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ABSTRACT The uptake of 67Ga citrate was studied in the liver of rats treated with CCly associated
with biochemical parameters. Marked elevation of 6?Ga uptake in the rat liver after a single administra-
tion of CCly was found at 2 to 3 days. The elevated uptake of 67Ga in the liver appeared to be closely
correlated with the rate of DNA synthesis and the induction of hepatic glucose-6-phosphate dehydro-
genase activity among the biochemical parameters studied in relation to the hepatocellular injury
caused by CCla.

Pretreatment of CCly-treated rats with aminoacetonitrile was effective in lowering both the elevated
uptake of 6?Ga in the liver and the increased incorporation of 35SOj into the liver mucopolysaccharides
induced by CCla.

The elevated uptake of 67Ga in the liver of CCls-treated rats was also inhibited when protein synthesis
was stopped by cycloheximide administration.

Cellulose acetate electrophoresis of crude mucopolysaccharides extracted from the control and CCls-
treated rats indicated that 6?Ga was bound to only heparan sulfate in both groups.

Thus, heparan sulfate appears to play an important role in the elevated uptake of 6?Ga in liver injury

induced by CCly administration to rats.

Introduction

Recently 67Ga citrate has been increasingly used
as a diagnostic agent of imaging a wide range of
human cancers and for the detection of inflam-
matory lesions.!~2 However, the accumulation
mechanism of 6?Ga in these tissues is not yet
clearly understood,

Our previous study® on 6’Ga accumulation dur-
ing hepatocarcinogenesis induced by 3’-methyl-4-
dimethylaminoazobenzene (3-Me-DAB) indi-
cated that elevated accumulation of 6?Ga occurred
in 2 stages, corresponding to the early and the
later stages of this hepatocarcinogenesis, and that
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this pattern coincided well with the patterns of
hepatic y-glutamyltranspeptidase (y-GTP) and
glucose-6-phosphate dehydrogenase (G-6-PDH)
activities. Recent histological and biochemical
findings4~® during hepatocarcinogenesis induced
by 3’-Me-DAB demonstrated that the early eleva-
tion of y-GTP activity might be simply as a reflec-
tion of an acute liver lesion caused by the toxic
effect of 3’-Me-DAB and that the later elevation
coincided with the development of tumor cells.
Thus, accumulation of ¢’Ga might follow the
repairing of damaged liver cells and parallel the
progress of the carcinogenic process induced by
3’-Me-DAB, suggesting that some common me-
chanism may be involved. Furthermore, a remark-
able change in ¢’Ga subcellular distribution was
found in the 800 X g fraction during hepatocarcino-
genesis induced by 3’-Me-DAB. To obtain more
information on the mechanism of 6’Ga, in the
present study we investigated the uptake of 6’Ga
in the liver of rats treated with CCla.
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Materials and Methods

Male Donryu rats, weighing about 170 g and 6
weeks of age, were obtained from Nihon Rat Co.,
Urawa. The animals were maintained on a basal
diet CE-2 (CLEA Japan Inc., Tokyo) and water
ad libitum for 2 weeks before experiments. A single
administration of CCls was given to overnight-
fasted rats. A dose of 0.5 ml of 209, CCls in
liquid paraffin per 100 g body weight was given
intragastrically. Aged-paired control rats were
treated similarily with equivalent amounts of liquid
paraffin alone. Aminoacetonitrile (AAN) was
given by i.p. injection at a dose of 20 mg dissolved
in physiological saline per 100 g body weight daily
for 6 days before the CCly treatment. Cyclohexi-
mide (CYH) was given i.p. injection at a dose of 1
mg per kg body weight at 30 min before the injec-
tion of 6?’Ga citrate.

In order to determine the uptake of 6’Ga and
biochemical changes after the CCls treatment, the
following biochemical analyses were performed
for 5 days. Serum alanine aminotransferase (L-
alanine: a-oxoglutarate aminotransferase, EC 2.
6. 1. 2) (GPT) activity by the method of Reitman
and Frankel,” and expressed as Karmen units per
ml of serum (KU). Activity of G-6-PDH in liver
supernatant was determined as described pre-
viously.® Hepatic y-GTP activity in liver micro-
some fractions was measured by the method of
Cameron.®) These activities were expressed in mU
(nmole of the product formed per minutes at 37°)
per mg protein. Protein content was determined
by the method of Lowry.?

Carrier-free 7Ga was supplied by New England
Nuclear, Boston, Mass., and diluted with 0.08 M
sodium citrate to 50 #Ci/ml. The rats were given
i. v. injection of 6’Ga citrate (10 pCi/animal).
After 2 hr, the rats were Kkilled by cutting the
carotid arteries under light pentobarbital anesthe-
sia, and the blood was taken for determination of
serum GPT activity. The liver was quickly perfused
with ice-cold isotonic physiological saline, remo-
ved and weighed, and the $7Ga radioactivity was
counted with a well-type scintillation counter
(Aloka TDC-501). The percentage of the admin-
istered radioactivity per gram liver in each group
of 5 rats is presented as mean + standard deviation
at each time interval.
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Hepatic DNA synthesis was investigated by giv-
ing rats i.p. injection of 3H-thymidine (3H-Tdr)
(10 pCi/animal; specific activity 21.5 Ci/mmole)
2 hr before sacrifice. The liver was perfused with
ice-cold isotonic physiological saline, removed,
blotted, and homogenized in 5 volumes of cold
0.03 M Tris-HCl buffer (pH 7.4). Two ml
aliquotes of homogenate were each extracted with
2.5 ml of 109 trichloroacetic acid (TCA). The
subsequent isolation of DNA was carried out to
the methods of Schmidt and Thannhauser'® and
of Schneider.!?) Radioactivity in DNA fractions
was measured in toluene-Triton X-100 (2:1)
scintillator after the removal of TCA by washing
3 times with 2 volumes of ether. The results are
given as dpm/g liver.

In order to investigate incorporation of 35SOg4
into liver 800x g mucopolysaccharides (MPS),
rats were injected intraperitoneally with 10 p#Ci of
[35S] sulfate (Radiochemical Centre, Amersham,
England; specific activity, 2.2 mCi/mmole) 2 hr
before sacrifice. The liver was perfused with ice-
cold physiological saline and homogenized with
5 volumes of 0.25 M sucrose (pH 7.6). The homo-
genate was centrifuged at 800 x g for 15 min. The
precipitates were used for the preparation of
crude MPS according to the procedure of Schil-
ler.12) The radioactivity in MPS fraction dissolved
in water was measured in toluene-Triton X-100
(2:1) scintillator. The determination of uronate in
the crude MPS was carried out by means of the
carbazole reaction as modified by Bitter and
Muir.1® Glucuronic acid (Wako Fine Chemicals
Co., Tokyo, Japan) was used as a standard.

Protein synthesis was determined by measuring
the incorporation of L-[!4C] leucine (5 pCi/
animal; specific activity, 280 mCi/mmole) (New
England Nuclear, Boston, Mass.) injected intra-
periotoneally 20 min before sacrifice, A 209
homogenate in 0.25 M sucrose (pH 7.6) was acidi-
fied and precipitate formed was washed with 109}
TCA. The acid-insoluble protein residue was dis-
solved in Protosol (New England Nuclear, Boston,
Mass.). The specific radioactivity data are pre-
sented as dpm/g liver.

6?Ga-binding MPS were identified by cellulose
acetate strip electrophoresis. Crude MPS exracted
from the CCls-treated rat liver by the method
as described above were incubated with 6’Ga
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citrate (50 #Ci/ml) in 0.01 M HEPES buffer (pH
6.8) at 37° for 1 hr. The MPS were collected by
centrifugation after precipitation with ethanol
containing 19 potassium acetate. Precipitated
MPS were washed 3 times with ethanol, dissolved
in a small volumes of distilled water, and applied
to a cellulose acetate strip (Separax, Jok6 Sangd
Co., Tokyo, Japan), and electrophoresis was per-
formed under a constant current (0.6 mA/cm) in
0.2 M calcium acetate (pH 7.6). After electrophore-
sis, strips were stained with 0.59% toluidine blue
according to the procedure of Seno.!4 Radio-
activity of 8’Ga was detected with Packard radio-
chromatograph scanner (model 7230).

Results

1) 6’Ga uptake and Biochemical Changes

67Ga uptake and biochemical changes in hepato-
cellular injury induced by CCls treatment are
shown in Figs. 1 to 3. Serum GPT value increased
immediately after the CCls treatment, reaching a
maximum within 2 days. ?Ga uptake in the liver
was also elevated from the 1st day after treatment
of CCls, and reached a maximum at the 2nd to
3rd day, but the serum GPT elevation and increase
of 67Ga uptake did not occur in parallel (Fig. 1).
SH-Tdr incorporation into DNA rose from the
1st to 2nd day, reaching a maximum at the 3rd day
after CCls treatment. On the other hand, hepatic
7-GTP, which has been indentified as a possible
positive marker for preneoplastic hepatocytes,1%)
reached its peak at 4 days after the CCls treat-
ment (Fig. 2). In addition, hepatic G-6-PDH, an
enzyme which is characteristically induced in the
process of repair or proliferation of liver cells,1®)
was activated from the 1st day, and reached a maxi-
mum at 2 to 3 days after CCly treatment (Fig. 3).
From these results, it is clear that 67Ga uptake
after CCls treatment is closely correlated with
DNA synthesis and hepatic G-6-PDH activity.

2) Effect of AAN on Elevated 7Ga Uptake in

the liver of CCls-treated Rats

AAN, which is known to be a lathyrogenic
agent,1”) was tested for inhibitory effect on the
elevated uptake of 6?Ga in the liver at 2.5 days
after CCly treatment. As shown in Table 1, con-
tinuous pretreatment with AAN caused a decrease
of 87Ga uptake in the liver, though the uptake was
still very much greater than that of the control.
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Fig. 1 Time courses of serum GPT activity and 6’Ga

(@ ) Radioactivity ( x 104 dpm/g liver)

Fig.

citrate uptake in rat liver after CCl4 treatment.
A dose of 0.5 m/ of 20%; CCls in liquid paraffin
per 100 g body weight was given intragastrically
to rats. Solid and dotted lines indicate the
mean values (5 rats) of ’Ga uptake (@) and
serum GPT activity (O), respectively. Vertical
lines represent the standard deviation.
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2 Time courses of 3H-Tdr incorporation into

DNA and 7-GTP activity in rat liver after
CCl, treatment. 3H-Tdr was given intraperi-
toneally at a dose of 10 #Ci to each rat. Solid
and dotted lines indicate the mean value (5
rats) of 3H-Tdr incorporation (@) and 7-
GTP activity (O) in rat liver, respectively.
Vertical lines represent the standard deviation.
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Activity (mU/mg- protein )

Days after treatment
Fig. 3 Level of G-6-PDH activity after CCly treat-
ment. Solid and dotted lines indicate the
mean value (5 rats) of hepatic G-6-PDH
activity in rats treated with CCls and in the
control rats, respectively. Vertical lines rep-
resent the standard deviation.

This inhibitory effect on 67Ga uptake was observed
in all subcellular fractions, but was particularly
significant in the 800 x g fraction. The pretreatment
with AAN was also effective in inhibiting the
remarkable increase of 35SOj4 incorporation into
800 x g crude MPS fractions after CCly treatment.
However, the specific activity, 35SO4 per uronate,
was approximately the same in all groups (Table
2).

3) Effect of CYH on Elevated ¢?Ga Uptake in

the Liver of CCly-treated Rats
It has been reported that the incorporation of
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35504 into MPS is greatly inhibited when protein
synthesis is stopped by administration of anti-
biotics such as puromycin.!®) Then, the effect of
CYH, a potent inhibitor of protein synthesis,1?
was investigated in CCls-treated rats at the 3rd day
after the treatment. CYH was effective in lowering
the marked increase of 14C-leucine incorporation
into the protein fraction of CCls-treated rat liver,
and also reduced the ¢’Ga uptake to about one-
half of that in CCls-treated rat liver (Fig. 4).

4) Identification of 7Ga-binding MPS

Electrophoretograms of crude MPS are shown
in Fig. 5. Crude MPS extracted from the livers of
the control and CCls-treated rats (at the 3rd day)
contained at least two to three types of MPS. Two
major MPS were dermatan sulfate and heparan
sulfate in both groups. Radioelectrophoretogram
indicated that 7Ga binds only with heparan sulfate
in both groups.

Discussion

The present study indicated that 6?Ga uptake in
the liver of CCls-treated rats is closely correlated
with DNA synthesis and hepatic G-6-PDH induc-
tion, and that pretreatment of the CCls-treated rats
with AAN or CYH was effective in lowering the
elevated uptake of 67Ga in the liver.

It is well known that hepatic fibrosis occurs as a
repair mechanism for necrosis induced by hepato-
toxic agents and that accumulation of MPS is seen
at the beginning of this pathologic change.2® With
respect to the biochemical changes in hepatic
fibrogenesis, Popper et al.2l) and Rubin et al.2?
reported that the DNA content increased at an

Table 1 Effect of aminoacetonitrile (AAN) on 67Ga uptake in the liver of rats treated

with CCly

Liver 800 x g2 Mtb Mce Spd
Control 9,052+  874e 224 2f 78+11 32+ 5 46+ 7

(100) (100) (100) (100) (100)
CCly 73,371+11,600 245433 511+58 174430 300447

(810) (1104) (655) (544) (652)
CCls+AAN 34,9234 3,922 97412 29243 100+ 7 124+10

(386) (446) (374) (313) (270)

a 800 x g precipitate. b Mitochondrial fraction.
e cpm/g liver. f cpm/mg protein.

¢ Microsomal fraction.

4 105,000 x g supernatant.

Figures in parentheses indicate the relative value with respect to the contol.

The control was arbitrarily taken as 100%.
Each value represents the mean-4-SD (n=5).
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early stage during hepatic fibrogenesis induced by
ethionine or CCly simultaneously with an increase
of collagen. Schmidt et al.23 suggested that the
pentose cycle (PC) might be a main pathway of
glycolysis in hepatic sclerosis. In this study, the
time at which the uptake of 6?Ga in the liver reach-
ed a maximum was also in good accord with the
times of peak activation of hepatic G-6-PDH, a
key enzyme of PC, and DNA synthesis. These
results suggest that the uptake of 87Ga is closely
correlated with hepatic fibrogenesis. This view is
supported by the fact that AAN, a lathyrogenic
agent which inhibits fibrogenesis and the accumu-
lation of acid MPS,24 significantly reduced the ele-
vated uptake of 6?Ga in the liver of CClas-treated

Table 2 Effect of aminoacetonitrile (AAN) on 35SOg4
incorporation into mucopolysaccharides in
the liver 800x g fraction of rats treated

with CCly
BS/g Uronate/g
Group ~ DEFLF2  DEFLE (*Izsr/nl./}rg?;té
(cpm) (#mole) ~ (PTVH
Control 15,930 376 48.9
T o712> & 4 162
CClq 62,336 1,024 51.9
2771 +127 9.3
CCls+AAN 34,361 668 46.3
' 1,806 - 35 178

a Defatted liver 800x g fraction
b Each value represents the mean--standard devia-
tion (n=>5).

(A)

Radioactivity(cpm)

1
0

(8) (C)
| |10 0 | ©0

111
OHS DS

rats, while the uptake was also inhibited when
protein synthesis was stopped by CYH. It is gener-
ally accepted that MPS exist in vivo as protein-
MPS complexes and that following completion of
the protein, requisite sugars are added to complete
the protein-MPS complexes.!® This biosynthetic
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Fig. 4 Effect of cycloheximide (CYH) on ?Ga uptake
and protein synthesis in the liver of rats treated
with CCls. CYH was given to the CCls-treated
rats (the 3rd day after CCls treatment) by
i.p. injection at a dose of 1 mg/Kg body
weight 30 min before injection of 6’Ga citrate
(10 ¢Ci). Protein synthesis was determined by
measuring the uptake of L-[*4C] leucine (10
#Ci) injected i.p. 20 min before sacrifice.

[ Control; [s2,°,03| CCly; |2 CCla+CYH.
Vertical lines represent standard deviation
(n=9).

[
0 HSDS

Fig. 5 Cellulose acetate electrophoretogram of crude mucopolysaccharides (MPS) from
the livers of control and CCls-treated rats. (A) 67Ga citrate only, (B) 6?Ga+-liver
MPS from control rat, and (C) 6?Ga+liver MPS from CCls-treated rat.
O, origin; HS, heparan sulfate; DS, dermatan sulfate.
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sequence of protein-MPS complexes seems to be
consistent with the result that the elevated $7Ga
uptake in the liver of CClg-treated rats was reduced
when protein synthesis was stopped by CYH in
vivo. Further studies by cellulose acetate electro-
phoresis indicated that 6?Ga was bound only with
liver heparan sulfate in vitro. Various workers have
reported on the role, the localization and the
metabolism of heparan sulfate. Kraemer et al.,2%
Yamamoto et al.,2® Buonassisi et al.,2? and
Murata et al.2® have shown that heparan sulfate
is located on the cell surface and involved in the
binding, and/or transport of ions and positively
charged protein. Recently a role has been proposed
for heparan sulfate in cell differentiation2? based,
among other data, on the conspicuous presence of
this compound in the outer cell coat,2 together
with the fact that Ca*+ ions are also present in the
outer cell-layer in high amounts3? and are effective
ligands for MPS. The localization of heparan sul-
fate there may account for the marked accumula-
tion of 6’Ga in 800 X g fraction reported by Clausen
et al.3D)

Radioautographic studies on 33S-sulfate uptake
into cartilage have indicated that the localization
of MPS synthesis is the Golgi apparatus,32 while
Aronson et al.3® showed that MPS were degraded
in lysosomes. These data may also account for the
previous reports that lysosomes are the site of ac-
cumulation of 87Ga,34~3" and that heavy endo-
plasmic reticulum participates in gallium localiza-
tion.3®

On the other hand, Orii et al.,3® and Hill et
al.4® reported that 8?Ga uptake is not related to
hepatic cell proliferation in regenerating rat liver
after partial hepatectomy. However, the absence
of elevated uptake of 87Ga after partial hepatec-
tomy may be due to the fact that the collagen
concentration in the residual cirrhotic liver de-
creased immediately after partial hepatectomy,
and values similar to those of normal hepatec-
tominized rats were only obtained after 1 year.4!
Therefore, it appears that 6’Ga uptake in liver
cells might be related the rapid cell proliferation
that characterizes regeneration and repair, together
with hepatic fibrogenesis.

Significant increases of MPS have been reported
not only in hepatic cirrhosis#2~43 but also in vari-
ous animal and human tumors.44~48) Recently,
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Kupchella et al.4” have reported that tissue from
fast-growing, intermediate, and slow-growing
Morris hepatomas exhibited greater glycosamino-
glycans levels than did normal liver in the chon-
droitin sulfate-heparan sulfate fraction. Therefore,
heparan sulfate may participate significantly in
6?Ga accumulation in tumor cells and inflammatory
tissues.

Our present study thus indicates that heparan
sulfate might be an acceptor for 87Ga accumulation
not only in tumor cells but also in inflammatory
lesions. Further studies are necessary to elucidate
the nature of this accumulation mechanism.
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TEME LR TRWEEMZ R L.

CCL#E Ty MNFcH b7z 7Ga 03 LWWEL
Y 3A% 51 Aminoacetonitrile (AAN) o Bij4LER
REYVFEECmBlEhi., 72, 2o LRIIEA
A Fk% Cycloheximide (CYH) iz X W1k 3 L &

WHlEh, ThoofERLY, “Ga b n=a %
B OMEEMITRRE N, e e —X, T &
7 — MEES KB X VR 5 L, Heparan
sulfate & DA D bz,

UEofERL Y, CClh EEMFICBIT 3 Gan
B Y A EHiz Heparan sulfate o523 RIR &
hiz.

Key words: Gallium 67, Liver, CCls, Heparan

sulfate
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