Downloaded from http://aacrjournals.org/cancerres/article-pdf/58/1/159/2466600/cr0580010159.pdf by guest on 25 May 2022



MODULATION OF TUMOR VASCULAR PERMEABILITY
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Fig. 3. Effect of HOE 140 on the time profile of body weight of mice with or without
ascitic S-180 tumors. For the early-phase treatment regimen of HOE 140 (A), HOE 140
was administered i.p. at a dose of 13 pug/kg starting immediately after tumor inoculation
and continuing on consecutive 10 days. For the late-phase treatment regimen (B8), HOE
140 treatment was started 8 days after tumor inoculation for ascitic tumors, and it was
carried out on consecutive 8 days. *, P < 0.05; **, P < 0.01 (n = 5 for each group). Data
are means; bars, SE. See text for details.

RESULTS

Solid Tumor Vascular Permeability after Treatment with HOE
140, PTIO, and Indomethacin

The typical appearance of solid tumor after extravasation of blue
dye is shown in Fig. 1, in which extensive dye leakage in the tumors
is clearly illustrated by macroscopic observation. Much less extrava-
sation is seen in the central necrotic area of large solid tumors than in
the periphery of the large tumor or than in small and medium-sized
tumors.

The uptake of Evans blue dye into the tumor as a result of enhanced
vascular permeability was assessed with or without treatment with
various compounds. In the group with small tumors (100-200 mg),
extravasation was suppressed by 34 and 46% by HOE 140 at doses of
0.65 and 1.3 ug/kg, respectively ; in the large-tumor group (200-500
mg), 30 and 36% suppression was obtained by HOE 140 at the same
respective doses. Significant inhibition of dye leakage in HOE 140-
treated groups was observed compared with that in the control (saline)
group (P < 0.05; Fig. 2A). Tumor vascular permeability was reduced
by 42 and 50% for the small-tumor group, and by 34 and 51% for the
large-tumor group, with indomethacin treatment at doses of 5 and 10
mg/kg, respectively. A significant difference was found between the
control group and the indomethacin-treated group (Fig. 2A).

Because both bradykinin and prostaglandin appear to be involved in
tumor vascular permeability, we examined the effect of coadminis-
tration with both HOE 140 and indomethacin. As shown in Fig. 24,
the combination treatment of HOE 140 (1.3 ug/kg) plus indomethacin
(5 mg/kg) achieved 45 and 48% suppression of vascular permeability
in the small- and large-tumor groups, respectively. At the higher dose
of indomethacin (10 mg/kg) together with HOE 140, 66% (small
tumors) and 70% (large tumors) reduction of vascular permeability
was observed. Inhibition of vascular permeability in the tumor tissue
by these combinations was apparently stronger than that of HOE 140
or indomethacin alone.

Inhibition rates of vascular permeability by scavenging NO with
PTIO were 39 and 52% in small- and large-tumor groups, respectively
(Fig. 2B). The combined treatment of indomethacin and PTIO
achieved a stronger suppressive effect than did indomethacin or PTIO
alone. PTIO at 167 mg/kg combined with 5 mg/kg indomethacin
given i.p. resulted in 49 and 57% of suppression in small- and
large-tumor groups, respectively. The same dose of PTIO with a
higher dose of indomethacin (10 mg/kg) showed stronger suppression:
71% (small tumors) and 68% (large tumors). Significant differences
were seen between the drug-treated groups and the vehicle MCT
control group. The extravasation of the dye-albumin complex in the
normal tissue (skin) was not affected appreciably by the administra-
tion of PTIO (167 mg/kg; 4 times), HOE 140 (1.3 ug/kg), or indo-
methacin (10 mg/kg; 3 times) (Fig. 24, inset).

Effect of L-Arginine and Temocapril on Solid Tumor
Vascular Permeability

Administration of L-arginine (a substrate for NOS) tended to en-
hance dye leakage of the solid tumor tissues by 22%, although the
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Fig. 5. Effect of HOE 140 treatment on survival of tumor-bearing mice. The time
course of survival rate with or without HOE 140 treatment (early-phase treatment
regimen) is shown. HOE 140 was administered to the mice in the same manner as
described in the legend to Fig. 3. Six and five mice were used for the control (without
treatment) and the HOE 140-treated groups, respectively; a significant difference in the
mean life spans was found between control and HOE-treated groups (P < 0.05). See text
for details.

difference was not statistically significant (0.1 < P < 0.5; Fig. 20).
Similarly, treatment with temocapril as an inhibitor of kininase II, to
prevent the degradation of bradykinin and hence prolong the bio-
logical action of bradykinin, had a tendency to increase vascular
permeability in solid tumor tissues by about 18% (0.1 < P < 0.5;
Fig. 20).

Effect of HOE 140 on Tumor Ascites Formation in Mice

Early-Phase Treatment Regimen. Administration of HOE 140
was started immediately after tumor inoculation and was continued
for the following 10 days. Time profiles of body weight of ascitic
tumor-bearing mice treated with or without various compounds were
compared with those of the tumor-free control group. The increase in
body weight of ascitic tumor-bearing mice can usually be attributed to
fluid accumulation in the peritoneal cavity, together with tumor cell
proliferation. As demonstrated in Fig. 3A, the increment in body
weight of the tumor-bearing mice was markedly inhibited by HOE
140 when it was initiated just after tumor inoculation.

Furthermore, after the end of the treatment course of the tumor-
bearing mice, tumor cells and volume of ascitic fluid were measured
(Fig. 4). A significant difference in the volume of ascites between the
HOE 140-treated group and the control (saline) group was found
(P < 0.05; Fig. 4A). The total number of tumor cells yielded in the
HOE 140-treated group tended to be less (by 31%) than that in the
saline control group (0.05 < P < 0.5; n = 5). Conversely, in the HOE
140-treated group, the tumor cell number appears to be concentrated
because of the decreased fluid volume compared with the saline
control group (Fig. 4B).

Late-Phase Treatment Regimen. In this experimental protocol,
HOE 140 administration started 8 days after tumor inoculation and
continued for 8 days. In contrast to the early-phase treatment regimen,
HOE 140 given under the late-phase treatment regimen did not have
any appreciable effect on the increase in body weight (Fig. 3B); it also
did not significantly affect the volume of ascites fluid and the tumor
cell number (data not shown).
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Effect of HOE 140 on Survival (Life Span) of Ascitic Tumor-
Bearing Mice and on Solid Tumor Growth

HOE 140 treatment, which was initiated just after tumor cell
inoculation and continued for the following 14 days (13 pg/kg/12 h,
i.p.), significantly prolonged the life span of mice bearing S-180
ascitic tumor; the mean life spans of the tumor-bearing mice with and
without HOE 140 treatment were 18.6 * 0.7 and 16.8 * 0.3 days,
respectively (P < 0.05; Fig. 5). HOE 140 also showed a significant
suppressive effect on S-180 solid tumor growth by 32% when it was
administered s.c. at the same dose as in the ascitic tumor model
(P < 0.05, Fig. 6).

Expression of iNOS mRNA and COX-2 mRNA in S-180
Tumor Tissue

To examine the level of expression of iNOS and COX-2 mRNA in
S-180 tumor tissue, Northern blot analysis for iNOS and RT-PCR,
with Southern blotting for COX-2, was performed. Very high expres-
sion of iNOS mRNA was observed in S-180 tumor tissue, whereas a
negligible level of iNOS expression was seen in control (muscle)
tissue (Fig. 7A). Also, using RT-PCR and Southern blot analyses, an
appreciable level of COX-2 mRNA was identified in S-180 tumor
tissue (Fig. 7B). These results confirm that iNOS and COX-2 were
significantly up-regulated in tumor tissue, and consequently NO and
prostaglandins (especially prostaglandin E,) are produced and are
likely to contribute to tumor growth.

DISCUSSION

Most solid tumors exhibit vascular characteristics different from
those of normal tissues or organs. The hypervasculature/angiogenesis,
defective vascular architecture, and EPR effect are unique biological
properties of solid tumor tissues as described earlier. Enhanced vas-
cular permeability may be affected by a number of mediators, includ-
ing bradykinin, NO, VPF, prostaglandin E,, and tumor necrosis factor.
The EPR effect in solid tumors can be demonstrated best as Evans
blue dye extravasation in solid tumor tissues, as shown in Fig. 1.
Small S-180 solid tumors (less than 10 mm in diameter) usually show
extensive homogeneous extravasation (Fig. 14), whereas large tumors
(>10 mm in diameter) show more frequent central necrosis and an
avascular area, although the periphery of the tumorous tissue, as well
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Fig. 6. S-180 solid tumor growth in mice with or without HOE 140 treatment in the
early treatment regimen or the late treatment regimen. The solid tumors were excised and
weighed 14 days after tumor inoculation. *, P < 0.05 (n = 6 for each group). Data are
means; bars, SE. See text for details.
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Fig. 7. Expression of iNOS (4) and COX-2 (B) mRNA in S-180 tumor tissue and
muscle of the mouse. iNOS mRNA was analyzed by Northern blotting, and COX-2
mRNA was tested by RT-PCR and Southern blotting analyses. See text for details.
G3PDH, glyceraldehyde-3-phosphate dehydrogenase.

as adjacent normal tissue, shows extensive extravasation (Fig. 1,
B-F). It is also known that tumor growth occurs at the periphery
corresponding to the area of extravasation. In this regard, we have
proposed that the EPR effect in the tumor should sustain solid tumor
growth.

Mediators of the EPR effect include bradykinin and the bradykinin
system, which have been studied extensively in inflammation, in
infection (30) and somewhat in cancer (18-20, 26, 31). It is well
known that bradykinin mediates pain and increases vascular perme-
ability and even angiogenesis (32). We documented previously that
the bradykinin-generating cascade is activated in the tumor compart-
ment (18-20), and that bradykinin may be involved in malignant
ascitic and pleural fluid accumulation, in which [hydroxyprolyl®]-
bradykinin seems to play a major role (18, 19, 26).

Bradykinin is the most potent agonist for the B2 receptor, and HOE
140 is a B2 receptor-specific antagonist in vitro and in vivo; their
biological and pharmacological actions have been studied extensively
in inflammatory models (23, 24). The function of bradykinin in tumor
biology, however, is only partly understood. Here, we report that
administration of HOE 140 in the mouse solid tumor model sup-
pressed enhanced vascular permeability. HOE 140 also inhibited the
formation of ascitic tumor fluid as well as solid tumor growth. This
was consistent with our previous observation that soybean trypsin
inhibitor (Kunitz type), which is known to inhibit plasma kallikrein
and thus result in reduction of bradykinin generation, reduced S-180
ascites formation (19). These results validate an important role for
bradykinin in tumor growth. In addition to the suppressive effect on
tumor growth, bradykinin antagonists might be useful for treatment of
paraneoplastic syndromes, such as pain, hypoalbuminemia, and ma-
lignant fluid accumulation in peritoneal or pleural cavities, which are
clinical symptoms frequently associated with cachexia.

A significant suppressive effect of HOE 140 on ascitic tumor
growth was demonstrated when the drug was administered in the
early-phase treatment regimen. Excessive body weight gain due pri-
marily to ascites formation was suppressed (Fig. 3A), and the life span
of the tumor-bearing mice was prolonged by HOE 140 treatment (Fig.
S). It appears, however, that HOE 140 given in the late-phase treat-
ment regimen was less effective for inhibition of ascitic tumor and
solid S-180 tumor growth (Figs. 3B and 6). This may be explained by
inadequate treatment of HOE 140 in this regimen, because by the time
HOE 140 is given, the tumor angiogenesis is already highly devel-
oped, and many other mediators may be generated to potentiate the
angiogenesis and thus tumor growth compared with the early-phase
treatment regimen (17), although HOE 140 treatment shows a strong

suppressive effect on extravasation in the solid tumor (Fig. 2). Also,
considering the fact that no significant suppression of the tumor
growth, as assessed by tumor weight measurement, was observed with
HOE 140 in a late-phase treatment regimen, the decreased gain in
tumor weight obtained in the early-phase treatment regimen seems to
mainly reflect the tumor growth retardation induced by HOE 140 but
not simply the inhibition of extracellular fluid accumulation in the
solid tumor.

It seems that prostaglandin biosynthesis systems (COX-1 and -2),
particularly for prostaglandin E, production, are appreciably elevated
in human and experimental tumors (33, 34). It is intriguing that many
studies have shown that administration of nonsteroidal anti-inflam-
matory drugs, which are prostaglandin synthesis inhibitors such as
indomethacin and aspirin, brought about a reduced risk of growth of
tumor such as colon cancer, and thus that they are beneficial for
cancer prevention (35, 36); however, detailed molecular mechanisms
remain unclear. Up-regulation of COX-2 in human colorectal cancer
tissue has been reported recently, assessed by an immunohistochem-
ical method (37). Results of our present study on COX-2 with RT-
PCR and Southern blot analyses are consistent with this finding in that
expression of COX-2 mRNA is highly elevated in S-180 solid tumor
tissue (Fig. 7). Furthermore, our results show that prostaglandins are
involved in enhanced solid tumor vascular permeability, because the
COX inhibitor indomethacin significantly suppressed vascular perme-
ability in our solid tumor model (Fig. 2, A and B). Thus, inhibition of
expression and activity of COX might be applicable not only to cancer
prevention but also to cancer chemotherapy.

The third permeability mediator involved in the EPR effect of solid
tumors is NO, for which we examined the effect of the NO scavenger
PTIO (25). We demonstrated previously that the NOS inhibitor N*-
nitro-L-arginine methylester decreased vascular permeability in solid
tumors (26). In the present study, we confirmed the notion that NO
regulates the EPR effect to a great extent in tumor tissues (Fig. 2).
Meyer et al. (38) also found that NOS inhibition by N“-monomethyl-
L-arginine irreversibly attenuated blood flow in R3230Ac rat mam-
mary adenocarcinoma, and Tozer et al. (39) selectively reduced tumor
blood flow with the NOS inhibitor N*-nitro-L-arginine in P22 tumor-
bearing rats. To confirm the elevated level of NO synthesis by NOS,
we examined the expression of mRNA of iNOS by using Northern
blot analysis. The result showed that iNOS mRNA expression is
highly up-regulated in the solid tumor (Fig. 7). This result is consist-
ent with our previous observation obtained by the same method as that
used in the present experiment and an electron spin resonance study
with a different tumor model (rat hepatoma AH-130; Ref. 40).

It has been revealed that bradykinin B2 receptor is coupled to G
proteins and that binding of bradykinin to this B2 receptor leads to
strong signal amplification (41). Accordingly, receptor binding of
bradykinin may further stimulate the biosynthesis of other mediators,
such as prostanoids (42, 43) and NO (31, 44), which also play an
important role in inflammation (21), angiogenesis (45, 46), and the
EPR effect (26). Combined treatment of HOE 140 plus indomethacin
had a greater suppressive effect on tumor vascular permeability in an
additive manner than did HOE 140 or indomethacin alone (Fig. 2).
Similarly, simultaneous administration of PTIO and indomethacin
markedly reduced the permeability of tumor vessels (Fig. 2). These
results indicate that bradykinin, prostaglandins, and NO are operative
in tumor vascular permeability.

Taken together, the present data provide several lines of convincing
evidence that at least three factors, i.e., bradykinin, NO, and prosta-
glandins, are involved in enhanced vascular permeability of solid
tumors, as determined by suppression of the EPR effect with HOE
140, PTIO, or indomethacin. Development of macromolecular anti-
cancer drugs that use the EPR effect for more selective drug targeting
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delivery (1-3, 9) is gaining increasing attention (47). In view of the
EPR effect in solid tumors, our present data have important implica-
tions for a new strategy for cancer chemotherapy. Tumor growth and
metastasis may be modulated by reduction of the various mediators of
vascular permeability, such as NO, prostanoids, and bradykinin. Con-
versely, by enhancing the generation or by potentiating the effects of
permeability mediators locally or transiently, such as bradykinin, NO,
and prostaglandins, the solid tumor EPR effect may facilitate more
selective targeting of macromolecular anticancer agents, such as
Smancs, to the tumor tissue.
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