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Tumor-related angiogenesis is likely to be a potential target for the
treatment of cancer. One key to develop this angiostatic strategy
would be to find useful angiogenesis inhibitors. Here we report
the effects of radicicol, a microbial angiogenesis inhibitor that we
previously identified using the chorioallantoic membrane assay, and
its novel analog, 14,16-dipalmitoyl-radicicol, on tumor angiogenesis
and growth. As expected for agents containing a phenolic hydroxyl
group, systemic administration of radicicol had little or no effect on
neovascularization triggered by a M5076 mouse tumor cell line or a
RMT-1 rat mammary carcinoma cell line established from auto-
chthonous rat mammary tumors induced by 7,12-dimethylbenz[a]-
anthracene in a mouse dorsal air sac assay system. The agent did not
show growth-inhibitory activity against either transplantable
M5076 tumors or autochthonous 7,12-dimethylbenz[a]anthracene-
induced rat mammary tumors. In contrast, 14,16-dipalmitoyl-radicicol
potently suppressed tumor angiogenesis and growth in these
experimental models. Furthermore, the analog significantly pro-
longed the survival rate of M5076-implanted mice. Although not
stronger than radicicol, it dose-dependently inhibited embryonic
angiogenesis in the chorioallantoic membrane assay, the dose
required for half-maximal inhibition (ID50) value being 23 µµµµg (27 nmol)
per egg, and showed concentration-dependent antiproliferative
activity against microvascular endothelial cells in vitro. These data
suggest that 14,16-dipalmitoyl-radicicol is a promising antitumor
agent with antiangiogenic activity. (Cancer Sci 2007; 98: 219–225)

I t is widely accepted that angiogenesis is a key factor for
growth, invasion and metastasis of malignant tumors,(1–6) all of

which are major causes of cancer mortality. This implies that
angiogenesis is a potential target for the treatment of cancer.
Thus, if a useful antiangiogenic agent were developed, it could
serve as a therapeutic drug for improving cancer treatment.
Several inhibitors of angiogenesis are in clinical trials, including
bevacizumab, an agent that interferes with activators of angio-
genesis and a neutralizing antibody against vascular endothelial
growth factor (VEGF), which is one of the most potent angio-
genesis activators.(4–10) Bevacizumab (or Avastin), in combination
with 5-fluorouracil-based chemotherapy regiments, is now used
to treat patients with metastatic colorectal cancer in the USA
and Europe. Antiangiogenic agents with low molecular weight
have been examined for their efficacy in animal studies and in
humans, including 2-methoxyestradiol and analogs of thalidomide.

We previously found that radicicol, a microbial cell differen-
tiation modulator, is a powerful angiogenesis inhibitor in the
chorioallantoic membrane (CAM) model on the basis of two
assumptions.(11) One assumption is based on the previous find-
ings that microorganisms produce useful bioactive substances
such as antibiotics and enzyme inhibitors. This implies to us that

microbial metabolites could provide an appealing treasury of
effective angiogenesis inhibitors,(12) although compounds that
are not derived from microorganisms might show antiangiogenic
activity.(13–22) In fact several research groups, including ours,
have shown that a number of seemingly unrelated classes of
small molecules derived from microorganisms interfere with
angiogenesis in in vitro and in vivo experimental models.(23–27)

Our microbial inhibitors of angiogenesis include herbimycin,
eponemycin, cytogenin and rhizoxin.(28–31) The second assump-
tion is that cell differentiation modulators could have potent
antiangiogenic effects, because cell differentiation is a key event
in angiogenesis.(32) The validity of this assumption might be sup-
ported by the observation that modulators of cell differentiation,
including synthetic compounds like retinoids and vitamin D3
analogs and microbial substances like depudecin, suppress the
formation of new blood vessels.(33–35)

The aims of the present study were to assess and compare the
antiangiogenic and antitumor effects of radicicol and its novel
analog 14,16-dipalmitoyl-radicicol when administered systemi-
cally. We examined their antiangiogenic activity using a mouse
dorsal air sac assay and CAM assay. Their antitumor activities
were examined in solid tumor growth models involving trans-
plantable mouse M5076 tumors or autochthonous rat mammary
tumors induced by 7,12-dimethylbenz[a]anthracene (DMBA).

Materials and Methods

Materials. Radicicol was prepared by Sankyo Co. (Tokyo, Japan),
and 14,16-dipalmitoyl-radicicol was originally synthesized by
Medical Chemistry Research Laboratories of Sankyo Co., as
described below. Their chemical structures are shown in Fig. 1a.
For in vivo experiments, radicicol and its analog were suspended
in physiological saline containing 5% polyoxyethylated (60 mol)
hydrogenated castor oil (HCO60; Nikko Chemicals, Tokyo,
Japan) and 5% N,N-dimethylacetamide (DMA; Wako Pure
Chemical Industries, Osaka, Japan), and administered intraperi-
toneally. For in vitro experiments, radicicol and the analog
were dissolved in dimethylsulfoxide and a 1:1 mixture of ethanol
(EtOH) and DMA, respectively.

Synthesis of 14,16-dipalmitoyl-radicicol. To a stirred solution of
radicicol (1.6 g, 4.4 mmol) in benzene (37 mL) at 0°C were
added pyridine (2.2 g, 28 mmol) and 4-dimethylaminopyridine
(54 mg, 0.44 mmol), and the solution was stirred for 20 min. To
the solution was added palmitoyl chloride (1.3 g, 4.7 mmol) in
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benzene (20 mL) dropwise at 0°C, and the reaction was stirred
for 1 h. The solution was poured into ice water and extracted
with ethylacetate (EtOAc). The organic layer was washed
with 5% NaHCO3, water and brine, dried over MgSO4, and
evaporated to dryness. The residue was purified by flash column
chromatography on a silica gel (hexane : EtOAc, 1 : 1) to give
1.5 g of the title compound 1H-NMR (270 MHz, CDCl3): σ 7.52
(1H, dd, J = 16.0, 10.3 Hz), 7.01 (1H, s), 6.14 (1H, dd, J = 10.7,
10.3 Hz), 6.06 (1H, d, J = 16.1 Hz), 5.78 (1H, dd, J = 10.7,
3.9 Hz), 5.41–5.39 (1H, m), 3.91, 4.03 (2H, AB-q, J = 16.1 Hz),
3.52 (1H, m), 3.02–2.99 (1H, m), 2.58 (2H, t, J = 7.3 Hz), 2.49
(2H, t, J = 6.8 Hz), 2.45–2.37 (1H, m), 1.79–1.63 (3H, m),
1.53 (3H d, J = 4.8 Hz), 1.42–1.21 (50H, m), 0.88 (6H, t,
J = 6.3 Hz); IR (nujor) v 1759, 1722 cm−1.

Animals. Female Crlj:CDI (ICR) mice (7–9 weeks old), female
C57BL/6 mice (6 weeks old) and female Sprague-Dawley rats
(7 weeks old) were purchased from Charles River Japan (Kanagawa,
Japan). They were housed for 1 week in an air- and light-controlled
room maintained at 25 ± 1°C, and given free access to a standard
laboratory rodent chow and water. Animals were treated
according to the ethical guidelines for Animal Experiments of
the Tokyo Metropolitan Institute of Medical Science. The Animal
Experiments Committee of the Tokyo Metropolitan Institute of
Medical Science approved the experimental protocol.

Cells. M5076 mouse tumor cells were obtained from Dr
Tashiro (Cancer Chemotherapy Center, Tokyo, Japan), and
maintained by serial intraperitoneal passage in syngeneic mice.
The RMT-1 rat mammary tumor cell line, which was established
from DMBA-induced rat mammary tumors, was maintained
in a mixture (1:1) of Ham F-12 and Dulbecco’s modified
Eagle’s medium (HD) supplemented with 10% fetal bovine serum
(FBS; Moregate, Melbourne, Australia). Human dermal micro-
vascular endothelial cells (HDMEC) were obtained from Cell
Systems (Kirkland, Washington, DC, USA), and were maintained
in gelatin-coated dishes containing MCDM-131 supplemented
with 10% FBS, 10 µg/mL endothelial cell growth supplement
(Upstate Biotechnology, Lake Placid, NY, USA), 10 ng/mL
epidermal growth factor (Sigma, St Louis, MO, USA) and
10 µg/mL heparin (Sigma). Cells were cultured at 37°C in a
humidified 5% CO2 incubator.

Tumors. Mammary tumors were induced in female Sprague-
Dawley rats at 8 weeks of age by means of a single intragastric
ingestion of DMBA (100 mg/kg), as described previously.(36) After
8–12 weeks, rats bearing mammary tumors of approximately
10 mm in diameter were used for antitumor experiments.
M5075 tumors were established by inoculation of M5076 tumor
cells into the flank of adult C57BL/6 mice.

Mouse dorsal air sac assay. Agents were examined for their
effects on tumor-triggered angiogenesis in the mouse dorsal air
sac assay, as described previously.(30,31) The tumor cell number
in a Millipore chamber (Tokyo, Japan) was 2.5 × 107 and 4 × 106

cells for M5076 and RMT-1 cells, respectively. Angiogenesis
indexes 0, 1, 2 and 3 represented neovessel numbers of 0, 1, 2
and 3 or more, respectively.

Antitumor experiments. Antitumor activity against transplant-
able murine M5076 tumors. M5076 cells (1 × 106 cells/0.1 mL)
were inoculated subcutaneously into the right flank of C57BL/6
mice and compounds were injected using various administration
schedules from 6 or 10 days after tumor cell inoculation. The
tumor volume was determined every 3 days by direct measure-
ment with calipers and calculated using the formula (width2

[mm2] × length [mm]/2).
Antitumor activity against autochthonous rat mammary tumors

induced by DMBA. Rats bearing DMBA-induced mammary
tumors of approximately 10-mm diameter were given intraperi-
toneal injections of various doses of agents every 4 days, up to
six times. The tumor volume was determined every 7 days
by direct measurement with calipers and calculated using the
formula (width2 [mm2] × length [mm]/2).

Life-prolonging effects in M5076 tumors. M5076 cells (1 × 106

cells/0.1 mL) were inoculated subcutaneously into the right
flank of C57BL/6 mice and compounds were injected using
various administration schedules from 10 days after tumor cell
inoculation. Survival time was monitored daily until termination
of the study on day 52.

CAM assay. According to a previous method,(32,37) the effects
of the agents on embryonic angiogenesis were examined using
the 5-day-old CAM. The CAM were treated with various doses
of radicicol and 14,16-dipalmitoyl-radicicol at 37°C for 2 days
in a humidified egg incubator. When the avascular zone in the
treated CAM was 3 mm or more in diameter, the antiangiogenic
response was assessed as effective.

In vitro antiproliferative assay. As described previously,(37) the
HDMEC (1 × 104 cells/well) were cultured in gelatinized 24-
multiwell dishes containing 1 mL of MCDM-131 supplemented
with 10% FBS, 10 µg/mL endothelial cell growth supplement,
10 ng/mL epidermal growth factor and 10 µg/mL heparin in the
presence of various concentrations of radicicol or its dipalmitoy-
lated analog. RMT-1 cells (1 × 104 cells/well) were cultured in
12-multiwell dishes containing 1 mL of HD supplemented with
10% FBS in the presence of various concentrations of radicicol
or its dipalmitoylated analog. After 72 h of culture, the cells

Fig. 1. (a) Chemical structures of radicicol (RAD) and 14,16-
dipalmitoyl-radicicol (DP-RAD). (b) Antitumor activity of RAD and DP-
RAD against the early stage of transplantable M5076 tumors. Control,
RAD and DP-RAD were administered intraperitoneally four times every
4 days from day 6 after tumor cell inoculation. Points are mean ± SD for
seven mice. *P < 0.05; **P < 0.001 compared to the vehicle-treated
control group.
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were trypsinized and counted using a Coulter counter (Z1,
Coulter Japan, Tokyo, Japan).

Statistics. Statistical analysis was carried out using StatView
4.51 software (Abacus Concepts, Berkeley, CA, USA). Data on
the mouse dorsal air sac assay were analyzed by means of the
Mann–Whitney U-test. Data on the CAM assay were analyzed
using Fisher’s exact probability test. The results of the other
experiments were analyzed using Bonferroni–Dunn’s multiple
range test. A P-value < 0.05 was considered significant for all
analyses.

Results

Preliminary experiments showed that systemic administration of
radicicol had neither antiangiogenic activity nor antitumor
activity in the models used. This might be, at least in part, due
to poor bioavailability of systemically administered radicicol,
because it is well known that when compounds like radicicol
containing a phenolic hydroxyl group are administered
systemically, they are often easily inactivated by conjugation
with sulfate or glucronide via this group, then eliminated from
the body.(38,39) We therefore used the radicicol analog 14,16-
dipalmitoyl-radicicol, whose hydroxyl groups were modified,
for examining its antiangiogenic and antitumor activities.

Antitumor activity in transplantable M5076 mouse solid tumors. The
antitumor activities of radicicol and its analog 14,16-
dipalmitoyl-radicicol were examined in subcutaneous M5076-
implanted mice. This tumor was generally used for determining
the efficacy of antiangiogenic as well as conventional chemo-
therapeutic agents because it seemed sensitive to different types
of antiangiogenic agents.(40–42) The treatment was started on
day 6 after inoculation of M5076 cells into the flank of adult
C57BL/6 mice; at that time tumor volume was approximately
100 cm3. The agents were administered intraperitoneally four
times every 4 days. The dipalmitoylated analog showed dose-
dependent antitumor activity against transplantable M5076 solid
tumors, whereas the parent compound, radicicol, failed to show
such an activity against these tumors (Fig. 1b). Radicicol at
a dose of 100 mg/kg is equivalent to a dose of 230 mg/kg
of 14,16-dipalmitoyl-radicicol on a molar basis. The analog
caused significant growth inhibition of M5076 tumors in a dose-
dependent manner, compared to the control group (P < 0.05),
and almost complete growth inhibition of M5076 tumors occurred
at the highest dose (200 mg/kg) of the analog examined.

Furthermore, treatment with the analog began on day 10 after
M5076 tumor cell inoculation, at which time the tumor volume
was approximately 300 cm3. In this case mice bearing M5076
tumors received one or two cycles of treatment with the analog.
One cycle of treatment was characterised by dipalmitoyled radicicol
administration (at 200 mg/kg, intraperitoneally) three times
every 4 days. A remarkable therapeutic effect was observed in
the groups receiving one- and two-cycle treatment (Fig. 2a).
Interestingly, tumor growth inhibition depended on the treat-
ment schedule; tumor growth stopped entirely during treatment
but recommenced some days after treatment was discontinued.

With respect to survival time of M5076 tumor-bearing mice,
significant efficacy of 14,16-dipalmitoyl-radicicol was observed
at two treatment schedules (P < 0.001). One cycle of treatment
with the dipalmitoylated radicicol prolonged the mean survival
time of M5076 tumour-bearing mice to 60% over the control
mice (mean survival time ± SD, 24.1 ± 2.3 days) (Fig. 2b).
Furthermore, at two cycles of treatment the mean survival time
(48.3 ± 2.0 days) was extended by 100% over that of control mice.

Antitumor activity in autochthonous rat mammary carcinomas.
The antitumor effects of radicicol and 14,16-dipalmitoyl-radicicol
were also examined in autochthonous DMBA-induced rat mam-
mary carcinomas, which had relatively potent angiogenic activity
compared with other solid tumors such as mouse mammary

carcinomas and human gliomas,(43) and was sensitive to various
angiogenesis inhibitors, including medroxyprogesterone acetate(36)

and 22-oxa-1α,25-dihydroxyvitamin D3.
(44) Dose-dependent

growth inhibition of these mammary tumors was observed in the
groups treated with the analog, although the parent compound
(radicicol) at a dose of 100 mg did not affect the growth of these
mammary tumors, as shown in Fig. 3. The dipalmitoylated
radicicol at 100 mg/kg showed significant growth-inhibitory
activity against DMBA-induced rat mammary tumors at all days
observed, compared to the control (P < 0.05). There was a trend
for 50 mg/kg of the radicicol analog to suppress tumor growth,
although this did not reach statistical significance (P > 0.05).

Antiangiogenic activity in the mouse dorsal air sac assay. Radicicol
and 14,16-dipalmitoyl-radicicol were examined for their effects
on angiogenesis induced by M5076 cells in the mouse dorsal air
sac assay. Figure 4a represents the observations obtained in typical

Fig. 2. (a) Antitumor activity of dipalmitoyl-radicicol (DP-RAD) against
the advanced stage of transplantable M5076 tumors. Mice bearing the
advanced stage of M5076 tumors received control, one cycle or two
cycles of treatment with DP-RAD (200 mg/kg, three times every four
days, intraperitoneally). Points are mean ± SD for five ot seven mice.
**P < 0.001 compared to the vehicle-treated control group. #P < 0.05,
##P < 0.001 compared to one-cycle treatment group. (b) Survival of mice
bearing the advanced stage of transplantable M5076 tumors after one
or two cycles of treatment with DP-RAD (200 mg/kg, three times every
4 days, intraperitoneally).



222 doi: 10.1111/j.1349-7006.2006.00359.x
© 2006 Japanese Cancer Association

experiments. In a negative control group, in which phosphate-
buffered saline (PBS)-containing chambers were implanted, and
which received the vehicle alone, there was little or no formation of
neovessels (Fig. 4aA). In a positive control group, which had
had M5076 cell-containing chambers implanted and was given
the vehicle alone, there was drastic induction of new blood
vessel formation, characterized by zigzag lines (Fig. 4aB). When
administered intraperitoneally, the dipalmitoylated radicicol
strongly prevented angiogenesis induced by M5076 cells (Fig. 4aD),
whereas such an effect was not observed in the group treated
with radicicol (Fig. 4aC). The angiogenesis index (±SD) was
0.25 ± 0.43, 2.75 ± 0.43, 3.00 ± 0.00 and 0.50 ± 0.50 for groups
A, B, C and D, respectively (Fig. 4b). There were significant
differences in the angiogenesis index between groups A and B,
and between groups B and D, whereas the difference in angio-
genesis index was not significant between groups A and D.

The antiangiogenic activity of radicicol and its analog were
also examined in the RMT-1 mammary tumor cell-implanted
chambers using the mouse dorsal air sac assay mentioned above
(data not shown). In a negative control group, which had been
implanted with PBS-containing chambers and treated with
the vehicle, little or no formation of neovessels occurred. In a
positive control group, which had been implanted with RMT-1
cell-containing chambers and treated with the vehicle, drastic
induction new blood vessel formation was observed. Significant
and strong suppression of angiogenesis induced by RMT-1 cells
was observed in the group treated with the dipalmitoylated analog
of radicicol, whereas such an effect was not seen in the group
treated with radicicol.

Antiangiogenic activity in the CAM assay. We next asked whether
14,16-dipalmitoyl-radicicol exhibited antiangiogenic activity in
the CAM assay. The parent compound radicicol at a dose of
500 ng (1.4 nmol) per egg inhibited 5-day-old CAM angio-
genesis by 75% (Fig. 5aB). The inhibition degree was consistent
with a previous result with the ID50 of 540 pmol/egg.(6) Although
weaker than the parent compound, its dipalmitoylated analog
(100 µg/egg) also inhibited embryonic angiogenesis (Fig. 5aC).
This inhibition was dose dependent, the ID50 value being 23 µg

Fig. 3. Antitumor activity of radicicol (RAD) and dipalmitoyl-radicicol
(DP-RAD) against autochthonous rat mammary tumors. Rats bearing
mammary carcinomas of approximately 10 mm in diameter received
intraperitoneal injection of RAD or DP-RAD six times every 4 days.
Tumor volume was expressed as a percentage of the starting volume
(100%). Points are mean ± SD for 14–25 tumors in six or seven rats.
*P < 0.05 compared to the vehicle-treated control group.

Fig. 4. (a) Effect of radicicol and dipalmitoyl-radicicol on M5076 cell-
induced angiogenesis in the mouse dorsal air sac assay system. (A) Mice
with an implanted chamber containing phosphate-buffered saline
(PBS) were treated with the vehicle (i.e. negative control group); mice
with an implanted chamber containing M5076 cells (2.5 × 107) were
administered the vehicle (B) (i.e. positive control), radicicol (100 mg/kg)
and dipalmitoyl-radicicol (200 mg/kg) on days 0 and 4 after the im-
plantation of chambers. Four mice per group were killed on day 5 to
assess the antiangiogenic effects. (b) Inhibition of M5076 cell-induced
angiogenesis by dipalmitoryl-radicicol, but not radicicol. Groups A and
B received chambers containing PBS and M5076 cells, respectively, and
each group was treated with the vehicle. Groups C and D received
M5076 cell-containing chambers, and were treated with radicicol
(100 mg/kg) and dipalmitoyl-radicicol (200 mg/kg), respectively, on days
0 and 4 after the implantation of chambers. Four mice per group were
killed on day 5 to assess the antiangiogenic effects. *P < 0.05 between
the indicated groups.
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(27 nmol) per egg (Fig. 5b), and therefore 20-fold higher than
that of the parent on a molar basis.

Antiproliferative activities of radicicol and its analog in vitro. Our
previous study showed the antiproliferative activity of radicicol
against vascular endothelial cells, and suggested the possible
involvement of this inhibitory activity in the inhibition of
embryonic angiogenesis by radicicol.(11) We therefore examined
whether 14,16-dipalmitoyl-radicicol could affect the proliferation
of vascular endothelial cells in vitro (Fig. 6). The radicicol analog
also suppressed microvascular endothelial cell proliferation.
This suppression was concentration dependent, and the IC50
value was 140 nM, thereby 10-fold higher than that of radicicol
(IC50 = 14 nM) on a molar basis. In addition, the effects of
radicicol and its analog on the RMT-1 rat mammary tumor cell
growth were examined in vitro (Fig. 6). Although not stronger,
they also inhibited the mammary tumor cell growth in a
concentration-dependent manner, their IC50 values being 50 and
500 nM for radicicol and the analog, respectively.

Discussion

It is well known that differentiation (or dedifferentiation) of
angiogenic endothelial cells is a key step during the formation
of new blood vessels.(45,46) On the basis of this finding we have
speculated that modulation of angiogenic endothelial cells leads
to the blockade of angiogenic responses.(12,32) A study along this
line has been beginning to yield interesting findings. Namely, that
natural and synthetic retinoids that show cell differentiation-
modulating activity were found to exert antiangiogenic action in
the CAM assay system, with synthetic retinoid Re 80 showing
the strongest activity (ID50 = 6.3 pmol/egg).(32,33) One should
note that the rank order of the antiangiogenic potency of these
retinoids correlated well with that of their cell differentiation
potency. Such a correlation was observed in the experiments
involving vitamin D3 and its analogs.(34) We also speculated that
microbial metabolites could be an appealing treasury of useful
angiogenesis inhibitors.(12) This was based on the findings that
microorganisms produce useful materials, including antibiotics
and inhibitors of enzymes. More recent study has revealed that

microorganisms also produce bioprobes used in studies on the
mechanism of mammalian cell cycles.(47) Our microorganism-
derived inhibitors of angiogenesis include herbimycin, eponemycin,
cytogenin, lactacystin, depudecin and rhizoxin. Other groups
have reported that microorganisms produce different angiogenesis
inhibitors, including fumagillin,(27) thiolutin,(24) ICM0301s,(48)

epoxyquinol A,(25) trichostatin A(26) and dehydroxymethylepoxy-
quinomicin.(23) Collectively, we assumed that microbial metabolites
with cell-differentiation activity, like radicicol, could also affect
angiogenesis. This was based on the finding that radicicol was
identified as a microbial inhibitor of angiogenesis in the CAM
assay system. However, preliminary experiments showed that
systemic administration of radicicol prevented neither tumor
cell-induced angiogenesis nor tumor growth.(49) This indicated
that radicicol had poor bioavailability or was unstable in vivo.
Therefore, in the present study we assessed and compared the
antiangiogenic and antitumor effects of radicicol and its novel
analog 14,16-dipalmitoyl-radicicol when administered systemically.

Fig. 5. (a) Effect of radicicol and dipalmitoyl-
radicicol on 5-day-old chorioallantoic membrane
(CAM) angiogenesis. The CAM angiogenesis assay
was carried out with an empty methylcellulose
pellet alone (i.e. control) (A), a methylcellulose
pellet containing radicicol (0.5 µg per egg) (B) or
dipalmitoyled radicicol (100 µg per egg) (C). The
results shown are for a representative experi-
ment. Arrowheads indicate an avascular zone.
(b) Dose-dependent inhibition of 5-day-old CAM
angiogenesis by dipalmitoyl-radicicol. The points
indicate the frequencies (%) of avascular zones
showing an antiangiogenic response. The values
in parentheses are the numbers of CAM exa-
mined. *P < 0.05; **P < 0.001 compared to the
value for control CAM (n = 25) not showing an
avascular zone.

Fig. 6. Antiproliferative activity of radicicol (RAD) and dipalmitoyl-
radicicol (DP-RAD) against microvascular endothelial cells and RMT-1
rat mammary tumor cells in vitro. The proliferation of human dermal
microvascular endothelial cells (HDMEC) or RMT-1 cells was determined
in the presence of various concentration of RAD or DP-RAD. Values
are expressed as a percentage of control vehicle alone. Points are
mean ± SD (n = 3 for HDMEC; n = 4 for RMT-1 cells).
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The present in vivo experiments involving transplantable M5076
tumors revealed that 14,16-dipalmitoyl-radicicol, but not radicicol,
exhibited antitumor activity and inhibitory effects on tumor-
related angiogenesis. Such a relationship between antitumor and
antiangiogenesis was observed in experiments involving auto-
chthonous DMBA-induced rat mammary tumors. In addition, its
analog significantly increased the survival time of mice bearing
M5076 solid tumors. In these experiments loss of bodyweight
in the treated group was not observed, although the bodyweight
gain was somewhat less compared to that of the controls (data
not shown). Thus, dipalmitoylation resulted in improved activity
of radicicol for suppressing tumor angiogenesis and solid tumor
growth in vivo without unacceptable toxic side effects.

Independently, another group reported the unstable property
of radicicol and its lack of antitumor activity in vivo, and then
synthesized derivatives of the compound with more stable
and potent biological activities (such as in vivo antitumor
activity) than its parent compound. Such derivatives involve O-
carbamoylmethyloxime and hydroxime.(50–54) These derivatives
showed stronger antitumor activity than the parent in both in vitro
and in vivo experiments. KF25706, a hydroxime derivative of
radicicol, at a dose of 100 mg/kg twice daily for five consecutive
intravenous injections caused 67–94% growth inhibition
against several human carcinoma xenografts transplanted into
nude mice, whereas the same treatment administered once daily
resulted in 22–51% growth inhibition against such animal
models.(50) Growth inhibition of 64–98% caused by KF58333, a
O-carbamoylmethyloxime derivative of radicicol, was observed
in human carcinoma cells transplanted into nude mice at a dose
of 50 mg/kg once daily for five consecutive intravenous injections.
The present study demonstrated that the intraperitoneal adminis-
tration of 14,16-dipalmitoyl-radicicol, at doses of 50, 100 and
200 mg/kg four times every 4 days, inhibited M5076 tumor
growth by 44, 71 and 90%, respectively, and that 58–69% inhibi-
tion of RMT-1 tumor cell growth occurred at intraperitoneal doses
of 50–100 mg/kg every 4 days, six times. Overall, our synthetic
radicicol analog is likely to show almost the same antitumor
activity as its oxime derivatives, although it seems hard to com-
pare directly the potency of antitumor activity of each because
there are some differences in experimental conditions. In addi-
tion, KF58333 was found to inhibit tumor-related angiogenesis
in vivo using histochemical analysis of microvascular area.(51) The
group indicated possible involvement of antiangiogenic activity of
radicicol derivatives in antitumor activity against human cancer
xenografts implanted in athymic nude mice.(51) On the other
hand, the present study demonstrated that our dipalmitoyl-radicicol
had more potent inhibitory effects on solid tumor growth and
tumor-related angiogenesis in vivo than the parent, whereas the
dipalmitoylated form had weaker inhibitory activity against
human microvascular endothelial cell proliferation in vitro and
5-day-old CAM angiogenesis than the parent. Such a phenomenon
was observed in the case of palmitoylation of rhizoxin, a micro-
bial antitubulin inhibitor.(55) Interestingly, rhizoxin was also found
to exhibit antiangiogenic activity in both the CAM and mouse
dorsal air sac assays.(31)

The present mouse dorsal air sac assay demonstrated that sys-
temic administration of dipalmitoyl-radicicol, but not radicicol
itself, could exhibit antiangiogenic activity, whereas topical
treatment with radicicol resulted in suppression of angiogenesis
in the present and previous CAM assay. The present in vitro

antiproliferative assay system showed that dipalmitoyl-radicicol,
though not with stronger activity than the parent, affected vascular
endothelial cell growth, an important event in the process of
angiogenesis. Overall, one might assume that dipalmitoyl-radicicol
itself has antiangiogenic ability. To verify this assumption we
used the CAM assay system, which involves all of the endothelial
cell functions related to in vivo angiogenesis. As a result, this assay
system revealed that both dipalmitoyl-radicicol and radicicol
have antiangiogenic activity, although there was a remarkable
difference in antiangiogenic potency between the two com-
pounds. It is likely that the CAM could not provide sufficient
enzymes that convert a test sample into active metabolite with
antiangiogenic activity as retinyl acetate, vitamin D3 and cytogenin
had little or no inhibitory activity against angiogenesis on the
5-day-old CAM of growing chick embryos.(30,32,34) In addition, it
seems reasonable to consider that dipalmitoyl-radicicol itself shows
an inhibitory action on embryonic angiogenesis. However, the
possibility that dipalmitoyl-radicicol without antiangiogenic
activity could be converted into radicicol on the CAM treated,
which would in turn affect CAM angiogenesis, cannot be excluded
conclusively because we have no direct evidence of the local
concentration of radicicol in CAM at present. Alternatively, it
might be possible that the inhibitory effect of dipalmitoyl-radicicol
on embryonic angiogenesis involves the combined antiangiogenic
activity of dipalmitoyl-radicicol and radicicol, a hydrolysis product
of the dipalmitoylated form. Furthermore 14,16-dipalmitoyl-
radicicol might serve as a prodrug when administered systematically.

As mentioned above, the present in vitro antiproliferative
activity assay revealed that 14,16-dipalmitoyl-radicicol also
inhibited microvascular endothelial cell growth although it
showed weaker inhibitory activity than the parent compound.
Thus, it might be possible that the inhibitory activity against
endothelial cells is involved in the antiangiogenic activity of the
radicicol analog in the present study. It remains unclear whether
14,16-dipalmitoyl-radicicol and its parent compound could affect
other angiogenic steps, including endothelial cell migration and
tube formation. In addition, their effects on the secretion of
VEGF from tumor cells should be examined because KF58333
was found to inhibit VEGF secretion.(51) Thus, further studies on
these points are needed.

The present study has indicated that the in vivo antiangiogenic
activity of our radicicol analog is involved in its antitumor activity,
although the mechanism of its antiangiogenic action remains
to be clarified. Previous studies have shown that radicicol and its
analogs have different biological properties, which are likely to
be responsible for their antitumor activity, including inhibition
of p60 v-src protein kinase(56) and depletion of Hsp90-binding
signaling molecules.(50) Furthermore, the possibility that the
antiproliferative activity of our radicicol analog and the previ-
ously reported derivatives of radicicol against tumor cells may
contribute to their antitumor activity in vivo cannot be excluded
conclusively.
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