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Abstract: We performed a medaka bioassay for the carcinogenicity of methylazoxymethaol acetate (MAM-Ac) to examine the se-
quential histological changes in the liver from 3 days after exposure until tumor development. The medaka were exposed to MAM-Ac
at a concentration of 2 ppm for 24 hours, and were necropsied at 3, 7, 10, 14, 21, 28, 35, 42, 49, 60, and 91 days after exposure. MAM-
Ac induced four cases of hepatocellular adenoma and one case of hepatocellular carcinoma in 8 fish after 60 or 91 days of exposure.
Histological changes in the liver until tumor development were divided into three phases. In the cytotoxic phase (1-10 days), MAM-
Ac-exposed hepatocytes showed vacuolar degeneration and underwent necrosis and apoptosis, resulting in multiple foci of hepatocyte
loss. In the repopulation phase (14-35 days), the areas of hepatocyte loss were filled with hepatic cysts and the remaining hepatocytes
were surrounded by hepatic stellate-like cells (or spindle cells) and gradually disappeared. In the proliferation phase (42-91 days), the
original hepatic parenchyma was regenerated and progressively replaced by regenerative hyperplastic nodules and/or liver neoplasms.
The medaka retained a strong hepatocyte regenerative ability in response to liver injury. It is considered that this ability promotes the
proliferation of initiated hepatocytes in multistep carcinogenesis and influences the development of liver tumor over a short period in
medaka. (DOI: 10.1293/tox.2020-0033; J Toxicol Pathol 2020; 33: 219-226)
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Introduction

Fish models of carcinogenesis have been useful ver-
tebrate models to screen potential carcinogens, as they are
very sensitive, inexpensive and rapidly adopt as compared
with rodent models!-3. Their usefulness for detecting carci-
nogenicity was confirmed by prior fish toxicity studies with
powerful hepatocarcinogens such as diethylnitrosamine
(DEN), dimethylnitrosamine (DMN), dimethylaminoazo-
benzene, N-methyl-N’-nitro-N-nitrosoguanidine, aflatoxin
B1, polycyclic aromatic hydrocarbons, and methylazoxy-
methanol acetate (MAM-Ac) conducted in the 1980s and
1990s. However, fish models of carcinogenesis are thought
to be less sensitive to the presence of carcinogens in organs
other than the liver. Thus, there is a limit to detect the carci-
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nogenicity of chemicals in these models?.

MAM-Ac, a neurotoxin and carcinogen, is a synthetic
derivative of cycasin known to induce tumors in the liver,
kidney, and small intestine of ratss. ¢ and mice’”. Among te-
leost fish, MAM-Ac has been known to induce medulloepi-
thelioma in eyes of medaka$, pancreatic tumors in guppies?,
nephroblastomas in guppies and medakal0, rhabdomyosar-
comas, leiomyosarcomas, fibromas, and neuroblastomas
in medakal0, and swimbladder tumors, kidney tumors, and
glandular stomach tumors in rainbow trouts!l. The liver is
the most common target organ affected by MAM-Ac, and
liver tumors have been induced in zebrafish, guppies, mos-
quitofish!2, sheepshead minnow, fathead minnow!?, and me-
daka!3. 14, However, only a few reports have described the
sequential histological changes in the liver of fish following
MAM-Ac exposure!3: 15, In the present study, we conducted
a fish bioassay for the carcinogenicity of MAM-Ac exposure
for 24 hours in medaka by examining the sequential histo-
logical changes in the liver from 3 days after exposure until
tumor development.
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Materials and Methods

Fish and maintenance

Japanese medaka (Oryzias latipes) were purchased
from the National Institute of Informatics and were bred at
the biological research laboratory, Nissan Chemical Corp.
A breeding stock was used for the study and maintained in
dechlorinated tap water at 25 + 1°C under a 16:8 h light:dark
photoperiod. The water quality parameters were as follows:
pH, 7.0 to 7.5; oxygen concentration, 7.5 to 8.0 mg/L.

Experimental design

Six-month-old medaka were acclimatized for 2 weeks
under test conditions. For the experiment, 160 female fish
were divided into a control group (n = 45) and MAM-Ac
exposure group (n = 115). In the MAM-Ac exposure group,
individual batches of 10 or 11 fish were exposed to MAM-
Ac (FUJIFILM Wako Pure Chemical Corp., Tokyo, Japan)
at a concentration of 2 ppm for 24 hours in a static system
using 3-L glass vessels containing 2 L of dechlorinated tap
water. It is known from prior research that liver tumors are
induced in medaka exposed to MAM-Ac at 2 ppm for 24
hours!4. In the control group, individual batches of five fish
were maintained for 24 hours using dechlorinated tap water
without MAM-Ac under same conditions. The fish in both
groups were transferred to 10 L of fresh water in 12-L glass
vessels after the exposure period and were bred for 91 days
in a semi-static system. Their survival was daily recorded.
The water was changed twice every week, and daily feed-
ing was performed with 0.5 mL of brine shrimp per fish.
Three to 10 fish were necropsied at 3, 7, 10, 14, 21, 28, 35, 42,
49, 60, and 91 days after exposure (Fig. 1). This study was
conducted according to the Guidelines for Animal Experi-
mentation, Biological Research Laboratory, Nissan Chemi-
cal Corporation.

Histopathological examination

The fish were sacrificed by overexposure to CO, gas
and fixed in Bouin’s solution for overnight before being re-
fixed in 10% neutral-buffered formalin. The samples were
embedded in paraffin, sectioned at a thickness of 4 um, and
stained routinely with hematoxylin and eosin for histopatho-
logical examination that was performed only for the liver
samples obtained from the surviving fish at each sampling
point but not those from the dead fish.
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Fig. 1. Experimental design.

Results

The mortality rate was 0% (0/45) in the control group
and 35.7% (41/115) in the MAM-Ac exposure group. The
number of dead fish in the MAM-Ac exposure group in-
creased at around 1 and 6 weeks after exposure (Fig. 2).
Histopathological examination of the liver was performed
in the surviving 119 fish (45 fish from the control group and
74 fish from MAM-Ac exposure group).

Histopathological findings of the liver are presented in
Table 1. In the control group, the hepatocytes were concen-
trically arranged in tubules around the sinusoid, showing
basophilic cytoplasm, and containing small vacuolar struc-
tures, which were glycogen (Fig. 3a). Hepatic cysts (spon-
giosis hepatis) were observed as spontaneous lesions in a
few fish at 60 and 91 days after exposure. In the MAM-Ac
exposure group, hepatocytes showed diffused vacuolar de-
generation with apoptotic bodies at 3 days after exposure
(Fig. 3b). At 7 days after exposure, small necrotic foci ap-
peared scattered. The hepatocytes around them showed
marked vacuolar degeneration, although the number of vac-
uoles in the hepatocytes at another site generally decreased
relative to that observed at 3 days after exposure (Fig. 3c).
Some hepatocytes contained apoptotic bodies. At 10 days
after exposure, the hepatic parenchyma showed structural
disorder of the hepatic cords and collapse of the sinusoids.
The multifocal necrotic foci appeared enlarged, resulting
in progressive hepatocyte loss. The remaining hepatocytes
exhibited a decrease in cytoplasmic basophilia with apop-
totic bodies (Fig. 3d). At 14 days after exposure, the areas
of hepatocyte loss were filled with small multiloculated or
large uniloculated hepatic cysts, comprising a meshwork
of hepatic stellate-like cells or spindle cells (HSLCs/SCs)
(considered to be Ito cells or perisinusoidal cells) (Fig. 3e).
These cyst spaces contained eosinophilic flocculent mate-
rial. At this stage, bile preductular epithelial cells (BPDECs)
had proliferated into the small spaces between hepatocytes.
The normal tubulosinusoidal pattern of these cells was dis-
organized (Fig. 3f). At 21 and 28 days after exposure, the
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Fig. 2. Number of dead medaka following exposure to methylazoxy-
methanol acetate.
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HSLCs/SCs had proliferated into the regions of the hepatic
cysts, infiltrated in between hepatocytes, and surrounded
the individual and/or several hepatocytes (satellitosis).
These hepatocytes showed swelling and vacuolar degen-
eration (Fig. 3g). Further, the melanomacrophages and lym-
phocytes infiltrated into the hepatic parenchyma. In addi-
tion to these findings, some fish showed remarkable hepatic
parenchymal atrophy with more extensive satellitosis at 28
days after exposure. Consequently, the fish were stratified as
either “regeneration type” or “atrophy type” from 28 days
onward after exposure depending on the degree of hepatic
parenchymal atrophy. The fish with mild or less hepatic pa-
renchymal atrophy were classified as “regeneration type”,
while those with medium or severe hepatic parenchymal at-
rophy were classified as “atrophy type”.

Regeneration type

In this fish population, most of the remaining hepa-
tocytes were satellized at 35 days after exposure (Fig. 3h)
and tended to decrease owing to their replacement with the
adipose tissue, resulting in mild hepatic parenchymal atro-
phy. Further, the bile duct proliferation was scattered. At
42 and 49 days after exposure, small foci comprising more
eosinophilic hepatocytes with clear nuclei appeared scat-
tered (Fig. 3i). These foci subsequently developed multiple
small- to medium-sized regenerative hyperplastic nodules,
and some hyperplastic hepatocytes in them showed atypia
(Fig. 3j). At this stage, the satellized hepatocytes gradually
disappeared and were replaced by regenerative hyperplas-
tic nodules. The major portion of the hepatic parenchyma
was occupied by these nodules (Fig. 3k). At 60 and 91 days
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after exposure, multiple pale masses were macroscopically
observed in the liver (Fig. 31). Histologically, these masses
comprised regenerative hyperplastic nodules and/or liver
tumors, and the original hepatic parenchyma was replaced
by these masses. As the liver tumors, hepatocellular adeno-
ma was detected in two cases at 60 days after exposure and
in two cases at 91 days after exposure, while hepatocellular
carcinoma was detected in one case at 60 days after expo-
sure. The cases of hepatocellular adenoma showed the archi-
tecture of irregular cellular cords that were thicker than the
normal ones (Fig. 3m). The tumor cells comprised a mono-
morphic population with limited cellular pleomorphism and
round, pleomorphic, and large nuclei. The interstitium of the
tumor contained a focally extensive or diffused proliferation
of spindle-shaped cells (Fig. 3m). The case of hepatocellular
carcinoma showed a solid growth pattern with densely cel-
lular and thickened cords and had invaded into the adjacent
regenerative hyperplastic nodules (Fig. 3n). The tumor was
composed of pleomorphic and anaplastic cells, which varied
from spindle to stellate and/or polygonal with nuclear atypia
and multiple nuclei.

Atrophic type

In this fish population, the satellized hepatocytes
disappeared from 35 days onward after exposure and the
melanomacrophages and lymphocytes infiltrated with time.
Most hepatic parenchyma was replaced by the adipose tis-
sue without the formation of regenerative hyperplastic nod-
ules (Fig. 30). At 91 days after exposure, there were no fish
of this type.

Table 1. Liver Histopathological Findings in Methylazoxymetanol Acetate-exposed Medaka

Day3 Day7 Day 10 Day 14 Day21  Day 28 Day 35 Day 42 Day 49 Day 60 Day 91
Histopathological findings MA MA MA MA MA MA
CT MA CT MA CT MA CT MA CT MA CT CT CT CT CT CT—
R A R A R A R A R A R
Number of fish 55555555 5105 6 4ND7 3 5 6 4ND5 1 5 4 1 5 3
Vacuolar degeneration e o S S R o S S ++ -+ ++ ++ - -
Apoptosis = - IR - - ISR - - = = S = = IEEEEEN - -
Necrosis - - -+ -+ - - - - - - - ol — — e - - — e
Decreasgd hepatocyte - = = = = 4t = = - A 4+ — A = A =
basophilia
Architectural change - = - = = + = 4+ = +t+ — ++++t +H+ = A -+ = A =
Hepatic cysts = = Il — - IEERed — - [ T - = - + - 1) + - #1) =+
BPDECs proliferation el - e eE - - - = = Bl e - - — e
Melanomacrqphage/ . = = ISRl - - BN - - e ++ - =+ ++ - + + - *
Lymphocyte infiltration
HSLcs/S(;S proliferation - - = = = = = = + = 4+ +++ A - =+ -+ -+ - -
(Satellitosis)
Hepatic parenchymal atrophy - - - - - - - — — — — — +++ + 4+ -+ + ++ - - +++ = =
Bile duct hyperplasia e - B B - - + + - + = + + - 4+ - - =
Regenerarive hyperplastic BN e e _  _ . an — [N
nodule
Hepatocellular adenoma = = BN = — EoEEE — = o N — — - - - — PQ - - PQ
Hepatocellular carcinoma SR — — IECE - - IR - — - = - - - PH - - -

—, negative; £, slight; +, mild; ++, medium; +++; severe. P; present; In parentheses, number of fish. ND, No data. CT, Control group; MA, MAM-
Ac exposure group. R, regeneration type - medaka showing that the degree of hepatic parenchymal atrophy is negative, slight, or mild. A, atrophy
type - medaka showing that the degree of hepatic parenchymal atrophy is the degree of medium or severe.
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Discussion of hepatocellular adenoma and one case of hepatocellular
carcinoma from 60 days onward after the exposure. The

In the present study, MAM-Ac exposure at 2 ppm for  sequential histological changes of the liver from the time

24 hours in a population of 115 medaka induced four cases  of exposure until tumor development were divided into
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three phases!¢ (Fig. 4). In the cytotoxic phase (1-10 days),
the MAM-Ac-exposed hepatocytes exhibited vacuolar de-
generation and underwent necrosis and apoptosis, resulting
in the multiple foci of hepatocyte loss. In the repopulation

phase (1435 days), the areas of hepatocyte loss were filled
with hepatic cysts derived from the HSLCs/SCs, while the
remaining hepatocytes were surrounded by these HSLCs/
SCs and gradually decreased. In the proliferation phase (42—
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Fig. 3. Gross appearance and histological changes in the liver. a) Normal liver. Control group. 3 days. Hematoxylin and eosin (HE) stain. Bar

=200 um (left) and 50 um (right). b) Vacuolar degeneration with apoptotic bodies (m) in hepatocytes. Methylazoxymethanol acetate
(MAM-Ac) exposure group. 3 days. HE stain. Bar = 200 pm (left) and 50 pm (right). ¢) Small necrotic foci and marked vacuolated he-
patocytes around them. Apoptotic bodies (m) in hepatocytes. MAM-Ac exposure group. 7 days. HE stain. Bar =200 um (left) and 50
um (right). d) Enlarged focal necrosis with architectural changes of hepatic cords and sinusoids. Apoptotic bodies (m) and decreased
cytoplasmic basophilia in hepatocytes. MAM-Ac exposure group. 10 days. HE stain. Bar = 200 um (left) and 50 um (right). ¢) Large
areas of hepatocyte loss filled with hepatic cysts. MAM-Ac exposure group. 14 days. HE stain. Bar =200 pm (left) and 50 pm (right). f)
Proliferation of bile preductular epithelial cells in small spaces between hepatocytes. MAM-Ac exposure group. 14 days. HE stain. Bar
=200 pm (left) and 50 um (right). g) Proliferation and infiltration of hepatic stellate-like cells or spindle cells. Formation of satellized
hepatocytes. MAM-Ac exposure group. 21 days. HE stain. Bar = 200 pm (left) and 50 um (right). h) Decrease in satellized hepatocytes
and replacement with adipose tissue. Regeneration type (R type). MAM-Ac exposure group. 35 days. HE stain. Bar = 200 pm (left)
and 50 pm (right). i) Formation of small-sized regenerative hyperplastic nodules (m) comprising marked eosinophilic hepatocytes
with clear nuclei. R type. MAM-Ac exposure group. 42 days. HE stain. Bar = 200 pm (left) and 50 pm (right). j) Multiple, small- to
medium-sized regenerative hyperplastic nodules. Atypia in some hyperplastic hepatocytes. R type. MAM-Ac exposure group. 60 days.
HE stain. Bar = 500 pm (center) and 60 pm (right/left). k) Replacement of hepatic parenchyma by regenerative hyperplastic nodules. R
type. MAM-Ac exposure group. 49 days (left) and 91 days (right). HE stain. Bar = 600 pm. 1) Gross appearance of multiple pale masses
in liver. Hepatocellular adenoma (=>) (right/lower). 91 days. Hepatocellular carcinoma (=) (left/lower). 60 days. m) Regenerative
hyperplastic nodules (right/higher) and hepatocellular adenoma (right/lower). Irregular cords of tumor cells showing minor cellular
pleomorphism. Proliferation of spindle-shaped cells in interstitium. R type. MAM-Ac exposure group. 91 days. HE stain. Bar =750 um
(left) and 50 um (right). n) Hepatocellular carcinoma (right/lower) and regenerative hyperplastic nodules (right/higher). Solid growth of
tumor cells showing pleomorphism and anaplasia. R type. MAM-Ac exposure group. 60 days. HE stain. Bar = 900 pm (left) and 50 pm
(right). 0) Marked hepatic parenchymal atrophy. Replacement of hepatic parenchyma by adipose tissue. (left, control; right, MAM-Ac).
Atrophy type. 42 days. HE stain. Bar = 300 pum.
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Fig. 4. Progression of hepatic lesions in methylazoxymethaol acetate-exposed medaka. Regeneration type, R Type; Atrophic type, A Type.

91 days), regenerative hyperplastic nodules multifocally de-
veloped and replaced the hepatic parenchyma. In the present
study, it was difficult to differentiate between these small
hyperplastic nodules and foci of cellular alteration!? 18.
However, some of these small nodules, including atypical
hepatocytes, were thought to be the foci of cellular altera-

tion that could progress to liver tumors. From these results,
it is concluded that the medaka retain a strong hepatocyte
regenerative ability in response to liver injury, resulting in
the rapid development of regenerative hyperplastic nodules.
This ability may have promoted the proliferation of initiated
hepatocytes in multistep carcinogenesis and influenced the
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development of liver tumor over a short period in medaka.
On the other hand, the number of dead fish suggested that
the bimodal peaks occurred at around 1 and 6 weeks af-
ter MAM-Ac exposure. Although we did not conduct his-
topathological examinations of these fish, the early-stage
death may have resulted from the direct acute toxicity of
MAM-Ac. In the case of late-stage death, the change in the
number of dead fish tended to coincide with the incidence
of atrophic type fish. Hence, the cause of late-stage death is
probably associated with the relationship with the hepatic
failure in response to severe hepatic parenchymal atrophy.
Among alkylating agents, DEN! and DMN20 are
known to induce hepatic lesions similar to those associ-
ated with MAM-Ac, including vacuolar degeneration, he-
patocellular necrosis, hepatic cyst (spongiosis), HSLCs/
SCs proliferation, nodular regeneration, and liver tumors
in medaka. In particular, BPDECs proliferation and fibrosis
are known to be the characteristic histological changes in
the medaka exposed to DMN at 100 ppm for 2 weeks2!. On
the contrary, the characteristic hepatic lesions in the pres-
ent study were the result of HSLCs/SCs proliferation and
regenerative hyperplastic nodule formation, contradictory
to that observed for the above mentioned two lesions. The
histopathological examination reported herein show that
BPDECs and HSLCs/SCs proliferation was a compensatory
reaction to fill the area of hepatocyte loss in the repopula-
tion phase. In addition, BPDECs proliferation occurred in
response to a small area of hepatocyte loss, while HSLCs/
SCs proliferation was evident in response to greater hepato-
cyte loss. Thus, it is speculated that HSLCs/SCs prolifera-
tion takes the role of a prominent lesion, because MAM-Ac
exposure induces relatively large necrotic foci, leading to
a large area of hepatocyte loss. Fibrosis is associated with
HSLCs/SCs activation in the late stage?2-23. In the present
study, although HSLCs/SCs proliferated with the formation
of satellized hepatocytes, the regenerative hyperplastic nod-
ules were thought to undergo rapid proliferation and replace
the liver parenchyma before fibrosis development. There-
fore, these differences in the histological changes between
DMN and MAM-Ac may be related to the severity of he-
patic damage and the hepatocyte loss in the cytotoxic phase.
Nevertheless, it is speculated that these histological changes
in the medaka are a common process of hepatocarcinogen-
esis following liver injury induced by alkylating agents.
Small fish species are suitable for the detection of some
potential hepatocarcinogens?4 25 and are considered as ex-
cellent research models to delineate the mechanism underly-
ing toxicities, including carcinogenicity#. In particular, the
medaka is known to be highly sensitive to hepatocarcino-
gens as compared to other small fish species such as sheeps-
head minnow, Gulf killifish, fathead minnow, Rivulus, and
inland silverside!0. However, one must consider the anatom-
ical, pathological, and physiological differences in the liver
of medaka and rodents before extrapolating the findings of
the medaka model of hepatocarcinogenesis to rodent mod-
els26.27. We compared the difference in the sensitivity of he-
patocarcinogenesis using alkylating agents between rats and

medaka. In the present study, the exposure dose of MAM-
Ac would be assumed to be 2 mg/kg/day, if MAM-Ac ex-
posure levels in medaka were considered to be the same as
MAM-Ac concentration in water. In contrast, a single intra-
peritoneal administration of MAM-Ac at 35 mg/kg/day in
rats is reported to induce liver tumors as early as 10 months
after treatment28. Furthermore, the mutant frequencies to
methylated DNA adducts in the medaka exposed twice
weekly for 2 weeks to DMN are shown to be up to 20 times
higher than those in rats exposed via drinking water for 14
days?. Therefore, the sensitivity of medaka to alkylating
agent-induced hepatocarcinogenesis was higher than that
of rats, considering the time of tumor formation and DNA
mutant frequency. On the other hand, alkylating agents in-
duce the formation of O6-methylguanine DNA, which plays
an important role in mutagenesis3?. In DEN-exposed me-
daka, methylated DNA adducts increases in the liver after
24 hours of exposure3!. In contrast, O6-methylguanine DNA
methyltransferase, known to play an important role in the
repair of methylated DNA adducts, level markedly reduc-
es from 1 to 7 days after exposure and thereafter slightly
increases in MAM-Ac-exposed medaka32. Therefore, it is
supposed that the limited ability to repair DNA adducts in
the liver is one of the important factors that contributed to
the higher sensitivity of medaka to MAM-Ac-induced hepa-
tocarcinogenicity than that of rats.

Considering these results, MAM-Ac induced liver tu-
mors within a short period in medaka owing to the rapid
regeneration ability of hepatocytes following liver injury
and the limited repair ability of DNA adducts. The medaka
model of carcinogenesis may easily be applied to detect se-
quential histopathological events in hepatocarcinogenesis,
as liver tumors rapidly develop in medaka after a short ex-
posure period. Thus, the medaka model of carcinogenesis
is useful for elucidating the mechanisms and carcinogenic
process of liver tumors and is an important in vivo alterna-
tive method to detect potential hepatocarcinogenesis in re-
sponse to environmental contaminants and pollutants.
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