathol, 38:
487-501, 20105, with permission from Toxicologic Pathology.

duce increased incidences of tumors of the liver and kidney
in rats and mice5 % 38 4. 42, The mode of action has been
delineated and involves metabolic activation to reactive
products (phosgene) by cytochrome CYP2EIL. This leads to
the induction of cytotoxicity in hepatocytes and renal tubule
cells, with consequent regenerative proliferation. If this con-
tinues for prolonged periods of time, it ultimately leads to an
increased incidence of tumors of the liver and kidney.
Exposure to chloroform also occurs in humans. Sev-
eral decades ago, chloroform was used at relatively high
doses as an anesthetic. Occasionally, because controlling
exposure was difficult, some patients developed toxicity
to the anesthetic chloroform. The toxicity involved liver,
and infrequently kidney, similar to what is seen in rats and
mice. Furthermore, metabolic activation of chloroform to
phosgene occurs in humans by the same cytochrome as in
rodents. Thus, there is the potential for chloroform to theo-
retically increase the incidence of liver or kidney tumors in
humans, since the precursor key events are known to occur
in humans. However, there are two aspects that preclude the
development of tumors in humans that need to be taken in to
account in a risk assessment. First, in humans, the exposure
is limited, especially if there is any evidence of toxicity, and
second, chloroform is no longer used as an anesthetic since
there are many better drugs available for this purpose. In the
rodent, extensive investigations have demonstrated that the
tumorigenic effect only occurs when the dose is sufficient to
produce cytotoxicity in the target tissues, liver and kidney.
Thus, there is clear evidence for a non-linear, threshold dose
response. If the exposure is too low to produce cytotoxic-
ity, there is no increased risk for development of tumors.
Humans today are exposed to chloroform at extremely low
levels as a by-product of chlorination of drinking water. The
exposure in humans is several orders of magnitude below
that which is known to produce toxicity in humans. There-
fore, based on both time of exposure and dose of exposure,
humans are not exposed to sufficient amounts of chloroform
in the drinking water or other environmental sources to pro-



Cohen, Arnold 219

duce sustained cytotoxicity. Since there is no risk for in-
creased cell proliferation, there is no increased cancer risk
in humans.

Of great importance in investigating liver and kidney
tumors produced by chloroform is a detailed understand-
ing of the metabolism and identification of the cytotoxic-
ity and the consequent increased proliferation that occurs
in response to the treatment with chloroform. This can be
performed in short term studies and involves comprehen-
sive investigations of histopathology, serum enzyme mark-
ers for liver toxicity, and serum markers for kidney toxicity.
Urinary markers of kidney toxicity also could be evaluated.
Very sensitive and rapid techniques are now available to
measure the markers for cytotoxicity in both of these tis-
sues. Evidence of increased proliferation can be determined
by observation of hyperplasia by routine histopathology or
utilization of markers for cell proliferation such as bromo-
deoxyuridine (BrdU)#3 44, proliferating cell nuclear antigen
(PCNA)#, and Ki-6746. Advantages and disadvantages of
these labeling indices for evaluating cell proliferation have
previously been described in detail47. 48.

Another example of chemicals shown to be liver car-
cinogens in rodents are those known to induce cytochrome
P450’s, such as phenobarbital and pyrethroid insecti-
cides#. 50, These chemicals are non-genotoxic. Following
extensive investigations over the past 40 years, the mode
of action as to how these chemicals produce liver tumors in
rodents has been delineated and includes activation of the
CAR receptor and induction of P450 isozymes, with conse-
quent increased hepatocellular proliferation and ultimately
tumor formations: 38, 51-54. There are several associated
events in the process, including centrilobular hypertrophy
and increased liver weight. Humans have the same receptor
(CAR) as the rodent, although there appears to be fewer re-
ceptors per cell in the human than in the rodent. In addition,
activation of the CAR receptor in humans leads to induc-
tion of the same P450 isozymes as in the rodent. However,
in mice and rats, CAR activation results in an increase in
hepatocellular proliferation which is a required key event
for the production of tumors. In human hepatocytes, there
is no proliferative response. This has been demonstrated in
vitro in studies involving human liver cells%s, and also in
vivo utilizing chimeric mice with transplanted human hepa-
tocytess6. The human hepatocytes respond to CAR activa-
tors such as phenobarbital or permethrin with the expected
metabolic responses including induction of P450 isozymes,
but there is no increase in human hepatocyte proliferation.
Since increased proliferation is a required key event in the
mode of action for the production of liver tumors, it is clear
that liver tumors will not be produced by this mode of ac-
tion in humans. Additional evidence supporting a lack of
effect in humans by CAR activators are extensive epidemi-
ology investigations of phenobarbital and pyrethroid insec-
ticides50.57.58_ This is particularly relevant for phenobarbital,
since patients receive phenobarbital as treatment for epi-
lepsy for many years. The dose administered to humans is
similar to the dose to which the rodents are exposed, and the

epidemiologic evidence consistently demonstrates the lack
of a carcinogenic effect of these agents.

Statins are a third example of a chemical that produc-
es high incidences of liver tumors in rats and mice in the
standard two year bioassay3% 0. However, the metabolic re-
sponse to statins is different in rodents than it is in humans.
Subsequent extensive epidemiologic investigations involv-
ing hundreds of thousands of patients on statins clearly
demonstrated that there is no increased or decreased risk of
liver cancer or any other types of cancer in patients receiv-
ing statins6!-65,

To screen for potential carcinogens in rodent species
utilizing a short term assay, there must be evidence that the
short term screening assay will provide markers for detec-
tion of potential carcinogens. Several years ago, investiga-
tors at the National Toxicology Program reviewed the tumor
bioassays of more than 500 chemicals and correlated the
eventual appearance of liver tumors in rats and/or mice with
findings in the 90 day dose range finding study®6. They dem-
onstrated that all of the potential liver carcinogens showed
one or more of the following markers in the 90 day study:
hepatocellular necrosis, hepatocellular hypertrophy, hepato-
cellular cytomegaly, or increased liver weight. Obviously,
these are non-specific, and many chemicals which produced
these effects, particularly increased liver weight, in a 90 day
study did not produce liver tumors in the full two year bio-
assay. However, the importance for a short term screening
assay is that there be no false negatives, and that was found
to be the case. All eventual hepatocellular carcinogens pro-
duced one or more of these effects in the short term assay.

The proposal is to utilize short term screens to detect
potential carcinogens, in this case for the liver, and then to
do more detailed mode of action analyses and dose response
investigations to provide a more rational risk assessment for
humanss. In Table 1, the modes of action are identified for
hepatocellular carcinogenesis, but highlighted in bold print
are those that are actually relevant to humans. Genotoxic-
ity, a known mode of action for certain liver carcinogens
such as aflatoxin, is relevant to humans. In addition, it is
known that estrogen is related to the rare development of
hepatocellular carcinomas in humans, evolving in those cir-
cumstances from adenomas. In humans, the most common
modes of action for induction of hepatocellular carcinomas
involve cytotoxicity, inflammation, and regenerative hepa-
tocellular proliferation, whether due to inherited disorders,
iron overload, or viral infection. The modes of action that
are not highlighted in this table, such as CAR activation,
PPARa activation, or exposure to statins, are not relevant
to humans.

Based on our knowledge of hepatocellular carcinogen-
esis in rodents and in humans, a short term screen is readily
achievable (Fig. 1). First, the chemical would be adminis-
tered for 90 days, with evaluation of the liver for the four
markers identified by the NTP (see above) in their screen
for rodent hepatocarcinogens. If negative, we can be assured
that there is no potential risk for development of liver cancer
in humans. If it is positive, then evaluation of the mode of
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Rodent Liver Carcinogenesis Screening and Implications for Humans

90 Day Screen — Allen et al., 2004 criteria

Yes

|

No
= Not Hepatocarcinogen

L N
DNA Reactivity ; Mechanistic Screen

Yes

vk wnNe

Metabolic Activation
Kinetics

6.
7.

Histopathology

Serum enzymes

Acyl Co-A oxidase (or TEM)

CYP induction

Estrogen receptor binding (or histologic
indication of estrogenic activity in other
tissues)

Iron stain

Reversibility

Follow-up detailed studies

1.
2.
3.

CAR, PXR, AHR
Metabolic activation
Detailed dose response

Fig. 1. Proposed sequence of evaluation to screen for potential hepatocarcinogens. The initial screen involves the four criteria proposed by Allen

et al.%6. If one or more of these four signals are detected in the 13 wk. screening assay, follow-up mechanistic evaluations are performed
to determine the MOA(s) and provide the basis for an assessment of human cancer risk. Modified from Cohen, SM, Toxicol Pathol, 38:

487-501, 20105, with permission from Toxicologic Pathology.

action is required to determine whether the chemical pro-
duces the effects on the liver by a mode of action that is
relevant to human carcinogenesis. Methods that can be used
for mode of action analysis are indicated in Fig. 1.

Keep in mind that it is critically important in these
short term screenings that they be used to identify potential
toxicities that could occur in humans, not simply as dose
range finding studies for longer term bioassays. Liver toxic-
ity is a common problem with various pharmaceuticals in
development, so it is critical in these animal studies that po-
tential for liver toxicity in general be identified. This is irre-
spective of any potential for carcinogenesis. Thus, the short
term screening is critical not only for identifying potential
carcinogens, but more importantly, identifying potential
toxicities in humans. If the mode of action is determined to
be relevant to humans, a more detailed dose response can
then be investigated to determine whether the exposures in
humans put them at risk for development of tumors. If the
mode of action is not relevant to humans, such as for CAR
activators, it is sufficient to conclude that these chemicals
will not be carcinogenic for the liver in humans. In addi-
tion, if the dose response for a chemical such as chloroform
shows that the exposure to humans is significantly below
that which will produce the effect on the liver that is nec-
essary for the eventual development of hepatocellular tu-
mors, it can be concluded with confidence that there is no
increased risk of carcinogenesis in humans.

All of this information can provide a more rational,
mode of action-based risk assessment than is provided by

proceeding to the two year bioassay. For such a proposal
to actually be implemented, however, requires not only ac-
ceptance by regulatory authorities of the science behind the
proposal, but would also require extensive changes in the
processes by which chemicals are labeled, particularly in
the pharmaceutical industry. A positive finding for one of
the short term screening markers cannot be used as the basis
for listing on the label that it is a potential carcinogen. If it
is not relevant to humans either based on mode of action or
on dose, the chemical should not be labeled as a potential
carcinogen to the public.

Urinary Bladder Carcinogenesis

A similar approach can be utilized for the urinary blad-
der. Urinary bladder carcinogenesis has been extensively in-
vestigated for the past eight decades, but traces a lineage of
scientific investigations back to the observation by Rehn in
1895 when he observed that individuals working in the ani-
line dye industry had a markedly increased risk of develop-
ing bladder cancert7-%. It was eventually demonstrated that
the increased risk was due to exposure to aromatic amines,
which are metabolically activated by N-hydroxylation and
subsequent esterification to reactive electrophiles that form
DNA adducts and mutation. Several specific chemicals have
been identified as human bladder carcinogens, including
various aromatic amines, phosphoramide mustards, and ar-
senict”-70, Arsenic, in contrast to the others, is a non-geno-
toxic carcinogen which produces bladder and other types of
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cancer in humans by a process involving cytotoxicity and
regenerative proliferation’®.

Screening for potential human bladder carcinogens
would involve a similar process (Table 2) as was just il-
lustrated for the liver. Markers for potential urothelial car-
cinogenesis in rats or mice include evidence of increased
cell proliferation®’. It is usually adequate to use routine light
microscopic examination of hematoxylin and eosin stained
slides for the presence of hyperplasia. However, a more sen-
sitive evaluation would be determination of a proliferation
labeling index, such as BrdU, Ki-67, or PCNA. All potential
urothelial carcinogens in rodents (and in humans) show evi-
dence of increased proliferation in a standard 90 day study,
whether the ultimate mode of action is due to DNA reactiv-
ity (e.g. aromatic amines) or due to increased cell prolifera-
tion without genotoxicity (e.g. inorganic arsenic). Again, we
will cite some examples to illustrate the process.

Sodium saccharin produces an increased incidence of
urinary bladder tumors in rats, particularly males, when ad-
ministered beginning before weaning and continuing for the
full two year bioassay? ¢ 7. 71. 72, Administration beginning
after weaning does not produce an incidence of tumors ad-
equate for detection in a standard bioassay involving 50—60
animals per group. However, in the so-called two generation
study, the incidence is increased sufficiently to be detected
in such studies. The dose required to produce any effects
by administration of sodium saccharin in the diet are enor-
mous, > 25,000 ppm. Nevertheless, hyperplasia is present in
the urothelium after 4 to 13 weeks of administration, even
if it begins after weaning, but most importantly, it turns out
that the mode of action is not relevant to humans. The mode
of action involves administration of the sodium salt at high
doses in the diet which produces an alteration of the uri-
nary milieu that results in formation of calcium phosphate-
containing precipitate. This precipitate acts as a cytotoxic
agent for the urothelium with consequent regenerative pro-
liferation and ultimately the development of tumors. Vari-
ous aspects of this mode of action have been extensively
investigated and demonstrated in several laboratories. Since
the mode of action was clearly not relevant to humans,
the International Agency for Research in Cancer (IARC)
downgraded its classification of saccharin from 2B to 3 in
19992. 71 and the National Toxicology Program removed it
from its List of Carcinogens in 200072.

Sodium saccharin-induced urinary bladder carcino-
genesis is specific for the rat 2.3.67. 71,72, When administered
to mice at high doses, even up to 100,000 ppm of the diet,
sodium saccharin produced no effect on the urothelium. The
reason for this rat specificity is because mice do not form
the precipitate in response to administration of sodium sac-
charin. In the mouse, the urinary concentrations of calcium,
phosphate, and magnesium are approximately 5—10 times
lower than in the rat, and are inadequate for formation of the
precipitate. Without the precipitate there is no cytotoxicity,
no regenerative proliferation, and no formation of tumors.
In humans, there is adequate urinary calcium concentration,
similar to the rat, but other components of the urine that are

Table 2. Modes of Action for Urothelial Carcinogenesis

DNA Reactivity
Direct Mitogenesis
Cytotoxicity and regenerative cell proliferation
Chemical Toxicity
Formation of urothelial solids
Infection (cystitis)
Obstruction due to neurogenic dysfunction

Modes of action known to be relevant to humans are indicated in
bold type.

necessary for the formation of the precipitate do not occur
in humans, including protein concentration, overall density
(osmolality), and possibly other aspects such as citrate con-
centration (which chelates calcium and magnesium).

In addition, it became apparent based on extensive in-
vestigations from the laboratories of Dr. Nobuyuki Ito and
Shoji Fukushima, that it was not the saccharin itself that
was producing the effect but sodium salts in general2. 3. 67.72,
It was demonstrated that the sodium salts of ascorbate, bi-
carbonate, glutamate, citrate, chloride, and others produce
similar effects in the rat. For these substances, the assump-
tion of species extrapolation and dose extrapolation are both
incorrect. It is a high dose phenomenon only, and it is only
in the rat.

A related example of urinary bladder carcinogenesis in
rodents involves formation of calculi. Calculi can be pro-
duced by a variety of substances, such as melamine, uracil,
and many others3 % 73. Clearly, the effect only occurs at high
doses, doses sufficiently high to produce precipitation of the
material in the urine to form calculi. Calculi, in contrast to
the calcium phosphate-containing precipitate produced by
sodium salts, produce much greater urothelial damage and
much higher incidences of tumors. The effect is a high dose
phenomenon only. However, a number of substances that
produce calculi in rats and mice resulting in an increased
incidence of urinary bladder tumors can also produce cal-
culi in humans®?. 73. 74, This was clearly demonstrated in
China where infants ingested formula contaminated with
melamine”. Several infants developed urinary tract calculi
and six died. Clearly toxicity can occur, so the mode of ac-
tion for calculi-induced urinary bladder tumors is potential-
ly relevant to humans. However, there are several bases to
conclude that the potential for carcinogenesis in humans is
significantly lower than in rodents and probably non-exis-
tent3. 9. 73, This is predominantly due to the anatomic differ-
ences between humans and rodents. In rodents, calculi can
accumulate in the bladder and remain for the lifetime of the
animal. In humans, calculi will produce obstruction, which
produces pain and usually hematuria, either of which will
lead the affected individual to a physician for removal of
the stone. Thus, although stones can form in humans, they
will be present for only a brief period of time. There are
some individuals that can carry calculi for longer periods
of time such as individuals with urinary bladder diverticuli
or patients with neurogenic bladder. However, when there
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Table 3. Comparison of /n Vivo Urinary Concentrations

after Pulegone Administration and /n Vitro Cytotoxicity

In Vivo Urinary Concentration (mM) In Vitro Cytotoxicity (LCs, in mM)
Metabolite 75 mg/kg® 150 mg/kge MYP3 cells 1TI1 cells
Pulegone 0.36+£0.11 0.46 +0.06 0.27 0.57
Piperitenone 0.93+0.28 1.15+0.15 0.5 0.44
Piperitone 0.50 +£0.12 0.41 £0.05 1.16 1.29
Menthofuran 0.11 +£0.02 0.18 £ 0.03 1.41 3.6
Menthone ND ND 4.5 7.25

Note: ND, not detected. “Pulegone dose administered to the rat. From DaRocha et al., Toxicol Sci, 128: 1-8, 201276, with

permission from Toxicological Sciences.

Urothelial Carcinogenesis Screening and Implications for Humans

90 Day Screen — (hyperplasia; increased labeling index)

Yes No
1 === Not Urothelial Carcinogen
. No A

DNA ReactiVity se—————  Mechanistic Screen
1. Urinary solids

Yes . -
2. Chemical toxicity
3. Neurogenic effects

Metabolic Activation 4. Mitogenesis (eliminate cytotoxicity)

Kinetics

Fig. 2. Proposed sequence of evaluation to screen for potential urothelial carcinogens. The initial screen involves evaluation for hyperplasia or
increased labeling index for cell proliferation. If positive, DNA reactivity is evaluated. If that is positive, evaluation for metabolism in
humans is assessed. If not DNA reactive, evaluation of the urothelium by light microscopy and possibly scanning electron microscopy is
performed. If cytotoxicity, an evaluation of urine for solids is performed along with an assessment of potential cytotoxicity of the chemi-
cal and metabolites and corresponding urinary concentrations after administration of carcinogenic dose. If no cytotoxicity, mitogenic

activity is presumed.

are long standing calculi in these individuals, there is also
bacterial infection. Bacterial cystitis is a known risk factor
for the development of bladder tumors, so it is unlikely that
the calculi pose any additional risk.

An example of chemically induced urinary bladder cy-
totoxicity is provided by the natural substance pulegone’s.
Pulegone produced a slightly increased risk of bladder tu-
mors in female rats in the NTP two year bioassay. In short
term studies, it produced an increase in hyperplasia and
labeling index, due to cytotoxicity of the urothelium with
regenerative proliferation. There is no formation of urinary
solids, so the toxicity must be produced by the chemical and/
or one of its metabolites. The metabolism of pulegone is well-
known, and the major urinary metabolites are piperitone
and piperitenone. The hepatotoxic metabolite menthofuran
also is excreted in the urine but only to a limited extent. By
evaluating the urinary concentration of metabolites of the
animals administered pulegone and comparing that to the
IC50s of the chemicals determined in in vitro investigations
with urothelial cell lines, it was shown (Table 3) that piper-
tenone is likely the major contributor to the cytotoxicity, al-
though piperitone and pulegone itself may also contribute
to the cytotoxicity. Menthofuran was present at too low of

a concentration to produce cytotoxicity, and menthone was
not detected in the urine. The mode of action for pulegone-
induced urothelial tumors includes metabolism of pulegone,
with excretion and concentration of the metabolites in the
urine, which produce urothelial cytotoxicity, consequent
regenerative proliferation, and ultimately a low incidence
of urothelial tumors. Similar to chloroform for liver and
kidney, the dose response requires sufficient chemical to be
administered to produce a concentration of metabolites in
the urine that will produce cytotoxicity. This does not occur
in humans, since the exposure required to produce urinary
levels of cytotoxic metabolites are substantially higher than
what humans could tolerate.

Similar to what was described above for the liver, a
process could be outlined for evaluating the mode of action
and potential relevance of rodent bladder carcinogens to hu-
mans (Fig. 2). To begin with, the 90 day screen would in-
volve detection of increased proliferation by routine analy-
sis of hematoxylin and eosin stained slides and by the use of
a more sensitive proliferation marker such as BrdU, Ki-67,
or PCNA labeling index. Similar to the liver, if one of these
markers is not present in the 90 day study, there will be no
development of bladder tumors in the two year bioassay. If
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one of these markers is positive, an investigation of the mode
of action and dose response can be performed. The modes
of action for urinary bladder carcinogens are listed in Table
2 and include those known for urinary bladder carcinogen-
esis in humans. Evaluations that can be used to investigate
the mode of action and human relevance are urinalysis for
solids, culture for infection, and light and scanning electron
microscopy for evidence of cytotoxicity. There is clear evi-
dence for DNA reactive carcinogenesis, such as by aromatic
amines, and cytotoxicity with consequent regenerative pro-
liferation induced carcinogenesis, such as by Schistosomia-
sis or inorganic arsenic, as being relevant in humans®s. 9.
Whether or not direct mitogenesis occurs in the bladder is
yet to be demonstrated, although nicotine is a possibility in
both rodents and humans”’.

Short Term Screen for Carcinogenic Potential

Although a detailed description of the process for the
liver and urinary bladder is presented, a similar process
could be performed for other tissues!: 5. However, other
types of screening assays may be required for evaluations
in other tissues. Most importantly, it is critical to remem-
ber that the primary purpose of the 90 day study is not to
evaluate carcinogenesis, it is to evaluate potential toxicity,
irrespective of the potential for carcinogenicity.

For some tissues, the rodent model can be a reasonable
surrogate for potential toxicity and carcinogenicity in hu-
mans, such as for the liver and urinary bladder, and also for
the kidney, glandular stomach and large intestine. However,
there are several tissues in rodents that are not predictive
of carcinogenicity in humans!. 5. There are tissues present
in rodents that do not occur in humans, including Zymbal’s
gland, the Harderian gland, and forestomach. Evaluation of
these tissues for potential carcinogenicity is irrelevant to
humans. Other tissues can show evidence of toxicity, but
are not predictive of carcinogenicity in humans. These in-
clude the endocrine organs (thyroid, adrenal cortex, adrenal
medulla, anterior pituitary, posterior pituitary, parathyroid,
gastrointestinal endocrine cells, pancreatic islet cells) and
also the different organs sensitive to endocrine stimulation
(ovary, testes, endometrium, prostate). Detection of toxic-
ity in these tissues is readily apparent in the 90 day study
based on histopathology, and if there are specific concerns,
detailed biochemical evaluations can be performed. Never-
theless, these will not provide information regarding poten-
tial risk to humans regarding carcinogenesis.

Based on the above discussion, an overall proposal for
utilizing the 90 day screening assay for evaluating carci-
nogenic risk to humans in illustrated in Fig. 3% 5. If a sub-
stance is DNA reactive, then evaluation of the metabolism
in humans and potential for forming DNA adducts can be
readily evaluated. If DNA adduct formation does occur,
one must presume that the substance is going to be carcino-
genic in humans. If the substance is not DNA reactive, the
next step in the process is to evaluate the substance for im-
munosuppressive activity and estrogenic activity. This can

| Genotoxicity (DNA Reactive) |

e o
|

Relevant
Metabolism

O A

Relevant Exposure

Clinically Immunosuppressive
or Estrogenic

Evidence of Increased DNA
Replication

v

Cytotoxicity

Yes No
Relevant Determine
Mechanism Mechanism

\.

Relevant Exposure

Fig. 3. A proposed guide for evaluating the potential carcinogenicity
of chemicals. Each box poses an evaluation to be performed.
If the sequence results ultimately in a No that is in a circle,
there is no (or negligible) carcinogenic risk in humans. If the
sequence results ultimately in a Yes that is in a triangle, it
poses a presumptive human carcinogenic risk. From Cohen,
SM, Toxicol Sci, 80: 225-229, 2004!, with permission from
Toxicological Sciences.

be readily incorporated into the 90 day bioassay utilizing
various receptor assays and immunologic assays. If the sub-
stance has either immunosuppressive or estrogenic activity,
potential human carcinogenic risk must be assumed, and a
dose response and a specific risk assessment will need to
be performed with regard to cancer risk. Benefit and risk
needs to be weighed, such as in the use of pharmaceuticals
for specific disease treatments. If the substance is not DNA
reactive, not immunosuppressive, and does not have estro-
genic activity that will produce a biologic response in vivo
at exposure levels for humans, the next step in the process
is evaluation of the potential for inducing a proliferative re-
sponse in the various tissues. Screens for this can be devel-
oped for all of the tissues that need to be evaluated, taking
into consideration the various discussions above. If the sub-
stance shows no evidence of producing an increased prolif-
erative response in any tissue in the 90 day study, it can be



224 Short Term Carcinogenicity Screen

presumed that the substance does not carry a cancer risk for
humans. If the substance does produce a proliferative re-
sponse, evaluation of the mode of action for producing this
response and evaluation of the dose response are then inves-
tigated to determine human relevance of the mode of action
and the dose. Based on these evaluations, one can develop
a strong, rationally based risk assessment for the potential
of development of cancer in humans, without any need for
performing a two year bioassay. In the next several years,
various molecular analyses are likely to be developed that
can aid in this screening process and in identifying mode of
action’8-85, These could supplement or replace current pro-
cedures.

Role of Toxicologic Pathology

As is evident in the above discussion, there is a criti-
cal role for toxicologic pathology in these assessments, both
with respect to identifying potential toxicities and identify-
ing potential carcinogenic risk. The toxicologic pathologist
is involved not only with an evaluation for overall toxicity,
but with an evaluation of potential immunologic and endo-
crine effects and the proliferative effects that are expected
for a potential carcinogen. The pathologist would obviously
be involved in the detailed investigations into dose response
and mode of action analysis. Utilization of routine histopa-
thology is only one part of the overall assessment that can
be provided by the toxicologic pathologist. In addition, there
are a wide variety of tools available that can be utilized to
investigate mode of action, such as immunohistochemistry
and molecular analyses. Collaboration with other investiga-
tors with expertise in biochemistry, metabolism, and mo-
lecular biology is essential. In addition, a pathologist is re-
quired for active participation in the design of studies and
for selection of tissues to be utilized for these additional
investigations.

A toxicologic pathologist also should be actively in-
volved in basic research investigations. During the past two
decades there has been an explosion of development of a va-
riety of knock-out and knock-in animal models for investi-
gation of various basic biologic mechanisms and toxicologic
investigations. It is critical that pathologists be involved
in the evaluation of the phenotype of these models, since
individuals without that expertise can frequently misinter-
pret the morphologic findings. Examples of such misinter-
pretations are rampant in the literature. As an example, in
an investigation to evaluate the potential for troglitazone to
produce intestinal tumors in mice, the investigators inter-
preted the lesions as invasive intestinal adenocarcinomas.
However, careful evaluation of the photographs provided in
the publication clearly demonstrated that the lesions were
actually ulcers with regenerative proliferation, not malig-
nancies$¢. We implore pathologists to become more actively
involved in these basic investigations in addition to their
role in overall toxicology programs.

In summary, the toxicologic pathologist is critical for
the evaluation of potential carcinogenicity and overall tox-

icity of chemicals. This involves performance of short term
assays (< 90 days) for toxicity and also provides information
for the potential for carcinogenicity. The pathologist needs
to be involved with mechanistic evaluation of the toxic end-
points to determine the human relevance and the possible
dose response if mode of action for the substance’s toxic-
ity is relevant to humans. The pathologist is critical for the
evaluation of potential toxicity. In addition, evaluation for
the rates of apoptosis and cell proliferation utilizing im-
munohistochemical assays are particularly useful for both
screening purposes and for assessment of mode of action.
The pathologist is critical for the selection of specific tissues
for molecular analyses, and is the individual best trained
for the utilization of immunohistochemical and in situ hy-
bridization markers and for the evaluation of these mark-
ers in tissues. Identifying the specific cell types involved
is essential. In addition, the pathologist should be involved
in the selection of tissues for molecular analyses including
microdissection.

Toxicologic pathology has continued to expand its ar-
mamentarium of tools that are available for investigations in
rodents, but also for the important scientific basis for even-
tually determining the relevance of the mode of action to
humans and a detailed dose response.

Disclosure of Potential Conflict of Interest: None
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Alteration of microRNA expressions in the pons and medulla in rats
after 3,3’-iminodipropionitrile administration

Keiko Ogatal. 2*, Masahiko Kushida!, Kaori Miyata!, Kayo Sumida!, Shuji Takeda!,
Takeshi [zawa2, Mitsuru Kuwamura2, and Jyoji Yamate?

I Environmental Health Science Laboratory, Sumitomo Chemical Co., Ltd., Osaka 554-8558, Japan
2 Laboratory of Veterinary Pathology, Division of Veterinary Sciences, Graduate School of Life and Environmental Sciences, Osaka

Prefecture University, Osaka 598-8531, Japan

Abstract: Although 3,3"-iminodipropionitrile (IDPN) is widely used as a neurotoxicant to cause axonopathy due to accumulation of
neurofilaments in several rodent models, its mechanism of neurotoxicity has not been fully understood. In particular, no information
regarding microRNA (miRNA) alteration associated with IDPN is available. This study was conducted to reveal miRNA alteration
related to IDPN-induced neurotoxicity. Rats were administered IDPN (20, 50, or 125 mg/kg/day) orally for 3, 7, and 14 days. Histo-
pathological features were investigated using immunohistochemistry for neurofilaments and glial cells, and miRNA alterations were
analyzed by microarray and reverse transcription polymerase chain reaction. Nervous symptoms such as ataxic gait and head bobbing
were observed from Day 9 at 125 mg/kg. Axonal swelling due to accumulation of neurofilaments was observed especially in the pons,
medulla, and spinal cord on Day 7 at 125 mg/kg and on Day 14 at 50 and 125 mg/kg. Furthermore, significant upregulation of miR-547*
was observed in the pons and medulla in treated animals only on Day 14 at 125 mg/kg. This is the first report indicating that miR-547*
is associated with IDPN-induced neurotoxicity, especially in an advanced stage of axonopathy. (DOI: 10.1293/t0x.2016-0019; J Toxicol

Pathol 2016; 29: 229-236)

Key words: 3,3"-iminodipropionitrile (IDPN), microRNA, axonal swelling, axonopathy, neurotoxicity

Introduction

3,3"-iminodipropionitrile (IDPN), an industrial in-
termediate, is known as a potent neurotoxicant. IDPN in-
duces behavioral abnormalities in humans and experimen-
tal animals. The behavioral manifestation referred to as
“waltzing syndrome,” which includes circling, repetitive
head movements, and hyperactivity, has been reported in
IDPN-treated rodents!3. The neurotoxic effects caused by
IDPN include proximal axonal neuropathy in the nervous
system characterized by accumulation of neurofilaments4-7.
Although IDPN has been widely used in neurotoxic mod-
els, its mechanism for brain impairment has not been fully
understood.

microRNAs (miRNAs) are small noncoding RNAs
(—25 nucleotides) that play significant roles in regulating
a diversity of cellular and biological processes, including
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growth, development, differentiation, proliferation, the cell
cycle, and cell death8-19. Recently, it has been reported that
exogenous chemicals can alter miRNA expression profiles
in the nervous tissues in association with neurotoxicity!!-17.
However, alteration of miRNA expression caused by IDPN
has not been reported. The aim of this work was to inves-
tigate miRNA expression alterations that contribute to
IDPN-induced neurotoxicity. Using an IDPN-induced rat
neurotoxicity model, we observed nervous symptoms and
performed histopathological examinations including immu-
nohistochemistry for neurofilaments and glial cells in addi-
tion to analysis of miRNA expression alterations in the pons
and medulla, which are sites highly susceptible to IDPN, by
microarray and RT-PCR (reverse transcription polymerase
chain reaction).

Materials and Methods

All experiments were performed in accordance with
the Guide for Animal Care and Use of Sumitomo Chemical
Co., Ltd.

Animals and housing condition

Seventy-seven male Crl:CD(SD) rats (6 weeks old,
specific pathogen free) were purchased from Charles River
Laboratories Japan, Inc. (Shiga, Japan), and housed individ-
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Table 1. Antibody and Staining Information for Immunohistochemistry

Antibody Marker Host Clone Dilution Antigen retrieval Company
NF 68 68 kDa Mouse NR4 % 500 Microwave in tris-edta (ph9.0), 20 min Sigma-Aldrich, St. Louis, MO, USA
neurofilament
Olig2 Oligodendrocyte Rabbit poly  x 500 Microwave in citrate buffer (ph6.0), 20 min  Immuno-Biological Laboratories,
Gunma, Japan
GFAP Astrocyte Rabbit poly x2,000 100 Mg/ml proteinase k, 10 min Dako, Glostrup, Denmark
Ibal Microglia Rabbit poly x500  Microwave in citrate buffer (ph6.0), 20 min ~ Wako Pure Chemical Industries,

Osaka, Japan

ually in aluminum cages in a room kept at 24 + 2°C and 40
to 70% relative humidity with a 12-hr light—dark cycle. Tap
water via automatic stainless steel nozzles and CRF-1 pel-
let diet (Oriental Yeast Co., Ltd., Tokyo, Japan) were freely
available.

Experimental design

After a one-week acclimation period, rats were divided
into 4 groups (14 or 21 animals per group). Each group was
given repeated administrations of distilled water as the ve-
hicle or IDPN (>98% purity, Wako Pure Chemical Indus-
tries, Osaka, Japan) at 20, 50, or 125 mg/kg/day via oral ga-
vage. Observation points were set as 3, 7, and 14 days after
administration for each dose group (4, 6, or 7 animals per
observation point). Clinical symptoms were observed daily.
Examination of auditory response by checking animals’ re-
sponses to auditory stimuli (metal clicker) and measurement
of body weight were performed on Days 3, 7, and 14.

Tissue sampling

After observation periods, animals were anesthetized
with isoflurane followed by exsanguination. The nervous
tissues (brain, spinal cord, and sciatic nerve) were imme-
diately collected. The brains were weighed and sagittally
cut. The left half-brains were fixed in 4% paraformaldehyde
phosphate buffer solution for histopathology. The right half-
brains were regionally dissected, and the pons and medulla
were frozen in liquid nitrogen and preserved at —80°C in a
freezer for total RNA (including miRNA) extraction. Two
rats from each group were perfused in situ (4% paraformal-
dehyde phosphate buffer solution) under deep anesthesia,
and their nervous tissues were removed and immersed in the
same solution for histopathology and immunohistochemis-

try.

Histopathology and immunohistochemistry

Fixed whole brains or half-brains were transversely cut
at 4 levels (level 1, forebrain; level 2, center of the cere-
brum, including the hippocampus; level 3, cerebellum and
pons; level 4, medulla), and spinal cords (cervical, thoracic,
and lumbar) and sciatic nerves were embedded in paraffin,
sectioned, stained with hematoxylin and eosin (HE), and
microscopically examined. Paraffin-embedded perfused
brains from animals sacrificed on Day 14 were subjected
to immunohistochemistry using anti-glial fibrillary acidic
protein (GFAP), anti-ionized calcium-binding adapter mol-

ecule 1 (Ibal), anti-Olig2, and anti-neurofilament 68 (NF-
68) antibodies. The staining conditions are listed in Table 1.
After incubation with the primary antibodies, sections were
treated with peroxidase-conjugated secondary antibody
(Histofine Simple Stain MAX-PO, Nichirei, Tokyo, Japan).
Signals were visualized with a DAB substrate kit (Nichirei).

miRNA microarray analysis

Total RNA extraction from the pons/medulla (Day 7,
control and 125 mg/kg groups; Day 14, control, 50, and 125
mg/kg groups) was carried out in accordance with the pro-
tocol for a mirVana miRNA Isolation Kit (Life Technolo-
gies, Carlsbad, CA, USA). Each total RNA sample in the
control and 125 mg/kg groups on Day 14 was subjected to
miRNA microarray analysis using a Rat miRNA Micro-
array Kit (miRBase Rel.16.0, Agilent Technologies, Santa
Clara, CA, USA). The procedure was conducted basically in
accordance with the manufacturer’s protocol (Version 2.0),
and the Feature Extraction software (Version 10.7.3.1, Agi-
lent Technologies) was used to generate a quantitative sig-
nal value and a qualitative detection call for each probe on
the microarray. The 75th percentile was used for per-sample
normalization. Analysis of miRNA-normalized expression
data was performed using Welch’s ¢-test (two-tailed) to ob-
tain the miRNAs that were significantly altered in compari-
son with the expressions in control samples.

Real-Time RT-PCR

The levels of miRNA expression in the pons/medulla
were analyzed by real-time RT-PCR. Reverse transcription
and real-time PCR were performed with a TagMan MicroR-
NA Reverse Transcription kit (Life Technologies) and Tag-
Man Universal PCR Master Mix (Life Technologies), and
TagMan MicroRNA Assays (Life Technologies), which in-
clude probes and primers, were used for all target miRNAs
(miR-547* and miR-135a) and control miRNAs (U6 ncRNA
for the pons/medulla) in accordance with the manufacturer’s
protocol. Real-time RT-PCR was performed using a Piko-
Real Real-Time PCR System (Thermo Scientific, Waltham,
MA, USA). All reactions were run in duplicate. The data
were calculated using the AACT method, and then fold
changes compared with the control group were generated.

Target gene prediction for miR-547*
For prediction of the target genes for miR-547*, the
TargetScan Human software (http://www.targetscan.org/)
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Table 2. Effects of IDPN Treatment on Body Weights, Brain Weights, Nervous Symptoms, Auditory Response, and Histopa-

thology
Dose (mg/kg) 20 50 125
Day 3 7 14 3 7 14 3 7 14
No. 7 7 7 7 7 7 7 7 7
Body weight - 12% - 11% 11% - 13% V10%  [11%
Brain weight (absolute) - - - - - - - - -
Nervous symptoms
Ataxic gait 0 0 0 0 0 0 0 0 ®
Spasmodic gait 0 0 0 0 0 0 0 0 62
Decreased locomotor activity 0 0 0 0 0 0 0 0 72
Head bobbing 0 0 0 0 0 0 0 0 7o
Circling 0 0 0 0 0 0 0 0 6b
Auditory response
Score 0 (normal response) 4 4 6 7 7 7 7 7 3
Score -1 (poor response) 0 0 0 0 0 0 0 0
Score -2 (no response) 0 0 0 0 0 0 0 0 1
Dose (mg/kg) 20 50 125
Day 3 7 14 3 7 14 3 7 14
No. 7 7 7 7 7 7 7 7 7
Cerebellum
Swelling, axon + 0 0 0 0 0 0 0 0 4
Pons
Swelling, axon + 0 0 0 0 0 1 0 7 0
+ 0 0 0 0 0 0 0 7
Medulla oblongata
Swelling, axon + 0 0 0 0 0 1 0 7 0
+ 0 0 0 0 0 0 0 7
Spinal cord
Swelling, axon + 0 0 0 0 0 1 0 7 0
+ 0 0 0 0 0 0 0 0 7

[ Changes related to IDPN administration. » Day 9—14. b Day 10—14. Percentage values indicate the percentage change com-
pared with the control values (100%). Numbers indicate the numbers of animals showing each finding. Symbols: -, not changed;
V, significantly lower than the control values; |, lower than the control values; =, grade = slight; +, grade = mild

was used. The search term “Rno-miR-547-5p” was used to
obtain target genes.

Statistical analysis

StatLight (Yukms Co., Ltd., Tokyo, Japan) was used to
perform statistical analyses. To test for the homogeneity of
variances among the groups, Bartlett’s test was used to ana-
lyze data for body weight and brain weight for miRNA ex-
pression analysis (miR-547* expression on Day 14), and the
F-test was used for miRNA expression analysis (miR-547*
expression on Day 7 and miR-135a expression on Day 14).
Depending on the results of Bartlett’s test, parametric or
nonparametric Dunnett’s multiple comparison (two-tailed)
was performed for the difference among the groups using
the same software. Depending on the results of the F-test,
Student’s ¢-test or Aspin-Welch’s #-test (two-tailed) was per-
formed. Statistical significance was evaluated at p<0.05 and
p<0.01.

Results

General condition, nervous symptoms, and auditory
response

Effects of IDPN treatment on body weight and brain
weight, nervous symptoms, and auditory response are
shown in Table 2. In the IDPN 125 mg/kg group, body
weight was significantly decreased on Day 7 and slightly de-
creased on Day 14. Absolute brain weight was not changed
in any group. Nervous symptoms such as ataxic gait, head
bobbing, circling, spasmodic gait, and decreased locomotor
activity were observed in most animals at 125 mg/kg from
Day 9. Decreased auditory response was observed in ani-
mals at 125 mg/kg on Day 14.

Histopathology and immunohistochemistry for NF-68,
GFAP, Ibal, and Olig2

The results of histopathological examination are also
shown in Table 2. Photographs of the pons are shown in
Fig. 1 (HE and immunohistochemistry for NF-68) and
Fig. 2 (immunohistochemistry for GFAP, Ibal, and Olig2).
IDPN caused axonal swelling mainly in the pons, medulla,
and spinal cord. These changes were slightly observed in
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Fig. 1. Microphotographs of the pons in control rats and IDPN 125 mg/kg-treated rats on Day 14. Axonal swellings was noted
in IDPN-treated rats. Swollen axons noted in IDPN-treated rats showed positive reactions for anti-neurofilament (NF)
immunohistochemistry (arrows). HE, upper row; NF, lower row. Scale bars = 50 um.

GFAP Iba1 Olig2

Fig. 2. Microphotographs of immunohistochemistry for GFAP, Ibal, and Olig2 of the pons in control and IDPN 125 mg/kg-treated rats
on Day 14. There were no remarkable differences between control and treated rats for any stains. Scale bars =20 um.

Control

IDPN 125 mg/kg
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Table 3. Up-regulated and Down-regulated miRNAs by Microarray

Analysis
Up-regulated Down-regulated

miRNA fold miRNA fold
rno-miR-547* 2449 rno-let-7¢c-1* 0.0
rno-miR-3594-3p 135.7 rno-miR-190 0.1
rno-miR-668 117.0 rno-miR-29a* 0.1
rno-miR-487b* 116.7 rno-miR-384-3p 0.2
rno-miR-760-5p 51.3 rno-miR-32 0.3
rno-miR-3550 74 rno-let-7a-1* 0.3
rno-miR-540* 5.8 rno-miR-24-2* 0.3
rno-miR-1188-3p 5.4 rno-miR-135a 0.3
rno-let-7i* 53 rno-miR-496 0.3
rno-miR-504 52 rno-miR-494 0.4
rno-let-7b* 33 rno-miR-374 0.4
rno-miR-346 3.1 rno-miR-31* 0.4
rno-miR-207 2.9 rno-miR-126* 0.4
rno-miR-328b-3p 2.8 rno-miR-379%* 0.4
rno-let-7d* 2.7 rno-miR-30b-5p 0.4
rno-miR-702-3p 2.7 rno-miR-450a 0.5
rno-miR-485* 2.6 rno-miR-222 0.5
rno-miR-764 2.5 rno-miR-350 0.5
rno-miR-3573-3p 2.5 rno-miR-142-3p 0.5
rno-miR-378* 2.5 rno-miR-365 0.5
rno-miR-466b-2* 2.3 rno-miR-22* 0.5
rno-miR-466¢* 2.3

rno-miR-483 2.3

rno-miR-347 2.0

all animals at 125 mg/kg on Day 7, and the severity was
increased on Day 14. On Day 14, these findings were also
slightly noted in one animal at 50 mg/kg. The same findings
were also observed in the cerebellum in animals at 125 mg/
kg on Day 14. The swelling of axons was especially noted in
vestibular, trigeminal, and reticular formation nuclei of the
pons and medulla, and in the ventral horn and funiculus of
the spinal cord. No remarkable changes were noted in the
other sites in the brain or sciatic nerve. Immunohistochemi-
cal stains revealed increased positive reaction for NF-68 in
swollen axons, suggesting accumulation of neurofilaments
in axons. There were no apparent differences between con-
trol and IDPN 125 mg/kg animals in immunoreactivity for
glial cells (GFAP, Ibal, and Olig2).

Alterations of miRNA expression in the pons/medulla

Table 3 shows the results of microarray analysis of the
pons/medulla. Significantly upregulated or downregulated
miRNAs with a fold change of 2.0 or more and 0.5 or less,
respectively, were observed. Twenty-four miRNAs were up-
regulated, and 21 miRNAs were downregulated. miR-547%,
miR-3594-3p, miR-668, miR-487b*, and miR-760-5p were
drastically upregulated, and let-7c-1*, miR-190, and miR-
29a* were drastically downregulated, though expression
levels of these miRNA were extremely low in the control
animals. Downregulated miRNAs that ranked highly in-
cluded miR-190, miR-135a, and miR-496, which have been
reported to be altered in the nervous system!4. 18-23,

We focused on upregulation of miR-547* which
showed the highest fold change compared with control

Day 7

3

11

Relative fold change
compared to control

Control IDPN 125 mg/kg

Day 14
miR-547*

* %k
[ ]

(o2
)

St

[ ]
2- A
1 b %
0 ’} T T

Control 50 mg/kg 125 mg/kg
IDPN

Relative fold change
compared to control
w

miR-135a

3=

1

Relative fold change
compared to control

0 r
Control

IDPN 125 mg/kg

Fig. 3. Real-time PCR analysis for miR-547* and miR-135a expres-
sions in the pons/medulla. miRNA levels were expressed as
relative fold changes compared with the control mean levels.
Individual data were plotted as points, and mean + SEM val-
ues were expressed as short and long bars. **Significantly
different from the control at p<0.01 (Dunnett’s multiple com-
parison).

animals (224.9-fold), and downregulation of miR-135a (0.3-
fold), alteration of which has been indicated by several re-
ports in association with the nervous system!4. 18-20,

The results of RT-PCR analysis for miR-547* and
miR-135a are shown in Fig. 3. miR-547* was significantly
increased at IDPN 125 mg/kg on Day 14 (3.6-fold). The
fold change in comparison with control animals was lower
in RT-PCR than that in microarray analysis. There were no
significant differences at 125 mg/kg on Day 7 or at 50 mg/kg
on Day 14. Alteration of the miR-135a expression level was
not confirmed by RT-PCR at 125 mg/kg on Day 14. The dif-
ference in the results between microarray and RT-PCR anal-
ysis was considered to be due to the difference in detection
sensitivity. In target gene prediction analysis for miR-547%,
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Table 4. Target Genes Having Nervous System-related Gene Ontology Predicted for miR-547* by TargetScan

Human ortholog
Gene name
of target gene

Cumulative weighted
context++ score

Gene Ontology (GO) associated with nervous system

SNAP23 synaptosomal-associated protein, 23kDa
PPT1 palmitoyl-protein thioesterase 1
NTNGI netrin G1

—-0.69

—0.46

—-0.33

synaptosome, synapse

neurotransmitter secretion, nervous system development,
brain development, synaptic vesicle, axon, dendrite,
neuronal cell body, negative regulation of neuron
apoptosis, synapse, neuron development, regulation of
synapse structure and activity

nervous system development, axonogenesis

In the top 30 ranking genes ranked by cumulative weighted context++ score, SNAP23 and PPT1 were included. In addition, in the top 100 rank-

ing genes, NTNGI was included.

genes with nervous system-associated gene ontology, such
as SNAP23 (synaptosomal-associated protein, 23 kDa), and
PPT1 (palmitoyl-protein thioesterase 1), were found to be
involved and to be within the top 30 ranking genes. Within
the top 100 ranking genes, NTNGI (netrin GI) was also in-
cluded (Table 4).

Discussion

In this study, we revealed alteration of miRNA expres-
sions in the pons/medulla in IDPN-treated rats. Signifi-
cantly altered miRNAs in the pons/medulla in microarray
analysis included drastically upregulated miR-547*, miR-
3594-3p, miR-668, miR-487b*, and miR-760-5p and dras-
tically downregulated let-7c-1*, miR-190, and miR-29a*.
However, these miRNAs showed extremely low expression
levels in the control animals. Therefore, the fold changes in
these miRNAs need to be considered carefully. In downreg-
ulated miRNAs that ranked highly, nervous system-related
alterations were previously reported for miR-190, miR-496,
and miR-135a. In particular, nervous system-related altera-
tion of miR-135a has been indicated in association with
synaptic depression in spine remodeling, RDX-induced
neurotoxicity, corticosteroid dependent stress response,
cocaine-induced conditioned place preference, and tumori-
genesis!4. 18-20,

In these altered miRNAs, we focused on upregula-
tion of miR-547* and downregulation of miR-135a and per-
formed RT-PCR analysis. Consequently, only upregulation
of miR-547* was confirmed by RT-PCR. In the time-course
and dose-response analysis, the expression level of miR-
547* was only found to be significant at 125 mg/kg on Day
14, at which point nervous symptoms such as ataxic gait,
head bobbing, circling, spasmodic gait, and decreased audi-
tory response were most frequently observed, and the sever-
ity and incidence of axonal changes, mainly in the medulla,
pons, and spinal cord, were increased. Slight axonal changes
were also observed at a lower dose (50 mg/kg) on Day 14
and at an earlier time point (on Day 7) at 125 mg/kg; how-
ever, they were not accompanied by alteration of miR-547*
expression levels. These results suggested that miR-547* is
related to an advanced stage of IDPN-induced neurotoxicity
rather than an onset phase.

Since little is known about the distribution in tissues
and cells and function of miR-547* in any species, the role
miR-547* plays in IDPN-induced neurotoxicity remains
unclear. However, SNAP23, PPT1, and NTNGI, which are
associated with functions of synapses and axons, were in-
cluded among the potential target genes for miR-547* pre-
dicted by TargetScan. Of the three genes, SNAP23 was
ranked highest. SNAP23 is a member of the SNAP family
that is distributed in both non-neuronal tissues and neuro-
nal tissues, and its roles in membrane trafficking have been
indicated?4-34. Regarding neuronal tissues, SNAP23 is dis-
tributed in hippocampal and cortical GABAergic neurons,
in glutamatergic and GABAergic synapses of the mature
cerebellar cortex, and in astrocytes. Its function in the brain
is not fully understood, but it is considered an important
protein in the exocytotic machinery in neuronal synapses
and astrocytes24-30. In this study, there was no difference in
SNAP23 mRNA levels in the pons/medulla between control
and IDPN 125 mg/kg animals on Day 14 (data not shown).
However, it remains unclear whether miR-547* regulates
SNAP23 protein expression by translational repression.
To clarify this question, analysis of SNAP23 at the protein
level will be needed. Moreover, accumulation of neuro-
filaments was confirmed by immunohistochemistry in our
study. Accumulation of neurofilaments has been reported to
be caused by a deficit in slow axonal transport of neurofila-
ment proteins+ 35. Further study is still needed to determine
how miR-547* is involved in regulating synaptic and axonal
function in association with axonal impairment caused by
IDPN.

The nervous symptoms and histopathological changes
in the present study are in general agreement with some
reports on the features of IDPN-induced neurotoxic-
ityl: 3. 4.6.7. 36 Abnormal behaviors and decreased auditory
response might be associated with IDPN-induced vestibular
and auditory hair cell injuries, as reported in some stud-
ies2 3740 although the possibility that decreased auditory
response might be caused by weakened condition in animals
could not be ruled out. In contrast to our result, it has been
reported that IDPN induced sciatic nerve degeneration after
28-day (at 100 mg/kg) or 5-week (at 125 mg/kg) oral admin-
istration’ 7. Since the observation period in our study was
shorter than that of the reported studies, no sciatic nerve de-
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generation was detected in the present study. Setting a lon-
ger administration period may promote progression of the
pathological changes and lead to sciatic nerve degeneration.
In addition, glial reactions were not apparent in this study.
However, it has been reported that an increase in GFAP con-
centration in the pons/medulla, midbrain, cerebral cortex,
and olfactory bulb was induced by IDPN treatment for 3
days at 400 mg/kg/day with a peak on Day 7 after admin-
istration36: 41, The differences in dose and period of admin-
istration and the difference in GFAP detection methods be-
tween this study (immunohistochemistry) and the previous
studies (measurement of concentration) were suspected as
contributing to the differing results for GFAP. The finding
that no apparent glial reactions were seen in this study was
considered to be supportive data indicating that miR-547*
may regulate genes associated with axonal or synapse func-
tion rather than genes associated with other phenomena
such as cell death and inflammation.

Regarding the other downregulated miRNAs in micro-
array in this study, miR-190 and miR-496 have also been
reported to be downregulated in relation to the nervous sys-
tem. In vivo and in vitro analyses indicates that miR-190 is
associated with p-opioid receptor agonists-modulated sta-
bility of dendritic spines via regulation of neurogenic dif-
ferentiation 1 (NeuroD) activity?2. miR-190 is also down-
regulated in the contused cortex after traumatic brain injury
in mice?3 . Downregulation of miR-496 has been reported
in microarray analysis using fetal mouse brains exposed to
ethanol?!. Further investigation for these miRNAs will be
the challenge for the future to clarify the roles of miRNAs
that contribute to IDPN-induced neurotoxicity.

In conclusion, miR-547* was considered to be associ-
ated with IDPN-induced abnormalities in the pons and me-
dulla. To our knowledge, this is the first report indicating
links between upregulation of miR-547* and neurotoxicity
of IDPN in rats. Although the potential mechanisms need to
be further clarified, miR-547* may provide new useful in-
formation regarding the mechanism of IDPN neurotoxicity
and the pathogenesis of axonopathy.
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4-Methylthio-3-butenyl isothiocyanate (raphasatin) exerts
chemopreventive effects against esophageal carcinogenesis in rats
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Abstract: To examine the effects of 4-methylthio-3-butenyl isothiocyanate on esophageal carcinogenesis, male 6-week-old F344 rats
were subcutaneously injected with 0.5 mg/kg body weight N-nitrosomethylbenzylamine three times per week for 5 weeks and fed a diet
supplemented with 80 ppm 4-methylthio-3-butenyl isothiocyanate, equivalent to 6.05 mg/kg body weight/day for the initiation stage,
4.03 mg/kg body weight/day for the promotion stage, or 4.79 mg/kg body weight/day for all stages. Although the incidence of lesions
was not affected by 4-methylthio-3-butenyl isothiocyanate treatment, the multiplicity of squamous cell papilloma in the esophagus was
significantly decreased in rats in the 4-methylthio-3-butenyl isothiocyanate initiation stage group (1.13 + 0.74), 4-methylthio-3-butenyl
isothiocyanate promotion stage group (1.47 = 0.99), and 4-methylthio-3-butenyl isothiocyanate all stage group (1.47 + 1.13) as compared
with rats treated with N-nitrosomethylbenzylamine alone (3.00 + 1.46). Immunohistochemical analysis revealed that 4-methylthio-
3-butenyl isothiocyanate induced apoptosis, suppressed cell proliferation, and increased p21 expression when administered in the
promotion phase. These modifying effects were not observed in the rats treated with 4-methylthio-3-butenyl isothiocyanate alone. Our
results indicated that 4-methylthio-3-butenyl isothiocyanate may exert chemopreventive effects against N-nitrosomethylbenzylamine-

induced esophageal carcinogenesis in rats. (DOI: 10.1293/t0x.2016-0037; J Toxicol Pathol 2016; 29: 237-246)

Key words: 4-methylthio-3-butenyl isothiocyanate, raphasatin, esophageal cancer, N-nitrosomethylbenzylamine, chemoprevention

Introduction

Esophageal cancer is the tenth most common cancer
and the sixth most common cause of cancer-related deaths
worldwide (about 400,000 deaths/year)!. In addition, it is
one of the most lethal malignancies, with a 5-year survival
rate of only 17% in the USA from 1996 to 20042.3. In Japan,
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the 10-year relative survival rate of men with esophageal
cancer was reported to be 24.0%; this was lower than those
of other digestive tract cancers (gastric cancer, 61.3%; colon
cancer, 68.9%) from 2002 to 20064. Therefore, effective che-
mopreventive approaches against this disease are urgently
required.

Esophageal squamous cell carcinoma (ESCC) is one
of the most predominant histological types of esophageal
cancer. Epidemiological studies have shown that tobacco
smoking, excessive alcohol consumption, and eating pick-
led vegetables are associated with increased risk of ESCC;
these habits can lead to the endogenous generation of nitro-
samines, a common type of carcinogens. Furthermore, high
concentrations of nitrate nitrogen, the precursor of nitrosa-
mine, in drinking water can increase the risk of ESCCe¢. In
contrast, the consumption of fruits and vegetables has been
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shown to be associated with a reduced risk of ESCC7. 8. In
these population-based prospective cohort studies, research-
ers found a dose-dependent decrease in the risk of ESCC as-
sociated with a higher intake of total fruits and vegetables.
Of the five fruit and vegetable subgroups investigated in the
study of Yamaji ef al., only individuals consuming cruci-
ferous vegetables had a significantly reduced risk of ESCC
on further adjustment for smoking and alcohol consump-
tion status8. Among the different types of fruits and veg-
etables, cruciferous vegetables may provide a good source
of effective cancer-preventing compounds®. In particular,
isothiocyanates (ITCs), one of the constituents in crucifer-
ous vegetables, have been extensively investigated and have
attracted considerable attention owing to their promising
chemopreventive effects®.

ITCs have been shown to suppress tumor develop-
ment in rodent carcinogenesis models of various organs9-13.
Moreover, phenethyl isothiocyanate (PEITC) has been re-
ported to suppress N-nitrosomethylbenzylamine (NMBA)-
induced rat esophageal carcinogenesis when rats are treated
throughout the experiment!4-16, 4-Methylthio-3-butenyl iso-
thiocyanate (MTBITC), a component of the daikon (Japa-
nese white radish), was also found to have antimutagenic
effects in an in vitro study!’” and was shown to suppress
pancreatic carcinogenesis in hamsters treated with N-
nitrosobis(2-oxopropyl)amine (BOP) when given during the
initiation stage!s. MTBITC is a pungent component of the
daikon; therefore, heirloom types of daikon (e.g., Karami,
Momoyama, and Sabaga), which are more pungent than the
conventional type of daikon (Aokubi), are a rich source of
MTBITC®. Although several in vitro studies have shown
that MTBITC has chemopreventive properties, such as anti-
proliferative and pro-apoptotic effects20-22, few reports have
assessed the chemopreventive effects of this compound in
vivo'8: 23 and it is unclear whether MTBITC exerts chemo-
preventive effects in esophageal carcinogenesis.

In this study, we aimed to clarify the potential chemo-
preventive effects of MTBITC in an in vivo model of esopha-
geal carcinogenesis. For this purpose, we employed an NM-
BA-induced rat esophageal carcinogenesis model to allow
the initiated cells to develop into preneoplastic/neoplastic
lesions from squamous cells rapidly. NMBA is a carcino-
genic nitrosamine that is found in the diet in regions where
individuals are at high risk of ESCC24. The NMBA-induced
rat esophageal carcinogenesis model has been extensively
used because the relatively short-term (5 weeks) NMBA-
treatment protocol results in a 100% tumor incidence within
23 weeks after the first administration of NMBA and al-
lows for evaluation of the effects of compounds adminis-
tered before, during, and after NMBA treatment!4. 16. Using
this model, we were able to assess the potential influence of
MTBITC on the induction and subsequent progression of
esophageal neoplasms. In addition, we performed immuno-
histochemical analysis to assess the mechanisms involved in
MTBITC-dependent chemoprevention.

Materials and Methods

Chemicals

MTBITC was extracted and purified from the roots of
heirloom varieties of daikon (Raphanus sativus) in Kyoto
(Momoyama and Sabaga) as previously described! and then
stored at —80°C until use. The purity of the MTBITC was
98.0%, as estimated by high-performance liquid chroma-
tography (HPLC; Shimadzu, Kyoto, Japan). NMBA (Nard,
Osaka, Japan) was dissolved in 20% dimethyl sulfoxide
(DMSO; Sigma-Aldrich, St. Louis, MO, USA) in saline
and was administered at a volume of 5 mL/kg body weight
(BW).

Experimental animals and housing conditions

A total of 95 four-week-old male F344/DuCrlCrlj rats
were obtained from Charles River Laboratories Japan (Yo-
kohama, Japan) and acclimated for 1 week prior to testing.
The rats were housed in polycarbonate cages (3—4 rats per
cage) with softwood chips for bedding in a specific patho-
gen-free animal facility and maintained under controlled
conditions (temperature, 23 + 2°C; relative humidity, 55 +
5%, air changes, 12 times/h; and lighting, 12-h light-dark
cycle) with free access to the basal diet or test diet and tap
water.

Experimental protocol

MTBITC was mixed into a powdered basal diet (CRF-
1; Oriental Yeast Co., Ltd., Tokyo, Japan) at 80 ppm based
on its ability to suppress pancreatic tumors in the hamsters!s.
The stability of MTBITC in the mixed diet was analyzed by
HPLC, and the concentrations of MTBITC in the mixed diet
preserved at 4°C for 4 days and 1 week were 96.6% and
90.7%, respectively, whereas those in mixed diets stored at
room temperature for 4 days and 1 week were 75.3% and
75.1%, respectively. The MTBITC/diet admixture was pre-
pared once per week and kept at 4°C in a refrigerator, and
the contents of the feeding jar were exchanged twice per
week.

As shown in Fig. 1, groups 1 (untreated) and 2 (MT-
BITC-treated) included 10 rats (5 weeks old) each that were
fed the basal diet or a diet containing 80 ppm MTBITC with-
out NMBA treatment or DMSO (vehicle) for analysis of the
effects of MTBITC alone. Rats in groups 3 (DMSO-treated;
n = 15) and 4 (NMBA-treated; n = 15) were fed the basal
diet throughout the experiment and treated with DMSO or
NMBA, respectively. NMBA was administered subcutane-
ously 3 times per week for 5 weeks at a dose of 0.5 mg/kg
BW as previously described!¢. Groups 57 (n = 15 animals
each) were given both NMBA and MTBITC as follows: for
the initiation stage of treatment, from 1 week before NMBA
treatment, rats were simultaneously given a diet mixed with
80 ppm MTBITC for 7 weeks and then the basal diet (group
5; NMBA+MTBITC/basal diet); for the promotion stage of
treatment, starting 1 week after the end of NMBA treatment,
the animals were continuously fed the MTBITC diet for 19
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A: 20% DMSO (vehicle) in same manner

Fig. 1. Experimental design.

weeks (group 6; NMBA/MTBITC); finally, for all stages of
treatment, the MTBITC diet was given throughout the ex-
perimental period (group 7; NMBA+MTBITC/MTBITC).

The animals were observed daily and weighed once per
week during the experimental period. The amounts of sup-
plied and residual diet were weighed twice per week, when
the contents of the feeding jars were exchanged, in order to
calculate the average daily food consumption and MTBITC
intake throughout the treatment period. At experimen-
tal week 26, all animals were anesthetized with isoflurane
(Mylan Inc., Tokyo, Japan), and blood samples were col-
lected from the abdominal aorta for hematology and serum
biochemistry in groups 1 and 2. Other animals were then
euthanized by exsanguination from the abdominal aorta.
The protocol was approved by the Animal Care and Utiliza-
tion Committee of the National Institute of Health Sciences
(Tokyo).

Hematology and serum biochemistry

To examine whether the dose of MTBITC used in this
study itself exerts any effects in rats, hematology and serum
biochemistry were analyzed in groups 1 and 2. Hematologi-
cal examination was performed using a K-4500 automatic
hematology analyzer (Sysmex Corp., Kobe, Japan). Ali-
quots of whole blood samples were mixed with 4 volumes
of the supplier’s buffer containing 0.5% ethylenediaminetet-
raacetic acid (EDTA)-2K and applied to the analyzer for the
following parameters: white blood cell count (WBC), red
blood cell count (RBC), hemoglobin concentration (HGB),
hematocrit (HCT), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), mean corpuscular hemo-
globin concentration (MCHC), and platelet count (PLT). To

measure the differential leukocyte and reticulocyte counts,
aliquots of whole blood samples were mixed with a one-
fourth volume of 5.0% EDTA-2K solution. Blood smears
were then processed for May-Grunwald Giemsa staining
and analyzed with a Microx HEG-50S (Sysmex). Serum bio-
chemistry was analyzed at SRL, Inc. (Tokyo, Japan), using
sera frozen after centrifugation of whole blood (1,000 x g
for 10 min). The following parameters were analyzed: total
protein (TP), albumin (Alb), albumin/globulin ratio (A/G),
total bilirubin (Bil), glucose, triglyceride (TG), total choles-
terol (T-Cho), urea nitrogen (BUN), creatinine (Cre), sodium
(Na), chlorine (Cl), potassium (K), calcium (Ca), inorganic
phosphorus (IP), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), and
gamma-glutamyl transpeptidase (y GTP).

Organ weights and histopathological assessment
After necropsy, the esophagus, tongue, and stomach
were removed from all rats. In groups 1 and 2, the brain,
thymus, lungs, heart, spleen, liver, adrenal glands, kidneys,
and testes were weighed, and the skin, mammary glands, fe-
mur with marrow, sternum with marrow, mesenteric lymph
nodes, salivary glands (sublingual and submandibular),
aorta, trachea, small intestine (duodenum, jejunum, and il-
eum), large intestine (cecum, colon, and rectum), pancreas,
urinary bladder, epididymides, seminal vesicles, prostate
gland, pituitary gland, thyroid glands, parathyroid glands,
spinal cord with vertebrae (cervical, thoracic, and lumbar
portions), trigeminal and sciatic nerves, eyes, Harderian
glands, femoral skeletal muscle, and nasal cavity were re-
moved to examine whether the dose of MTBITC used in this
study itself exerts any effects in rats. To evaluate the chemo-
preventive effects of MTBITC, the esophagus of each rat was
opened longitudinally, and surface nodules greater than 0.5
mm in a single dimension were mapped, counted, and mea-
sured. This size is used to ensure detection of proliferative
lesions, and it was also applied in previous NMBA-induced
esophageal carcinogenesis studies!4. 15. The esophagus was
unbent and fixed on a filter paper to make it flat. The organs
were then fixed in 10% buffered formalin for 3 days. Tes-
tes and eyes were fixed in Bouin’s solution and Davidson’s
solution, respectively. The nasal cavity, vertebrae, sternum,
and femur were treated with a mixture of 10% formic acid
and 10% buffered formalin for up to 3 weeks for decalcifica-
tion. After fixation, the entire length of the esophagus was
cut into 2 or 3 sections including all nodules greater than
0.5 mm in diameter. Tissue slices of all organs were rou-
tinely processed for paraffin embedding, and sections were
prepared and stained with hematoxylin and eosin (HE) for
histopathological evaluation. Esophageal lesions were clas-
sified into hyperplasia, atypical hyperplasia (i.e., dysplasia),
papilloma, and carcinoma of squamous cells based on his-
topathological features in rats, in accordance with the In-
ternational Harmonization of Nomenclature and Diagnostic
Criteria (INHAND)?5. Diagnostic features are as follows.
Atypical hyperplasia reveals the thickening of squamous
epithelium with the presence of abnormal cell shape, size,
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or nuclear morphology, and keratinization of cells within
deeper layers of mucosa is seen. Papilloma is characterized
by branching central fibrovascular stalks that are covered by
a variably thick and differentiated squamous epithelium that
is often heavily keratinized. Cells comprising a carcinoma
show features such as loss of polarity (for example, basal-
like tumor cells suddenly forming keratin pearls), an abun-
dance of mitotic figures, cellular and nuclear pleomorphism,
and foci of necrosis.

Immunohistochemistry

Esophagus tissues were embedded in paraffin, sec-
tioned to at a thickness of 4-um, and subjected to immu-
nohistochemistry using a Vectastain Elite ABC Kit (Vec-
tor Laboratories Inc., Burlingame, CA, USA) or Histofine
Simple Stain Kit (Nichirei Corp, Tokyo, Japan) with 3,
3'-diaminobenzidine/H,0, as a chromogen. The follow-
ing primary antibodies were used: anti-cleaved caspase-3
rabbit monoclonal antibodies (clone SAIE, 1:500; Cell Sig-
naling Technology, Inc., Danvers, MA, USA), anti-Ki-67
rabbit monoclonal antibodies (clone SP6, 1:1,000; Abcam,
Cambridge, CA, USA), anti-p21 rabbit monoclonal antibod-
ies (clone EPR3993, 1:2,000; Abcam), and anti-p53 mouse
monoclonal antibodies (clone PAb 240, 1:2,500; Abcam).
Antigen retrieval was performed in an autoclave for 10 min
at 121°C in 10 mM citrate buffer (pH 6.0) for Ki-67, p21, and
p53 or in a microwave for 10 min at 90°C in Target Retrieval
Solution, pH 9 (Dako, Tokyo, Japan), for cleaved caspase-3.

Immunohistochemical analysis was performed for
rats in groups 2—7. All immunostained slides were counter-
stained with hematoxylin for microscopic examination. To
compare the effects of MTBITC on early-stage esophageal
carcinogenesis, we analyzed normal looking epithelia from
rats in groups 2 and 3 or diffuse hyperplastic epithelia (i.e.,
the majority of the mucosa consisting of squamous cells
in increased layers other than focal preneoplastic/neoplas-
tic lesions in NMBA-treated animals) in groups 4-7. The
numbers of positive cells were counted in 5 randomly se-
lected areas per epithelium at a magnification of 200x from
10 randomly selected rats per group, and cell numbers were
normalized to the unit length of the muscularis mucosae in
accordance with Taniai ef al.26.

Statistical analysis

All data were expressed as means + SDs per group,
and the data of groups 3 and 4 were compared with those
of the other groups to evaluate the effects of MTBITC on
NMBA-induced rat esophageal carcinogenesis. For compar-
ison of numerical data between multiple groups, Bartlett’s
test for equal variance was used to determine whether vari-
ances were homogenous between the groups. If a significant
difference in variance was not observed, one-way analysis
of variance (ANOVA) was performed. If significant differ-
ences were found, Dunnett’s multiple comparison tests (for
multiplicity data) or Tukey-Kramer’s multiple range tests
(for other data) were performed for comparisons between
the groups. If a significant difference was found using

Bartlett’s test, Kruskal-Wallis tests were performed. If sig-
nificant differences were found, Steel tests (for multiplicity
data) or Steel-Dwass tests (for other data) were applied.

The significance of differences in data for hematology,
serum biochemistry, and organ weights (both absolute and
relative weights) between groups 1 and 2 was analyzed with
Student-Welch tests. For histopathological findings, Fisher’s
exact probability tests were performed. Differences with P
values of less than 0.05 were considered statistically signifi-
cant.

Results

One rat in group 3 became emaciated due to malocclu-
sion and was excluded from the study. No treatment-related
clinical signs or deaths were detected during the 26-week
study period. The treatments did not affect body weight.
Analysis of food consumption revealed that rats in groups
2,5, 6, and 7 consumed 4.64, 6.05, 4.03, and 4.79 mg MT-
BITC/kg BW/day, respectively (Table 1).

No MTBITC-related changes were observed in hema-
tological parameters, serum biochemistry, organ weights,
and histopathological features in groups 1 and 2, except for
incidental and spontaneous changes (data not shown). A sig-
nificant low value for lung weight was observed in group 2,
but it was thought to be incidental, since the difference was
minimal and no significant histopathological change was
observed.

The incidence and multiplicity data for macroscopic
esophageal nodules greater than 0.5 mm in diameter in each
group are summarized in Table 2. The nodules were diag-
nosed as squamous cell hyperplasia, atypical hyperplasia,
papilloma, or carcinoma, as described later. No statistically
significant differences in the incidence of nodules were de-
tected among groups 4—7. In contrast, the multiplicities of
nodules in groups 5—7 were significantly lower than that in
group 4 (P<0.01).

The incidence and multiplicity data of esophageal pre-
neoplastic/neoplastic lesions, as identified by histological
assessment, are shown in Table 3, and the representative ap-
pearance of each lesion is shown in Fig. 2. There were no
significant differences in the incidences of lesions among
groups 4-7. However, the multiplicity data for atypical
hyperplasia (P<0.05 in groups 5 and 7) and for papilloma
(P<0.01 in groups 5-7) were significantly decreased com-
pared with those in group 4. As for carcinoma, the animals
in groups 6 and 7 revealed a tendency to exhibit slightly
lower incidence and multiplicity data than those in group 4,
without statistical significance. Moreover, focal hyperplasia
and papilloma of squamous cells in the tongue was sporadi-
cally detected in rats in groups 4—7; however, there were no
significant differences in the incidence and multiplicity data
(data not shown). Additionally, no changes were observed in
the stomach in all groups of rats.

The results of the immunohistochemical analysis are
graphically summarized in Fig. 3. The numbers of epithelial
cells positive for cleaved caspase-3, the activated form of
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Table 1. Body Weight, Food Consumption, and Intake of MTBITC

Grou No. of Body weight (g) Food consumption Intake of MTBITC
P animals Initial Final (g/rat/day) (mg/kg BW/day)

1. Untreated 10 84.1+6.7 364 £ 14.6 154 0
2. MTBITC-treated 10 84.2+6.5 369 +£28.0 16.3 4.64
3. DMSO-treated 14 84.5+54 378 £ 14.3 16.5 0
4. NMBA-treated 15 84.0+54 361 £21.9 15.8 0
5. NMBA+MTBITC/basal diet 15 84.0+5.3 360 +23.3 15.7 6.05
6. NMBA/MTBITC 15 83.9+53 364+21.4 16.1 4.03
7.NMBA+MTBITC/MTBITC 15 83.9+52 364 +£27.5 16.7 4.79
Body weight values represent the mean + SD.

Table 2. Incidence and Multiplicity Data for Macroscopic Esophageal Nodules

No. of . N o

Group animals Incidence (%) Multiplicity (no./rat)

1. Untreated 10 0

2. MTBITC-treated 10 0

3. DMSO-treated 14 0

4. NMBA-treated 15 15 (100) 4.53+1.77

5. NMBA+MTBITC/basal diet 15 13 (87) 1.67 £ 0.98**

6. NMBA/MTBITC 15 12 (80) 1.73 = 1.10**

7. NMBA+MTBITC/MTBITC 15 12 (80) 1.87 £ 1.19**

Multiplicity values represent the mean + SD. ** P<0.01 versus the NMBA-treated group.

Table 3. Incidence and Multiplicity Data for Esophageal Preneoplastic/Neoplastic Lesions

Incidence (%)

Multiplicity (no./rat)

No. of
Group animals Atyplcal. Papilloma Carcinoma Atyp 1cal. Papilloma Carcinoma
hyperplasia hyperplasia
1. Untreated 10 0 0 0
2. MTBITC-treated 10 0 0 0
3. DMSO-treated 14 0 0 0
4. NMBA-treated 15 14 (93) 15 (100) 9 (60) 273 +1.58 3.00+1.46 0.67 £0.62
5. NMBA+MTBITC/basal diet 15 14 (93) 12 (80) 8(53) 1.67 £ 1.23* 1.13 & 0.74** 0.60 +0.63
6. NMBA/MTBITC 15 14 (93) 12 (80) 6 (40) 1.80 = 1.15 1.47 £ 0.99%* 0.47 £0.64
7. NMBA+MTBITC/MTBITC 15 11 (73) 12 (80) 6 (40) 1.53 £ 1.36* 1.47 + 1.13** 0.47 £ 0.64

Multiplicity values represent the mean + SD. * P<0.05 versus the NMBA-treated group. ** P<0.01 versus the NMBA-treated group.

caspase-3 involved in apoptotic signaling, were significantly
higher in groups 5-7 than in group 3 (P<0.01). The animals
in group 4 also showed a tendency to exhibit a higher num-
ber of positive cells than the animals in group 3; however,
this difference was not statistically significant. Moreover,
the numbers of positive cells in groups 6 and 7 were sig-
nificantly increased as compared with those in group 4
(P<0.05).

We next examined cell proliferation by analysis of Ki-
67, an established cell proliferation marker. The numbers
of Ki-67-positive cells in groups 4 and 5 were significantly
increased as compared with that in group 3 (P<0.01). In con-
trast, groups 6 and 7 exhibited no obvious differences in the
numbers of positive cells compared with that in group 3.
Moreover, groups 6 and 7 showed significant decreases in
the numbers of positive cells compared with that in group

4 (P<0.01).

There were no obvious differences in the number of
cells positive for p21, a potent cyclin-dependent kinase
(CDK) inhibitor, in groups 3—5. However, the numbers of
p21-positive cells were significantly increased in groups 6
and 7 as compared with those in groups 3 (P<0.01) and 4
(P<0.01 versus group 6 and P<0.05 versus group 7).

The numbers of cells positive for p53, a well-studied
tumor suppressor, were significantly increased in groups
4-7, i.e., all the NMBA-treated groups, compared with that
in group 3 (P<0.01). However, there were no obvious im-
munoreactive differences between group 4 and groups 5-7.

As for all examined markers, the animals in the group
2 exhibited no obvious differences in the immunoreactive
cell populations compared with those in group 3.
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Fig. 2. Representative appearances of esophageal lesions. Normal epithelium (A) in rats in the DMSO-treated group, and squamous cell atypi-
cal hyperplasia (B), papilloma (C, D), and carcinoma (E, F) in rats in the NMBA-treated group (HE staining). Atypical hyperplasia
exhibits thickening of the squamous epithelium along with the presence of an abnormal cell shape, size, or nuclear morphology, and
keratinization of cells within deeper layers of the mucosa is seen. Papilloma is characterized by branching central fibrovascular stalks
that are covered by a variably thick and differentiated squamous epithelium that is often heavily keratinized. Cells comprising a carci-
noma show features such as loss of polarity (for example, basal-like tumor cells suddenly form keratin pearls), an abundance of mitotic
figures, cellular and nuclear pleomorphism, and foci of necrosis. Bars = 100 um (A, B, D, F) or 1,000 um (C, E).

Discussion

In the present study, we showed that 26 weeks of di-
etary administration of 80 ppm MTBITC (equivalent to 4.64
mg/kg BW/day) alone did not have any effects in male F344
rats. Importantly, MTBITC treatment clearly inhibited NM-
BA-induced esophageal carcinogenesis when administered
during the initiation and/or promotion phase, causing induc-
tion of apoptosis and inhibition of cell proliferation in the

promotion phase.

Few in vivo studies have reported the effects of MT-
BITC on cancer!8. 23, and the current study is the first report
demonstrating the chemopreventive effects of MTBITC on
esophageal tumorigenesis in rats. Several other ITCs have
also been shown to inhibit carcinogen-induced lung, co-
lonic, pancreatic, and esophageal tumorigenesis!®-16, and
the characteristics of these ITCs differ2!: 27, which may con-
tribute to the observed variations in carcinogenesis. For ex-
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Fig. 3. Distribution of cleaved caspase-3-, Ki-67-, p21-, and p53-positive cells in the esophageal epithelium. Photomicrographs show the cellular
distributions of markers in the DMSO-treated, NMBA-treated, and NMBA/MTBITC groups. The graphs show positive cells per unit
muscularis mucosae length (1,000 pm) of the epithelium in the DMSO-treated, MTBITC-treated, NMBA-treated, NMBA+MTBITC/
basal diet, NMBA/MTBITC, and NMBA+MTBITC/MTBITC groups. Values represent the mean + SD. (A) Cleaved caspase-3, (B) Ki-
67, (C) p21, and (D) p53. Bars = 50 um. ** P<(.01 versus the DMSO-treated group. # P<0.05 versus the NMBA-treated group. # P<0.01

versus the NMBA-treated group.

ample, unlike dietary administration of 80 ppm MTBITC
in the present experiment, 500 ppm of PEITC fails to exert
chemopreventive effects on NMBA-induced tumorigenesis
in the rat esophagus when administered during the promo-
tion stage!4. In contrast, 80 ppm MTBITC, benzyl isothio-
cyanate, or sulforaphane (SFN), a type of ITC, prevents
BOP-induced pancreatic carcinogenesis in hamsters when
administered during the initiation stage but not during the

promotion stage!3 18. These reports, combined with our cur-
rent findings, indicate that the chemopreventive effects of
ITCs may differ depending on the target organ and/or the
target molecules of the carcinogen.

In the present study, we also investigated the effects
of MTBITC on cell proliferation and apoptosis in the
esophageal epithelium of NMBA-treated rats. We found
that cleaved caspase-3-positive cells were significantly in-



244 Rat Esophageal Chemoprevention of MTBITC

creased in animals treated with MTBITC during the promo-
tion stage, as compared with that in animals treated with
NMBA alone, indicating that MTBITC treatment increased
apoptosis. MTBITC has been reported to induce apoptosis
in HeLa (human cervical epithelial carcinoma), A549 (hu-
man alveolar basal epithelial carcinoma), MCF-7 (human
mammary epithelial carcinoma), and PC-3 (human prostate
epithelial carcinoma) cell lines20. Specifically, MTBITC was
shown to upregulate the expression of Bax and caspase-3,
two pro-apoptotic genes, and downregulate the expression
of Bcl-2 and Bcl-xl, two anti-apoptotic genes. In terms of
cell proliferation, we found that the numbers of Ki-67-pos-
itive cells were significantly increased in animals treated
with NMBA alone or with MTBITC during the initiation
stage as compared with that in animals treated with DMSO.
Preneoplastic cells are generally known to have higher
proliferative activity than normal cells?8: 29, and similar
high proliferative activity was previously observed in a rat
NMBA carcinogenesis model identical to the model used in
this study3?. However, the numbers of Ki-67-positive cells
were significantly decreased in animals treated with MT-
BITC during the promotion stage as compared with that in
animals treated with NMBA alone, indicating that MTBITC
treatment decreased cell proliferation in the esophagus in
rats treated with NMBA.

We also investigated the expression of p2l in the rat
esophageal epithelium to determine the effects of MTBITC
on the cell cycle checkpoint in this model. p21 is a potent
CDK inhibitor that blocks cell cycle progression at the G,
G,, and/or G, phase3!l. In the present study, we found that
animals treated with MTBITC during the promotion stage
showed higher numbers of p21-positive cells than animals
treated with NMBA alone. Several studies have shown that
ITCs upregulate the expression of p21 and suppress the ex-
pression of cyclins and CDKs, resulting in induction of cell
cycle arrest by PEITC in MCF-7 and MDA-MB-231 cells
(derived from human breast adenocarcinomas) and by SFN
in LNCaP and PC-3 cells (derived from human prostate ad-
enocarcinomas)32 33. SNF has been known to induce apop-
tosis derived from reactive oxygen species34 and to elevate
the transcription of p21 through the inhibition of histone
deacetylase (HDAC) activity3? in human prostate adeno-
carcinoma cells. Furthermore, MTBITC shares a similar
chemical structure with SFN; therefore, MTBITC might
have similar activity regarding ROS induction and HDAC
inhibition. Further investigation is needed to clarify this.
Consequently, our results suggest that MTBITC treatment
may suppress cell proliferation through increased expres-
sion of p21, at least in part, in the rat esophageal epithelium.

Interestingly, rats in all NMBA-treated groups showed
increased numbers of p53-positive cells in the esophagus
compared with that in the DMSO-treated group, regardless
of the presence of MTBITC treatment. p53 is a short-lived
protein in normal tissues; however, mutant p53 protein has
an extended half-life and is often highly expressed in tu-
mor cells3s. Mutations in the p53 gene have been observed in
NMBA-induced esophageal tumors in rats3¢ and in esoph-

ageal tumors in humans3”. Thus, the increased number of
p53-positive cells may be explained by NMBA treatment,
and MTBITC may not have affected the expression of p53 in
the esophagus of NMBA-treated rats. However, we did not
investigate mutations in the p53 gene directly in our study.

Compared with the esophagus in the vehicle con-
trol group, administration of MTBITC alone did not alter
these factors on the esophagus epithelium, suggesting that
MTBITC may have selectively affected the NMBA-treated
esophageal cells, while the normal esophageal cells were
left unaffected. Selective targeting and negligible toxicity in
normal cells are important prerequisites for probable che-
mopreventive compounds. Similarly, ITCs, including MT-
BITC, have been reported to induce cell cycle arrest and
apoptosis in preneoplastic/neoplastic cells but not in normal
cells in in vitro studies20.32. 33, This might be due to a fact
that ITCs could target a particular molecular event present
in hyperplastic and cancer cells but absent in normal cells,
for example, higher cell proliferative activity2s. 29,

MTBITC has been shown to inhibit genotoxicity in
vitro and in vivo!”. 23 and to induce several types of anti-
oxidative enzymes, including quinone reductase, NAD(P)
H:quinone oxidoreductase, heme oxygenase-1, thioredoxin
reductase, and glutathione S-transferase in HepG2 (human
hepatocellular carcinoma) cells or hepatocytes of rats and
mice?!: 22, Moreover, induction of antioxidative enzymes is
transcriptionally regulated through the antioxidant response
element (ARE), and activation of gene transcription through
the ARE is mediated primarily by nuclear factor E2-related
factor 2 (Nrf2)38. Indeed, several types of ITCs, including
MTBITC, activate Nrf2 in primary cultures of rat hepato-
cytes?l. Furthermore, several ITCs have been reported to
inhibit the induction of cytochrome P450 (CYP) enzymes.
CYP enzymes are generally known to activate certain car-
cinogens, and simultaneous administration of PEITC has
been reported to inhibit NMBA-induced esophageal carci-
nogenesis in rats through its ability to reduce the metabolism
of NMBA and to inhibit the DNA adduct formation induced
by NMBA metabolites!>. PEITC also inhibits CYP1A2,
CYP2EI, and CYP3A in rat liver microsomes. In addition,
MTBITC inhibits CYP3A2 in primary cultures of rat hepa-
tocytes2!. Based on these reports, MTBITC treatment dur-
ing the initiation phase may affect the Nrf2-ARE pathway
and the inhibition of CYP enzymes in the rat esophagus.
Further studies are needed to confirm this hypothesis.

In conclusion, we showed for the first time that treat-
ment with approximately 4—6 mg MTBITC/kg BW/day sup-
pressed NMBA-induced esophageal tumorigenesis when
administered during the initiation and/or promotion stages.
Converting this dose based on body surface area as de-
scribed in the FDA guidance4?, the human equivalent dose
would be 0.65-0.98 mg/kg BW/day. The above effects were
related to the induction of apoptosis and the suppression of
cell proliferation in NMBA-treated esophageal cells with
elevated p21 expression. On the other hand, these changes
were not observed in the animals treated with MTBITC
alone, suggesting the specificity of MTBITC to NMBA-



Suzuki, Cho, Hirata et al. 245

initiated cells but not to the normal esophageal epithelium.
Based on the previously reported concentration of MTBITC
in heirloom daikon varieties such as Karami, Momoyama,
and Sabaga (421, 276, 227 umol/100 g, respectively)!?, the
estimated daily dose of MTBITC in this study was equal
to about 60—160 g heirloom daikon in humans (60 kg BW);
therefore, it is feasible to consume a sufficient amount of
heirloom daikon containing MTBITC to achieve chemopre-
vention for esophageal cancer. Further studies of the effi-
cacy of MTBITC will provide additional insights into the
health benefits of daikon.
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Quercetin inhibited cadmium-induced autophagy in the mouse
kidney via inhibition of oxidative stress
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Abstract: The objective of the current study was to explore the inhibitory effects of quercetin on cadmium-induced autophagy in
mouse kidneys. Mice were intraperitoneally injected with cadmium and quercetin once daily for 3 days. The LC3-1I/B-actin ratio was
used as the autophagy marker, and autophagy was observed by transmission electron microscopy. Oxidative stress was investigated in
terms of reactive oxygen species, total antioxidant capacity, and malondialdehyde. Cadmium significantly induced typical autophago-
some formation, increased the LC3-II/B-actin ratio, reactive oxygen species level, and malondialdehyde content, and decreased total
antioxidant capacity. Interestingly, quercetin markedly decreased the cadmium-induced LC3-II/B-actin ratio, reactive oxygen species
levels, and malondialdehyde content, and simultaneously increased total antioxidant capacity. Cadmium can inhibit total antioxidant
capacity, produce a large amount of reactive oxygen species, lead to oxidative stress, and promote lipid peroxidation, eventually induc-
ing autophagy in mouse kidneys. Quercetin could inhibit cadmium-induced autophagy via inhibition of oxidative stress. This study
may provide a theoretical basis for the treatment of cadmium injury. (DOI: 10.1293/tox.2016-0026; J Toxicol Pathol 2016; 29: 247-252)
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Introduction

Cadmium (Cd) is one of the most common toxic heavy
metals!. It can harm human beings in various ways, and
hence, prevention and treatment for Cd poisoning is of great
significance?. 3.

Autophagy is a conserved metabolic pathway in which
cellular components can be degraded and reused by eu-
karyotic cells#. Microtubule-associated protein light chain
3 (LC3) is considered to be a characteristic protein of au-
tophagy?. When autophagy is initiated, LC3 is enzymoly-
sized into the cytosolic type (LC3-I), which then combines
with phosphatidylethanolamine (PE) to transform into the
membrane type (LC3-II)S. The level of autophagy can be
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estimated by detecting the LC3-II/B-actin ratio using west-
ern blotting®. Transmission electron microscopy is one of
the best approaches to provide direct evidence for autopha-
gy2 7. On the other hand, autophagy is also morphologically
defined, especially by transmission electron microscopy,
as massive autophagic vacuolization of the cytoplasm (au-
tophagosome)s.

Recent studies showed that Cd can affect the body’s (or
cell’s) antioxidant system#4, change the activity of antioxi-
dant enzymes, and make the body (or cell) to produce a large
amount of ROS, thus leading to oxidative stress? °-11. In ad-
dition, Cd can induce ROS-mediated autophagy of kidney
cells via a series of pathways? and can induce mitophagy
through the ROS-mediated PTEN-induced putative kinase
1/ Parkin (PINK1/Parkin) pathway in the kidneys of mice!.2.

Quercetin (3,3,4°,5,7-pentahydroxyavone) (Qu) and its
derivatives are the most widely distributed plant kingdom
flavonoids, which act as antioxidants by scavenging free
radicals!2: 13, Qu exerts its antioxidant effect by scavenging
free radicals directly!2-15) and it is a renoprotective drug in
Traditional Chinese Medicine (TCM). However, it is un-
known whether Qu can inhibit Cd-induced autophagy in the
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mouse kidney, and the underlying molecular mechanisms
for such an effect have not been explored and reported.

Our study investigated how Qu inhibits Cd-induced au-
tophagy in mouse kidneys.

Materials and Methods

Chemicals

Qu (99% purity) was purchased from Aladdin Chemi-
cal Reagent Plant (Shanghai, China). CdCI2 (99% purity)
and dimethyl sulfoxide (DMSO) (99% purity) were obtained
from Tianjin Chemical Reagent Plant (Tianjin, China). So-
dium chloride injection (0.9%, NS) was purchased from
Guangdong Otsuka Plant (Guangdong, China). A total an-
tioxidant ability detection kit (FRAP method), BCA protein
assay kit, and lipid peroxidation (MDA) detection kits were
obtained from Beyotime Biotechnology Co. Ltd. (Jiangsu,
China).

Animals

One-month-old male Kunming mice, weighing 22.0
+ 2.0 g were obtained from the Experimental Animal Re-
search Center of Lanzhou University (Lanzhou, China). The
mice were acclimated in the laboratory for one week be-
fore the experiments, maintained at a room temperature of
22-24°C with alternating 12 hour light/dark cycles, offered
water and food ad libitum, and provided with adequate lev-
els of lighting and humidity.

In the preliminary experiments, the mice were intra-
peritoneally injected with different concentrations of Cd
(0.20, 0.40, 0.60, and 0.80 mg/kg bw/day) once daily for 1, 2,
3, and 5 days, and the LC3-1I/B-actin ratio was determined.
We found that autophagy was most obviously induced after
0.40 mg/kg bw/day Cd exposure for 3 days, and hence, 0.40
mg/kg bw/day Cd was selected for the following experi-
ments.

Qu was initially dissolved in DMSO to make a 200 mg/
kg stock solution (pure), diluted to twice the required con-
centration with pure DMSO, blended with the same volume
of NS or 0.8 mg/kg Cd before use, and finally used after
cooling to room temperature.

Mice were randomly divided into a control group, Cd-
treated group, and co-treated groups (treated with 0, 5, 15,
25, 50, 75, and 100 mg/kg bw/day Qu and 0.4 mg/kg bw/
day Cd), each of which contained 8 mice. The mice were
intraperitoneally injected with NS, 0.40 mg/kg bw/day Cd,
and different concentrations of mixed solutions of Qu and
Cd in the same proportion (5 pl/g bw/day) once daily for 3
days. The detailed scheme of mouse treatments is described
in Table 1.

The physical condition of the animals was monitored
for 25 minutes three times per day. All mice showed good
activity levels and feeding, with no obvious change in body
weight, and did not exhibit any special symptoms.

On the 4th day, all mice were intraperitoneally injected
with xylazine (100 mg/kg bw). After anesthesia, the chest
and abdomen were opened, and the heart was perfused with

Tablel. The Detailed Scheme of Mouse Treatments
Groups Treatments

Control group 0.9% sodium chloride injection (NS)
Cd-treated group  0.40 mg/kg bw/day Cd

Co-treated groups 0 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd
5 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd
15 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd
25 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd
50 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd
75 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd

100 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd

10 mL of PBS buffer (cold at 4°C, pH 7.4). The kidney was
removed and fascia was peeled!3. All experiments were per-
formed in accordance the Guidelines for Care and Use of
Animals at Lanzhou University.

Transmission electron microscopy

Tissues from the kidney cortex of the control and Cd-
treated group of mice were cutinto 0.3 x 0.3 x 0.3 cm3 blocks
and fixed with 1 ml of 2.5% glutaraldehyde. The fixative was
replaced with fresh liquid every 24 h until the samples were
sent to the electron microscope facility of Lanzhou Univer-
sity. The samples were then postfixed in OsO4, dehydrated
in ethanol and acetone, and embedded in resin. Ultrathin
sections (60—70 nm) were cut and mounted on pioloform-
coated copper grids (Plano). Sections were stained with lead
citrate and uranyl acetate and viewed with a transmission
electron microscope (JEOL JEM-1230, JEOL Ltd., Japan)
operated at 80 kV. Micrographs were taken using a Gatan
Erlangshen ES500W camera.

Measurement of ROS

The renal cortex tissues were collected in 1.5 mL cen-
trifuge tubes, and finely cut. PBS (cold at 4°C, pH 7.4) was
added to the samples, filtered with 200-mesh stainless steel
mesh, centrifuged at 500 rpm for 8 min, and then washed
twice with PBS. The cells were counted and adjusted to 1 x
106 cells/mL in each tube, and 1 mL of 10 uM 2,7-dichloro-
dihydrofluorescein diacetate (DCFH-DA) was added. Then
the contents within each tube were mixed, and the tubes
were incubated at 37°C for 30 min. The samples were then
centrifuged at 1,000 rpm for 5 min, washed three times,
and filtered with a 200-mesh nylon membrane into a flow
tube. ROS were analyzed using flow cytometry (FCM) (BD
Biosciences, Franklin Lakes, NJ, USA) at the excitation and
emission settings for FITC (excitation 488 nm, emission 525
nm). At least 5,000 cells were detected, and all of the above
operations were carried out on ice. The incubation process
required dark conditions and was completed within 4 h.

Preparation of tissue homogenates

A suitable amount of the kidney cortex tissues (about
200 mg from each group) was transferred into 1.5 mL cen-
trifuge tubes to make tissue homogenates. The samples
were frozen by immersion in liquid nitrogen for 30 s and
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then mashed. This was followed by the addition of 1 mL
1x PBS buffer and 10 uL 0.1 mM PMSF solution, mixing of
the contents within each tube, and pulverization with a SCI-
ENTZ-IID ultrasonic cell crushing apparatus (total time, 10
min; open, 5 s; close, 5 s; power, 25%). The samples were
centrifuged at 12,000 g for 10 min at 4°C, and the superna-
tant was collected; the precipitate was discarded. The tissue
homogenates were diluted 20-fold, and the protein concen-
tration was detected with a bicinchonininc acid (BCA) pro-
tein assay kit. The prepared tissue homogenates were used
to detect the total protein concentration, total antioxidant
capacity (T-AOC), and MDA and for western blotting (all of
the operations were carried out on ice).

Western blotting

Electrophoresis protein samples and tissue homog-
enates were prepared at appropriate sample volumes based
on the protein concentration. Protein samples were sepa-
rated by SDS-PAGE (15% gel; 60 V for 30 min and then
120 V for 90 min). The protein was transferred onto 0.22-
pm polyvinylidene fluoride (PVDF) membranes (electric
current 200 mA, 90 min), which were blocked with 5%
skimmed milk powder solution (27°C, 60 min). The PVDF
membranes were cut into two parts; one part was used for
incubation (4°C, overnight) with anti-LC3 (1:2,000, mouse
monoclonal, Sigma-Aldrich, St. Louis, MO, USA), and the
other one was use for incubation (4°C, overnight) with anti-
B-actin (1:2,000, rabbit polyclonal, Sigma-Aldrich). The
membranes were washed three times with Tris Buffered
Saline with Tween-20 (TBST) buffer and then incubated
with horseradish peroxidase (HRP)-conjugated secondary
antibodies (27°C, 60 min), anti-mouse (1:20,000, goat poly-
clonal, ZhongShan Golden Bridge Biotechnology, Beijing,
China) or anti-rabbit (1:20,000, goat polyclonal, ZhongShan
Golden Bridge Biotechnology), and LC3 and B-actin were
detected with the Immobilon Western Chemiluminescent
HRP Substrate (Millipore, Billerica, MA, USA).

Detection kits

Detection of total protein concentration, MDA, and T-
AOC was carried out according to the manufacturer’s in-
structions. The standard curves were prepared, and then the
concentrations of the substances in the test samples were
measured and presented as the content of the samples.

Statistical analysis

The results were processed with the Excel 2003, Origin
75, FlowJo 7.6, ImageJ, and iSee software. Data were ex-
pressed as mean + SD values (n = 8). Statistical comparisons
were made using one-way analysis of variance (ANOVA)
followed by the least significant difference (LSD) post hoc
test. All statistical analyses were performed using the SPSS
17.0. Differences were considered significant at P<0.05 and
highly significant at P<0.011.

Results

Cd induced autophagy in the mouse kidney

To quantify autophagy progression, we detected con-
version of the cellular protein LC3-1 to LC3-II (autophagy
marker). In preliminary experiments, mice were intraperi-
toneally injected with different concentrations of Cd (0.20,
0.40, 0.60, and 0.80 mg/kg bw/day) once daily for 1, 2, 3,
and 5 days. Compared with control exposure, exposure to
0.20, 0.40, 0.60, and 0.80 mg/kg bw/day Cd for 3 days mark-
edly elevated the LC3-II/B-actin ratio 1.35-, 1.47-, 1.31-, and
1.27-fold in the kidneys of mice (P<0.05 except for 0.40 mg/
kg bw/day Cd, in which case P<0.01), respectively (Fig. 1A).
Therefore, 0.40 mg/kg bw/day Cd was selected for the fol-
lowing experiments.

Compared with control exposure, exposure to 0.4 mg/
kg bw/day Cd induced typical double-membrane and lamel-
lar autophagosomes in the epithelia of proximal tubules
after 3 days of treatment (Fig. 1B). Multiple typical au-
tophagosomes were found in the perinuclear area, and the
mitochondria were contained in autophagic vacuoles.

Qu inhibited Cd-induced autophagy in the mouse
kidney

Mice were injected with NS or Cd (0.40 mg/kg bw/day)
alone or in combination with Qu (0, 5, 15, 25, 50, 75, and 100
mg/kg bw/day) for 3 days, and then the LC3-I, LC3-II, and
B-actin levels were determined by western blotting. Com-
pared with control exposure, 0.40 mg/kg bw/day Cd expo-
sure for 3 days markedly elevated the LC3-II/B-actin ratio in
the kidneys of mice (P<0.01). There was no significant dif-
ference in the LC3-II/B-actin ratio in the kidneys (P>0.05)
between the Cd-treated group and the mice co-treated with
Qu (0 mg/kg bw/day). Among the Qu co-treated groups, the
groups treated with 5, 15, 25, 50, 75, and 100 mg/kg bw/
day Qu for 3 days showed markedly reduced LC3-II/B-actin
ratios (1.15-, 1.24-, 1.47-, 1.43-, 1.41-, and 1.26-fold), in the
kidneys (P<0.01 except for 5 mg/kg bw/day Qu exposure, in
which case P<0.05) respectively (Fig. 2).

Qu inhibited Cd-induced autophagy in mouse kidney
cells via inhibition of oxidative stress

The mice were injected with NS or Cd (0.40 mg/kg bw/
day), alone or in combination with Qu (0, 5, 15, 25, 50, 75,
and 100 mg/kg bw/day), for 3 days, and then the T-AOC and
MDA were determined with detection kits. The levels of
ROS in the mouse kidney were determined by FCM.

Compared with control exposure, 0.40 mg/kg bw/day
Cd exposure for 3 days markedly reduced the T-AOC in the
kidneys of mice (P<0.01). Compared with the Cd-treated
group, the mice in the Qu (0 mg/kg bw/day) co-treated group
showed no significant difference (P>0.05) in the T-AOC in
the kidneys. Among the Qu co-treated groups, the groups
treated with 5, 15, 25, 50, 75, and 100 mg/kg bw/day Qu for
3 days showed an obvious improvement in the T-AOC in
the kidneys of mice (P<0.01 except for 5 mg/kg bw/day Qu
exposure, in which case P<0.05) (Fig. 3A).
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Fig. 1. Cd induced autophagy in the mouse kidney. The mice were received either NS (control, 0 mg/kg bw/day) or a daily intraperitoneal injec-
tion of Cd (0.20, 0.40, 0.60, and 0.80 mg/kg bw/day) once daily for 3 days. (1A) LC3-I, LC3-11, and B-actin levels were detected by west-
ern blotting. (1B) (Cd 0.40 mg/kg bw/day) Transmission electron microscopy showed double-membrane and lamellar mitophagosomes
in the epithelia of proximal tubules. Data are presented as mean + SD values (n = 8). # ##Significantly different from the control group at
P<0.05 and P<0.01, respectively.
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Fig. 2. Qu inhibited Cd-induced autophagy in the mouse kidney. The mice were injected with NS or Cd (0.40 mg/kg bw/day) alone or in
combination with Qu (0, 5, 15, 25, 50, 75, and 100 mg/kg bw/day) once daily for 3 days, and then the LC3-I and LC3-II levels were
detected by western blotting. Data are presented as mean + SD values (n = 8). # #Significantly different from the control group at
P<0.05 and P<0.01, respectively. * **Significantly different from the Qu (0 mg/kg bw/day) co-treated group at P<0.05 and P<0.01,
respectively.

Compared with control exposure, 0.40 mg/kg bw/
day Cd exposure for 3 days markedly elevated the MDA
levels in the kidneys of mice (P<0.01). Compared with the
Cd-treated group, the mice in the Qu (0 mg/kg bw/day) co-
treated group showed no significant difference (P>0.05) in
the MDA levels in the kidneys. Among the Qu co-treated
groups, the groups treated with 5, 15, 25, 50, 75, and 100
mg/kg bw/day Qu for 3 days showed markedly reduced the
MDA levels in the kidneys (P<0.01) (Fig. 3B).

It was also found that, 0.40 mg/kg bw/day Cd expo-
sure for 3 days markedly elevated the levels of ROS in the
kidneys of mice (P<0.01). There was no significant differ-
ence in ROS levels in the kidneys of mice between the Cd-
treated group and Qu (0 mg/kg bw/day) co-treated groups
(P>0.05). Among the Qu co-treated groups, the groups
treated with 5, 15, 25, 50, 75, and 100 mg/kg bw/day Qu for
3 days showed markedly reduced ROS levels in the kidneys
(P<0.01) (Fig. 3C).



Yuan, Ma, Qi et al. 251

ook

3A | o

#H I ek
gg 1-_I_ %%%
E;OJS- . %%%%%
T E s %%%%%

Qu (mg/kg) 0 0 0 5 15 25 50 75 100
Cd (mg/kg) 0 040 040 040 040 0.40 040 0.40 040

DMSO - - + + + + + + +

ook

‘ ook

ook

25 1

%

N

N

MMM

20 1

S

W

MY

2z

15 1

10 1

Lipid oxidation (MDA)
level (umol/mg protein)

54

0 4
Qu@mgkg) 0 0 0 5 15 25 50 75 100
Cd(mg/kg) 0 040 040 040 040 040 0.40 0.40 0.40
DMSO - - + + + + + + +

ok

I ook

m f ook

]

N
N

N\

NN

Reactiv oxygen species
( ROS) level (fold of control)

Qu (mg/kg) O 0 0 5 15 25 50 75 100
Cd(mg/kg) 0
DMSO - - + + + + + + +

040 0.40 040 0.40 0.40 0.40 0.40 0.40

Fig. 3. Qu inhibited Cd-induced autophagy in mouse kidney cells
via inhibition of oxidative stress. The mice were injected with
Cd (0.40 mg/kg bw/day) alone or in combination with Qu (0,
5, 15,25, 50, 75, and 100 mg/kg bw/day) once daily for 3 days,
and then the total antioxidant capacity (3A) and lipid oxida-
tion levels (MDA) (3B) were detected with detection kits. The
levels of ROS (3C) in the mouse kidney were detected by flow
cytometry (FCM). Data are presented as mean + SD values
(n = 8). # ##Significantly different from the control group at
P<0.05 and P<0.01, respectively. * **Significantly different
from the Qu (0 mg/kg bw/day) co-treated group at P<0.05 and
P<0.01, respectively.

Discussion

Acute or chronic exposure to Cd can damage many or-
gans, with the kidney being the most sensitive and vulner-
able onel®. 7. Previous studies have shown that Cd can cause
damage to renal tubular epithelial cells!s. Specifically, Cd
could trigger cellular damages such as necrosis, apoptosis,
and autophagy!®. Relatively high concentrations of Cd can
induce apoptosis and necrosis in general, while low concen-
tration can cause autophagy? 12.

Autophagy is an adaptive mechanism that responds
to changing environmental stimuli, such as starvation and
oxidative stress. Therefore, signal transduction can pro-
mote cell survival20. Under cellular homeostasis conditions,
autophagy plays a housekeeping role in the circulation of
cytoplasmic components and protein2!. Under stress condi-
tions, cells remove harmful particles and protein aggregates
through autophagy to prevent cell death?2. However, au-
tophagic cell death can occur when a large number of cells
are destroyed and cleared!2. Autophagy is related to numer-
ous physiological and pathological processes, including cell
survival, cell death, cell metabolism, development, infec-
tion, immunity, and aging!!.23.24 It has also been found to be
closely involved in the etiology of many important human
diseases, including cancer, neurodegenerative diseases, and
metabolic disorders>: 22,

In this study, mice were intraperitoneally injected with
Cd (5 pl/g bw/day) for 3 days to establish a Cd-induced
mouse kidney autophagy model successfully (Fig. 1 and
Fig. 2). Moreover, 0.40 mg/kg Cd induced autophagy most
obviously (P<0.01). DMSO was used to dissolve quercetin,
and 7 concentrations of quercetin (0, 5, 15, 25, 50. 75 and
100 mg/kg) were chosen for the experiments. DMSO was
selected to dissolve Qu because there was no difference in
LC3-I1/B-actin ratio between the Cd-treated group and a Qu
(0 mg/kg bw/day) co-treated group (50% DMSO did not af-
fect the LC3-11/B-actin ratio). When the concentration of Qu
was more than 100 mg/kg, Qu could not dissolve in 50%
DMSO. In the co-treatment group, each concentration of
Qu was combined with 0.4 mg/kg Cd and intraperitoneally
injected into the mice for 3 days. We found that 5 to 100
mg/kg Qu inhibited Cd-induced autophagy in mouse kidney
cells (P<0.05) and that the inhibitory effect of quercetin at
the dose of 25 mg/kg was highly significant (P<0.01, Fig. 2).

The results showed that Cd significantly induced typi-
cal autophagosome formation (Fig 1B), increased the LC3-
II/B-actin ratio (Fig. 1A and Fig. 2), enhanced ROS levels
(Fig. 3C) and MDA content (Fig. 3B), and decreased the
T-AOC (Fig. 3A). Qu markedly decreased the Cd-induced
LC3-II/B-actin ratio (Fig. 2), ROS levels (Fig. 3C), and
MDA content (Fig. 3B), but it simultaneously increased the
T-AOC (Fig. 3A).

The results indicated that Cd inhibited the T-AOC of
mouse kidneys, induced production of a large amount of
ROS, leading to oxidative stress, and promoted intracellular
lipid oxidation, eventually leading to autophagy in mouse
kidney cells. Qu might reduce the generation of ROS in cells
to inhibit oxidative stress and inhibit intracellular lipid oxi-
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dation, ultimately inhibiting the autophagy of mouse kidney
cells induced by cadmium via an increase in the T-AOC of
the mouse kidney.

Taken together, the findings suggest that Qu may play a
protective role in Cd-induced mouse kidney injury through
its antioxidant activity. This study provides a theoretical ba-
sis for treatment of Cd injury. Qu may have some protective
effects on the kidney by decreasing Cd-induced injury and
may have certain social and economic benefits.
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Celecoxib alleviates oxaliplatin-induced hyperalgesia through
inhibition of spinal ERK1/2 signaling
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Abstract: Numerous pieces of evidence have revealed that oxaliplatin (OXA) evokes mechanical and cold hypersensitivity. However,
the mechanism underlying these bothersome side effects needs to be further investigated. It is well known that cyclooxygenase-2 (COX-
2) and extracellular signal-regulated kinases (ERK1/2) signaling play crucial roles in several pain states. Our previous data showed that
Akt2 in the dorsal root ganglion (DRG) participated in the regulation of OXA-induced neuropathic pain. But it is still unclear whether
spinal ERK1/2 signaling is involved in the regulation of OXA-induced hyperalgesia, and the linkage between COX-2 and ERK1/2
signaling in mediating OXA-induced hyperalgesia also remains unclear. In this research, we investigated the possible mechanism of
celecoxib, a COX-2 inhibitor, in OXA-induced neuropathic pain. Our results show that single dose of OXA (12 mg/kg) significantly
attenuated both the tail withdrawal latency (TWL) and mechanical withdrawal threshold (MWT) at days 4 after the OXA treatment.
Administration of celecoxib (30 mg/kg/day) for 4 and 6 days inhibited the decrease in TWL and MWT, and each was significantly
higher than that of the OXA+vehicle group and was equivalent to that of the vehicles group. OXA increased the expression of cyclo-
oxygenase-2 (COX-2) mRNA and phosphorylated extracellular signal-regulated kinasel/2 (pERK1/2) protein in the lumbar 4-5 (L4-5)
spinal cord dorsal horn neurons. Administration of celecoxib for 7 days suppressed the increase in expression of COX-2 and pERK1/2
induced by OXA. Our findings suggested that COX-2 and ERK1/2 signaling in spinal cord contributed to the OX A-induced neuropathic
pain. (DOI: 10.1293/tox.2016-0032; J Toxicol Pathol 2016; 29: 253-259)

Key words: oxaliplatin, cyclooxygenase-2, pERK1/2, neuropathic pain, celecoxib

Introduction

Oxaliplatin (OXA), a third-generation platinum-based
chemotherapy agent, is considered a central component in
the treatment of advanced colorectal cancer'. OXA treat-
ment has prolonged the lives of many people diagnosed
in advanced stages of the colorectal cancer. Despite its ef-
ficacy, there are numerous adverse effects associated with
OXA. Neurotoxicity is a common adverse effect of oxali-
platin that usually presents as peripheral neuropathy. The
development of a neuropathic syndrome impairs quality
of life and potentially results in chemotherapy dose reduc-
tions and/or early discontinuation® *. There are 2 forms of
OXA-induced neurotoxicity: acute neuropathy and chronic
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neuropathy. The acute form occurs in >90% of patients and
may begin during the infusion or within hours of comple-
tion. Chronic neuropathy is cumulative and is most com-
monly seen in patients who have received doses of 540 mg/
m? or more®.

Accumulating studies have reported the important role
of OXA in inducing cold and mechanical allodynia. Many
studies have focused on the side effects of OXA in the dorsal
root ganglion (DRG), which contains the cell bodies of the
primary sensory neurons responsible for transduction and
modulation of sensory information and transmission of it to
the spinal cord™ °. Our previous research also indicate that
celecoxib alleviates OX A-induced neuropathic pain through
inhibiting of the PI3K/Akt2 pathway in the mouse DRG’.
Recently, an increasing number of data suggested that spinal
pathological responses are evoked by OXA, contributing to
hyperalgesia. OXA contributes to neuropathic pain through
the activation of glias®®. OX A-induced mechanical allodyn-
ia is associated with spinal NMDA receptor subunit NR2B
upregulation, while selective NR2B antagonists R025-6981
and ifenprodil attenuate the OX A-induced pain behaviors'”.
Milnacipran, a serotonin—noradrenaline reuptake inhibitor,
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is effective against OX A-induced mechanical allodynia, and
the anti-allodynic effect is mainly mediated by actions on
the spinal cord'!. Moreover, bee venom acupuncture treat-
ment alleviates OXA-induced acute cold allodynia in rats
via activation of the serotonergic system, especially spinal
5-HT3 receptors'”.

It is well known that cyclooxygenase-2 (COX-2) and ex-
tracellular signal-regulated kinases (ERK1/2) signaling play
crucial roles in several pain states'® ', In the present study,
we explored the expression levels of COX-2 and ERK1/2 in
L4-5 segments of the spinal cord, from which the hind limb
receives innervations, of OX A-treated mice. The roles of the
COX-2 inhibitor celecoxib in OXA-induced pain behaviors
and its underlying mechanisms were also investigated. It is
hoped than our novel understanding of OXA-induced neu-
rotoxicity in cancer therapy will provide a new therapeutic
strategy to prevent hyperalgesia.

Materials and Methods

Animals

Adult Male C57BL/6] mice (10 weeks old; 49-51 pas-
sages from the original colony) were provided by the Center
of Laboratory Animal Science of Nanchang University. The
mice were fed a standard laboratory diet under controlled
temperature and a 12-h light/dark cycle at 20-22°C. All ex-
perimental procedures were approved by the Institutional
Animal Care and Use Committee of the Medical College
of Nanchang University and were performed in accordance
with the principles outlined in the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Experimental protocols

Mice were randomly divided into 3 groups, with 10
mice in each group: a vehicles group, an OXA+vehicle
group, and an OXA+celecoxib (30 mg/kg/day) group. In
the OXA+vehicle group and the OXA+celecoxib group, the
mice were injected intraperitoneally with single doses of
12 mg/kg body weight of OXA (Qilu Pharmaceutical Co.,
Ltd, Jinan, China) dissolved in 5% glucose solution on day 0
(d0). Celecoxib was dissolved in 0.5% methylcellulose vehi-
cle (Sigma-Aldrich, St Louis, MO, USA) and was delivered
twice daily by oral gavage for 7 days, beginning on d1. The
same volume of 5% glucose solution was intraperitoneally
injected in the vehicles group. The mice in the vehicles and
the OXA-+vehicle groups were delivered the same volume
of 0.5% methylcellulose according to the procedure for the
OXA+celecoxib group. The dosage of celecoxib (30 mg/kg/
day) was chosen according to a previous report’. This dose
of celecoxib was an effective level against the neuropathic
pain-induced by OXA. The pain behaviors were tested once
every 2 days from dO before OXA administration to d8.
They were tested every day beginning 24h after first dose
of celecoxib.

OXA treatment is a well characterized model used for
studying neuropathic pain. Based on the OXA concentra-
tion used, there are generally two ways to induce hyperal-

gesia: long-term treatment with a low dose of OXA for !> !¢

and short-term treatment with high dose of OXA” . In this
study, the dosage of OXA was chosen according to a previ-
ous report®. A single dose of a high concentration of OXA
was used to induce hyperalgesia. In brief, single doses of 12
mg/kg body weight of OXA were injected intraperitoneally.
At d8, all the mice were deeply anesthetized with pento-
barbital sodium (100 mg/kg sodium pentobarbital, i.p.) and
sacrificed by decapitation.

Cold-sensitivity detection

The behavioral signs of cold allodynia were measured
by a tail immersion test in cold water. Each mouse was light-
ly immobilized in a plastic holder, and its tail was dipped in
cold water. The tail was immersed in 4°C water, and then
the tail withdrawal latency (TWL) was counted. The tail im-
mersion test was repeated 3 times at 5 min intervals. The
average latency was taken as a measure for the severity of
cold allodynia. All behavioral tests were performed blind.

Mechanical-sensitivity detection

Mechanical allodynia measurement was carried out as
previously described'®. In brief, the mechanical withdrawal
threshold (MWT) was determined to evaluate mechanical
hyperalgesia using calibrated von Frey filaments (BME-
403, Institute of Biomedical Engineering, Tianjin, China).
The measurement was repeated 3 times at 30 s intervals. The
average was taken as the mechanical withdrawal threshold.
All behavioral tests were performed blind.

Real-time PCR quantification

The whole spinal cord was collected by pressure expul-
sion with ice cold saline. The dorsal and ventral parts of
the L4-5 spinal cord were dissected on an ice cooled glass
dish. Total RNA from L4-5 spinal cord dorsal segments was
isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s protocol. Reverse transcrip-
tion was performed using 1,000 ng total RNA as a template
and a Applied Biosystems Reverse Transcription Kit (Ap-
plied Biosystems, Foster City, CA, USA). Real-time quan-
titative PCR for COX-2 was performed using an ABI 7500
Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA). The expression level of COX-2 was normalized
to GAPDH. The probe was purchased from Applied Biosys-
tems. All assays were performed in triplicate. The average
fold change relative to the vehicles group was calculated in
each group.

Immunohistochemistry

Spinal cord segments of L4-5 were analyzed from 6
mice in each group. The formalin-fixed, paraffin-embedded
tissues were cut, and sections (5 um thick) were used for
immunohistochemistry (IHC) detection. Six nonadjacent
sections from each specimen of the L4-5 spinal cord were
selected. IHC was carried out as previously described'’, us-
ing primary antibodies against pERK1/2 (1:100; Santa Cruz
Biotechnology, Dallas, TX, USA). A rabbit kit (PV-6001,
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Fig. 1. Effects of celecoxib on OXA-induced cold and mechanical hypersensitivity. (A) Celecoxib attenuated the cold
hypersensitivity induced by OXA. (B) Celecoxib attenuated the mechanical hypersensitivity induced by OXA.
Data are showed as the mean + SD (n = 10). *P<0.05; **P<0.01; and ***P<0.001 (all vs the OX A+vehicle group).

ZSGB-BIO, Beijing, China) was used as a secondary an-
tibody according to the maufacture’s instructions. Protein
localization was detected following incubation with diami-
nobenzidine and H,O, for 2 min. Finally, sections were de-
hydrated in graded alcohols and mounted with neutral bal-
sam. The numbers of pERK1/2-positive neurons from one
side of spinal cord dorsal horn of each mouse were counted.
Data from 6 sections of the same mouse were averaged.

Western blot

L4-5 spinal cord dorsal segments were homogenized
in radioimmunoprecipitation assay (RIPA) buffer. Sam-
ples of 30 pg of total protein were separated by 10% SDS-
polyacrylamide gel electrophoresis and transferred onto a
polyvinylidene difluoride membrane. After incubation with
primary antibody pERK1/2 (1:1,000; Santa Cruz Biotech-
nology, Dallas, TX, USA) or total extracellular signal-reg-
ulated kinasel/2 (tERK,1:1,000; Cell Signaling Technology,
Danvers, MA, USA), the membrane was incubated with
peroxidase conjugated secondary antibodies (Cell Signal-
ing Technology, Danvers, MA, USA). Immunodetection
was completed using Pierce-enhanced chemiluminescence
substrate (Thermo Scientific, Waltham, MA, USA), and the
membrane was then exposed to X-ray film. The average fold
change relative to the vehicles group was calculated in each

group.

Statistical analysis

Data are shown as the mean + SD. Comparisons of
means between two groups were carried out using a ¢-test.
Statistical comparisons were performed by analysis of vari-
ance (ANOVA) with Dunnett’s test for multiple compari-
sons. A value of P<0.05 was considered to be significant.

Results

Celecoxib attenuated the cold and mechanical hyper-
sensitivity induced by OXA

The TWL and MWT were measured to evaluate the
effects of celecoxib on pain behaviors of OXA-treated mice.
The results showed that both the TWL and MWT thresholds

significantly decreased in the OXA+vehicle group (8.50 s
and 6.83 g, respectively) when compared with the vehicles
group (11.22 s and 8.46 g, respectively) at d4 and remained
at low levels. At d8, the TWL and MWT thresholds (6.97 s
and 5.93 g, respectively) were still lower when compared
with those of the vehicles group (Fig. 1). Celecoxib signif-
icantly increased the TWL threshold (from 8.50 s to 9.95
s) beginning at d4. At d6, The TWL threshold continued
to increase. Celecoxib significantly upregulated the MWT
threshold (from 6.07 g to 7.45 g) beginning at d6. At d8,
both the TWL and MWT thresholds still were upregulated
by celecoxib (Fig. 1). The results suggested that celecoxib
alleviated the OXA-induced pain behaviors.

Celecoxib decreased pERK1/2-positive neurons in the
L4-5 spinal cord dorsal horn

The immunoreactivity of pERK1/2 was detected us-
ing immunohistochemistry. The results showed that OXA
increased the number of pERK1/2-positive neurons from
8.67 to 30.67 neurons and that administration of celecoxib
efficiently decreased the number of pERK1/2-positive neu-
rons from 30.67 to 15.17 neurons (Fig. 2). The results imply
that ERK1/2 signaling may be involved in the regulation of
OXA-induced hypersensitivity.

Celecoxib suppressed the OXA-induced COX-2 mRNA
expression

COX-2 mRNA was detected by real-time PCR. COX-
2 mRNA expression was significantly upregulated (2.10
folds) in the OXA+vehicle group as compared with the ve-
hicles group. Administration of celecoxib significantly sup-
pressed the expression of COX-2 mRNA compared with the
OXA+vehicle group (Fig. 3).

Celecoxib downregulated the level of OXA-induced
PERKI/2 protein

To investigate the potential mechanism of celecoxib in
reversing of OXA-induced hyperalgesia in term of protein
level, the pERK1/2 protein was measured by Western blot.
The level pERK1/2 protein significantly increased to 261%
in the OXA+vehicle group as compared with the vehicles
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group. Administration of celecoxib significantly decreased
pERK1/2 protein expression (Fig. 4). These data further il-
lustrated that the spinal COX-2 and pERK /2 pathway me-
diated OXA-induced hypersensitivity.

Discussion

The present study demonstrated the following novel
findings: (1) Administration of oxaliplatin (OXA) increased
spinal cyclooxygenase-2 (COX-2) mRNA and ERK1/2 pro-
tein. (2) Celecoxib suppressed the COX-2 and ERK1/2 path-
way in the spinal cord of OXA-treated mice. (3) Celecoxib
alleviated OX A-induced hyperalgesia through inhibition of
spinal pERK1/2 protein. These results reveal a critical role
of spinal COX-2 and ERK1/2 signaling in OXA-induced
neuropathic pain.

Neuropathic pain, arising from lesions to peripheral
nerves, is present in many neurological diseases and occurs
in patients with diabetes, cancer, and AIDS. Moreover, it is
frequently induced by chemotherapy?. It is caused by an
injury to the peripheral or central nervous system. Charac-
teristic features of neuropathic pain are hyperalgesia, allo-
dynia, and spontaneous pain. Numerous pieces of evidence
have shown that upregulation of spinal pain mediators and
related receptors contributes to neuropathic pain®" %2,

Nonsteroidal anti-inflammatory drugs (NSAIDs) are
strong cyclooxygenase (COX) inhibitors that are widely
used in the management of acute and inflammatory pain.
Two isoforms of COX, COX-1 and COX-2, are targets of
NSAIDs. A variety of studies have shown that COX-2 in-
hibitors play a pivotal role in neuropathic pain. Ibuprofen
attenuates hyperalgesia following chronic constriction in-
jury by suppressing the expression of P2X3 receptors in the
DRG?. Celecoxib produces an antihyperalgesic and antial-
lodynic effect in diabetic rats**. Furthermore, spinal COX-2
contributes to neuropathic pain. Spinal nerve ligation causes
mechanical allodynia, which is accompanied by increased
expression of spinal COX-2 immunoreactivity?. Intrathecal
administrations of the COX-2 inhibitors attenuate strepto-
zotocin-induced mechanical hyperalgesia through inhibi-
tion of spinal COX-2 protein'. It has been revealed that the
COX-2 inhibitor celecoxib can inhibit tumor growth and
enhance the anti-tumor effect of OXA through their syner-
gistic role in inhibiting different targets®.

However, the effects of spinal COX-2 on OXA-induced
neuropathic pain are poorly understood. In the present in-
vestigation, we found that administration of celecoxib could
alleviate both mechanical and cold hypersensitivity induced
by OXA through inhibition of spinal COX-2 mRNA. Our
findings may provide a clinically useful evidence for the
dual roles of celecoxib in cancer therapy: enhancing the
anti-tumor effect of OXA and alleviating OXA-induced hy-
peralgesia.

Chemotherapy-induced peripheral neuropathy could
trigger the pathophysiological changes in the spinal cord,

as evidenced by neuroinflammatory processes including the
release of pro-inflammatory cytokines?”. OXA increases
production of pro-inflammatory and neuroexcitatory cyto-
kines (TNF, IL-1b) in the dorsal horn of the spinal cord®®.
COX-2, an inflammatory mediator, increases in the spinal
cord dorsal horn neurons following L5 spinal nerve liga-
tion”. Our previous data show that OXA can increase the
expression of COX-2 in the DRG’. In the present study, we
also found that OXA increased the COX-2 mRNA expres-
sion in the spinal dorsal horn. However, administration of
2.4 mg/kg OXA for 5 consecutive days every week for 3
weeks slightly increased the expression of COX-2 pro-
tein, with no significant difference in the rat spinal cord".
Therefore, OXA increased the spinal COX-2 level in a dose-
dependent manner. The mechanisms of the OXA-induced
increase in COX-2 mRNA are still not clear and need to be
further investigated.

The mitogen-activated protein kinase (MAPK) cas-
cade is a highly conserved module that is involved in vari-
ous pathological functions, including neuropathic pain®* 3"
At least four members of the MAPK family, ERK1/2, JNK,
p38, and ERKS, have been identified®'. The role of spinal
ERKSs in nociception had been explored in the recent years.
It is reported that the immunoreactivity of pERK1/2 can be
used as a quantitative marker for sensitization or inhibition
in the pain pathway at the spinal level'.

It has been revealed that COX-2 is involved in the
regulation of MAP kinase signaling. The p-ERK Level is
downregulated after celecoxib treatment in the cirrhotic
liver model of rats*’. The COX-2 inhibitor parecoxib exerts
its analgesic effect on surgical pain through inhibition of
neuronal ERK activation in the spinal cord®. In the present
study, we investigated the role of spinal ERK1/2 signaling
in OXA-induced neuropathic pain. OXA increased the ex-
pression of pERK1/2 in the spinal dorsal horn neurons while
celecoxib alleviated the OXA-induced hyperalgesia accom-
panied by the downregulation of pERK1/2. Thus, spinal
ERK1/2 plays a vital role in OX A-induced neuropathic pain.

In conclusion, our study was the first to show that
COX-2 and pERK1/2 were increased within the spinal cord
after administration of OXA. A COX-2 inhibitor alleviated
the neuropathic pain caused by OXA through inhibition of
COX-2 and pERK1/2. These data illustrated that OXA can
induce neuropathic pain, and this role of OX A was mediated
by the COX-2 and pERK1/2 pathway.
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Case Report

Acute alloxan toxicity causes granulomatous tubulointerstitial

nephritis with severe mineralization
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Abstract: Alloxan had been recognized as having a direct nephrotoxic effect different from its diabetogenic action. We encountered
previously unreported granulomatous tubulointerstitial nephritis with severe luminal and interstitial mineralization in one diabetic rat
after one week of alloxan administration. Histopathologically, many dilated and occluded proximal and distal tubules were segmentally
observed in the cortex and outer medulla. The tubular lumen contained minerals and cell debris. Tubular epithelial cells were degen-
erated and piled up, and they protruded into the lumen, where they enveloped minerals. Mineralization was observed mainly in the
tubular lumen, and to some extent in the subepithelium and interstitium. The mineralization beneath the tubular epithelium was often
continuous from the subepithelium to the interstitium. In these lesions, the tubular basement membrane was disrupted by mineraliza-
tion, and a granuloma with multinuclear foreign-body giant cells was formed in the interstitial areas. (DOI: 10.1293/tox.2016-0017; J

Toxicol Pathol 2016; 29: 261-264)

Key words: alloxan, tubular necrosis, mineralization, granuloma, rat

The alloxan-induced type 1 diabetic rat is one of the
most commonly used experimental animal models of dia-
betes. Prior to inducing a prolonged diabetic state, alloxan
causes acute tubulointerstitial nephritis, consequently lead-
ing to nephrotoxicity and animal deaths!-3. There are only a
few reports on severe luminal and interstitial mineralization
induced by alloxan2. Herein, we report a case of granulo-
matous tubulointerstitial nephritis with severe luminal and
interstitial mineralization in an alloxan-induced rat and de-
scribe its pathological features.

Six-week-old Wistar/Crlj male rats were purchased
from Charles River Laboratories Japan, Inc., and reared in
a barrier-sustained animal room maintained at a tempera-
ture of 23 + 2°C and a relative humidity of 55 + 10% with
12-h light/dark cycles and ventilation at least 10 times/h
with high-efficiency particulate air-filtered fresh air. Twelve
rats were administered a single dose of alloxan (50 mg/kg)
by intravenous injection at 7 weeks of age. Rats other than
the case showed no apparent clinical symptoms or renal
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histological changes except the diabetic condition, and all
rats were sacrificed at 7 days after alloxan administration.
One rat experienced a gradual reduction in body weight
accompanied by both a reduction in food intake and urine
volume following alloxan injection. Its kidneys were fixed
in 10% phosphate-buffered formalin, dehydrated, and then
embedded in paraffin. Sections (4 pm thick) were stained
with hematoxylin and eosin, PAS reaction, and Von Kossa’s
method. For immunohistochemical examination, the sec-
tions were deparaffinized in xylene and rehydrated through
graded ethanol series. The rehydrated sections were micro-
waved in 10 mM citrate buffer (pH 6.0) for 10 min at 98°C
to retrieve the antigen. Solutions and washes were prepared
between the various steps using 0.05 M Tris buffered saline
(TBS, pH 7.6) with 0.01% Tween 20. Nonspecific endoge-
nous peroxidase activity was blocked by exposure to 0.03%
hydrogen peroxide in 100% methanol for 5 min, and mask-
ing was conducted with 1% goat or horse normal serum in
Tris buffered saline for 5 min at room temperature. Incuba-
tion was carried out overnight at 4°C with anti-aquaporin 1
(AQP1) rabbit polyclonal antibody (diluted 1:500, AB2219,
Millipore, Billerica, MA, USA), anti-sodium/potassium
ATPase subunit alpha 1 (Na/K pump) mouse monoclonal
antibody (diluted 1:1,000, 05-369, Millipore) and anti-Ibal
rabbit polyclonal antibody (diluted 1:500, 019-19741, Wako
Pure Chemical Industries, Osaka, Japan). These slides were
subsequently rinsed with TBS plus Tween 20, treated for
30 min at room temperature with biotinylated secondary
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antibody (Vectastain Elite kit, PK6102, PK6101, Vector
Laboratories, Burlingame, CA, USA), rinsed with TBS plus
Tween 20, incubated for 30 min at room temperature with
Vectastain Elite ABC reagent (Vectastain Elite kit, PK6102,
PK6101, Vector Laboratories), rinsed with TBS plus Tween
20, incubated in diaminobenzidine solution containing
0.01% hydrogen peroxide for the peroxidase coloring reac-
tion, and counterstained with Mayer’s hematoxylin.

Grossly, both the kidneys were enlarged. Other organs
and tissues had no gross findings. Histologically, both the
kidneys showed similar lesions. Many dilated and occluded
tubules were segmentally observed in the cortex and outer
medulla (Fig. 1). Degeneration and necrosis of tubular epi-
thelial cells were seen along with tubular obstruction due to
cell debris and mineralization (Fig. 2). Dilated regenerated
tubules were lined with flattened and attenuated epithelia
in basophilic cytoplasm. These tubular epithelial cells often
piled up, formed small cell clusters, and protruded into the
lumen. In some tubules, protruded tubular epithelial cells
enveloped minerals (Fig. 3). The mineralization was con-
firmed as calcium salts using Von Kossa’s method (Fig. 4)
and was observed in the tubular lumen, subepithelium, and
interstitium (Fig. 2), but apparent mineralization of the arte-
rial wall was not seen. The mineralization beneath the tubu-
lar epithelium was often continuous from the subepithelium
to the interstitium. In these lesions, the tubular basement
membrane was sometimes disrupted by mineralization
(Fig. 5), and multinuclear foreign-body giant cells and mac-
rophages often infiltrated (Fig. 2). Multinuclear foreign-
body giant cells were usually located around minerals, and
they often contained minerals in their cytoplasm (Fig. 2).
Double staining with PAS and Ibal confirmed that Ibal-
positive macrophages infiltrated from the interstitium to the
subepithelial mineralization area, penetrating the basal lam-
ina (Fig. 6). Many degenerated and regenerated tubules did
not have a brush border, but some dilated and degenerated
tubules did. Both the Na/K pump-positive distal tubules and
AQPI-positive proximal tubules (Fig. 7) showed degenera-
tive changes. However, severely damaged tubules did not
express either AQP1 or the Na/K pump.

The nephrotoxic effect of alloxan had been recognized
long before its diabetogenic action was identified!-3. Renal
changes included extensive swelling and vacuolar degenera-
tion of tubular cells, necrosis of tubular cells, tubular dila-
tion, and cellular infiltrates resembling granulomas in the
interstitium from the third day to fourteenth day following
alloxan administration2. Renal damage may lead to uremia
and death. In this report, the histologic changes observed in
an alloxan-induced diabetic rat resembled those in previous
reports?, and they were likely due to the nephrotoxicity of
alloxan.

Unlike previous reports, to the best of our knowledge,
severe mineralization was not found in the rat with alloxan-
induced nephrotoxicity. In the present case, mineralization
of calcium salts located in the tubular lumen and beneath
the tubular epithelium resulted in the formation of granulo-

mas in the interstitial and tubular regions. As the continuity
of mineralization between the tubule and the interstitium
was apparent, it is possible that translocation of minerals
from the tubular lumen to the interstitium occurred, a pro-
cess that has been well demonstrated for calcium oxalate
(CaOx) crystals (crystalline nephritis)*-8. The crystals of
CaOx generally form in the renal tubules. If crystals come
in contact with renal epithelial cells, they are endocytosed
and moved to lysosomes for removal or moved from the lu-
minal to the basolateral side between the cells and the base-
ment membrane4-8. They are subsequently transported to
the renal interstitium, where macrophages eliminate them
while inducing an inflammatory and foreign body reaction#.
In our case, the features of the protruded granuloma with
mineralization and the continuity of mineralization between
the tubule and the interstitium resembled a granuloma with
crystals in crystalline nephritis. Thus, the unique pathologic
features of our case may also be caused by the transloca-
tion of minerals from the tubular lumen to the interstitium.
However, it is well-known that mineralization occurs in tu-
bules, the tubular lumen, and the interstitium of the kidney
as dystrophic calcification in rats including those of the Wis-
ter strain®. In addition, although apparent mineralization of
the arterial wall was not seen, metastatic calcification as a
result of systemic calcium/phosphorus imbalance may oc-
cur in the kidney. Thus, the possibility that mineralization
simultaneously occurred in the tubules, tubular lumen, and
interstitium as a dystrophic or metastatic calcification can-
not be ruled out. Further study will be needed to clarify the
mechanism of mineralization.

Alloxan is a small molecule that resembles glucose,
binds the GLUT-2 glucose transporter, and can enter cells
via the GLUT2 glucose transporter!?. I1. It generates super-
oxide and hydroxyl radicals; since beta cells have relatively
weak defenses against oxidative stress, they are especially
sensitive to free radical-mediated damage by alloxan and
undergo necrotic cell death within 48 hours postinjection!2.
The GLUT2 glucose transporter is expressed in beta cells,
hepatocytes, renal tubular cells, and small intestinal epithe-
lial cells!2. This transporter of renal tubules is mainly lo-
cated at the basolateral membrane of proximal tubular epi-
thelial cells. If alloxan induced tubular damage via GLUT2,
only the proximal tubule would be damaged. However, in
our case, both the Na/K pump-positive distal tubules and
the AQP1-positive proximal tubules showed degenerative
changes. Thus, the renal toxicity of alloxan may involve oth-
er mechanisms independent of the GLUT2 glucose trans-
porter.
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Dilated and occluded tubules in the cortex and outer medulla. Bar = 500 pm. HE stain.

Degeneration and necrosis of tubular epithelial cells are seen with tubular obstruction by cell debris and mineralization (arrows). Min-
eralization is observed mainly within the tubular lumen and to some extent in the subepithelium (open arrows) and interstitium (arrow-
head). Infiltration of multinuclear foreign-body giant cells and fibrotic macrophages. Bar = 100 um. HE stain.

Protruded tubular epithelial cells envelope minerals (arrows). Bar = 100 um. HE stain.

Minerals are positive for Von Kossa’s stain. Protruded tubular epithelial cells envelope minerals (arrows). Bar = 100 pm. Von Kossa’s
method.

A tubular basement membrane (arrows) is disrupted by mineralization and foreign-body giant cells. Bar = 50 um. PAS reaction.
Iba-1-positive macrophages infiltrate from the interstitium into the subepithelial mineralization area, penetrating the basal lamina (ar-
rows). Bar = 50 pm. PAS reaction and immunohistochemical staining for Ibal.

Damaged and dilated tubules show various levels of immunopositivity for AQP-1. Bar = 50 pum. Immunohistochemical staining for AQP-
1 and hematoxylin counterstain.
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Case Report

Accumulation of Mott cells in the spleen in a CB6F1-Tg rasH2

mouse

Tomoya Sano!*, Yuichi Takai!, Hisashi Anayamal, Takeshi Watanabe!, and Ryo Fukuda!

I Drug Safety Research Laboratories, Takeda Pharmaceutical Company Limited, 26-1 Muraoka-Higashi 2-chome, Fujisawa,

Kanagawa 251-8555, Japan

Abstract: Mott cells are a variant form of plasma cells in humans and laboratory animals. This report describes the morphological
characteristics of Mott cells observed in a 33-week-old female CB6F1-Tg rasH2 mouse. Microscopically, a large number of round cells
with abundant eosinophilic globules, which were variable in size, were observed in the spleen and were densely distributed in the
red pulp adjacent to the marginal zone. A few similar cells were present in the submandibular lymph node and bone marrow. Neither
systemic nor local chronic inflammatory changes were seen in this animal. These cells were positive for mouse immunoglobulins.
Ultrastructurally, the dilated rough endoplasmic reticulum had a homogenous substances with an intermediate electron density. On
the basis of the above findings, these cells were identified as Mott cells. The present lesion is thought to be a spontaneous lesion, an
unusual appearance of Mott cells without any associated pathological conditions. (DOI: 10.1293/tox.2016-0023; J Toxicol Pathol 2016;

29:265-268)

Key words: Mott cell, plasma cell, Tg rasH2 mice

Mott cells (grape cells or morular cells) are a variant
form of plasma cells that are characterized by a reddish cy-
toplasm located peripherally and are commonly observed in
the spleen of an autoimmune disease mouse models such as
New Zealand Black (NZB) mice and the IgM-Fc receptor
(FcuR)-deficient autoimmune mice!: 2. This types of cells is
known to produce immunoglobulin (Ig), which, rather than
being secreted, accumulates in rough endoplasmic reticu-
lum-derived vesicles known as Russell bodies.

The CB6F1-Tg rasH2 (Tg rasH2) mouse is a hemizy-
gous transgenic mouse carrying multiple copies of the hu-
man c-Ha-ras gene with its own promoter and enhancer3.
A short term carcinogenicity assay using this mouse model
was endorsed and validated as an alternative to conven-
tional 2-year carcinogenicity bioassays in mice. However,
there have been few published reports about the spontane-
ous lesions in Tg rasH2 mice#. Recently, we encountered un-
usual accumulation of Mott cells in hematopoietic tissues,
especially in the spleen, in a female Tg rasH2 mouse in the
control group of a 26-week carcinogenicity study. Here, we
report on the histological features of this splenic change.

The experimental procedures were approved by the In-
stitutional Animal Care and Use Committees of Shonan Re-
search Center, Takeda Pharmaceutical Company Limited. A
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6-week-old female CB6F1 Tg rasH2 mouse was purchased
from CLEA Japan (Shizuoka, Japan), housed in a metal
cage in an animal room at Takeda Pharmaceutical Company
Limited (Kanagawa, Japan) with a temperature of 20°C to
26°C, arelative humidity of 40% to 80% and a 12-hour light/
dark cycle, and fed a commercial diet (CE-2, CLEA Japan.,
Tokyo, Japan) and tap water ad libitum. A methylcellulose
solution (0.5 w/v%), which is generally used as a vehicle in
toxicity studies, was administered once daily via oral gavage
at 10 mL/kg to the mouse for 26 weeks begining at 7-weeks
of age. At 33 weeks of age, the animal was euthanized by
exsanguination from the abdominal aorta under inhalation
anesthesia with isoflurane. There were no clinical signs or
necropsy findings. In addition, no abnormalities were ob-
served in its blood chemistry, including the serum albumin
and albumin/globulin ratio (data not shown), and hematol-
ogy compared with the other vehicle control animals in
the same study (Table 1). All organs were fixed in 10 vol%
neutral buffered formalin, embedded in paraffin, sectioned,
and stained with hematoxylin and eosin (HE; all organs)
and periodic acid-Schiff (PAS; spleen only). For identifica-
tion of cell type, spleen sections were immunohistochemi-
cally stained with anti-mouse immunoglobulin G (IgG),
anti-mouse immunoglobulins-complex (Igs; react with IgG,
IgA, and IgM; fluorescein isothiocyanate (FITC) labelling),
anti-mouse CD45R/B220 monoclonal antibody, and anti-
mouse F4/80 polyclonal antibody. Details of the primary an-
tibodies used are summarized in Table 2. Briefly, after the
pretreatments and incubation with primary antibodies, the
sections were immunohistochemically stained by the poly-
mer immunocomplex method using Histofine Simple Stain
Mouse MAX PO (Rat) (Nichirei, Tokyo, Japan) for CD45R/
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Table 1. Hematological Parameters of the Present Case and the Control Data from the Same Study

Neutrophils Lymphocytes Monocytes Eosinophils Basophils

(x102/uL) (x102/uL) (x102/uL) (x102/uL) (x102/uL)
Present case 59 14.9 0.2 0.8 0.1
Vehicle control (mean, n=25) 5.1 14.8 0.3 0.7 0.2
SD 2.1 6.3 0.2 0.3 0.1

Table 2. Primary Antibodies and Reaction Conditions for Immunohistochemistry

Primary antibody Supplier Host Dilution Antigen retrieval

1gG Vector Mouse 1:800 Trypsin for 30 min at 37°C

Igs-FITC DAKO Mouse 1:1 Proteinase K for 10 min at room temperature
CD45R/B220 BD Pharmingen Rat 1:100 Autoclaved at 121°C for 10 min with citrate buffer (pH 6.0)
F4/80 ADD Serotec Rat 1:100

.
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Fig. 1. Spleen and bone marrow from a 33-week-old Tg rasH2 mouse. A: The normal architecture of the spleen is well preserved, and a large
number of round cells with abundant cytoplasm containing eosinophilic globules are distributed in the red pulp adjacent to the marginal
zone (bar: 200 um). B: A large number of round cells have a nucleus with peripherally clumped chromatin and variable sizes of eosino-
philic globules in the cytoplasm (bar: 100 um). C: Eosinophilic globules were positive for PAS stain (bar: 100 pm). D: Smaller numbers
of round cells with abundant cytoplasm containing eosinophilic globules are evident in the bone marrow (arrows, bar: 100 um).

B220 and F4/80 and a VECTASTAIN Elite ABC kit (Vector
Laboratories, Burlingame, CA, USA) for IgG, and then the
sections were counterstained with hematoxylin.

For electron microscopy, formalin-fixed spleen tissues
were trimmed and fixed with 2.5% glutaraldehyde, postfixed
in 1% osmium tetroxide solution (pH 7.4) for 2 hours, and
processed into resin. Semithin sections were cut and stained

with toluidine blue. Ultrathin sections were cut and stained
with uranyl acetate and lead citrate and then examined un-
der an electron microscope (H-7600, Hitachi, Tokyo, Japan).

Microscopically, a large number of round cells with
abundant cytoplasm containing various sizes of eosino-
philic globules were distributed in the red pulp adjacent to
the marginal zone (Figs. 1A and 1B), and these eosinophilic
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Fig. 2. Immunohistochemical staining and electron micrographs of Mott cells in a 33-week-old Tg rasH2 mouse. A: The cells with eosinophilic
globules are positive for IgG (bar: 100 pm). B: The cells with eosinophilic globules are positive for fluorescent immunoglobulins (green:
Igs-FITC; blue, nuclei, DAPI (4’,6-diamidino-2-phenylindole); bar: 100 um). C: The cells with eosinophilic globules are negative for
CD45R/B220 (arrows, bar: 100 um), whereas marginal zone lymphocytes are positive for CD45R/B220. D: The cells with eosinophilic
globules are negative for F4/80 (arrows, bar: 100 pm), whereas macrophages in the red pulp are positive for F4/80. E: A homogeneous
substance with an intermediate electron density is observed in the cisternae of the rER in Mott cells, and most of the nuclei show apparent
distortion of the outline or are compressed because of the dilated rER (bar: 2 um). F: Higher magnification of Fig. 2E (bar: 200 nm).

globules were positive for PAS stain (Fig. 1C). Smaller num-
bers of them were evident in the submandibular lymph node
and bone marrow but not in the mesenteric lymph node and
Peyer’s patch (Fig. 1D). In addition, there were no inflam-
matory changes in any tissues, and no hematopoietic pro-
liferative lesions were observed in this animal. In immuno-
histochemistry, the cytoplasmic eosinophilic globules were

reactive with mouse IgG and the fluorescent labeling mouse
Igs (Figs. 2A and 2B), but negative for CD45R/B220 and
F4/80, which are B cell and macrophage markers, respec-
tively (Figs. 2C and 2D). Ultrastructurally, these cells have
a nucleus with peripherally clumped chromatin, and the
rough endoplasmic reticulum (rER) was markedly dilated
and contained a large amount of a homogeneous substance
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with an intermediate electron density. The dilated rER com-
pressed the nucleus, and its contour often appeared distorted
(Figs. 2E and 2F).

Based on the above findings, the cells that had a dilated
rER containing immunoglobulins and characteristic nuclei
were considered Mott cells distributed in the hematopoietic
tissues, especially in the spleen.

Plasma cells in the spleen are thought to develop from
marginal zone B cells and follicular B cells, from germinal
center B cells, and from memory B cells5. When marginal
zone B cells encountered an antigen in the spleen, they were
able to rapidly differentiate into plasma cells, and marginal
zone B cells are also known to migrate into red pulp and
form foci of plasmablastss. Follicular B cells are also known
to develop into plasma cells or to move to the germinal cen-
ter, and differentiate from memory B cells or plasmablasts
to plasma cells, which can migrate into bone marrow’. Con-
sidering the distribution of Mott cells in the spleen and their
presence in the bone marrow, both marginal zone and fol-
licular B cells could be a possible source of the Mott cells in
the present case’.

Mott cell formation is a consequence of a disorder of
abnormal synthesis, degradation, and/or secretion of Ig
and is related to various pathological conditions including
autoimmune diseases, reactive plasmacytosis, and several
types of hematolymphoid malignancies!: 2. ¢; however, nei-
ther inflammatory changes nor hematopoietic tumors were
observed in this case. In Ig light chain-deficient mice, it was
postulated that the mechanism of Mott cell formation was
lack of Ig light chains, which prevents antibody aggregation,
leading to Ig heavy chain aggregation, which is known as
Russell body formation’.

On the basis of the histopathologic and electron micro-
scopic findings, the present lesion is thought to be an un-
usual appearance of Mott cells. To the best of our knowl-
edge, this is the first case showing Mott cell accumulation
without any pathological conditions in mice. The etiology
of this change in Tg rasH2 mice remains unclear, but we
believe this case will provide useful information regarding
spontaneous background findings in Tg rasH2 mice.
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A case report of a metastatic yolk sac carcinoma in the pulmonary
artery of a young female Sprague-Dawley rat
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Abstract: Yolk sac carcinoma is an extremely rare tumor in rats and is usually found in the genital system of aged animals. We encoun-
tered a yolk sac carcinoma in the pulmonary artery of an 18-week-old female Sprague-Dawley rat. In a repeated dosing toxicity study
(once weekly for 4 weeks, intraperitoneal), this rat was unexpectedly found dead on the 55th day after the final administration of the
test article. At necropsy, grayish white nodules were found on the lung surface. Histopathologically, tumor emboli were observed in the
trunk and branch of the pulmonary artery. Tumor cells with slightly basophilic vacuolated cytoplasm and large vesicular nuclei formed
nests or clusters and were embedded in a homogenous eosinophilic and periodic acid-Schiff reaction positive matrix. The tumor cells
and matrix were immunoreactive for laminin. The embolic tumor resembled yolk sac carcinoma showing a parietal pattern in rodents.
Although the primary site was unknown, the tumor was considered to be a metastatic yolk sac carcinoma. (DOI: 10.1293/tox.2016-

0025; J Toxicol Pathol 2016; 29: 269-273)
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Yolk sac carcinoma is a very rare malignant tumor in
rodents which is considered to be a variant of germ cell tu-
mors and microscopically resembles a yolk sac, an extraem-
bryonic membrane. The incidence of yolk sac carcinoma in
rats is extremely low, with only 1 case occurring in more
than 40,000 female F344 rats used in previous carcinogenic-
ity studies'. There have been some other reports of yolk sac
carcinomas that developed in the ovary or uterus in aged fe-
male rats”*. Nakazawa and colleagues reported an instance
of testicular yolk sac carcinoma in an aged Sprague-Dawley
(SD) rat’. Yolk sac carcinoma can also be experimentally in-
duced in rats by surgical procedures, such as fetectomy with
or without additional injection of mouse sarcoma virus® ’,
puncture of the pregnant uterus wall in mid gestation®, and
implantation of an embryo under the kidney capsule of a
syngeneic rat’. As described above, yolk sac carcinomas in
rats are generally encountered in older animals and observed
in genital systems. Here, we report a case of metastatic yolk
sac carcinoma in the pulmonary artery of a young female
rat.

Received: 25 March 2016, Accepted: 5 July 2016

Published online in J-STAGE: 4 August 2016

*Corresponding author: Y Sakamoto

(e-mail: you.sakamoto@teijin.co.jp)

©2016 The Japanese Society of Toxicologic Pathology

This is an open-access article distributed under the terms of the Cre-
ative Commons Attribution Non-Commercial No Derivatives (by-nc-
nd) License <http://creativecommons.org/licenses/by-nc-nd/4.0/>.

The female SD rat was obtained from Charles River
Laboratories Japan, Inc. (Kanagawa, Japan) at 5 weeks of
age. The rat was housed alone in a stainless-steel cage in
an air conditioned animal room controlled at a temperature
of 24 + 3°C with a humidity of 50 + 20% and a 12 hour
light/dark cycle, was fed a solid diet (CRF-1; Oriental Yeast
Co., Ltd.), and was provided with drinking water ad libitum.
The toxicity study was approved by the Institutional Animal
Care and Use Committee and was performed in accordance
with the animal welfare bylaws of Drug Safety Research
Laboratories, Shin Nippon Biomedical Laboratories, Ltd.
After a 2-week acclimation period, the rat was allocated
to the high dose group in the study, and the test material
(a biodegradative material) was intraperitoneally adminis-
tered via a paramedian incision of 1 to 2 cm once a week for
4 weeks under anesthesia with intramuscular injection (0.2
mL/kg, each) of medetomidine hydrochloride and ketamine
hydrochloride.

On the 55th day of the recovery period after the final
administration of the test material (at 18 weeks of age), the
rat, which had not exhibited any abnormalities in its gen-
eral condition, body weight, or food consumption during
the study, was unexpectedly found dead. At necropsy, small
grayish white nodules were observed on the surface of the
lung (Fig. 1). The heart weight was approximately twice
than the other rats in the study, which were sacrificed at the
end of recovery period (at 23 weeks of age). At necropsy,
the right ventricular wall exhibited hypertrophy. Some of
the remaining test material was observed in the abdominal
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Fig. 1. Gross appearance of the lung. Some grayish white nodules
(enclosed by a circle) were observed on the surface of the left
lobe.

cavity at necropsy, however, this finding was normally ob-
served following the intraperitoneal administration of this
material.

The principal organs and tissues from the whole body,
including the lung and heart with the pulmonary artery, were
fixed in 10% phosphate-buffered formalin and embedded in
paraffin. Paraffin sections were stained with hematoxylin
and eosin. Sections from the lung and heart were processed
with periodic acid-Schiff (PAS) reaction and phosphotung-
stic acid-hematoxylin (PTAH) stain. Immunohistochemical
staining was performed in the sections from the lung and
heart with anti-human cytokeratin mouse monoclonal anti-
body (AE1/AE3, x1, Dako North America, Inc., Carpinteria,
CA, USA), anti-laminin rabbit polyclonal antibody (x5,000,
Dako Cytomation, Inc. Denmark), and alpha-fetoprotein
(AFP) antibody (C-19, %100, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) and the sections were subjected to
a subsequent chromogenic reaction with the streptavidin-
biotin complex method.

In the histopathological examination of the lung, mul-
tiple intravascular emboli were observed in the branches of
the pulmonary artery. Emboli were present in the left and
right (posterior) lobes of the lung. Large and small emboli
appeared to be occlusive, with close approximation or ad-
herence to the vascular endothelium, and were considered to
be the cause of death via obstruction of blood flow (Fig. 2A).
A similar embolus was also seen in the trunk of the pulmo-
nary artery (Fig. 2B). In the heart, fibrosis and mononuclear
cell infiltration were observed in the right ventricular wall
and interventricular septum, respectively. In the liver, con-
gestion was observed. Together with the heart weight in-
crease and right ventricular hypertrophy, these histopatho-
logical findings in the heart and liver suggested circulatory

disturbance.

The intravascular emboli were mainly characterized by
the presence of small nests or clusters of undifferentiated
cells embedded in a prominent homogenous eosinophilic
matrix (Fig. 2C, 2D). In a few areas, it appeared as if simi-
lar cellular foci were growing within the lung parenchyma,
which is indicative of invasion (Fig. 2E). The appearances of
multiple emboli in the trunk and branches of the pulmonary
artery and the evidence of invasion were indicative of me-
tastasis of a neoplastic tumor.

The predominant cell type within the tumor emboli ap-
peared as irregularly shaped slightly basophilic cells with
vacuolated cytoplasm and large vesicular nuclei containing
one or two nucleoli. Tumor cells within the nests or clusters
appeared closely arranged and attached to each other. In-
frequent hyaline droplets were present in tumor cells, sug-
gesting that the eosinophilic matrix around the cell clusters
was produced by the tumor cells (Fig. 2D). Individual cell
necrosis of tumor cells was present throughout the neoplas-
tic process. Mitoses were evident but few (Fig. 2E).

From the appearance of the H&E sections as described
above, we suspected yolk sac carcinoma and conducted a
PAS reaction and immunohistochemistry to cytokeratin,
laminin, and AFP. The characteristic eosinophilic matrix
was intensively positive for the PAS reaction and laminin
(Fig. 3A, 3B). The cytoplasm of tumor cells was intensely
positive for laminin and weakly and partially positive for
AFP and cytokeratin (Fig. 3B, 3C, 3D), respectively. All of
the morphological, histochemical, and immunohistochemi-
cal findings were highly comparable to the previously re-
ported cases of yolk sac carcinoma in rodents>* > 1°, PTAH
staining was performed to differentiate the possibility of
thrombi and produced a negative result.

In the necropsy and histopathological examination, no
other neoplastic lesions were identified in any other organ,
including female reproductive organs, despite additional
sectioning of the ovaries and uterus after the regular histo-
pathological examination. Therefore, the organ in which the
tumor originated was unknown.

Histologically, yolk sac carcinoma in rodents is de-
scribed as having two components that resemble a parietal
yolk sac and visceral yolk sac. The parietal component is
characterized by a cluster of polygonal or cuboidal tumor
cells with a surrounding PAS-positive eosinophilic matrix.
The visceral component consists of cylindriform tumor
cells arranged in a papillary pattern without an eosinophilic
matrix, and sometimes a thin basement membrane between
the endoderm and the mesenchyme can be observed?. In the
present case, a visceral pattern was not obvious, and the ma-
jority of the components showed a parietal pattern; however,
the results of PAS reaction and immunohistochemistry for
laminin strongly supported the diagnosis of this tumor as a
yolk sac carcinoma. Cytokeratin has also been reported to
be positive in rat yolk sac carcinoma cells*. Increased levels
of AFP were detected in the sera of rats or humans bearing
yolk sac carcinomas. Using immunohistochemistry, it was
found that AFP was secreted by the yolk sac carcinoma cells
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Fig. 2. Photomicrographs of the emboli. Hematoxylin and eosin stain. A) Multiple emboli were observed in the branches of the pulmonary ar-
tery. B) An embolus was also observed in the origin of the pulmonary artery. C) Nests or clusters of the neoplastic cells were surrounded
by an eosinophilic matrix. D) The neoplastic cells exhibited basophilic vacuolar cytoplasm with large vesicular nuclei. Cytoplasmic
hyaline droplets were evident (arrow heads). E) Necrosis and mitosis were present in the neoplastic cells. The presence of tumor cells in

the extravascular space indicated invasion (asterisk).

displaying the visceral type'® . Thus it was reasonable that
AFP was not intensely observed in the present case, which
exhibited a parietal pattern.

This case is interesting and unique because of the ani-
mal’s younger age and the lack of gross or microscopic evi-
dence of a primary tumor. Pirak and colleagues'? reported
that choriocarcinoma, another germ cell tumor variant, de-
veloped in the cervical lymph nodes and lung (pleural sur-
face) of a 15-week-old SD rat; however, its pathogenesis was
considered to be different from our case, in which tumor cells
were only observed in the pulmonary artery. Although it has
not been published in the English literature, Kajikawa and
colleagues'" reported at the annual meeting of the Japanese
Society of Toxicologic Pathology in 2006 that metastatic
yolk sac carcinoma was found in the right ventricle and lung
in a 10-week-old female SD rat. Kajikawa’s case is similar
to the present case in two aspects, namely, the presence of
tumors in the right ventricle and/or pulmonary artery and
the undetected origin of the tumors. Given the intravascular
growth pattern of this tumor, it should be considered that a

primary tumor in the gonads or an extragonadal region be-
come necrotic and resorbed following metastasis.

In contrast to rodents, there are some reports indicating
that yolk sac carcinoma occurred in the lung in humans with
no evidence of a gonadal lesion'*™'®. The origin of pulmo-
nary germ cell tumors in humans is not well known, but it
is possible that primordial germ cells remain in the region
of the mediastinum or lungs at the time of migration along
the gonadal ridge during embryogenesis and become the tu-
mor “seed”, eventually developing extragonadal germ cell
tumor'’"°. The origin of the pulmonary germ cell tumors in
these human cases is more similar to that in Pirak’s report'?
than that in the present case. When a germ cell tumor oc-
curs in the rat lung, we have to consider the following two
possibilities for its origin: metastasis from the gonadal or
extragonadal primary tumor and a locally occurred tumor
which was developed from a migrated primordial germ cell.

It was surprising that the animal did not show abnormal
clinical signs or a decrease in body weight prior to death,
despite a number of emboli in the pulmonary artery. It was
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Fig. 3. Photomicrographs of PAS reaction and immunohistochemistry. A) The extracellular matrix showed a strongly posi-
tive PAS reaction. Some PAS-positive droplets were evident in the cytoplasm of the tumor cells. B) The extracellular
matrix and tumor cells (see insert) were positive for laminin. C and D) A few tumor cells were slightly positive for

alpha fetoprotein (C) and cytokeratin (D).

possible that a large embolus developed in the right ventricle
and dropped into the trunk of the pulmonary artery, deliver-
ing the fatal blow.

The present case was considered to be a spontaneous
tumor for the following reasons: there were no other reports
of chemically induced yolk sac carcinoma, there was only
one case in the study, and it was too early after administra-
tion of the test material, which has no genotoxic potential,
for it to be the cause of induction and development of the
tumor.

In conclusion, this was a very rare case of yolk sac car-
cinoma that developed in and embolized the pulmonary ar-
tery of 18-week-old female SD rat. The tumor cells showed
characteristics of a parietal pattern of yolk sac carcinoma,
such as cluster formation with a surrounding PAS- and lam-
inin-positive, eosinophilic matrix. To the best of our knowl-
edge, this is the first report of a metastatic pulmonary yolk
sac carcinoma in the pulmonary artery without a clear pri-
mary site in a rat in the published English literature.

Disclosure of Potential Conflicts of Interest: The authors
declare that they have no conflicts of interest with respect to
the research, authorship, and/or publication of this article.
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Case Report

Spontaneous extraskeletal osteosarcoma in the duodenum of a

Crlj:CD1 (ICR) mouse

Ryo Ando", Shinichiro Ikezaki'!, Yuko Yamaguchi', Kazutoshi Tamura', and Toru Hoshiya'

! Gotemba Laboratory, BoZo Research Center Inc., 1284 Kamado, Gotemba-shi, Shizuoka 412-0039, Japan

Abstract: Extraskeletal osteosarcoma is a very rare tumor in humans and animals. This paper describes a case of extraskeletal os-
teosarcoma observed in the duodenum of a male ICR mouse. Grossly, a solid mass pushing up the tunica serosa was observed in the
duodenal wall. Histologically, the tumor was located in the lamina propria mucosae and tela mucosa. Neoplastic cells densely prolifer-
ated in these areas, and replaced of the normal tissue components. A small amount of osteoid and a small clump of bone tissue were
observed in the area of neoplastic cell proliferation, especially in the lamina propria mucosae. Neoplastic cells consisted of atypical
polygonal cells and pleomorphic spindle-shaped cells, and the former were predominant. Mitotic figures were occasionally observed.
Neither invasion of vessels in the duodenum nor metastasis to distant organs was observed. There were no skeletal tumors in the body.
Immunohistochemically, the neoplastic cells were positive for anti-osteocalcin, osteonectin, vimentin, and S-100 protein. Judging
from these results, the present tumor was diagnosed as extraskeletal osteosarcoma. This is the first report of spontaneous extraskeletal
osteosarcoma arising from the duodenum of a mouse. (DOI: 10.1293/t0x.2016-0043; J Toxicol Pathol 2016; 29: 275-278)

Key words: extraskeletal osteosarcoma, duodenum, spontaneous tumor, mouse

Extraskeletal osteosarcoma, which occurs in tissues
having no relation to the bone or peritoneum, is a very rare
tumor both in humans and animals, and there are only a
few reports of its occurrence in rats and mice. Specifically,
it has been reported in the skin (mouse)', subcutaneous tis-
sue (rat)> >, thoracic cavity (rat)*, abdominal wall (mouse)’,
stomach (rat)®, and cecum (rat)’. This paper describes the
first case of spontaneous extraskeletal osteosarcoma detect-
ed in the duodenum of a mouse.

The animal was a male Crlj:CD-1 (ICR) mouse pur-
chased from Charles River Laboratories Japan Inc.
(Kanagawa, Japan) that served as a monitor in a 2-year car-
cinogenicity study and was found dead at 75 weeks of age.
The animals used in the study were housed individually
in suspended stainless-steel wire mesh cages in an animal
room maintained at a temperature of 23 + 3°C and relative
humidity of 50 + 20% with air ventilation 12 to 17 times
per hour and 12 hours of illumination (7:00 to 19:00). Pellet
diet (irradiation sterilized CRF-1, Oriental Yeast Co., Ltd.,
Tokyo, Japan) and tap water were provided ad libitum. The
experiment was conducted in compliance with the laws or
guidelines relating to animal welfare including the Stan-
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dards Relating to the Care and Management, etc. of Experi-
mental Animals (Notification No. 6 of the Prime Minister’s
Office, Japan March 27, 1980) and Guidelines for Animal
Experimentation (Japanese Association for Laboratory Ani-
mal Science, May 22, 1987).

Macroscopically, a solid mass (6 x 5 X 5 mm in size)
pushing up the tunica serosa was palpable from the serous
surface of the duodenum (Fig. 1). The mass, which showed
a whitish cut surface, was located in the duodenal wall and
did not protrude into the duodenal cavity. There were no
macroscopic findings indicating skeletal or other tumors in
the body. After complete necropsy, all tissues including the
tumor mass were fixed in 10% neutral-buffered formalin,
embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin (HE). Additional sections from the tumor
mass were also subjected to immunohistochemistry by the
peroxidase-labeled polymer method using an EnVision+
kit (anti-rabbit or anti-mouse, Dako, Glostrup, Denmark).
The primary antibodies used were osteocalcin (polyclonal,
1:100, Santa Cruz Biotechnology, Dallas, TX, USA), os-
teonectin (polyclonal, 1:500, LSL, Tokyo, Japan), vimentin
(polyclonal, 1:100, Abcam, Cambridge, UK), S-100 (poly-
clonal, 1:500, Dako), Iba-1 (polyclonal, 1:100, Wako Pure
Chemical Industries, Osaka, Japan), a-smooth muscle actin
(a-SMA) (monoclonal, 1:100, Dako), and keratin/cytokera-
tin (polyclonal, ready-to-use, Nichirei, Tokyo, Japan).

Histologically, the tumor was located in the lamina
propria mucosae and tela mucosa (Fig. 2). In the lamina
propria mucosae, in addition to neoplastic cell proliferation,
formation of small clumps of bone tissue was prominent


http://creativecommons.org/licenses/by-nc-nd/4.0/

276 Duodenal Extraskeletal Osteosarcoma in a Mouse

o

Fig. 1. Macroscopic appearance of the duodenum. A solid mass
pushing up the tunica serosa (arrows) is palpable from the
serous surface.

Fig. 2. Microscopic features of the tumor in the duodenal wall. The
tumor is located in the lamina propria mucosae and tela mu-
cosa. HE stain. Bar = 1,000 pm.

Fig. 3. A part of the lamina propria mucosae. Proliferation of po-
lygonal cells and formation of small clumps of bone tissue in
the lamina propria mucosae. HE stain. Bar = 100 um.

(Figs. 2 and 3). The mucosal surface became flattened with
disappearance of intestinal villi, and the remaining intes-
tinal crypts generally showed luminal dilatation (Fig. 2).
Neoplastic cells proliferated densely into the tela mucosa
through the lamina muscularis mucosae, and replaced al-
most all of the normal tissue components including duode-
nal glands (Fig. 2). Neoplastic cells partially infiltrated into
the tunica muscularis but not into the tunica serosa.
Neoplastic cells consisted of polygonal cells suggesting
atypical osteoblasts and spindle-shaped cells, and polygo-
nal cells were predominant (Figs. 3 and 4). Both types of
neoplastic cells generally had a scanty basophilic or faintly
eosinophilic cytoplasm and a pleomorphic plump nucleus
(Figs. 3 and 4), and they occasionally showed mitosis. A
few multinucleated cells resembling osteoclasts were also

Fig. 4. A part of the tela mucosa. Marked proliferation of polygonal
cells and spindle-shaped cells together with a small amount of
osteoid and a small clump of bone tissue in the tela mucosa.
HE stain. Bar = 100 um.

found. In the tela mucosa, a small amount of osteoid and a
small clump of mature bone tissue also sporadically formed
in the area of dense neoplastic cell proliferation (Fig. 4). In
addition, chondroid elements were not identified morpho-
logically in either area of neoplastic cell proliferation. Nei-
ther invasion of vessels in the duodenum nor metastasis to
distant organs was observed.

Immunohistochemically, both polygonal and spindle-
shaped neoplastic cells were positive for anti-osteocalcin,
osteonectin, vimentin, and S-100 protein (Fig. 5), and the
latter were also occasionally positive for a-SMA (Fig. 5).
In addition, a few Iba-1-positive osteoclast-like multinucle-
ated cells were found intermingled with neoplastic cells
(Fig. 5). Such immuno-positive neoplastic cells were mainly
observed around small clumps of bone tissue, especially in
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Fig. 5. Immunohistochemistry. Positive reactions for A) osteocalcin, B) osteonectin, C) vimentin, and D) S-100 protein in polygo-
nal and spindle-shaped cells, E) a-SMA in spindle-shaped cells, and F) Iba-1 in multinucleated cells. Bar = 50 um.

the lamina propria mucosae, except for those that were vi-
mentin positive.

Osteocalcin and osteonectin are well-known reliable
markers for osteogenic tumors, and some extraskeletal os-
teosarcomas are said to positively react with anti-vimentin,
S-100 protein, and a-SMA antibodies* * > ©. Judging from
the abovementioned results, the present tumor was diag-
nosed as an extraskeletal osteosarcoma originating from the
duodenum. In addition, the cause of demise of this animal
was considered to be intestinal obstruction caused by the
tumor.

Mouse osteosarcoma is classified into the following
eight subtypes depending upon the morphologic character-
istics of the tumor®: 1) the eburnating type, which is mainly
composed of osteoma-like tumor osteoid/bone but with
pleomorphic and infiltrating cells at the tumor periphery;
2) the osteoblastic type, which is composed of neoplastic
osteoblasts and highly differentiated with varying amounts
of osteoid and bone tissue; 3) the fibroblastic type, which
is composed of spindle-shaped cells simulating a pattern of
fibrosarcoma and a variable amount of osteoid; 4) the os-
teoclastic type, which is predominantly composed of osteo-
clast-like giant cells; 5) the chondroblastic type, which is

composed of immature cartilage and bone; 6) the vascular
type, which is composed of large blood-filled sinuses with
variable amounts of osteoid and tumor cells; 7) the anaplas-
tic type, which is composed of poorly differentiated pleo-
morphic tumor cells with scanty osteoid formation; and 8)
the mixed type, which is composed of a combination of two
or more histologic types. Judging from the abovementioned
histological findings, the present osteosarcoma was consid-
ered to be the osteoblastic type.

In conclusion, this paper revealed the morphological
and immunohistochemical characterization of the present
tumor and described the first case of spontaneous duodenal
extraskeletal osteosarcoma in a mouse.
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Short Communication

Histopathological localization of cadmium in rat placenta by

LA-ICP-MS analysis
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Abstract: In order to clarify the histological localization of cadmium (Cd) in the placenta, we analyzed paraffin sections of placentas
from rats with a single Cd exposure on gestation day 18 by the LA-ICP-MS imaging method compared with the histopathological
changes. The placentas were sampled at 1 hour, 2 hours, 3 hours, 6 hours, and 24 hours after treatment. Histopathologically, the tro-
phoblasts in the labyrinth zone of the Cd group showed swelling at 1 hour. At 2 and 3 hours, the trophoblasts showed swelling and
vacuolar degeneration. At 6 and 24 hours, the syncytiotrophoblasts selectively underwent necrosis/apoptosis, resulting in a decrease in
number. Remarkable metallothionein expression was observed in the trophoblastic septa, particularly cytotrophoblasts at 24 hours. The
LA-ICP-MS analysis detected the localization of Cd in the fetal part of the placenta from 1 hour onwards. In particular, the intensity of
Cd was prominent in the labyrinth zone and tended to increase with the progression of trophoblastic septa damages. The LA-ICP-MS
analysis using the paraffin sections detected the localization of Cd in the fetal part of the placenta, and this methodology will be one of
the valuable tools to detect heavy metals in toxicological pathology. (DOI: 10.1293/tox.2016-0022; J Toxicol Pathol 2016; 29: 279-283)

Key words: cadmium, LA-ICP-MS, placenta, rat

Cadmium (Cd) is known to be one of the most toxic
heavy metals that induce damage to various organs, which
is caused by a diversity of toxic effects!. Cd induces neph-
rotoxicity, osteotoxicity, lung toxicity, hepatotoxicity, re-
productive toxicity, carcinogenicity, and teratogenicity.
Regarding reproductive toxicity, Cd exposure during preg-
nancy in mice, rats, and hamsters results in teratological ef-
fects, such as skeletal malformations and exencephaly in the
early gestation stage and fetal death and placental necrosis
in the late gestation stage. Although Cd can cross the pla-
centa and accumulates in fetal tissues, fetal toxicity in rats
is considered to be caused by Cd-induced placental or ma-
ternal dysfunction, not by a direct effect of Cd on fetuses2.
The placenta is known to be a primary target for Cd toxicity
during pregnancy? and is one of the major Cd accumulation
tissues in rats*. Histologically, the rat placenta is composed
of the fetal part (labyrinth zone and basal zone) and the ma-
ternal part (decidua and metrial gland)s. 6. However, the his-
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tological localization of Cd in each part of the placenta has
not been reported.

In recent years, elemental detection of thin tissue sec-
tions by means of laser ablation-inductively coupled plas-
ma-mass spectrometry (LA-ICP-MS) has been developed
for imaging trace elements (metals, metalloids, and nonmet-
als) and isotopes in biological materials, providing accurate
and reliable data for quite different applications’. LA-ICP-
MS analysis has become the method of investigation of el-
emental distributions in biological tissue sections due to its
high sample throughput, high sensitivity, and spatial reso-
lution down to 4 um. Cryosections’ 8 or fixed sections® 10
are possible sources for elemental bioimaging with LA-ICP-
MS. Therefore, LA-ICP-MS analysis is becoming one of the
important tools for pathology!l. In the present study, in order
to clarify the histological localization of Cd in the placenta,
we used the LA-ICP-MS imaging method to analyze paraf-
fin sections of placentas from rats exposed to Cd.

Non-pregnant specific pathogen-free Wistar Hannover
rats (Japan Laboratory Animals, Inc., Tokyo, Japan) were
purchased at approximately 10—14 weeks of age. Each fe-
male rat was housed together with a male rat. The occur-
rence of copulation was established by daily inspection for a
vaginal plug. Mated female rats were utilized in this study.
Gestation day (GD) 0 was designated as the day on when
the presence of a vaginal plug was identified. The animals
were single-housed in plastic cages on softwood chip bed-
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ding in an air-conditioned room (22 + 2°C; humidity, 55 +
10%; light cycle, 12 hr/day). Feed (CRF-1, Oriental Yeast
Co., Ltd., Tokyo, Japan) and water were available ad libitum.
Fifteen pregnant rats were randomly allocated to the control
group of 5 rats and the Cd group of 10 rats. Cadmium chlo-
ride (CdCl,) (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) was dissolved in sterile 0.75% saline solution. CdCl,
was subcutaneously administered to rats at doses of 0 mmol/
kg with sterile 0.75% saline solution (the control group) or
0.04 mmol/kg CdCl, (the Cd group) with a volume of 1
ml/100 g body weight on GD 18. Previously, treatment with
this dose level on GD 18 was reported to induce fetal death
and placental necrosis!2. All treatments were performed be-
tween 7 and 9 a.m. One dam in the control group and two
dams in the Cd group each were sampled at 1 hour, 2 hours,
3 hours, 6 hours, and 24 hours after treatment. The dams
were euthanized by exsanguination under anesthesia and
necropsied. All fetuses were removed from the placentas.
Five placentas/litter were randomly obtained from embry-
os/fetuses of all dams in both groups at the sampling time
points. All placentas were fixed in 10% neutral buffered for-
malin, embedded in paraffin, sectioned at 4 um thickness,
and stained routinely with hematoxylin and eosin (HE) for
histopathological examination. In order to figure the local-
ization of Cd, immunohistochemical staining of metallo-
thionein (MT) antibody against rat MT-1/MT-2 (MTE9, Da-
koCytomation, Carpinteria, USA) was performed according
to the avidin-biotin complex (ABC) method (VECTSTAIN
ABC Kit, Vector Laboratories, Inc., Burlingame, Califor-
nia, USA). These experiments were conducted according to
the Guidelines for Animal Experimentation, Japanese As-
sociation for Laboratory Animal Science.

An LSX 213 laser ablation system (Teledyne CETAC
Technologies, Omaha, USA) working at a wavelength of
213 nm with a scanning camera was coupled to a quadru-
ple-based iCAP Qc ICP-MS (Thermo Fisher Scientific,
Waltham, USA) in such a way that the aerosol from the laser
ablation unit was directly introduced into the injector pipe
of the ICP-MS by a carrier gas through a tygon tube (Fig. 1).
The laser parameters, such as laser energy, scan rate and
frequency, were optimized to receive accurate lateral ele-
mental information. A spot size of 150 um was selected. The
scan rate was 50 um/s. The used laser energy was adjusted
to 15.13 mJ, while the laser was operated at a shot repetition
rate of 20 Hz. For the present study, a HelEx™ 2-volume
cell was utilized. For tuning of the instrument, a fully auto-
mated adjustment approach was programmed using the pro-
vided functionality of the Qtegra software. For this purpose,
parameters like the position of the torch, extraction voltage,
and additional carrier gas flow of argon, as well as the most
relevant ion lenses in front of the mass analyzer, were opti-
mized for maximum intensity and low levels of oxides and
doubly charged ions. As a carrier gas (0.65 L/min), helium
was used to obtain an improved washout behavior. Addi-
tional ICP-MS conditions were as follows: a nickel sampler
and skimmer without insert and a quartz injector pipe with
an inner diameter of 3.5 mm; RF power, 1,550 W; auxiliary

— —LA ” Vamd
ICP-MS [ -

Carrier
gas

Fig. 1. LA-ICP-MS. Laser ablation system (LA): sample extraction
from an unstained paraffin section slide by laser ablation
with a 213 nm laser beam with camera scanning. Inductively
coupled plasma-mass spectrometry (ICP-MS): analysis of a
sample-derived aerosol from LA.

gas flow rate, 0.8 L/min; dwell time, 0.22 s; and isotopes
monitored, '1'Cd and '4Cd. Because of the absence of iso-
baric interference for the investigated mass to charge ratios
(blank signal, 400 cps), the analysis was performed in the
standard mode of the ICP-MS instrument. One placenta on
the unstained paraffin section slide from one dam at each
sampling time in the both groups was measured with the
LA-ICP-MS under the above condition. Placentas showing
typical lesions at each sampling time were selected for the
LA-ICP-MS analysis. After the LA-ICP-MS analysis, the
used slides were stained routinely with HE staining for his-
topathological examination.

There were no deaths of dams in the either group. Fetal
death was observed from 6 hours onwards after treatment in
the Cd group (Fig. 2). Histopathologically, the trophoblasts
in the labyrinth zone of the Cd group showed swelling at
1 hour (Fig. 2). At 2 and 3 hours, the trophoblasts showed
swelling and vacuolar degeneration (Fig. 2). At 6 and 24
hours, the syncytiotrophoblasts selectively underwent ne-
crosis/apoptosis resulting in a decrease in number. Some
placentas showed congestion and hemorrhage, resulting
from thinning of the trophoblastic septa (Fig. 2). During the
experimental period, there were no lesions in the basal zone,
decidua, or metrial gland in the Cd group or in any zones in
the control group.

The MT expression at each sampling time point in each
zone is shown in Table 1. In the labyrinth zone, remarkable
MT expression was observed in the trophoblastic septa, par-
ticularly in cytotrophoblasts at 24 hours in the Cd group,
compared with in the control group (Fig. 2). There was no
remarkable difference in MT expression in the basal zone,
decidua, or metrial gland at any sampling time between the
control and Cd groups.

The LA-ICP-MS intensity of Cd at each sampling time
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Fig. 2. Gross appearance and histopathological changes in labyrinth zone. a) Gross appearance of fetus and placenta at 24 hours after
treatment. Control group (left) and Cd group (right). In Cd group, macerated fetus immediately after death and geographic
discoloration of fetal surface of placenta. b) At 1 hour in control group. (HE staining) ¢) At 1 hour in Cd group. Swelling of
trophoblasts. (HE staining) d) At 3 hours in Cd group. Swelling and vacuolar degeneration of trophoblasts. (HE staining) e) At
24 hours in Cd group. Selective necrosis/apoptosis of syncytiotrophoblasts. Congestion and hemorrhage with thinning of tro-
phoblastic septa. (HE staining) f) At 24 hours in Cd group. MT expression in trophoblastic septa, particularly cytotrophoblasts.

(MT immunohistochemical staining) Bar = 100 pm.

point in each zone is shown in Table 1 and Figure 3. In the
labyrinth zone, the intensity of Cd was detected from 1 hour
onwards and showed a marked increase at 24 hours in the
Cd group. In the basal zone, the intensity of Cd was detected
at 1 hour, 2 hours, and 24 hours in the Cd group, but the lev-
els were less than those in the labyrinth zone. The intensity
of Cd could not be detected in the decidua or metrial gland
in the Cd group, or in any zones in the control group.

These results revealed that the LA-ICP-MS analysis us-

ing the paraffin sections detected the localization of Cd in
the fetal part of the placenta, but not in the maternal part of
the placenta. In particular, the intensity of Cd was promi-
nent in the labyrinth zone and tended to increase with the
progression of trophoblastic septa damage. Immunohisto-
chemically, MT expression was increased in the labyrinth
zone, although it was only detected at only 24 hours. It has
been known that MT expression is observed in the yolk sac
and decidua, but not in the labyrinth zone, in the normal



282

Histopathological Localization of Cadmium in Rat Placenta

Table 1. LA-ICP-MS Intensity and MT Immunohistochemical Expression in Placenta

Part of placenta

LA-ICP-MS intensity (average of cps in part)

MT immunohistochemical expression

Control

Cadmium

Cadmium

hr 2 hr

3 hr

6 hr

Control

24 hr 1 hr 2 hr 3 hr 6hr 24 hr

Labyrinth zone
Basal zone
Decidua basalis

N.D.
N.D.
N.D.

3,690 4,305
616 439

N.D. N.D.
N.D. N.D.

5,419
N.D.
N.D.
N.D.

3,714
N.D.
N.D.
N.D.

Metrial gland N.D.

7,099 +++
821
N.D.

N.D.

HoHH
HoHH
W H
HoH R
W H
+

N.D.: not detected. —, negative; + , minimal, +, mild; ++, moderate; +++, severe.

developing rat placenta!3. Therefore, the MT immunohisto-
chemical data seems to support the results of the localiza-
tion of Cd by the LA-ICP-MS analysis broadly. In addition,
it is considered that the positive reaction of MT immunobhis-
tochemistry was observed 6 hours or more than after Cd de-
position at earliest. LA-ICP-MS analysis was sensitive tool
to detect Cd deposition in the paraffin sections compared
with MT immunohistochemistry.

The fetal part of the placenta on GD 19 is primarily
composed of four kinds of trophoblasts; cytotrophoblasts
and syncytiotrophoblasts in the labyrinth zone and spongio-
trophoblasts and trophoblastic giant cells in the basal zone!4.
It has been known that Cd mainly injuries the syncytiotro-
phoblasts as a result of the cellular and mitochondrial dam-
age and that the cytotrophoblasts remain relatively unaffect-
ed early stage in the labyrinth zone!2. 15, In the present study,
although Cd deposition was observed in these trophoblasts,
the highest affinity cells for Cd were cytotrophoblasts, and
the most severely damaged cells were spongiotrophoblasts.
Thus, it is considered that the sensitivity to Cd toxicity is
different among these trophoblasts. Further detailed investi-
gations of the treatment on an earlier gestation day are nec-
essary to clarify the differential sensitivity of the Cd toxicity
among these trophoblasts.

It is known that LA-ICP-MS can be applied as micro-
scopic detector of exogeneous heavy metals (Cu, Fe, Zn,
Pt, etc.) at the tissue level® 6. In addition, paraffin section
slides that have been analyzed with LA-ICP-MS can be
subjected to HE staining or special staining. Furthermore,
the HE-stained slides can also be subjected to LA-ICP-MS
analysis!6. Therefore, it is possible to identify the location
of metal deposition by LA-ICP-MS analysis in comparison
with histopathological changes. The LA-ICP-MS methodol-
ogy will be exploited in future toxicological pathology for a
mode of action approach.

In conclusion, LA-ICP-MS analysis using paraffin sec-
tions detected the localization of Cd in the fetal part of the
placenta, particularly in the labyrinth zone, and this meth-
odology will be one of the valuable tools to detect heavy
metals in toxicological pathology.
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