Stupies IN CycasiN EXCRETION

with a slight growth response and enhanced
bile-S® concentration over the control while
lithocholic acid was growth depressing and
toxic at the same dietary level (Table V).
The livers of the birds fed lithocholic acid
were abnormally large and contained more
S% per gram than did the livers of the other
dietary groups of chicks. The liver tauro-
cholate-S® 6 hours after dosing was highest
when cholic and deoxycholic were fed alone
and when dehydrocholic was supplemented
with taurine.

Studies are in progress concerning the chick
liver reactions whereby sulfate-sulfur is con-
verted to taurine-sulfur without passing
through cysteine, which is a normal reaction
pathway of mammals.

Cycasin Excretion in Conventional and Germfree Rats.
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Summary. Chicks utilize sulfate-S% to syn-
thesize taurine. Dietary cholic acid, taurine
or both are associated with increased volumes
of bile fluid. Cholic acid feeding enhances
sulfate-S3 incorporation into the bile while
taurine decreases such reactions.
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The glycoside cycasin, 8-D-glucosyloxyaz-
oxymethane, isolated from Cycas circinalis L
(1,2) was previously reported to be hepato-
toxic and carcinogenic in rats(3), guinea pigs
(4) and mice(5). It was demonstrated further-
more that the aglycone of cycasin, methyl-
azoxymethanol, produced acute and chronic
toxic manifestations in rats similar to those
observed with cycasin(6), and metabolic
studies of cycasin iz vitro had shown that a
B-glucosidase was responsible for the hydro-
lytic cleavage of the aglycone from cycasin
(7). The absence of signs of acute toxicity
after intraperitoneal injections of the intact
glycoside and its excretion in the urine sug-
gested that cycasin, in order to produce acute
toxic affects, required oral administration and
that its cleavage most likely occurred in the
alimentary tract(8,9,10). It was of some
importance, therefore, to examine the ques-
tion whether the enzymatic breakdown of
cycasin was dependent on the presence of
bacterial flora in the intestine.

The availability of germfree rats offered

the opportunity to investigate this question.
Preliminary observations in which germfree
rats had been fed large amounts of the glyco-
side for 20 consecutive days indicated that
such animals grew well without showing evi-
dence of toxicity as judged from food intake,
body weight gain and the microscopic ap-
pearance of the tissues. This was in strik-
ing contrast to conventional rats of the same
strain in which food intake and body weight
gain were reduced and in which severe liver
necrosis and a high mortality commencing
with the ninth day of the experiment were
found(3). '

The purpose of this report is: (1) to quan-
titate cycasin excretion in germfree animals
and compare it with that in conventional ani-
mals; (2) to determine the time required for
the disappearance of cycasin in urine and
feces after discontinuation of feeding in these
two groups of rats; and (3) to present a pre-
liminary report on tumor development in
cycasin-fed germfree rats.

Materials and methods. Thirty-five Sprague-
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Dawley germfiree male rats* were housed in-
dividually and fed the basal diet' until they
attained a weight of 100 = 10 g. They were
then maintained for 20 days on the experi-
mental diet consisting of 200 mg of cycasin
per 100 g basal diet. Food intake was meas-
ured daily and the animals were weighed
every fifth day. Five of the 35 rats were
housed in metabolic cages for the collection
of excreta during the 20-day experimental
period. The remaining 30 rats were fed an
identical diet for 20 days after which they
were returned to the basal diet for long-term
observation for neoplasis.

Twenty-four-hour urine outputs were col-
lected during 3 consecutive days from the
5 germfree rats in metabolic cages while total
fecal collection was done once on the third
and again on the 20th day. The time neces-
sary for disappearance of cycasin from urine
and feces was determined in 2 of the 5 rats
by cycasin assays for 3 additional 24-hour pe-
riods after the animals had been returned to
the basal diet.

Five conventional male rats of the Sprague-
Dawley strain were placed in metabolic cages
and fed a basal diet containing the same con-
centration of cycasin as the germfree rats.t
Urine and feces were collected in a compar-
able fashion including 2 additional days after
the rats had been returned to the basal diet.

Possible daily variations in cycasin excre-
tion were investigated in an additional group
of 3 conventional Sprague-Dawley rats receiv-
ing 100 mg cycasin per 100 g of diet for

* The germfree rats were obtained at weanling
age from the Germfree Unit, Division of Research
Services at N.LH. and transferred to isolators in
the Laboratory of Nutrition and Endocrinology,
NIAMD, N.I.H.

t The basal diet of germfree rats consisted of 5%
casein, 4% corn oil, 2% alfalfa, 2% liver powder,
214% corn meal, 10% lactalbumin, 10% whole
milk powder, 21.4% cornstarch, 21.4% whole wheat
flour, 3% salt mixture supplemented with all neces-
sary vitamins.

} The basal diet of conventional rats consisted of
Purina N.I.H. Chick Startena and contained 23.0%
crude protein (min.), 4.5% crude fat (min.), 4.0%
crude fiber (max.) and 67% nitrogen-free extract
(min.). The exact composition is available upon
request,
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5 days during which daily urinary and fecal
cycasin determinations were performed. An-
other group of 5 rats received 400 mg of cyca-
sin per 100 g of diet to determine the effect
of a high cycasin intake on the excretion pat-
tern. Cycasin was assayed during the day of
feeding and for 2 additional days thereafter.

Crystalline cycasin was obtained from the
Dept. of Biochemistry, Kagoshima Univer-
sity, Japan, where it had been extracted from
seeds of Cycas circinalis L.§ The cycasin
was dissolved in sterile water and filtered
through a Seitz filter into an ampoule which
was transferred into the isolator after sterili-
zation of the outside of the ampoule with
peracetic acid. Mixing of the diet with cy-
casin was performed in the isolator.

Cycasin assay. Cycasin in urine and feces
was assayed according to the method of
Kobayashi and Matsumoto(10). Utilizing
this method for the assay in feces, abnormally
high values for fecal cycasin were obtained
in trial runs. It was found that with the
assay method used, fatty acids and glycerol
were formed from neutral fat after exposure
to the chromotrophic acid reagent(11), the
glycerol having been responsible for the false
high cycasin values in the trial runs. The
method was revised as follows: The refriger-
ated watery fecal filtrate was treated with
activated charcoal and washed with 250 ml
of ether and 2000 ml of distilled water. This
washing procedure proved to be effective for
removal of the interfering fat and carbohy-
drate. The charcoal adsorbates were eluted
with 200 ml of 20% alcohol. The quantity
of cycasin was determined spectrophotometri-
cally. The eluates were concentrated by
evaporation to 0.5 ml-1 ml, facilitating the
assay of cycasin by paper chromatography.
Both basal diets used in these experiments
were tested in this way and found to be
free of cycasin. .

Results and discussion. The data obtained
on urinary and fecal excretion of cycasin in
germfree and conventional male Sprague-
Dawley rats are presented individually, to-
gether with the respective food and cycasin

§ Cycasin used in this study was kindly given to us
by Drs. L. Kurland and M. G. Whiting of NINDB,
N.IL.H.
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TABLE I. Cycasin Excretion in Rats Fed 200 mg % Cyecasin in Basal Diet for 3 Days.

————— Cycasin exeretion ——— Cyeasin,
Food in- Cycasin Urinary Fecal unaccounted
No. of rat take, g intake,mg mg % mg % Total, mg mg %o
Germfree rats

2 37.0 74.0 44.4 60.0 23.6 31.9 68.0 6.0 8.1

8 24.8 49.6 48.0 96.8 trace* 48.0 1.6 3.2

5 39.0 78.0 57.8 74.1 18.3 23.5 76.1 1.9 2.4

1 37.0 74.0 50.8 68.7 20.9 28.2 71.7 2.3 3.1

4 36.2 72.4 63.4 87.6 9.0 12.4 72.4 0.0 0.0

Conventional rats

1066 16.5 33.0 5.9 17.9 .0 .0 5.9 27.1 82.1
1068 19.5 39.0 12.1 31.0 1.6 4.1 13.7 25.3 64.9
1071 18.5 37.0 11.7 31.6 .0 .0 11.7 25.3 68.4
1073 25.5 51.0 12.2 23.9 .0 .0 12.2 38.8 76.1
1075 8.5 17.0 3.2 18.8 9 5.3 4.1 12.9 75.9

* Less than .5 mg.

intakes in Table I. The most significant dif-
ference between the two groups of rats is
shown in the last column headed “cycasin un-
accounted,” being small in germfree and large
in conventional rats. Since collection pro-
cedures and assay techniques were identical
in all, and the magnitude of the differences
was considerable between the two groups, the
findings indicate that germfree rats nearly
quantitatively excreted the ingested cycasin
while the recovery rate of cycasin in con-
ventional rats varied from 18 to 35% of the
intake, the remainder presumably having been
metabolized to compounds not detected by
the assay procedures for cycasin.

A further difference between the two groups
is apparent when food intakes are compared.
The germfree rats ingested nearly twice as
much cycasin as the conventional animals.
The reduction in food intake of the conven-
tional rats can be readily related to the pro-
gressive liver injury which was absent in
germfree rats. Since in previous experiments
a good correlation between the levels of die-
tary cycasin and degrees of hepatic injury
were found, the striking decrease in recover-
able cycasin is indicative of its predominant
metabolic (enzymatic) breakdown to the
highly active hepatotoxic aglycone in con-
ventional rats.

Although it was originally thought that
fecal excretion of cycasin might represent the
major excretory route in germfree rats, this
was not the case. The data in Table I show
that the unmetabolized cycasin was predomi-

nantly excreted through the kidneys in both
germfree and conventional rats. Therefore,
it appears that cycasin is absorbed by the
intestinal mucosa as the intact glycoside and
excreted as such by the kidneys without pro-
ducing toxic effects. It thus behaved as an
inert substance. The observations in germ-
free rats are well supported by the finding
that intraperitoneal injections of cycasin into
conventional rats failed to produce toxicity
with a high urinary excretion of the unal-
tered compound(9,10). ;

The fecal excretion of cycasin between the
two groups was found to be considerably
higher in germfree than in conventional rats.
Whether this is, in some way, due to the
greatly enlarged cecum, typical of germfree
rats, or to continuous breakdown of the gly-
coside along the length of the intestine in con-
ventional rats is unknown. It would seem
possible that both factors play a role, the
former in germfree, the latter in conventional
rats. There was good evidence that the per-
centile fecal excretion remained substantially
unchanged with time in those 3 germfree rats
from which feces had been collected over a
20-day period. The pertinent data are sum-

marized in Table II. For example, rat no. 8

which excreted the smallest amount of cyca-
sin during the first 3 days (Table I) con-
tinued to do so during the remaining 16 days
of observation.

The individual variations in the total
amount of cycasin excreted by conventional
rats raised the question whether different ex-
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cretion patterns might exist in similar ani-
mals. Since such differences could indirectly
reflect variations in rate of metabolic break-
down, daily urinary and fecal excretions of
cycasin were studied over a 5-day period
in a separate group of 3 rats. The data are
summarized in Table IIT and indicate that
not only were there considerable variations
among rats, but also daily variations for the
individual rat. The amount of cycasin con-
sumed apparently had little influence since
it was nearly identical, as with rats 1059 and
1061. Yet, rat 1059 excreted a total of 9.6
mg while 27.5 mg of cycasin was recovered
from rat 1061. Similar variations in cycasin
excretion have been previously reported(10).
Further investigations of this type appear
necessary to explore the possibility that the

future development of neoplasia may depend

predominantly on the percentage of metabo-
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lized cycasin in the intestinal tract.

The possibility existed that excessive
amounts of cycasin might alter the excretion
pattern. In earlier experiments microscopi-
cally visible liver cell injury was found within
24 hours or less under such conditions. A
level of cycasin concentration of 400 mg per
100 g diet was chosen which, while excessive,
was known to permit survival of the majority
of the rats for many months provided ex-
posure was no longer than 2 days. The find-
ings on cycasin excretion in such rats are
summarized in Table IV. Assays were con-
tinued for one additional day at which time
cycasin could no longer be demonstrated in
either feces or urine. Of special interest again
is the great variability in cycasin excretion.
It is strikingly apparent in the last 2 columns
in which that part of cycasin intake is re-
corded both as amount and percentage which

TABLE II. Fecal Exeretion of Cyecasin in Germfree Rats* Fed 200 mg % Cycasin in Basal Diet.

Cycasin excretion

Duration Food intake, Cyeasin intake,
No. of rat of exp, days g mg mg %
2 20 316.0 632.0 218.8 34.6
4 20 211.5 423.0 61.1 14.4
8 19 99.8 198.6 11.3 5.7

* The 3 rats are the same included in Table

I. Fecal collection was continued for 16-17 more

days. Values for cyeasin intake and exeretion were combined from the 2 collection periods.

TABLE III. Daily Cycasin Exeretion in Conventional Rats Fed 100 mg % Cycasin in Basal

Diet.
. . Cyecasin,
~———Cyeasin excretion — " un-
No. of Experi- Food Cyecasin Urinary Yecal accounted
rat mental day intake,g intake, mg mg % mg % Total,mg mg %

1058 1 17.6 17.6 3.8 215 1.0 5.6 4.8 12.8 72.7
2 14.3 14.3 55 384 1.0 6.9 6.5 7.8 545
3 12.6 12.6 3.2 254 9 7.1 4.1 85 67.4
4 16.8 16.8 1.5 8.9 8 47 2.3 145 86.3
5 13.9 13.9 5.6 40.2 8 5.7 6.4 7.5 53.9

Total 75.2 19.6 4.5 24.1 51.1
1059 1 17.2 17.2 2.4 139 0 0 2.4 148 86.0
2 20.0 20.0 1.2 6.0 1.0 5.0 2.2 17.8 89.0
3 18.0 18.0 1.1 6.1 1.1 6.1 2.2 15.8 87.7
4 20.0 20.0 S5 25 1.7 8.5 2.2 17.8 89.0
5 18.3 18.3 £ 3.2 0.0 .6 17.7 96.7

Total 93.5 5.8 3.8 9.6 83.9
1061 1 19.0 19.0 2.7 14.2 000 2.7 16.3 85.7
2 19.8 19.8 6.0 30.3 .7 35 6.7 13.1 66.1
3 17.3 17.3 3.2 185 1.6 9.2 4.8 12.5 72.2

4 20.0 20.0 4.7 23.5 0 .0 4.7 15.3 76.5 .

5 19.4 19.4 8.6 44.3 000 8.6 10.8 55.6

Total 95.5 25.2 2.3 27.5 68.0
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was absent from the excreta and, therefore

g gﬂ) g [ K] . .
2x2aR was presumably metabolized by the experi-
& e e 0 mental animals, e.g., rat 1057 metabolized

only 11 of the 53.6 mg cycasin it had con-
sumed, while rat 1064 metabolized 41 to
oL 46.8 mg. The magnitude of variations in
cycasin breakdown from animal to animal
may well explain observations recently made.
by us in which rats of the same strain and
BRE2T on an identical cycasin concentration in the
Gl ‘ diet produced neoplastic disease in only 50%
of the animals. Future studies with cycasin
should take into consideration the evidence
that the intestinal flora is the source of 8-
LY glucosidase and, therefore, the major factor
which determines the enzymatic breakdown
of the inert cycasin into the active aglycone.
-When conventional or germfree rats were
gy g returned to the basal diet, cycasin excretion
rapidly decreased in both feces and urine and
was no longer demonstrable in specimens col-
lected 48 hours after discontinuation of cyca-
sin feeding. This would suggest that cycasin
S e~ is not stored in a tissue site to be subse-
quently released at a slow rate over pro-

longed periods.

Preliminary data on the 30 germfree rats,
SupFe fed for 20 consecutive days a diet containing
sedEs 200 mg cycasin per 100 g feed, show 23
survivors without evidence of neoplastic dis-
ease, 11 to 13 months after initial exposure

BERES to the carcinogen. The 7 rats which were
HERaEY sacrificed, had been on the basal diet for

4 to 12 months after discontinuation of cyca-
wao©S sin feeding and were free of tumors on care-
AT ful gross and microscopic examination. The

survivors are now under careful observation
N2RES until their natural death. The noteworthy
SeRgY aspect of the experiment thus far has been

that germfree rats survived for one year after
having been exposed to a high concentration
©w©oamn of cycasin which conventional rats cannot .
53 tolerate. In an earlier study, not included
here, in which conventional rats received one-
half of the cycasin concentration used in the
ol of o < present experiment for only 13 days, a mor-
tality of 80% was obtained within the first
2 months. The prolonged survival time of
germfree rats after exposure to large amounts
of cycasin is in keeping with the inability
of such rats to hydrolyze the glycoside and
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with the nearly quantitative recovery of the
unaltered glycoside from urine and feces.

Summary. Urinary and fecal excretion of
the naturally occurring toxic and carcinogenic
glycoside, cycasin, 8-D-glycosyloxyazoxymeth-
ane, was determined in germfree and conven-
tional Sprague-Dawley male rats. Excretion
in germfree rats was nearly quantitative while
only 18 to 35% was recovered in conven-
tional rats. Since cycasin is inert until acted
upon by a fB-glucosidase, the lack of enzy-
matic cleavage in germfree rats suggests the
bacterial flora as the most likely source for
the enzyme in conventional rats. Consider-
able variation was encountered in the amount
of cycasin which was not recovered and was
presumably metabolized in conventional rats.
The possible significance of this variability
is discussed in relation to toxicity and car-
cinogenicity.
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The effectiveness of disodium ethylenedi-
aminetetraacetic acid (EDTA) in improving
the availability of zinc has been shown for
poults(1) and chicks(2,3) fed diets contain-
ing isolated soybean protein. The optimum
stability constant for a chelating agent to be
effective was found to be between 13 and
17, using maximum values from the literature
(4). To explain the mechanism of the bio-
logical action of chelating agents it is de-
sirable to know the formation constants for
additional compounds and to have these
values for a physiological pH.

Let us consider a general reaction between
zinc ion and any complexing agent 4 with a
valency of x which can be described by the
following equation:

Zntt+ 4+ nA—*=7Zn(A),27* (1)
The formation constant for this reaction is:

* Supported by Grant No. A5334 from the Nat.
Institutes of Health, U.S.P.H.S.

[Zn (A) ,2-0]
K¢ cabsolutey = ———— (2)
[Zn++] [A—%]n

The log value of K, is called the stability
or the formation constant for the reaction.
The values for formation constants are usual-
ly determined under well-defined conditions
of ionic strength, optimal pH at which the
complexing agent is present in its completely
dissociated form A~*, and a temperature of
20°C. Such conditions are seldom attainable
in studies involving biological systems in
intact animals.

As the biologists are more interested in the
relative value of the formation constants at
about the physiological pH of 7.4, the current
investigation was undertaken following the
procedures outlined by Schubert(5). The
values so determined are termed as apparent
formation constants and are related to the
absolute formation constants as follows:



