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Preventive Effect of Matrix Metalloproteinase Inhibitor, R-94138, in Combination 
with Mitomycin C or Cisplatin on Peritoneal Dissemination of Human Gastric 
Cancer Cell Line TMK-1 in Nude Mice
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R-94138, a matrix metalloproteinase inhibitor, was examined for the ability to prevent peritoneal
dissemination of a human gastric cancer xenograft, TMK-1. When the supernatant of a co-culture
of TMK-1 cells and human normal fibroblast cells was subjected to gelatin zymography, it was
clear that the protein expression of MMP-2 had been inhibited by R-94138. When TMK-1 was
injected intraperitoneally (i.p.) into nude mice at 5××××105 cells/body, the resulting peritoneal dissem-
ination mimicked clinical carcinomatous peritonitis. When the maximum tolerated dose of mito-
mycin C (MMC) or cisplatin (DDP) was given 12 h after the tumor inoculation, peritoneal
dissemination was completely inhibited, while the effect of R-94138 was limited when it was given
i.p. at a dose of 20 mg/kg in a schedule of q.d. ××××5 starting 12 h after tumor injection. MMC and
DDP also suppressed peritoneal dissemination when they were administered 1 week after the
tumor inoculation at a single dose of 2 and 3 mg/kg i.p., respectively. R-94138 inhibited peritoneal
dissemination when it was administered i.p. at a dose of 30 mg/kg in a schedule of q.d. ××××5 starting
from 1 week after tumor injection. The combination of MMC and R-94138 increased the preven-
tive effect on peritoneal dissemination. R-94138 seems to be a promising candidate to prevent
peritoneal dissemination of gastric cancer.

Key words:    MMP inhibitor — R-94138 — Gastric cancer — Nude mouse — Peritoneal dissemina-
tion

In spite of the declining tendency of gastric cancer,1)

this cancer remains one of the most important causes of
death among Japanese people.2) In particular, peritoneal
dissemination at the final stage of gastric cancer remains
untreatable. Although some trials were reported on the
control of peritoneal dissemination of gastric cancer,
including chemotherapy and hyperthermia,3, 4) no signifi-
cant prolongation of survival was found. Peritoneal dis-
semination involves several steps, including tumor cell
attachment, invasion and growth in the peritoneum.5) We
have been investigating the role of matrix metalloprotein-
ase (MMP) in the invasion and metastasis of gastric can-
cer, and found a close relation between MMP expression
and malignant potential of gastric cancer.6–8) If the initial
invasion can be controlled by an appropriate inhibitor of
MMP, peritoneal dissemination may be prevented. In the
present paper, we describe the preventive effect of a
newly developed MMP inhibitor, R-94138, in a peritoneal
dissemination model using the human gastric cancer cell
TMK-1 in nude mice. The effectiveness of R-94138 alone
and in combination with the conventional antitumor

agents mitomycin C (MMC) or cisplatin (DDP) was
assessed.

MATERIALS AND METHODS

Tumor  A human stomach carcinoma cell line (TMK-1)
was used for this investigation. TMK-1 was established as
a serially transplantable human tumor xenograft in nude
mice by Tokuda et al.9) from cancerous tissue of a 21-
year-old male patient with gastric cancer, and was estab-
lished as a cultured cell line by Tasaka et al.10) This cell
line was kindly supplied by Dr. S. Hirohashi, National
Cancer Center Research Institute.
Agents  R-94138 (Fig. 1), a synthetic derivative of
matlystatins isolated from Actinomadura atramentaria,11, 12)

was synthesized as described previously.13) The in vitro
IC50 values against the following matrix metalloprotein-
ases are: 28 nM for stromelysin (MMP-3), 38 nM for
gelatinase A (MMP-2) and 1.2 nM for gelatinase B
(MMP-9).11) DDP and MMC were purchased from Nippon
Kayaku Co., Ltd., Tokyo and Kyowa Hakko Kogyo Co.,
Ltd., Tokyo, respectively.
Gelatin zymography  TMK-1 cells and human fibroblast
cells obtained from normal gastric wall of a patient with
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gastric cancer were co-cultured (1×104 cells each) for 72 h
in RPMI-1640 supplemented with 100 IU/ml penicillin,
100 µg/ml streptomycin and 250 µg/ml fungizone per ml
with or without 10 µg of R-94138. The culture was centri-
fuged twice at 1,500 rpm for 5 min, and the resulting
supernatant was subjected to gelatin zymography. As pos-
itive control, culture media were obtained from two cul-
tured cell lines of synovial cells obtained from patients
with rheumatoid arthritis. These culture media were
kindly supplied by Dr. Okada, Kanazawa University. The
protein concentration of these samples was determined
(Bio-Rad protein assay, Bio-Rad, Hercules, CA), then 10
µg aliquots were diluted in sample buffer and size-frac-
tionated in duplicate on 8.3% polyacrylamide gels con-
taining 1% gelatin (Sigma, St. Louis, MO). The duplicate
gels were washed with 2.5% Triton X-100 for 1 h and
incubated overnight in 50 mM Tris-HCl (pH 7.6) and 10
mM CaCl2 at 37°C in the presence or absence of 100 mM
1,10-phenanthroline. Gels were subsequently stained with
Coomassie brilliant blue at 65°C for 30 min and destained
with 10% acetic acid until gelatinolytic bands were
clearly visible.

Using the peritoneal dissemination model in nude
mouse described below, the disseminated tumor nodule
was aseptically removed and homogenized for the detec-
tion of MMP-2. One hundred milligrams of the homoge-
nize was diluted with 5 ml of phosphate-buffered saline
and gelatin zymography was conducted by the same
method mentioned above.
Nude mice  BALB/c nu/nu male nude mice were pur-
chased from CLEA Japan Inc., Tokyo. They were main-
tained under specific pathogen-free conditions using an
Isorack at our experimental animal center and given ster-
ile food and water ad libitum. Four- to six-week-old mice
weighing 20–22 g were used for the experiment.
Tumor inoculation, counting of tumor nodules and
evaluation of drug activity  In the preliminary experi-
ment, cultured TMK-1 cells (5×105 cells/body) were
injected intraperitoneally (i.p.) into 5 nude mice. One
mouse was killed every week from 2 to 6 weeks after the

tumor injection, and peritoneal dissemination was exam-
ined macroscopically.

In the first experiment, using 4 groups of 5 mice, the
treatment was initiated 12 h after the i.p. injection of
TMK-1 (5×105 cells/body). The maximum tolerated dose
of MMC (6 mg/kg) or DDP (9 mg/kg) was administered
once i.p., or R-94138 was given i.p. in a schedule of q.d.
for 5 days at a dose of 20 mg/kg. The control group re-
ceived no treatment. One mouse from each group was killed
every week from 2 to 6 weeks after tumor injection, and
peritoneal dissemination was examined macroscopically.

In the second experiment, using 6 groups of 5 mice, the
treatment was initiated 1 week after TMK-1 injection
(5×105/body). DDP was administered i.p. once at a dose
of 3 mg/kg, and MMC was given i.p. once at a dose of 2
mg/kg. R-94138 was administered i.p. q.d. for 5 consecu-
tive days at a dose of 30 mg/kg. Combined therapy was
also conducted using the combination of DDP and R-
94138 or MMC and R-94138 using the same schedules
and doses as used in the single agent therapy. All mice
were killed at 5 weeks after the tumor injection, and peri-
toneal dissemination was examined macroscopically.
Statistical analysis  The statistical analysis was per-
formed with Student’s t test, paired t test or the χ2 test,
and P<0.05 was taken as the criterion of statistical signifi-
cance.

RESULTS

A gelatin zymogram illustrating the inhibition of MMP-
2 by R-94138 is shown in Fig. 2. The positive controls
showed strong activity of 62 kDa and 94 kDa proteins,
representing the active forms of MMP-2 and MMP-9,
respectively. The activity of MMP-2 was also observed in
the culture medium obtained from TMK-1 and human
fibroblast cell, though no MMP-9 was expressed in that
medium [R-94138(−)]. MMP-2 was completely inhibited
by the addition of R-94138 at a concentration of 10 µg/
ml [R-94138(+)]. On the other hand, this MMP-2 activity
was not detected in the culture medium obtained from
TMK-1 cells or human fibroblast cells alone. This result
is consistent with our previous finding14) that MMP-1
activity was observed only in the co-culture with human
fibroblasts and in the supernatant of MKN-74 culture.

Fig. 3  shows the peritoneal dissemination of TMK-1 5
weeks after tumor inoculation in untreated nude mouse.
Multiple peritoneal dissemination of the tumor was obvi-
ous in the visceral peritoneum of nude mice, while no
metastasis was observed in the parietal peritoneum. No
ascites, lymph nodes metastasis or liver metastasis was
observed in untreated mice throughout the experiments.
The nodule size was usually 1–3 mm, and in cases where
the nodules piled up to form a large tumor, we counted
each small nodule.

Fig. 1. Molecular structure of R-94138.
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The time course of the number of tumor nodules in the
preliminary experiment is shown in Fig. 4. At 2 weeks
after tumor inoculation, 7 nodules were established in the

untreated mouse, and the number of nodules increased
gradually until 5 weeks after tumor injection when it
seemed to reach a plateau. The results of the first experi-
ment are summarized in Table I. When the tumor-bearing
mice were treated with DDP at a dose of 9 mg/kg, no
peritoneal dissemination was observed 2 and 3 weeks
after tumor inoculation, while only one or two nodules

94 kD

62 kD

Control-1   Control-2   R-94138(−) Control-1   Control-2   R-94138(+)

Fig. 2. Gelatin zymogram of MMP-2. Two positive controls showed strong activity of 62 kDa and 94 kDa proteins, the active forms
of MMP-2 and MMP-9. MMP-2 was observed in the culture medium obtained from TMK-1 and human fibroblasts in the absence of
R-94138, but was completely inhibited by the addition of R-94138 at a concentration of 10 µg/ml.

Fig. 3. Peritoneal dissemination of TMK-1 5 weeks after tumor
injection in untreated nude mouse. Multiple peritoneal dissemi-
nation of the tumor was obvious in the visceral peritoneum of
nude mice, while no metastasis was observed in the parietal
peritoneum. The nodule size was usually 1–3 mm, and the nod-
ules sometimes piled up.

Fig. 4. The time course of increase of tumor nodules after
tumor inoculation. In the preliminary experiment, after i.p. injec-
tion of TMK-1 (5×105 cells/body) into nude mice, the mice
were killed every week starting from 2 to 6 weeks after the
tumor injection, and peritoneal dissemination was counted mac-
roscopically. At 2 weeks after injection, 7 nodules were already
established in the untreated mouse, and the number of nodules
increased gradually until 5 weeks after tumor inoculation, then
seemed to reach a plateau.



MMP Inhibitor and Peritoneal Seeding

119

were found at 4, 5 and 6 weeks. No tumor dissemination
was observed 2, 3 and 5 weeks after tumor inoculation in
the mice treated with MMC at a dose of 6 mg/kg, while
only one nodule was observed at 4 and 6 weeks in this
group. No peritoneal dissemination was observed at 2
weeks after tumor injection in the group given R-94138 at
a dose of 20 mg/kg q.d. for 5 days, although the number
of nodules increased gradually from 3 to 6 weeks, reach-
ing 21 nodules at 6 weeks (about half the value in the
control group). There were statistically significant differ-
ences between the control and the three treated groups
(paired t test).

In the second experiment, 28.2±10.3 nodules were
observed in the control group at the end of experiment
(Table II). This peritoneal dissemination was significantly
suppressed in the mice treated with MMC and DDP
(6.4±4.5 and 3.2±2.6 nodules, respectively). R-94138
also inhibited the peritoneal dissemination of TMK-1 to
9.8±5.7 nodules (P<0.05). Although the combination of
DDP and R-94138 resulted in an average number of nod-
ules of 7.0±5.1, the combination of R-94138 and MMC
suppressed the peritoneal nodules to 1.6±2.3, significantly
lower than the numbers in mice treated with MMC or R-
94138 alone. In addition, peritoneal dissemination was
completely suppressed in 3 of 5 mice treated with this
combination. This inhibition rate was significant com-
pared to the control (P<0.05 by the χ2 test).

The activity of MMP-2 was observed in a disseminated
nodule of TMK-1 i.p. inoculated into a control nude
mouse, as shown in Fig. 5, although it was also observed
in the nodules of the mice treated with R-94138 alone in
the second experiment.

DISCUSSION

Peritoneal dissemination of gastric carcinoma is consid-
ered to be a complex process involving invasion and
metastasis. We have previously established an important
role of MMP in the progression of gastric cancer.6) In the
present paper, we have evaluated the efficacy of a newly
developed matrix metalloproteinase inhibitor, R-94138 to
prevent peritoneal dissemination of human gastric cancer
cells in nude mice, as compared with other conventionally

Table I. Preventive Effect of the Agents on the Peritoneal Dis-
semination of Human Gastric Cancer Cells in Nude Mice

Treatmenta)
Weeks after injection

2b) 3 4 5 6

Control 7c) 7 33 45 40
DDPd),* 0 0 2 2 1
MMCe),* 0 0 1 0 1
R-94138f),* 0 2 15 17 21

a) The treatment was initiated 12 h after i.p. injection of TMK-
1 (5×105 cells/mouse).
b) One mouse was killed in each treatment group every week
from 2 to 6 weeks after tumor injection.
c) The number of nodules of peritoneal dissemination was
counted macroscopically.
d) Cisplatin was administered once i.p. at a dose of 9 mg/kg.
e) Mitomycin C  was administered once i.p. at a dose of 6 mg/
kg. 
f) R-94138 was administered daily i.p. at a dose of 20 mg/kg
for 5 consecutive days.
∗ P<0.05 relative to control by paired t test.

Table II. Preventive Effect of the Agents on the Peritoneal Dissemination of Human Gastric 
Cancer Cells in Nude Mice

Treatmenta) Number of nodulesb) Averagec)

Control 27 12 33 39 40 28.2±10.3
DDPd) 10 11 4 7 0 6.4±4.5**

MMCe) 4 7 0 3 2 3.2±2.6***

R-94138f) 12 14 13 0 10 9.8±5.7*

DDP+R-94138g) 0 4 8 0 13 7.0±5.1**

MMC+R-94138h) 0 0 0 3 5 1.6±2.3****,#

a) The treatment was initiated 1 week after i.p. injection of TMK-1 (5×105 cells/mouse). 
b) Each number indicates the number of nodules in one mouse counted macroscopically 5
weeks after tumor injection.  
c) Mean±SD of number of nodules.
d) Cisplatin was administered once i.p. at a dose of 3 mg/kg.
e) Mitomycin C  was administered once i.p. at a dose of 2 mg/kg. 
f) R-94138 was administered daily i.p. at a dose of 30 mg/kg  for 5 consecutive days.
g) d)+ f).
h) e)+ f).
∗ P<0.05, ∗∗  P<0.005, ∗∗∗  P<0.001, ∗∗∗∗  P<0.0005, relative to control by Student’s t test.
# P<0.05 relative to single therapy with mitomycin C or R-94138.
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available antitumor agents, DDP and MMC. The previous
in vitro study indicated that R-94138 strongly inhibits
MMP-9 with an IC50 of 1.2 nM, but has much less effect
on MMP-3 (IC50=28 nM) and MMP-2 (IC50=38 nM).
Actually, in the present study, the activity of MMP-2 in
the culture medium obtained from TMK-1 and human
fibroblast cells was completely inhibited by the addition
of R-94138 at a concentration of 10 µg/ml. R-94138
inhibited the peritoneal dissemination when 20 mg of this
agent per kg was administered daily for 5 days. Since side
effects such as body weight loss and death were not
observed in this first experiment, the dose was elevated to
30 mg/kg in the second experiment, in which peritoneal
dissemination was significantly reduced. In addition, the
combination of R-94138 and MMC showed a superior
effect to either single agent or to the combination of R-
94138 and DDP. These data suggested that the two agents
may suppress the dissemination of gastric carcinoma via
different mechanisms. Although MMP-2 activity was not
detected in the culture medium obtained from TMK-1
cells or human fibroblast cells alone, the activity of

MMP-2 was found in the disseminated nodules of TMK-1
cells, as observed in the co-culture medium of TMK-1
and human fibroblasts in the present study. These results
suggested that the dissemination of TMK-1 was inhibited
through the inhibition of MMP by R-94138. However, no
significant histological change was observed in the nod-
ules of treated mice, including those in the MMC alone
and R-94138 alone groups (data not shown), suggesting
that the established nodules have escaped the inhibition of
MMP by R-94138, as shown in Fig. 5.

The previous study indicated that BB-94 (Batimastat,
British Biotech Inc., Oxford, UK), a synthetic MMP
inhibitor, inhibited the growth of colorectal cancer in an
orthotopic nude mouse model and increased the survival
of tumor-bearing mice.15–17) Furthermore, it was also
reported that a combination of gelatinase inhibitor
CT1746 and cytotoxic agents (DDP and cyclophospha-
mide) significantly delayed local tumor growth and
reduced pulmonary metastasis in an animal model.18) BB-
94 also underwent clinical phase I and II trials, which
indicated low toxicity and some antitumor effect on ovar-
ian carcinomas. Recently, marimastat19) was also exam-
ined in clinical phase I/II studies, and afforded survival
benefits for patients with gastric,20) ovarian,21) prostate,22)

colon23) and pancreatic cancers.19)

Since MMP inhibitors reduce the growth and invasion
of malignant tumors through inhibition of MMPs secreted
from cancer or interstitial cells, we can hardly expect a
reduction of tumor mass by these agents, in contrast with
the conventional cytotoxic drugs. As a result, the possible
positive effects of MMP inhibitors would be a long no
change (NC), stabilization of tumor growth or prolonga-
tion of survival. It has already been reported that a long
NC resulted in prolongation of survival in patients with
breast cancer who were treated with CGS16949A.24) If we
could stabilize the tumor growth by arresting the invasion
of cancerous cells into the surrounding normal tissue, can-
cer might become a chronic, incurable but non-fatal disor-
der. R-94138 is thought to be a promising new agent that
exhibits antitumor activity through a new mode of action,
i.e., MMP inhibition, and the combined effect with MMC
warrants further investigation of combination therapies of
MMP inhibitor and cytotoxic agents.

(Received August 10, 1998/Revised October 12, 1998/Accepted
October 22, 1998)
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