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Experimental Studies on Potentiation of the Antitumor Activity of 5-Fluorouracil
with 3'-Azido-3’-deoxythymidine for the Gastric Cancer Cell Line MKN28 in vivo
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A new method of biochemical modulation of 5-fAluorouracil (5-FU) with 3'-azido-3'-deoxythymidine
(AZT) was studied experimentally. Nude mice transplanted with cells of the human gastric cancer cell
line MKN28 were divided into 4 groups, i.e., control, 5-FU, AZT, and 5-FU plus AZT, and the
antitumor activities were compared. Based on the assessment of tumor volume, significant suppression
of tamor growth was observed in the 5-FU and 5-FU plus AZT groups (P <0.05, P <0.01, versus
control, respectively). The thymidylate synthase (TS) inhibition rate, an index of inhibition of the de
novo pathway, was significantly higher in the 5-FU and 5-FU plus AZT groups than in the control
group (F<0.01), but it did not differ from the control in the AZT group. TS-bound FAUMP tended
to be higher in the 5-FU plus AZT group than in the 5-FU group. The activity of thymidine kinase
(TK) and the uptake ratio of 5-bromo-2’-deoxyuridine (BrdU), indices of salvage pathway activity,
were significantly lower in the AZT and 5-FU plus AZT groups than in the control group (TK, P<
0.05, P < 0.01; uptake ratio of BrdU, P<<0.01, P<0.05, respectively). There were slight losses of body
weight in the 5-FU and 5-FU plus AZT groups compared with that in the control group, but no
difference between the AZT and control groups in weight loss, These findings suggest that addition of
AZT plays an important role in potentiating the antitumor activity of 5-FU through both blockage of
a compensatory increase of activity in the salvage pathway and alse an increase in TS-bound FAUMP,
and has no adverse effects. Thus, the combination of 5-FU and AZT could be useful as a new modality

in gastric cancer chemotherapy.
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5-Fluorouracil (5-FU) is one of the most widely used
chemotherapeutic agents for solid tumors. Recently, at-
tempts have been made to enhance the antitumor activity
of 5-FU by using it in combination with other drugs.?
The rationale for this combination chemotherapy is the
enhancement of the major activity of 5-FU, i.e., inhibi-
tion of thymidylate synthase (TS), which acts in the de
nove pathway of pyrimidine biosynthesis. Since the sal-
vage pathway of pyrimidine biosynthesis also operates,
the enhancement of TS inhibition in the de novo pathway
'by combination chemotherapy does not necessarily in-
crease the antitumor effect.” Use of the combination of 5-
FU and other drugs for suppression of the salvage path-
way, therefore, has been attempted with thymidine and
its analogues.” Brunetti et al.” have reported that 5-FU
enhanced the cytotoxicity of the antiviral agent 3’-azido-
3'-deoxythymidine {AZT) against a human colon cancer
cell line, HCT8, and also that AZT potentiates 5-FU
activities. However, they did not sufficiently elucidate the
biochemical mechanisms involved. No examination of
cell lines from human gastric cancer has yet been per-
formed, so the present study was designed to elucidate
the action mechanism of this combination chemotherapy
on a gastric cancer cell line. We also assessed the ability
of AZT to potentiate the antitumor activity of 5-FU, and
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found evidence supgesting a synergetic effect of AZT on
5-FU by evaluation of pyrimidine biosynthesis in nude
mice bearing transplanted human gastric cancer MKN28
cells. These results may open the way to the establish-
ment of a new chemotherapeutic modality.

MATERIALS AND METHODS

Animals and tumor Six-week-old female BALB/c nude
mice provided by Clea Japan, Ltd. (Tokyo), were used in
this study. The human gastric cancer cell line MKN28,
donated by the Japanese Cancer Rescarch Resources
Bank (Tokyo) was transplanted (10° cells/mouse) sub-
cutaneously in the axillary region of nude mice. After §
weeks of tumor growth (mean body weight of mice 22,8
g, mean tumor weight 0.75 g), mice were divided into
groups of 15 mice each, and the following chemotherapy
schedule was used.

Chemotherapy schedule 5-FU was provided by Kyowa
Hakko XKogyo Co., Ltd. (Tokyo), and AZT was
purchased from Sigma Chemical Co. (St. Louis, MO). 5-
FU at 15 mg/kg/day and AZT at 200 mg/kg/day were
administered by i.p.-bolus for 5 consecutive days/week
for 2 weeks. In the control group, saline was injected i.p.-
bolus, instead of 5-FU or AZT. In the 5-FU plus AZT
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group, AZT was administered 2 h after 5-FU administra-
tion to mice. Thereafter, the animals were observed for 5
weeks.

Determination of dosages of 5-FU and AZT In a prelim-
inary test, 5-FU was administered to the mice at a dose of
30 mg/kg, 20 mg/kg or 15 mg/kg for 5 consecutive days
per week for 2 weeks (data are not shown). Since marked
body weight loss and treatment-related death were ob-
served at doses of 30 mg/kg and 20 mg/kg during the
test, we chose a dose of 15 mg/kg that caused a slight
body weight loss of less than 109 in this study. We
divided the administration of 5-FU for 5 consecutive
days per week for 2 weeks in order to diminish the
adverse effects and secure a good combination effect with
AZT, which is active for a short period.” The dose of 200
mg/kg of AZT was the same as that employed in the
experiment by Brunetti et al %

Evaluation of antitumor effect The antitumor effect was
assessed by measuring the change in % tumor volume,
which was calculated using the following formulas:

Tumor volume=long diameter (a) Xshort diameter (b)*/2

% tumor volume=paosttreatment tumor volume/pretreat-
ment tumor volume X 100.

Measurement of enzyme activity and 5-FU content in
tumor Tumors were removed from mice (enzyme activ-
ity, n =>5/group; 5-FU content in tumor, n =4/group) at
4 h after the last administration of 5-FU in the first
course in the 5-FU group and at 2 h after the last
administration of AZT in the first course in both the
AZT group and the 5-FU plus AZT group. They were
stored frozen at — 80°C until measurement of biochemi-
cal parameters.

TS activity (total TS, free TS, TS inhibition rate(TSIR))
Cytosolic  5-fluoro-2'-deoxyuridine monophosphate
(FAUMP) and [*H]-FAUMP binding sites were mea-
sured by the method of Spears er ¢/.% with some modifi-
cations. A tissue sample (500 mg) was minced with scis-
sors, homogenized, and sonicated at 4°C in 2 ml of 50
mM KH,PO, buffer, pH 7.4, containing 20 mM 2-mer-
captoethanol, 100 mM NaF, and 15 mM cytidylate. The
cytosol was then prepared by centrifugation. Total TS
was assayed after dissociating FAUMP-bound TS (bound
TS) to non-FAUMP bound TS (free TS) by 3 h preincu-
bation at 25°C, using a 1: 1 dilution of the cytosol with
300 mM NH,CO; buffer, pH 8.1, containing 100 mM 2-
mercaptoethanol, 100 mM NaF, and 15 mM cytidylate.
Total TS was then determined in the presence of 6 pmol
of PH]FdUMP, 140 mM FIL, 2.3 mM sodium ascor-
bate, 1.3 mM CH,Q, 0.299% bovine serum albumin, 37.1
mM 2-mercaptoethanol, 10.7 mM cytidylate, and 71.4
mM NaF for 20 min at 25°C by isolation of protein-
bound radioactivity after the addition of one volume of
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3.3% dextran-coated charcoal (in 0.1 N HCI at 4°C).
Using the apparent free cytosol diluted with the NH,CO;
buffer which was not subjected to the 3 h preincubation,
true free TS was then calculated by assuming that 139%
of any TS bound becomes labeled with [*H]FdUMP
during a 20 min assay period due to dissociation of endo-
genous unlabeled FAUMP. Percentage TSIR was ob-
tained by use of the formula (1—free TS/total TS )X
100.

Bound TS, which was calculated as total TS minus free
TS, was assessed for these groups, as an index of in-
tracellular FAUMP.

Thymidine kinase (TK) activity Measurement of TK
activity was performed using Taylor’s method.” The
tumor was placed in an enzyme extraction solution (1: 5,
w/v) (5 mM Tris, 0.1 mM EDTA, 1 mM 2-mercapto-
ethanol and 250 mM sucrose, adjusted to pH 7.5) and
homogenized in ice. After wultracentrifugation at
105,000y at 4°C for 60 min, the supernatant was stored
frozen at —80°C. A 198 ul portion of enzyme reaction
solution (5 mM MgCl, 10 mM APT, 0.1 M Tris HC]
buffer and 0.05 M Tris HCl, pH 8) and 2 ul of [*H]-
thymidine were mixed, incubated at 37°C for 30 min, and
preincubated with 100 g1 of the enzyme extraction solu-
tion at 37°C for 15 min. The reaction was terminated by
placing the reaction solution in a hot water bath at 100°C
for 3 min. The reaction solution was separated by ultra-
centrifugation at 14,000¢ at room temperature for 15
min, TK was extracted on DEAE cellulose filter paper
and counted in a scintillation counter.

5-FU content assay Tissue 5-FU content® was measured
by high-performance liquid chromatography (HPLC). A
200 mg portion of tissue was homogenized in 3 ml of
chilled CH3CN with 100 mg of 8i0;,. The emulsion plus 2
ml of CH3CN was centrifuged at 3,000 rpm for 10 min.
The supernatant was evaporated in vacuo. The residue
was dissolved in 200 ml of EtOH and charged on a silica
gel column. The column was rinsed with 0.5 ml of
acetone, and the washes were discarded. 5-FU was eluted
from the column with 2 ml of acetone. The eluent was
evaporated in vacuo, and the residue was redissolved in 2
m! of mobile phase, n-CsHy (AcOEt : n-C;Hyy : 88%
HCO.H : H;0=60:40:0.5:0.2) (3:2).

Uptake ratio of 5-bromo-2’-deoxyuridine (BrdU) Com-
petitive inhibition of the salvage pathway of pyrimidine
by AZT was assessed by administration of BrdU*'® to
mice. In the 5-FU group, BrdU at 30 mg/kg (i.p.-bolus)
was administered 3 h after 5-FU administration, and in
the AZT group and 5-FU plus AZT group, BrdU at 30

‘mg/kg (i.p.-bolus) was administered 1 h after AZT ad-

ministration. Tumors were removed from mice (r =4/
group) at 1 h after BrdU administration. The specimens
were then fixed with 4% formaldehyde for 7 days, em-
bedded in paraffin and mounted on slides for immuno-



histochemical and routine pathological examinations.
The endogenous peroxidase and nonspecific binding were
blocked with methanol containing 0.3% hydrogen per-
oxide in phosphate-buffered saline (PBS). The tissue
sections were denatured for 1 h in 2 N hydrochloric acid
and then rinsed extensively with PBS, pH 7.4. The sec-
tions were incubated with a 1:350 dilution of purified
anti-BrdU monoclonal antibody (mAb) (Becton Dickin-
son Co., CA) in PBS containing 1% BSA and 0.1%
NaNs, and were then left at room temperature for 1 h.
The slides were washed, then treated with a 1: 20 dilu-
tion of peroxidase-conjugated rabbit anti-mouse immu-
noglobulins (DAKQO, Denmark) and left at room tem-
perature for 30 min. Control slides were stained with a
mouse immunoglobulin, G2 (DAKO), instead of the
anti-BrdU mAb, Finally, the slides were lightly counter-
stained with 10% hematoxylin. Over 1,000 cells were
counted 3 times, in each section, and the uptake ratio
(%) of BrdU was calculated.

Assessment of adverse drug effect As an index of adverse
drug reaction (toxicity), % body weight was calculated
using the following formula: % body weight = posttreat-
ment body weight/pretreatment body weight X 100. Each
group (n=6) was observed for 5 weeks.

Statistical analysis The statistical significance of inter-
group differences in antitumor effect, body weight loss,
enzyme activity and enzyme inhibitory rate was assessed
by use of the x* test and ¢ test. P values of less than 5%
were considered statistically significant.

RESULTS

Inhibition of tumor growth Tumor growth was inhibited
in both the 5-FU group and the 5-FU plus AZT group. In
the 5-FU plus AZT group, the % tumor volume de-
creased below that measured before treatment. On Day
21, when the reduction in %% tumor volume was maxi-
mum in the 5-FU plus AZT group, %otumor volume was
203£22% in the control group, 153145% in the 5-FU
group, 180+40% in the AZT group, and 82+9% in the
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5-FU plus AZT group. Thus, tumor growth was signifi-
cantly inhibited in both the 5-FU and 5-FU plus AZT
groups (P<0.05, P<0.01, versus control, respectively).
The inhibition of tumor growth in the 5-FU plus AZT
group was significantly greater than that in the group
given 5-FU alone (P<0.05) (Fig. 1).

Effect on pyrimidine biosynthesis TSIR (95) was signifi-
cantly higher at 47.31-3.7 in the 5-FU group and at 48.3
+6.3 in the 5-FU plus AZT group than in the other
groups {P<0.01, versus control), but TSIR was un-
changed in the AZT group. Total TS (pmol/g protein)
was 10.3F2.7 in the control group, 13.7:£ 1.8 in the 5-FU
group, 9.43.3 in the AZT group, and 16.13.2 in the
5-FU plus AZT group. Compared with that in the control
group, total TS was significantly higher in the 5-FU
group and the 5-FU plus AZT group (P<0.05), but it
did not differ from the control in the AZT group (Table
I). Bound TS (pmol/g protein) was 0.2+0.1 in the
control group, 6.5%0.9 in the 5-FU group, 0.110.1 in
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Fig. 1. Percent tumor volume after the 215t day in each
group (n=6) (mean+8D). The greatest reduction in percent
tumor volume was observed in the 5-FU plus AZT group. 5-
FU, 5-flucrouracil; AZT, 3'-azido-3'-deoxythymidine. * P<
0.05 between the indicated groups. ** P<0.01 between the
indicated groups.

Table I. Total TS, Bound TS, TSIR and 5-FU Content in Tumor
Total TS Bound TS TSIR 5-FU content in
{pmol/g protein) (pmol/g protein) (%) tumor (ng/g tissue}
Control 10.332. 7, “] 0.2i0.1** . 1.4x09 ] **]
5-FU 13.7X1. 8, ] |x 6.5i0.9** 473137 - 9*2
AZT 9.4+3. 3**] O.IiO.l** ] 1.430.9 00 }*
5-FU plus AZT 16.1+3.2 7.7+1.2 48,3163 1517
n 5 5 5 4

TS, thymidylate synthase; TSIR, thymidylate synthase inhibition rate; 5-FU, 5-fluorouracil; AZT, 3'-

azido-3’-deoxythymidine.
* P<0.05. k% P<0.01.
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Table II. TK Activity and Uptake Ratio of BrdU
Activity of TK BrdU uptake
(fmol/mg protein/min) ratio (%)
Control 86.3 i36.4*]* 7.5i1.3**
5-FU 155.6i60.8**] } - 9.71+2.1 }
AZT 34.0+-174 } 2210 )=+
5-FU plus AZT 30.821.8 451t19

TK, thymidine kinase; BrdU, 5-bromo-2’'-deoxyuridine; 5-FU,
5-fluorouracil; AZT, 3'-azido-3'-deoxythymidine.
* P<0.05. %k P<0.0L

the AZT group and 7.7X1.2 in the 5-FU plus AZT
group; it was significantly higher than the control in the
5.FU and 5-FU plus AZT groups (P<0.01). Bound TS
was significantly higher in the 5-FU plus AZT group than
in the 5-FU alone group (£<0.05) (Table I). TK activ-
ity (fmol/min/mg protein) in the salvage pathway was
86.3136.4 in the control group, 155.6t60.8 in the 5-FU
group, 34.017.4 in the AZT group, and 30.8+21.8 in
the 5-FU plus AZT group. Thus, it was significantly
higher than the control in the 5-FU group (P<0.05) and
significantly reduced in the AZT and 5-FU plus AZT
groups (P<0.05, P<<0.01, respectively) (Table II).
5-FU content in tumor 5-FU content (ng/g tissue) in the
tumor was 00 in the control and AZT groups, 912 in
the 5-FU group, and 157 in the 5-FU plus AZT group.
Thus, the 5-FU content in tumor was significantly higher
in the 5-FU plus AZT group than in the 5-FU group
(P<0.05) (Table I).

Uptake ratio of BrdU The uptake ratio (%) of BrdU
was 7.551.3 in the control group, 9.712.1 in the 5-FU
group, 2.2+ 1.0 in the AZT group and 4,51 1.9 in the 5-
FU plus AZT group; thus, it was significantly less than
the control in the AZT and 5-FU plus AZT groups (P<
0.01, P<C0.05, respectively). A tendency toward increase
was noted in the 5-FU group compared with the control
(Table II).

Assessment of adverse drug effect In a comparison of
toxicity among groups on Day 11, when the lowest %
body weight was observed in the 5-FU plus AZT group,
% body weight was 103149 in the control group, 96+
3% in the 5-FU group, 98=2% in the AZT group, and
9549 in the 5-FU plus AZT group (mean=+SD)).
There was significant weight loss in the 5-FU and 5-FU
plus AZT groups (P<{0.05, versus control), but the per-
centage losses were low, less than 109%, in both groups,

DISCUSSION

In recent years, biochemical modulation of the most
commonly used chemotherapeutic agent for solid
tumors, 5-FU, has been performed by using CDDP,™'?
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LVE" and MTX'>'® as modulators. This potentiation
of 5-FU cytotoxicity involves the enhanced inhibition of
TS activity, which converts 2-deoxyuridine-5-monophos-
phate to thymidylate by methylation in the de novo
pathway. However, when the de nove pathway is in-
hibited by the combination of 5-FU and modulators,
pyrimidine synthesis via the salvage pathway might in-
crease, thus decreasing the cytotoxicity of chemotherapy.,
Vogel et ¢l.'™ have attempted to use thymidine clinically
as a modulator of 5-FU. Although the excess amount of
thymidine in salvage synthesis did exert a strong antitu-
mor effect, it increased the incidence of neutropenia due
to myelosuppression, and consequently the effect of thy-
midine on the salvage pathway could not be fully ex-
plored. Grem and Fischer'® reported that the combina-
tion of 5-FU and dipyridamole, which blocks nucleoside
transport on the cell membrane, had an increased antitu-
mor effect, owing to blockage of the salvage pathway.
AZT was found to have anti-AIDS activity,' and also to
inhibit TK activity in human lymphocytes, and was
further found to reduce deoxythymidine triphosphate in
the intracellular pool.® Brunetti et af. * reported that the
combination of 5-FU and AZT was more cytotoxic than
5-FU or AZT alone against a human colon cancer cell
line in in vitro and irn vivo experiments. Experimental
studies on the 5-FU and AZT combination have subse-
quently been reported for ovarian and pancreatic can-
cers.”"? However, the precise mechanism of the enhanced
cytotoxicity of the combination of 5-FU and AZT has
not yet been elucidated.

We therefore performed the present study with a gas-
tric cancer cell line, since the fundamental chemothera-
peutic agent, 5-FU is most commonly used against this
cancer. Despite a slight inhibitory effect of 3-FU and no
effect of AZT on tumor growth, the finding of definite
inhibition of tumor growth with combined use of 5-FU
and AZT strongly suggests that potentiation of the anti-
tumor effect and cytotoxicity of 5-FU can be induced by
this combination at doses which have little cytotoxicity,
separately.

To elucidate the mechanism of enhanced cytotoxicity
of this chemotherapy, we assessed the effect of chemo-
therapeutic agents in both the de nove and salvage path-
ways of pyrimidine biosynthesis, by measuring total TS,
bound T8, TSIR and TK. The finding of no significant
differences in increase of TSIR and increase of total TS
activity between the 5-FU group and the 5-FU plus AZT
group suggests that AZT has no direct effect on the TS
inhibition by 5-FU. However, the finding that, compared
with those in the 5-FU group, significantly higher values
of 5-FU content in the tumor and of bound TS activity in
the 5-FU plus AZT group suggests that uptake of 5-FU
increased with enhanced uptake of orotic acid and that
synthesis of FAUMP from 5-FU was increased via the de



novo pathway in compensation for the inhibition of TK
activity by AZT. Besides its principal activity on salvage
pyrimidine synthesis, AZT therefore induces enhanced
uptake of 5-FU into tumor tissue and inhibits the de novo
pathway by potentiating the activity of bound TS.

It is known that BrdU is incorporated into DNA via
the salvage pathway,?® because its incorporation is in-
hibited by AZT, a competitive inhibitor of the salvage
pathway of pyrimidine, in mice. We will next discuss the
pyrimidine salvage synthesis in terms of changes of TK
activity and BrdlJ uptake ratio. The finding of a signifi-
cant increase in TK activity and a tendency toward
increase in BrdU uptake in the 5-FU group suggest that
a compensatory increase of salvage oceurs to counteract
the depression of the de nove pathway in pyrimidine
synthesis, and that this increased salvage lessens or elim-
inates the antitumor effect of 3-FU. In spite of the
increase in the activity of TK by 5-FU, AZT markedly
suppressed the TK activity. Decreased activity of TK in
the 5-FU plus AZT group suggests that TK inhibition by
AZT was induced through an allosteric effect®™ and
canceled out the elevation of TK activity by 5-FU. The
BrdU uptake ratios were correlated with TK activities in
the 5-FU and 5-FU plus AZT groups, implying that
combined use of AZT with 3-FU not only blocks the
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