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ABSTRACT
The carcinogenicities

of a choline

deficient

lesions in rats than the CD diet. To confirm and extend these
findings, we conducted the present longer-term experiment.

L-amino acid defined

(CDAA) diet and a semipurified choline deficient diet were compara
tively examined. A total of 60 male Fischer 344 rats, 6 weeks old, were
divided into 5 experimental groups each consisting of 12 rats. Group 1
received the CDAA diet chronically to the end of the 52-week experi

rified choline deficient diet, and a semipurified choline supplemented
diet, respectively, throughout the experimental period. All surviving rats
were subjected to complete macroscopic examination at Week 52. Histopathologically
diagnosed hepatocellular carcinomas were induced in
Group 1 at an incidence of 100%; multiple metastatic nodules were seen
in the lungs of one of the animals. Hepatocellular carcinomas were also
induced in Group 4 rats at a significantly lower incidence of 20%. No
hepatocellular carcinomas were observed in rats in Groups 2, 3, and 4.
The results indicate that the CDAA diet exerts more potent carcinogenicity for the livers of rats than does the semipurified choline deficient
diet. However, limited exposure for 24 weeks may have not been suffi
cient for hepatocellular carcinoma induction by the CDAA diet at Week
52 although a high incidence of hyperplastic nodules and slight cirrhosis
were evidence of persistent lesions.

INTRODUCTION
Hepatocarcinogenesis caused in rodents by prolonged dietary
choline deficiency is unique since HCC3 are induced without
additional exposure of animals to chemical carcinogens either
intentionally or adventitiously (1-4). The mechanisms under
lying dietary choline deficiency associated neoplasia remain ob
scure although liver cell necrosis followed by regenerative cell
proliferation (4-6), hypomethylation of nucleic acids (7-10),
oncogene modification (11), and oxidative stress (3, 12-20)
have all been suggested to play important roles.
Recently, we studied the comparative abilities of CDAA and
CD diets to induce putative preneoplastic 7-glutamyltransferase positive liver lesions, altered hepatocyte foci and hyperplastic nodules, and oxidative DNA damage (20). It was found
that the number and average size of induced preneoplastic le
sions as well as the degree of oxidative DNA damage were
significantly greater in the livers of rats receiving the CDAA
diet than in the CD diet case (20). Those results suggested not
only a possible contribution of oxidative stress to the hepatocarcinogenic mechanisms of dietary choline deficiency but also
a stronger ability of the CDAA diet to induce preneoplastic liver

AND METHODS

Animals. A total of 60 male Fischer 344 rats, 5 weeks old, were
obtained from Japan SLC Inc., Hamamatsu, Shizuoka, Japan, and
housed, 3 to a stainless steel wired cage, in an air-conditioned room
maintained at 25'C with a 12-h dark/light cycle. Access to food and tap
water was ad libitum throughout the experiment. After a 1-week accli
mation period on a basal diet in pellet form (Oriental MF Diet; Oriental
Yeast Company, Limited, Itabashi, Tokyo, Japan), the animals were
divided into experimental groups.
Diets. The CDAA, CSAA, CD, and CS diets were all in pellet form
and obtained from Dyets Inc., Bethlehem, PA (Products 518753,
518754, 118753, and 118754, respectively). The detailed compositions
of these diets are shown in Table 1. All diets contained 50 g/kg of corn
oil and 100 g/kg of Primex as lipid sources. The amino acid composi
tion of the CDAA or CSAA diet was made up only of pure L-amino
acids with the exception of glycine which is not optically active. The
average calorific contents of the CDAA, CSAA, CD, and CS diets were
4.32,4.27,4.43, and 4.37 kcal/g, respectively. The CDAA and CD diets
both contained 6.5 mg/kg of choline and 1.75 g/kg of methionine. The
CSAA and CS diets supplementarily included 14.48 g/kg of choline
bitartrate. All diets were stored at 4Â°Cimmediately after arrival, and
each batch was consumed at least within 1 month.
Experimental Protocol. The total experimental period was 52 weeks.
The 5 experimental groups consisted of 12 rats each. Group 1 received
the CDAA diet continuously to the end of the experiment. Group 2
received the CDAA diet during the first 24 weeks and then the basal diet
for the following 28 weeks. Groups 3,4, and 5 received the CSAA, CD,
and CS diets, respectively, throughout the experimental period. All rats
were weighed weekly during the first 8 weeks and biweekly thereafter.
Diets were replaced every Monday and Friday. At the end of the ex
periment, all rats were sacrificed under light ether anesthesia and
grossly examined. The livers were then immediately excised, weighed,
fixed in an ice-cold mixture of dehydrated ethyl alcohol and glacial
acetic acid at a ratio of 19:1 for 3 h followed by an overnight incubation
in 99.5% ethyl alcohol at 4Â°C,and embedded in paraffin. Sections were
processed routinely for hematoxylin and eosin staining and examined
histopathologically. If the presence of extrahepatic mÃ©tastaseswas sus
pected from macroscopic findings, the suspected organ(s) was (were)
also excised, treated in a manner similar to that for the livers, and
histopathologically examined.
Statistical Evaluation. The statistical significance of intergroup dif
ferences in quantitative data concerning body and liver weights and the
incidences of liver lesions was determined with the aid of Student's i test
and the x2 test, respectively.
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In Groups 1, 2, 4, and 5, there were 2, 1, 2, and 1 rats,
respectively, that died within the first 26 weeks; all deaths were
caused by pneumonia. No spontaneous deaths occurred because
of the presence of tumors or other specific pathological dis
eases. The effective numbers of rats in Groups 1, 2, 3, 4, and 5
were, therefore, 10, 11, 12, 10, and 11, respectively (Table 2).
There were no intergroup differences in terms of food intake
throughout the experimental period (data not shown). The data

5042

Downloaded from http://aacrjournals.org/cancerres/article-pdf/2448003/cr0520185042.pdf by guest on 29 November 2022

ment while Group 2 was given the same diet for the first 24 weeks
and then a basal diet for the following 28 weeks. Groups 3, 4, and 5
received a choline supplemented L-amino acid defined diet, the semipu

MATERIALS

HEPATOCARCINOGENICITY

OF A CDAA DIET IN RATS

purple. The livers of Group 3 rats were brownish-purple and
smooth, evidencing no pathological change. The livers of
Ingredient
Group 4 rats resembled those in Group 1 rats, but turbid nod
diet)*L-ArginineL-HistidineL-Lysine-HClL-TyrosineL-TryptophanL-PhenylalanineL-MethionineL-CystineL-ThreonineL-LeucineL-IsoleucineL-ValineGlycineL-ProlineL-Glutamic
(g/kg
ules were seen in only 2 animals. Group 5 rats demonstrated
normal appearing livers like those in Group 3.
Table 2 shows the incidences of HCC, hyperplastic nodules,
and cirrhosis histopathologically diagnosed at the end of the
52-week experiment in the livers of rats in each group. One
hundred % of Group 1 rats developed HCC, their typical histopathological appearance is illustrated in Fig. 2. Relatively
well differentiated cancer cells displayed chiefly trabecular and
occasionally pseudoglandular patterns. Portal invasion of can
cer cells was sometimes seen while invasion of bile ducts was
less frequent. In one Group 1 rat, multiple metastatic nodules of
acidL-AlanineL-Aspartic
HCC were detected in the lungs (Fig. 3). Hyperplastic nodules
acidL-SerineAlcohol-extracted
and fatty cirrhosis were also features of all livers of Group 1
rats. In Group 2, no HCC were found, but hyperplastic nodules
mealSoy
peanut
and slight fatty cirrhosis were seen at respective incidences of
isolateVitamin
protein
caseinCornfree
73 and 82%. No histopathological changes were detected in the
starchDextrinCelluloseSucroseSodium
livers of any animals of Group 3 and 5 rats. Although HCC
were also induced in Group 4, the incidence of 20% was signif
icantly lower than that obtained in Group 1 after 52 weeks.
bicarbonateCorn
Hyperplastic nodules and fatty cirrhosis were both found in all
oilPrimexAIN-76
Group 4 rats.
Table 1 Diet Compositions
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mixAIN-76A
salt
mixCholinevitamin
DISCUSSION
bitartrateCDAAC12.73.49.15.71.87.31.73.74.610.56.16.36.27.628.95.115.87.210010050407.004.3501003510DietCSAA12.73.49.15.71.87.31.73.74.610.56.16.36.27.628.95.115.87.210
" Average calorific contents of the CDAA, CSAA, CD, and CS diets were 4.32,
The results of the present study indicated that: (a) a choline
4.27, 4.43, and 4.37 kcal/g diet, respectively.
* All of the amino acids were L forms except for glycine which is not optically
deficient L-amino acid defined diet exerts more potent carcinoactive. Total amino acid (protein) contents in the CDAA and CSAA diets were the
genicity on the livers of male Fischer 344 rats than a semipusame as those in the CD and CS diets. L-Lysine in the latter two was substituted by
rified choline deficient diet containing the same amounts of
L-lysine-HCI in an equimolar isonitrogenous manner in the i amino acid defined
diets. Sodium bicarbonate was included to neutralize this hydrochloride.
choline
and methionine; and (b) a 24 week CDAA diet regimen
c Contained 6-7 mg/kg of choline and 1.7-1.8 g/kg of methionine.

for initial body weights, final body weights, and liver weights
relative to 100 g body weight of each group are summarized in
Table 2. The final body weights for both Groups 3 and 4 were
significantly higher than those of Groups 1 and 2 and lower
than that of Group 5. Relative liver weights for Groups 2, 3, and
4 were all less than that of Group 1. The weights of Groups 3
and 4 were significantly lower and higher, respectively, than
that of Group 2. The Group 4 value was significantly higher
than that of Group 5.
Macroscopically, the livers of all Group 1 rats were yellowish
and appeared cirrhotic in association with turbid and dark yel
lowish-white nodules, occasionally accompanied by central ul
cÃ©ration.The typical macroscopic appearance of a Group 1 liver
is shown in Fig. 1. The livers of Group 2 animals also looked
cirrhotic but lacked turbid nodules, and they were brownish-

may be insufficient for HCC induction.
The former indication confirmed and extended the results of
our previous comparative study concerning the abilities of the
CDAA and CD diets to induce preneoplastic liver lesions (20).
The incidence of HCC development in male Fischer 344 rats
fed the CD diet has been reported in the literature to be 51%
after 13-24 months (2), 22% after 36-48 weeks (21), and 26%
after 16 months (4). Thus, the present incidence of HCC ob
tained in the livers of rats fed the CD diet, 20%, for 52 weeks is
well in accordance with those earlier reports. Although the
reason that the CDAA diet expresses so much greater carcinogenicity than does the CD diet has not yet been completely
elucidated, it cannot be attributed simply to the contents of
choline and methionine in diets since the CDAA and CD diets
contain the same amounts of those nutritional elements. It is
possible that the lack of oligopeptides in the CDAA case causes
less transintestinal absorption of methyl donor amino acids and

Table 2 Data for effective numbers, initial and final body weights, relative liver weights, and incidences of liver lesions
(g)Group1

Body wt

lesionsHCC10/10(100)*of liver

no. of
rats10
Â±3"
167
Â±5169

+ 26Â°
15485
416Â±

liver wt
(g/100
wt)4.96
g body
Â±0.38Â°
3.25 Â±
0.24C2.80

CDAA for 24 weeks
1112
and then basal
for 28 weeks
Â±25C-'
Â±0.34e''
Â±4
CSAA
4.03 + 0.81'-''
481 Â±26e-'
168 Â±2
10
CD
11Initial166 170 Â±6Final413538 Â±43Relative 2.73 Â±0.14Incidence
CSEffective
5Diet(s)CDAA
' Mean Â±SD.
* Numbers of rats with lesions/total effective numbers. Numbers in parentheses, percentage incidences.
c/><0.01 versus Group 1.
d P < 0.01 versus Group 2.
' P< 0.01 versus Group 5.
234
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nodule10/10(100)*
0/1 1
(0)co/n

(0)f2/10
0/11

(73)0/12
8/11

(82)0/12
9/11

(Of'd
(0)Â°
(20)e
10/10 (100)f
10/10 (100)'
(0)Hyperplastic
0/11
(0)Cirrhosis10/10(100)*
0/11
(0)
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Fig. 1. Typical macroscopic appearance of the liver of a rat fed the CDAA diet
continuously for 52 weeks (Group 1).

antioxidant minerals resulting in a more severe methyl deficient
state with concomitant lowering of antioxidant defenses as dis
cussed previously (20). Alternatively, the CDAA diet might be
more necrogenic and, subsequently, capable of inducing more
progressive regenerating cell proliferation than is the CD diet.
A sequence of liver cell necrosis and regenerating cell prolifer
ation has been thought to play a critical role in liver carcinogenesis caused by dietary choline deficiency (4-6); therefore, if
the CDAA diet is indeed associated with more toxicity than is
the CD diet, this difference could help explain the observed
difference in carcinogenicity. In fact, cirrhosis associated with
the development of hyperplastic nodules was already present in
the livers of rats given the CDAA diet after only 12 weeks at
which time lesions in the CD diet fed animals were limited to
fibrosis along with altered hepatocyte foci (20). Another highly
necrogenic diet also deficient in choline but with a considerably
different composition from those of the CDAA and CD diets,
namely, a methyl deficient amino acid defined diet, also dem
onstrated strong carcinogenicity. Sawada et al. (22) adminis
tered this diet to male Fischer 344 rats and gained 70% inci
dence of HCC development 24 weeks after the commencement
of treatment while we could not detect any HCC development
in rats fed the CDAA diet for 24 weeks.4 The methyl deficient
amino acid defined diet did not contain any choline and methionine (1). It is, however, again difficult to simply attribute
the difference between the two amino acid defined diets in terms
of their abilities for HCC development to that of the contents of
choline and methionine between those two diets; i.e., the methyl
deficient amino acid defined diet has a considerably different
amino acid composition, contains more dextrin and salt mix
ture, lacks corn starch and cellulose, and includes corn oil as an
only lipid source when compared with the CDAA diet (1).
These various nutritional differences could affect the tumorigenicities of the diets from a variety of directions. Furthermore,
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Fig. 2. Typical histopathological appearance of a HCC found in a Group 1 rat.
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Fig. 3. Multiple metastatic lung nodules from a HCC found in a rat fed the
CDAA diet continuously for 52 weeks (Group 1). H & E, x 5.

1Unpublished results.
5044

Downloaded from http://aacrjournals.org/cancerres/article-pdf/2448003/cr0520185042.pdf by guest on 29 November 2022

Mikol et al. (1) reported that the methyl deficient amino acid
defined diet developed HCC in male Fischer 344 rats at an
incidence of only 36% for 77 weeks, which indicates a relatively
unstable carcinogenic potential for this diet.
The second finding from the present study suggests that a
continuous stimulus of dietary choline deficiency may be re
quired in order for preneoplastic lesions to grow into HCC.
Diets deficient in choline are well known to demonstrate pro
moting potential (1, 3, 5, 21-23).
We reported earlier that both the CDAA and CD diets induce
oxidative liver DNA damage detected as SOHdGuo as well as
preneoplastic liver lesions, inasmuch as the abilities of the
CDAA diet to induce SOHdGuo and such lesions are correlatively greater than those of the CD diet (20); that SOHdGuo in
liver DNA becomes detectable 3 days after the commencement
of the feeding of the CDAA diet and is accumulated at least
up to Week 12 (24); and that the inductions of both SOHdGuo
and preneoplastic lesions in the livers of rats fed the CDAA
diet for 12 weeks are inhibited by dietary iron deficiency (24).
This might indicate an essential role of SOHdGuo in hepatocarcinogenesis, but it must be kept in mind that this could
simply be a reflection of stronger necrogenicity. Moreover, de
spite a recent accumulation of evidence for the relevance of

HEPATOCARCINOGENICITY
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SOHdGuo to mutagenesis and/or carcinogenesis (25-29), the
significance and exact role played by this "oxidative" DNA
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