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Cucurbitacin E increases the doxorubicin (DOX) level in M5076 ovarian sarcoma via suppressed DOX
efflux in vitro. An increase in DOX induced antitumor activity by cucurbitacin E in vivo has been reported
previously. This paper attempts to clarify the mechanism of cucurbitacin E induced increments in the
antitumor activity of DOX. MK-571, a multidrug resistance associated protein (MRP) inhibitor, signifi-
cantly suppressed DOX efflux from M5076 ovarian sarcoma cells. The combination of cucurbitacin E with
MK-571 also inhibited DOX efflux, whereas the efficacy was the same in each treatment. Namely, the inhi-
ucurbitacin E
oxorubicin
RP

iochemical modulation
ermeability

bition of DOX efflux by cucurbitacin E was expected to be related to MRP. In contrast, it appeared that the
effect of cucurbitacin E on DOX permeability did not relate to P-gp. The cucurbitacin E co-treatment signif-
icantly increased DOX concentration in the tumor within a short time after DOX administration, whereas
the same treatment decreased the DOX concentration in normal tissues. The different effects of cucur-
bitacin E between tumor and normal tissues was speculated to be related to differences in DOX transport
system on cell membrane. In DOX therapy, cucurbitacin E co-treatment was expected to increase DOX

ty wit
induced antitumor activi

. Introduction

Biochemical modulation has been playing an increasingly
mportant role in cancer chemotherapy (Bertino et al., 1977; Kubota
t al., 1993; O’Connel, 1988; Hidalgo et al., 1989; Ichinose et al.,
995). Biochemical modulation is the term used when the pharma-
ological properties of an effector (antitumor agent) are improved
y a modulator (combined drug) with no antitumor activity. From
he point of membrane transport in tumor cells, it was reported
hat the utilization of caffeine, theanine, and anserine as food
omponents affected doxorubicin (DOX)-induced antitumor activ-
ty (Sadzuka et al., 1993, 1995a,b, 1996, 2000, 2001a,b; Sugiyama
nd Sadzuka, 1998, 2003; Sugiyama et al., 2004). These compo-
ents were shown to affect DOX transport across the tumor cell

embrane, inhibit DOX efflux, increase the intracellular DOX con-

entration in the tumor, and enhance DOX induced antitumor
ctivity.

Abbreviations: DOX, doxorubicin; GSH, glutathione; MRP, multidrug resistance
ssociated protein.
∗ Corresponding author at: School of Pharmacy, Iwate Medical University, 2-1-1
ahaba-cho, Shiwa-gun, Iwate 028-3694, Japan. Tel.: +81 19 651 5111;

ax: +81 19 698 1832.
E-mail address: ysadzuka@iwate-med.ac.jp (Y. Sadzuka).

378-5173/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2009.08.040
hout an increase in adverse reactions due to DOX.
© 2009 Elsevier B.V. All rights reserved.

In a previous paper, cucurbitacin E (the bitter tasting component
of squash fruit) increased the DOX concentration in tumor cells in
vitro (Sadzuka et al., 2008). Furthermore, in vivo, the combination
of cucurbitacin E with DOX had significant antitumor activity, sug-
gesting that cucurbitacin E is useful as a modulator. However, the
increase in DOX induced antitumor activity by cucurbitacin E was
not clarified in detail.

The DOX permeability of the tumor cell membrane was indi-
cated to be due to simple diffusion or other transporters in previous
reports (Skovsgaard, 1977a,b, 1978a,b; Siegfried et al., 1985; Slapak
et al., 1992). In multidrug resistant tumor cells, some transporters,
such as P-glycoprotein (P-gp), MRP/GS-X pump, or BCRP were
confirmed to be overexpressed, and it appeared that DOX was
transported via these transporters (Skovsgaard, 1977a,b, 1978a,b;
Siegfried et al., 1985). The suppression of DOX efflux by cucurbitacin
E in M5076 ovarian sarcoma cells was reported to be greater than
that in Ehrlich ascites carcinoma cells (Sadzuka et al., 2008). Thus,
it was speculated that the attack point of cucurbitacin E was related
to the tumor sensitivity, as M5076 ovarian sarcoma is a low sen-
sitivity tumor. It was reported that M5076 ovarian sarcoma cells
overexpress the MRP/GS-X pump (Sadzuka et al., 2000; Sugiyama

and Sadzuka, 2003). Thus, MRP was investigated as the attack point
of cucurbitacin E. This paper examined the activity of cucurbitacin
E against MRP, and the utilization of food components in the anti-
tumor activity of DOX, leading to improvement in Quality of Life
for patients treated with DOX.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:ysadzuka@iwate-med.ac.jp
dx.doi.org/10.1016/j.ijpharm.2009.08.040


nal of Pharmaceutics 383 (2010) 186–191 187

2

2

t
P
b
(
t
i
h

2
(

r
w
C
p
P
o
t
m

o
p
(
m
T
i
D
f
t
r
p
(
t
1
t
i

c
3
b

M
u
e
l
i

2
(

o
w
t
a

p
a
C
o

Fig. 1. Effect of energy inhibition on the transport of DOX in M5076 ovarian sarcoma
cells. M5076 ovarian sarcoma cells were incubated at 37 ◦C with or without energy
inhibitor. After 20 min, the cells were washed and incubated with 0.2 �g/ml DOX
in the presence or absence of 0.1 �M cucurbitacin E. Data are expressed amount
Y. Sadzuka et al. / International Jour

. Materials and methods

.1. Chemicals

DOX, 10 mg/vial (Adriacin), was purchased from Kyowa Fermen-
ation, Inc. (Tokyo, Japan). Verapamil was purchased from Wako
ure Chemical Industries, Ltd. (Tokyo, Japan). MK-571 and cucur-
itacin E (purity: 99%) were purchased from Funakoshi Co. Ltd.
Tokyo, Japan). RPMI 1640 was obtained from Nissui Pharmaceu-
ical Co., Ltd. (Tokyo, Japan). The drugs were dissolved in sterile
sotonic saline. The other chemicals used in this study were of the
ighest purity available.

.2. DOX influx or efflux system in M5076 ovarian sarcoma cells
in vitro)

M5076 ovarian sarcoma cells, P388 leukemia cells, and DOX
esistant P388 (P388/DOX) leukemia cells (1 × 106 cells/animal)
ere characterized and kindly provided by Japanese Foundation for
ancer Research. These tumor cells were intraperitoneally trans-
lanted into male C57BL/6 (M5076) mice and DBA/2 mice (P388 or
388/DOX). Ascites fluid was collected on the 14th day (M5076)
r 7th day (P388 or P388/DOX) and after transplantation. The
umor cells were washed twice and then resuspended in RPMI 1640

edium containing 10% fetal bovine serum.
To examine the effect of cucurbitacin E on DOX influx in M5076

varian sarcoma cells in ATP-depletion conditions, cells were
reincubated with sodium azide (10 mM) and 2-deoxy-d-glucose
10 mM) in RPMI medium at 37 ◦C for 20 min. After incubation, the

edium was cooled on ice and then centrifuged at 150 × g for 3 min.
he cells were washed and then resuspended in PBS (-). The result-
ng cell suspension (5 × 106 cells/ml) was incubated with 0.2 �g/ml
OX in the presence or absence of 0.1 �M cucurbitacin E at 37 ◦C

or 15 min. The medium was cooled on ice after incubation and
hen centrifuged at 150 × g for 3 min. The cells were washed and
esuspended in ice-cold phosphate buffer (10 mM, pH 7.8). The sus-
ension was mixed for 30 s with 5.0 ml of chloroform–methanol
4:1, v/v) and then centrifuged (1200 × g, 15 min). The concentra-
ion of DOX in the organic phase was determined. (Sadzuka et al.,
996; Sugiyama and Sadzuka, 1998). The DOX concentration in the
umor cell immediately after DOX addition was expressed as the
nitial level (time; 0 min).

In efflux system, M5076 ovarian sarcoma cells, P388 leukemia
ells and P388/DOX leukemia cells were incubated with DOX at
7 ◦C for 30 min. After incubation, the cells were washed and incu-
ated in the presence or absence of test drug at 37 ◦C for 120 min.

To examine the effect of MRP inhibitor on DOX efflux from
5076 ovarian sarcoma cells, the same procedure was performed

sing MK-571 instead of ATP depletion inducers. To examine the
ffect of P-gp inhibitor on DOX efflux from P388 or P388/DOX
eukemia cells, the same procedure was performed using verapamil
nstead of ATP depletion inducer.

.3. Effects of cucurbitacin E on DOX concentration in each tissue
in vivo)

Male BDF1 mice (5-weeks old and weighing 20–25 g) were
btained from Japan SLC, Inc. (Hamamatsu, Japan). The animals
ere housed in a room maintained at 25 ± 1 ◦C and 55 ± 5% rela-

ive humidity and were given free access to regular chow pellets
nd water.
M5076 ovarian sarcoma cells (5 × 105 cells/animal) were trans-
lanted into the backs of BDF1 mice. DOX (2.0 mg/kg, i.p.) was
dministered intraperitoneally at 22 days after the inoculation.
ucurbitacin E (1.0 mg/kg, i.p.) was injected intraperitoneally at 0
r 6 h after DOX administration. At 8 h after DOX administration,
of DOX as a percentage to inhibition 0 min in each group. Each point represents
the mean ± SD (n = 4). Significant differences from the level of the DOX alone group
are indicated by (a) P < 0.01. (©): DOX, (�): DOX + cucurbitacin E, (�): DOX (ATP
depletion), (�): DOX + cucurbitacin E (ATP depletion).

the mice were sacrificed by cervical dislocation, and then the solid
tumors, livers, and hearts were removed immediately. Tissue sam-
ples were homogenized in 10 volumes (w/v) of 10 mM phosphate
buffer (pH 7.8). Each suspension was mixed for 60 s with 5.0 ml
of chloroform–methanol (4:1, v/v) and then centrifuged (1200 × g,
15 min). The DOX concentration was determined as described pre-
viously (Sadzuka et al., 1996).

2.4. Statistical analysis

Statistical analysis was carried out using Student’s t-test and
ANOVA. The data were analyzed by fitting to the general linear
model. The variance-covariance structure for the repeated mea-
sures data was assumed to have a compound symmetry structure.

3. Results

3.1. Effect of cucurbitacin E on DOX influx under ATP depletion

The effect of cucurbitacin E on DOX influx system under ATP-
depletion conditions is shown in Figs. 1 and 2. The DOX influx level
increased remarkably for 5 min and then reached a plateau. Follow-
ing ATP depletion, the DOX influx level increased significantly. The
DOX level under normal conditions was 1.6-fold higher than the
initial level (time: 0 min), whereas its level under ATP-depletion
conditions reached 2.2-fold (P < 0.01) of the initial level. Under
normal conditions, the DOX influx level in tumor cells showed a
tendency to be promoted by a cucurbitacin E co-treatment, whereas
the DOX influx level in the combined cucurbitacin E group under
ATP-depletion conditions was shown to be same as in the DOX
alone group following ATP depletion. Thus, the effect of cucur-
bitacin E on DOX influx was inhibited by ATP-depletion conditions.

3.2. Effect of cucurbitacin E or MRP inhibitor on DOX
permeability in M5076 ovarian sarcoma cells
The effect of cucurbitacin E or MK571 on DOX efflux system
in M5076 ovarian sarcoma cells is shown in Fig. 3 as the amount
of DOX released over 120 min. This level in the DOX alone group
was 1.14 ± 0.09 �g/107 cells, whereas the combination of DOX with
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Fig. 2. Effect of cucurbitacin E with or without energy inhibition on DOX influx rate in M
of DOX influx over 5 min. Each column represents the mean ± SD (n = 4). Significant dif
Cucurbitacin E: 0.1 �M.

Fig. 3. Effect of an inhibitor of MRP on DOX efflux from M5076 ovarian sarcoma
cells. M5076 ovarian sarcoma cells were incubated with DOX at 37 ◦C for 30 min.
After incubation, the cells were washed and incubated in the presence or absence
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the DOX alone group at 90 min. Furthermore, in the DOX efflux sys-
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f drug at 37 C for 120 min. Data are expressed as the amount of DOX released over
20 min. Each column represents the mean ± SD (n = 4). Significant differences from
he level of the DOX alone group are indicated by (a) P < 0.01 and (b) P < 0.001. DOX:
0 �g/ml, Cucurbitacin E: 0.1 �M, MK-571: 1.0 �M.
ucurbitacin E or MK571 significantly decreased the DOX efflux
evel by 33.2 ± 10.9% (P < 0.01) and 32.4 ± 2.8% (P < 0.001), respec-
ively, compared to that in the DOX alone group. Furthermore, the
ombination of cucurbitacin E + MK571 significantly suppressed

ig. 4. Effect of cucurbitacin E on the membrane transport of DOX in P388 leukemia cells.
n the presence of cucurbitacin E. In efflux system, P388 leukemia cells were incubated w
n the presence or absence of cucurbitacin E at 37 ◦C for 120 min. Each point represents th
OX + cucurbitacin E (0.1 �M).
5076 ovarian sarcoma cells. The DOX influx rate was calculated using the amount
ferences from the DOX alone group are indicated by (a) P < 0.01. DOX: 0.2 �g/ml,

DOX efflux by 27.6 ± 5.2% (P < 0.01). This suppressed ratio was at
the same level as each single treatment.

3.3. Effect of cucurbitacin E on DOX permeability in P388 and
P388/DOX leukemia cells

The effect of cucurbitacin E on DOX permeability in P388
leukemia cells is shown in Fig. 4. In the DOX influx system, the
DOX concentration in P388 cells increased gradually and reached
2.31 ± 0.26 �g/107 cells after 90 min incubation in DOX alone
conditions. However, the addition of cucurbitacin E at each con-
centration did not increase the DOX concentration in P388 cells
compared to the level in DOX alone group. Namely, it appeared that
cucurbitacin E co-treatment did not change DOX influx. In the DOX
efflux system, DOX was rapidly released from P388 cells for 15 min
and this level at 60 min was 60% of that at 0 min. There was no
change in DOX efflux level by the cucurbitacin E co-treatment, com-
pared to that in the DOX alone group. Thus, the suppression effect
on DOX efflux by cucurbitacin E was not shown in P388 leukemia
cells.

The effects of cucurbitacin E and verapamil on DOX permeability
in P388/DOX cells were examined. In Fig. 5, the time course of DOX
influx in the combined cucurbitacin E group was shown to be sim-
ilar with that in the DOX alone group. In contrast, the DOX level in
the combined verapamil group significantly increased from 60 min
incubation, and the DOX level was 2.1-fold (P < 0.01) higher than in
tem, cucurbitacin E co-treatment did not have a significant effect.
On the other hand, verapamil co-treatment suppressed DOX efflux
and the suppression ratio of the DOX concentration in P388/DOX
cells was shown to be 31.3% (P < 0.05) at 120 min.

In influx system, P388 leukemia cells were incubated with DOX at 37 ◦C for 120 min
ith DOX at 37 ◦C for 30 min. After incubation, the cells were washed and incubated
e mean ± SD (n = 4). (©): DOX, (5 �g/ml), (�): DOX + cucurbitacin E (0.01 �M), (�):
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Fig. 5. Effects of cucurbitacin E and verapamil on the membrane transport of DOX in P388/DOX cells. In influx system, P388/DOX leukemia cells were incubated with 10 �g/ml
DOX at 37 ◦C for 90 min in the presence of 1.0 �M cucurbitacin E or 10 �M verapamil. In ef
After incubation, the cells were washed and incubated in the presence or absence of 1.0
the mean ± SD (n = 4). Significant differences from the level of the DOX alone group are
DOX + verapamil.

Fig. 6. Effects of cucurbitacin E on DOX concentration in tumors in M5076 ovarian
sarcoma-bearing mice at 8 h after DOX administration. DOX (2.0 mg/kg) was injected
intraperitoneally, and cucurbitacin E (1.0 mg/kg) was administered simultaneously
o
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in vitro (Sadzuka et al., 2008). Furthermore, it has been reported

F
i
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r at 6 h after DOX treatment. Each column represents the mean ± SD (n = 4). Signif-
cant differences from the level of the DOX alone group are indicated by (a) P < 0.05
nd (b) P < 0.01.

.4. The effect of cucurbitacin E on DOX concentration in mice
issues
After the administration of DOX and cucurbitacin E, the DOX
oncentrations in some tissues in M5076 ovarian sarcoma-bearing
ice are shown in Figs. 6 and 7. In the tumor, the DOX concen-

ration in the DOX alone group was 0.37 ± 0.15 ng/mg protein,

ig. 7. Effects of cucurbitacin E on DOX concentrations in normal tissues in M5076 ova
njected intraperitoneally, and cucurbitacin E (1.0 mg/kg) was administered simultaneo
ignificant differences from the level of the DOX alone group are indicated by (a) P < 0.01
flux system, P388/DOX leukemia cells were incubated with DOX at 37 ◦C for 30 min.
�M cucurbitacin E or 10 �M verapamil at 37 ◦C for 120 min. Each point represents
indicated by (a) P < 0.05 and (b) P < 0.01. (©): DOX, (�): DOX + cucurbitacin E, (�):

whereas this level was increased significantly by cucurbitacin E
co-treatment. Thus, the DOX level in simultaneous treatment with
DOX and cucurbitacin E was shown to be 9.2-fold higher (P < 0.05,
3.41 ± 0.62 ng/mg protein) than the DOX alone level, and the level
in the post treatment of cucurbitacin E group was 4.5-fold higher
than the DOX alone level (Fig. 6).

In contrast, the DOX concentration in normal tissues showed a
tendency to decrease following cucurbitacin E co-treatment. DOX
concentrations in the simultaneous treatment group were shown
to be 36.4% and 69.1% (P < 0.001) in the heart and liver, compared
to that in the DOX alone group, respectively. Furthermore, the
DOX concentration in the heart and liver decreased in the post-
treatment period following cucurbitacin E treatment (Fig. 7).

4. Discussion

It was reported that DOX permeability in M5076 ovarian
sarcoma was regulated by simple diffusion, energy-dependent
pathways, and Na+ dependent transporters (Sadzuka et al., 2001a,b;
Skovsgaard, 1977a,b, 1978a,b; Siegfried et al., 1985). In a previ-
ous paper, cucurbitacin E was shown to increase the DOX level in
M5076 ovarian sarcoma cells via the suppression of DOX efflux
that cucurbitacin E co-treatment increased DOX-induced antitu-
mor activity in vivo, whereas the DOX concentration in tumors did
not increase in vivo. This paper attempted to clarify the mechanism
of the cucurbitacin E induced increase in the antitumor activity of

rian sarcoma-bearing mice at 8 h after DOX administration. DOX (2.0 mg/kg) was
usly or at 6 h after DOX treatment. Each column represents the mean ± SD (n = 4).
and (b) P < 0.001.
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OX. Treatments of sodium azide or 2-deoxy-d-glucose lead to ATP
epletion and thus the arrest of the DOX efflux (Slapak et al., 1992).
nder ATP depletion, cucurbitacin E did not affect DOX influx sys-

em, whereas DOX influx in normal medium was confirmed to be
romoted by cucurbitacin E co-treatment.

There are many reports on the cell membrane transport of
nthracyclines and it was reported that this transport was con-
ected with active transporter mechanisms (Skovsgaard, 1977a,b,
978a,b; Siegfried et al., 1985). In multidrug resistant tumor cells,
ctive transporters of DOX were shown previously to be connected
ith P-gp, the MRP/GS-X pump, and BCRP in the ABC transporter

amily (Gottesman et al., 2002; Goldstein et al., 1989; Kool et al.,
997, 1999; Kruh and Belinsky, 2003; Nooter et al., 1995; Litman
t al., 2000; Doyle and Ross, 2003). In a previous paper, the effect
f cucurbitacin E on M5076 ovarian sarcoma (low sensitivity on
OX) was reported to be stronger than that on Ehrlich ascites
arcinoma (high sensitivity) (Sadzuka et al., 2008). The overex-
ression of MRP was expected as a factor in the low sensitivity
f M5076 ovarian sarcoma cells to DOX (Marbeuf-gueye et al.,
998; Heijn et al., 1997; Kuo et al., 1998; Decorti et al., 2001).
he overexpression of MRP5 was confirmed in M5076 ovarian
arcoma cell membranes (Sadzuka et al., 2001a,b; Sugiyama and
adzuka, 2003). The connection with MRP and the effect of cucur-
itacin E were examined. MK-571, as an MRP inhibitor (Gekeler et
l., 1995), significantly suppressed DOX efflux from M5076 ovar-
an sarcoma cells. Furthermore, the combination of cucurbitacin E

ith MK-571 inhibited DOX efflux, whereas the efficacy of these
reatments was the same level. It is considered that the combina-
ion shows synergistic effect on DOX efflux when the attack point
f cucurbitacin E differs from that of MK-571. However, as the
ombined effect was at the same level in each group, the attack
oint of cucurbitacin E on DOX efflux was considered to be the
ame as that of MK-571. Namely, it is speculated that the inhibi-
ion of DOX efflux by cucurbitacin E was expected to be connected
ith MRP. However, other possible mechanisms are able to be

onsidered.
Next, the effect of cucurbitacin E on P-gp was examined. Cucur-

itacin E did not change the DOX permeability of P388 leukemia
ells. Furthermore, in P388/DOX with the overexpression of P-gp,
ucurbitacin E was shown not to affect DOX permeability. Vera-
amil, as a P-gp inhibitor, significantly inhibited DOX efflux from
388/DOX leukemia cells. Thus, it appeared that the effect of cucur-
itacin E on DOX permeability was not related to P-gp.

In a previous paper, cucurbitacin E increased DOX induced anti-
umor activity, whereas the DOX concentration in the tumor did not
ncrease following cucurbitacin E co-treatment on the 2nd day after
he last treatment in vivo. In the present study, the DOX concen-
ration was examined at short time after DOX administration. The
ucurbitacin E co-treatment significantly increased the DOX con-
entration in the tumor, whereas the same treatment decreased
he DOX concentration in normal tissues. It was expected that the
ifferent effects of cucurbitacin E between the tumor and normal
issues was a result of differences in the expression of transporters
n the cell membranes of tumor cells and normal cells. In the trans-
ort system of DOX efflux in M5076 ovarian sarcoma cells, GS-DOX
onjugate was produced by the binding of DOX and glutathione
GSH), which was then transported by the MRP/GS-X pump com-
lex (Sugiyama and Sadzuka, 2003; Priebe et al., 1998; Zhang et al.,
999). MRP is expressed in many normal tissues and is comprised of
RP1-MRP9 as members of the MRP family (Borst et al., 1999; Bera

t al., 2002). The expression of MRP subfamily members is known to

iffer in tumor cells and other tissues (Nooter et al., 1995). Namely,
he different effects of cucurbitacin E between the tumor and nor-

al tissues were speculated to be a result of differences in the MRP
ubtypes. The cucurbitacin E-enhanced antitumor activity of DOX
n a previous paper was suggested to be related to the increased
Pharmaceutics 383 (2010) 186–191

concentration of DOX in the tumor shortly after cucurbitacin
E administration.

In conclusion, it was suggested that the suppression of DOX
efflux by cucurbitacin E in vitro induced an increase in DOX concen-
tration in the tumor, which increased the DOX antitumor activity.
Furthermore, it was speculated that the attack point of cucurbitacin
E was an MRP. In DOX therapy, combined treatment with cucur-
bitacin E is expected to increase DOX-induced antitumor activity
without an increase in adverse reactions to DOX.
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