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Aim: FG020326, a novel imidazole derivative, is a potent multidrug-resistance
(MDR) modulator in vitro and in vivo. However, FG020326 is insoluble. PEDLLA-
FG020326 is a FG020326-loaded nanoparticle formed with diblock copolymers of
poly (ethylene glycol)-block-poly (D,L-lactic acid) (PEG:PDLLA, PEDLLA) that
can solubilize FG020326. This work was intended to evaluate the pharmacody-
namics of PEDLLA-FG020326 on reversing MDR in vitro and in vivo. Methods:
Cytotoxicity was determined by tetrazolium assay. The intracellular accumulation
and efflux of doxorubicin (Dox) were detected by fluorescence spectrophotometry.
The function of P-glycoprotein was examined by Rhodamine 123 (Rh123) accumu-
lation detected by flow cytometry. The KBv200 cell xenograft model was estab-
lished to investigate the effect of PEDLLA-FG020326 on reversing MDR in vivo.
Results: PEDLLA-FG020326 and FG020326 exhibited 56.4- and 35.9-fold activity
in reversing KBv200 cells to vincristine (VCR) resistance, respectively and 14.98-
and 7.64-fold to Dox resistance, respectively. PEDLLA-FG020326 was much stron-
ger than FG020326, resulting in the increase of Dox and Rh123 accumulation and
the decrease of intracellular Dox extrusion in KBv200 cells. Importantly, PEDLLA-
FG020326 exhibited more powerful activity than FG020326 in enhancing the effect
of VCR against KBv200 cell xenografts in nude mice, but did not appear more toxic.
Conclusion: The pharmacodynamics of FG020326 was improved by incorporating
it into a micellar nanoparticle formed with PEG-block-PDLLA copolymers.

' Project supported by grants from the
National Natural Science Foundation of
China (No 30600769 and 30672407) and
the Key Science and Technology Foundation
of Guangdong Province, China (No
2005B10401042).

* Correspondence to Prof Li-wu FU.

Phn 86-20-8734-3163.

Fax 86-20-8734-3009.

E-mail Fulw@mail.sysu.edu.cn

Received 2006-10-25
Accepted 2006-12-29

doi: 10.1111/j.1745-7254.2007.00565.x

Introduction

Multidrug resistance (MDR) restricts successful tumor
chemotherapy. The overexpression of P-glycoprotein
(P-gp) is one of the prominent mechanisms that contribute
to the MDR phenotype!"). In fact, P-gp is a 170 kDa mem-
brane-associated glycoprotein that may actively extrude
various substrates such as cytotoxic drugs from the cell
cytoplasm to the outside of the plasma membrane, thus low-
ering the effective drug concentrations within the cells and
leading to MDR. To restore the MDR cell sensitivity, a com-
bination of a conventional chemotherapeutic regimen and
an MDR modulator is a promising strategy™. Recently, drug
carriers such as microspheres, liposomes, or nanoparticles
were found to improve the intracellular accumulation of anti-
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cancer drugs in MDR cells in vitro and in vivo®. Barraud et
al™ reported that a higher antitumor efficacy on hepatocel-
lular carcinoma appeared in doxorubicin (Dox)-loaded
polyisohexylcyano-acrylate nanoparticles than in free Dox
both in vitro and in vivo. The nanoparticle, acting as a drug
carrier, could improve solubility for hydrophobic drugs and
may increase drug influx into MDR cells through endocytic
and/or pinocytic activity, thus avoiding P-gp efflux and
increasing intracellular drug accumulation®.

Polymeric micelles are particles with diameters typically
smaller than 100 nm formed by amphiphilic polymers dis-
persed in aqueous media®”. Polymeric micelles solubilize
insoluble drugs by incorporating them into their hydropho-
bic cores, thus allowing for an increased bioavailability.
Meanwhile, their hydrophilic shells can restrict their recog-
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nition and uptake by the mononuclear phagocyte system
and allow for extended circulation time. On the other hand,
the hyperpermeability of tumor vasculature and the lack of
an effective lymphatic drainage of tumor tissue lead to an
accumulation of particles in tumor tissue. This passive tar-
geting phenomenon was termed enhanced permeability and
retention effect™. In vitro, ICy, indicated that both cisplatin-
loaded polymeric micellar poly(e-caprolactone)/poly[2-(N,N-
dimethylamino)ethyl methacrylate]/Cisplatin (PCL/PDMA/
CDDP) and PCL/PEG/CDDP had greatly enhanced cytotox-
icity to the tumor cells compared with free cisplatin®.
Camptothecin (CPT) loaded in polymeric micelles showed
enhanced tumor inhibitory activity. The micelles prolonged
the drug’s blood circulation time and increased accumula-
tion in tumors compared with free CPT!,

FG020326, an imidazole derivative, is a highly potent, ef-
ficacious MDR modulator in vitro and in vivo. It can inhibit
the function of P-gp and increase the accumulation of anti-
cancer drugs in MDR tumor cells""), but FG020326 is insoluble
in water. This work was intended to evaluate the pharmaco-
dynamics of FG020326-loaded nanoparticles with hydrophilic
PEG and hydrophobic PDLLA diblock copolymer (PEDLLA)
termed as PEDLLA-FG020326 on reversing MDR in vitro
and in vivo.

Materials and methods

Materials Dox and vincristine (VCR) were purchased
from Hisun Pharmaceutical (Taizhou, Zhejiang, China).
Rhodamine 123 (Rh123) and tetrazolium (MTT) were pur-
chased from Sigma Chemical Co (St Louis, MO, USA). RPMI-
1640 was purchased from Gibco BRL (Grand Island, NY,
USA). FGO020326 was synthesized and obtained by
chromatography, the isolated powder with a purity of more
than 98%. The FG020326 solution was freshly made with
0.1% DMSO which did not exert any cytotoxicity to the cells.
PEDLLA-FG020326 was obtained from the School of Chem-
istry and Chemical Engineering of Sun Yat-Sen University
(Guangzhou, China).

Animals Athymic nude mice (BALB/c-nu-nu) were used
for the KBv200 cell xenografts. The mice were obtained from
and brought up in the Center of Experimental Animals, Sun
Yat-Sen University (China). The animals were fed specific
pathogen free (SPF)-grade sterilized food and water. Female
and male mice used in the experiment were 6—8 weeks old,
weighing 18-24 g.

Cell lines and cell culture KB and KBv200 are human
epidermoid carcinoma cell lines. KBv200, an MDR cell line
with high expression of P-gp, is about 99-fold resistant to
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VCR compared with its drug-sensitive parental KB cells. The
KBv200 cells were cloned from parental drug-sensitive KB
cells by stepwise exposure to increasing doses of VCR and
ethylmethane sulfonate mutagenesis. The KBv200 cells and
parental sensitive KB cells were obtained from Prof Liu YS
(Chinese Academy of Medical Sciences, Beijing, China). The
KBv200 cells and KB cells were cultured with RPMI-1640
culture medium with 10% fetal blood serum (FBS) at 37 °C in
a humidified atmosphere of 5% CO,!'?.

MTT cytotoxicity assay The cells were harvested in a
logarithmic growth phase and seeded in 96-well plates at
3.0x10°cells each well for KBv200 and KB cells in a final
volume of 170 uL. After incubation for 24 h, 20 uL 20 umol/L
FG020326, PEDLLA-FG020326, or drug-unloaded micelle
PEDLLA, and 10 pL cytotoxic agent VCR or Dox were added
to triplicate wells and incubated for 72 h. Then 10 uL 10
mg/mL MTT solution was added to each well. DMSO (100
pL) was added to each well 4 h later. I1C,, was calculated from
the cytotoxicity curves (Bliss’s software, Bliss Co, CA,
USA). The degree of resistance was calculated by dividing
the ICy, for the MDR cells by that for the parental sensitive
cells. The reversal fold of MDR was calculated by dividing
the IC, for cells to the anticancer drug in the absence of the
modulator by that in the presence of the modulator"],

Dox accumulation and efflux The intracellular Dox
accumulation was examined as described by Fu et a/l'¥. In
detail, the logarithmically growing KB cells and KBv200 cells
were harvested and resuspended at a concentration of 1x10°
cells/mL. The cells were treated with FG020326 (1, 2, or
4 umol/L), PEDLLA-FG020326(1, 2, or4 umol/L), PEDLLA
(4 pmol/L), or vehicleat 37 °C for 2 h in the RPMI-1640 medium.
Then Dox was added to a final concentration of 10 umol/L.
The cells were incubated for another 3 h at 37 °C, then
collected, centrifuged, washed 3 times with cold phosphate
buffered solution (PBS), and resuspended in 0.3 mol/L HCI
in 60% ethanol. After centrifugation at 13 201xg for 15 min,
the supernatant was removed and assayed spectrofluoro-
metricallyatA,,=482 nmandA,,=593 nm. PEDLLA-FG020326,
FG020326, and PEDLLA did not affect the absorbance or
emission spectra of Dox. The accumulation of Dox was cal-
culated by the standard curve of Dox. The fold of the Dox
accumulation was calculated by dividing the value in the
presence of the modulator by that without the modulator.

To measure drug efflux, the KBv200 or KB cells were
incubated in energy-supplied buffer and incubated with 10
pmol/L Dox for 3 h at 37 °C. After that, each dish was washed
oncewith PBS, then FG020326 (4 umol/L), PEDLLA-FG020326
(4 pmol/L), or PEDLLA (4 umol/L) was added. The cells were
incubated for the indicated times at 37 °C and harvested,
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then quantified as described earlier'!,

Rh123 accumulation studies The KBv200 cells and KB
cells were exposed to FG020326 (1, 2, or 4 pumol/L), PEDLLA-
FG020326 (1, 2, or 4 pmol/L), or PEDLLA (4 pmol/L) for 2 h.
The cells were collected and washed once and then resus-
pended in 1 mL RPMI-1640 at the concentration of 2x10°
cells/mL. Then the cells were loaded with 5 pg/mL Rh123 for
30 min at 37 °C. After washing with RPMI-1640 once, the
cells were allowed to efflux the dye for 10 min in dye-free
RPMI-1640 at 37 °C. The cells were then washed and resus-
pended in I mL RPMI-1640 containing 10 ng/mL verapamil,
after which fluorescence analysis was carried out on a
FACScan flow cytometer (Becton and Dickinson, Mountain
View, CA, USA)™I,

Reversal of MDR in the KBv200 cell xenografts The
KBv200 cell xenograft model was established as described
by Liang et al'". Briefly, the KBv200 cells were harvested,
resuspended at a concentration of 1.5x107 cells/mL, and im-
planted subcutaneously with 0.2 mL cell suspension under
the right armpits of nude mice. When the tumors had reached
a diameter of 5 mm, the animals were divided into 5 groups
according to their body weight, and treated with various
regimens. The groups included a saline group and groups
receiving VCR alone (0.2 mg/kg ip), every2 d (q2d), PEDLLA-
FG020326 alone (50 mg/kg ip) q2d, VCR (0.2 mg/kg) plus
FG020326 (50mg/kgip)q2d,or VCR (0.2 mg/kg) plus PEDLLA-
FG020326 (50 mg/kg ip) q2d. The body weight of the animals
was measured every 2 d for the modulation of the drug
dosage. The tumor volume was measured in 2 perpendicular
diameters (A and B) every 2 d, and the tumor volume (7) was
estimated according to the following formula!'*":

3
V=£[A+BJ
6 2

The curve of tumor growth was drawn according to
tumor volulme and time of implantation. The mice were ethi-

cally killed when the mean tumor weights were over 1 g in the
control group. Tumor tissue was excised from the mice and
weighed. The rate of inhibition (IR) was calculated accord-
ing to the formula'>"!:

Mean tumor weight of experimental group
IR=1-

%x100%
Mean tumor weight of control group
Statistical analysis All data were repeated at least 3
times in independent experiments and differences were
determined by Student’s #-test. Significance was determined
at P<0.05.

Results

Comparison of PEDLLA-FG020326 and FG020326 in
reversing MDR in vitro The KBv200 cells were approxi-
mately 99-fold resistant to VCR and 16-fold resistant to Dox
in comparison with the KB cells. PEDLLA-FG020326,
FG020326, and PEDLLA did not appear to have any cytotox-
icity to KBv200 cells and KB cells until 50 pmol/L; PEDLLA
did not reverse MDR action. PEDLLA-FG020326 exhibited
stronger activity than free FG020326 on reversing MDR in
the KBv200 cells. However, both PEDLLA-FG020326 and
FG020326 had no effect on the enhancement of drug cyto-
toxicity in drug sensitive KB cells (Table 1; Figure 1).

PEDLLA-FG020326 induced more intracellular Dox
accumulation and less Dox efflux than FG020326 in KBv200
cells The intracellular accumulation of Dox in the KB cells
was 12-fold of that of the KBv200 cells. PEDLLA-FG020326
and FG020326 increased concentration-dependent intracel-
lular Dox accumulation in the KBv200 cells, but not in the KB
cells. Importantly, PEDLLA-FG020326 was more effective
for the enhancement of intracellular Dox accumulation than
FG020326 (Figure2).

A higher percentage of Dox extrusion appeared in the
KBv200 cells than that in the KB cells. At 60 min, more than

Table 1. Effect of PEDLLA, FG020326, and PEDLLA-FG020326 on reversing MDR in vitro. 1Cs, of VCR or Dox was determined in the
presence of modulators. The reversal fold of MDR is defined as the ratio of IC, for chemotherapeutic drug alone versus the ICy, in the presence
of the modulators. Data represent means=SD. n=3. °P<0.05, °P<0.01 vs saline group, P<0.01 vs FG020326 group.

Modulators 1C, of VCR (pmol/L) 1C;, of Dox (umol/L) Reversal fold Reversal fold
for VCR for Dox
KBv200 KB KBv200 KB KBv200 KB KBv200 KB
Saline 0.789+0.157 0.008+0.003 2.35+0.45 0.153+0.054 - - - -
PEDLLA 0.765+0.092 0.008+0.004 2.48+0.34 0.139+0.059 1.03 1.00 0.95 1.10
FG020326 0.022+0.001°¢ 0.009+0.003 0.307+0.062° 0.157+0.111 35.86 0.89 7.64 097
PEDLLA-FG020326 0.014+0.003¢" 0.008+0.002 0.157+0.039*" 0.123+0.018 56.36 1.00 14.98 1.24
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E Concentration of VCR/umel.L"! FG020326 on the cytotoxic-
v ity of VCR or Dox in the
Z 100 C 100 [ KBv200 and KB cells. (A)
80 | a0 | VCR cytotoxicity in the
KBv200 cells; (B) VCR cyto-
60 L 60 - toxicity in the KB cells; (C)
Dox cytotoxicity in the
40 40 - KBv200 cells. (D) Dox cy-
20 L 20 L totoxicity in the KB cells.
Cytotoxicity was determined
0 ! ; ! ! 0 ; ; ! ! by MTT assay. Data repre-
0.01 (LA} 1 10 100 0.001 0.01 0.1 1 10 sent mean+SD for triplicate
Concentration of Dox/umol.L! samples.
70% of the accumulated Dox was extruded from the KBv200 /g Saline
cells, while only 40% was extruded from the KB cells. PEDLLA O PEDLLA
did not affect the Dox efflux in the KBv200 and KB cells. 251 A ; igﬁfﬁi‘fmmm h
PEDLLA-FG020326 was stronger in inhibiting the efflux of )
Dox than FG020326 in the KBv200 cells, but both had no
effect on the KB cells (Figure 3). 1.5
PEDLLA-FG020326 was stronger in the inhibition of 1
P-gp function than FG020326 Rh123 is a substrate of P-gp
so the intracellular Rh123 accumulation acts as an index of z 05
P-gp function. PEDLLA-FG020326 and FG020326 increased E»’ —
concentration-dependently intracellular Rh123 accumulation s R umolL  2pumolL 4 umolL
in the KBv200 cells, but not in the KB cells. Importantly, the E 30 B
Rh123 accumulation in the KBv200 cellstreated with PEDLLA- ;g, e
FG020326 was much more than that of the KBv200 cells treated -
with FG020326 at the same concentration (Figure 4). 2
PEDLLA-FG020326 improved the pharmacodynamics L5
of FG020326 in reversing MDR in vivo PEDLLA-FG020326 :
had stronger activity in reversing MDR in vitro than
FG020326. To determine whether PEDLLA-FG020326 would 0.5
improve the pharmacodynamics of FG020326 in reversing 0

MDR in vivo, a tumor growth suppression experiment was
conducted in nude mice bearing a KBv200 cell solid tumor.
In vivo experiments showed that neither PEDLLA-FG020326
alone nor VCR alone resulted in the inhibition of tumor
growth. However, the combination of VCR and FG020326 or
PEDLLA-FG020326 elicited marked inhibition of tumor
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Control 1 wmol/L 2 umol/L 4 pmol/L

Figure 2. Effect of PEDLLA, FG020326, and PEDLLA-FG020326
on Dox accumulation in the KBv200 and KB cells. Data represent
mean=SD for triplicate samples. (A) KBv200 cells. "P<0.05 vs the

FG020326 (1 pmol/L) group, °P<0.05 vs the FG020326 (2 pmol/L)
group, "P<0.05 vs the FG020326 (4 pmol/L) group. (B) KB cells.



Http://www.chinaphar.com

Deng WJ et al

—i— Saline

—&— PEDLLA

—&— FG020326

—4&— PEDLLA-FG020326

120 A 120
I —— KBv200
100 —o— KB 100
80 80
60
40 F
- 20
3
=
- 0 i 1 1 1 1 J 0
3 0 20 40 60 80 100 120 0
E
=4
a
120 C —f— Saline
100 —e— PEDLLA

—A— FG020326
—a&— PEDLLA-FG020326

0 L 1 1 I ] )
0 20 40 60 80 100 120

Time/min

growth. The tumors were much smaller in the group of VCR
plus PEDLLA-FG020326 than VCR plus FG020326; the inhi-
bition ratio of tumor growth was 50.5% and 31.2%, respec-
tively (Table 2; Figure 5).

Discussion

MDR is the main obstacle to successful chemotherapy.
To deal with this issue, a number of MDR reversal agents
with P-gp inhibitory activity, also known as “modulators”,
were identified". FG020326 is a recently developed modula-
tor'!l. In comparison to the early generation of modulators

20 40 60 80 100 120

Time/min

Figure 3. Effect of PEDLLA, FG020326, and PEDLLA-FG020326
on Dox extrusion in the KBv200 and KB cells. (A) KBv200 and KB
cells treated with saline; (B) KBv200 cells treated with different
modulators; (C) KB cells treated with different modulators. Data
represent mean+SD for triplicate samples.

(egcyclosporin-A, verapamil) that are not optimized for MDR
reversal™?, FG020326 has a higher potency for P-gp and
lower cellular toxicity!").

Drug delivery systems such as microspheres, liposomes,
or polymeric nanoparticles may improve the effectiveness
and decrease the side effects of cancer chemotherapeutics.
Several in vivo studies have shown that polymeric micelles
are able to improve the efficiency of anticancer drugs against
leukemia'**'and solid tumors®"*, There are some mecha-
nisms for the increased pharmaceutical activity of drug-
loaded polymeric micelles such as specific targeting in tu-
mor tissues, increased permeability of the drug through the

Table 2. Effect of FG020326 and PEDLLA-FG020326 on the reversal of MDR in vivo. *P<0.05 vs the saline group. °P<0.05 vs VCR-alone
group. "P<0.05 vs PEDLLA-FG020326-alone group. *P<0.05 vs FG020326 plus VCR group. Means+SD. n=8-10.

Group Pre-experiment Post-experiment Tumor weight Inhibition
n Weight (g) n Weight (g) (g) ratio (%)
Saline 10 21.542.1 10 23.34£2.3 1.14£0.53 -
VCR 8 20.8+2.4 8 21.7+£2.7 0.92+0.21 17.1
PEDLLA-FG020326 8 21.242.2 8 22.842.4 1.05+0.69 4.9
FG020326+VCR 9 20.9+£2.2 9 20.8+2.1 0.76+0.33 31.2
PEDLLA-FG020326+VCR 10 21.0+£2.1 10 19.6+2.4 0.55+0.31°% 50.5
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Figure 4. Effect of PEDLLA, FG020326, and PEDLLA-FG020326 on the intracellular Rh123 accumulation in the KBv200 and KB cells. (A)
KBv200 and KB cells treated with saline; (B,D) KBv200 cells treated with different modulators; (C,E) KB cells treated with different
modulators. Data represent mean+SD for triplicate samples. "P<0.05 vs the FG020326 (1 pmol/L) group, °P<0.05 vs the FG020326 (2 pumol/L)

group, "P<0.05 vs the FG020326 (4 umol/L) group.

biological membrane, and prolonged circulation time due to
slow drug release”.

Liu et al"" and Li et al'"® have reported that the co-
encapsulation of anticancer drugs and modulators by poly-
meric particles can enhance MDR reversal by the simulta-
neous delivery approach. Moreover, lower normal tissue
drug toxicity and fewer drug-drug interactions have gener-
ally been observed in the combinative treatments. However,
so far, there has not been a consensus as to which strategy
provides the optimal treatment outcome.

In this study, we compared the reversal activity of
PEDLLA-FG020326 with FG020326 in vitro and in vivo. The
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in vitro results showed that PEDLLA-FG020326 was more
effective than FG020326 in reversing MDR in KBv200 cells.
P-gp-positive MDR cells demonstrated that the emergence
of MDR in these cells was linked to a marked decrease in the
intracellular accumulation of the various cytotoxic drugs.
Most MDR modulators could restore drug accumulation in
MDR tumor cells™. In this study, PEDLLA-FG020326 and
FG020326 were tested for their effect on intracellular drug
accumulation. Atthe same concentration, PEDLLA-FG020326
caused a marked increase of Dox accumulation compared
with FG020326 in the KBv200 cells but not in the sensitive
KB cells. Rh123 is a specific fluorescent substrate of P-gp
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Figure 5. Effect of FG020326 and PEDLLA-FG020326 on the
reversal of MDR in vivo. Experiment was carried out using athymic
mice implanted subcutaneously with KBv200 cells. (A) data repre-
sent Mean+SD for 8—10 experimental animals; (B) tumors from the
treated mice. Photos were taken 16 d after implantation.

which functions as a drug transporter and mediates drug
efflux"%, Intracellular Rh123 accumulation could be a good
indicator of P-gp function. Chen et a'" found that FG020326
can inhibit the function of P-gp and increase Rh123 accumu-
lation in MDR cells. To evaluate whether the increased ac-
cumulation of Dox in the KBv200 cells was due to the inhibi-
tion of Dox efflux, the extrusion of Dox and P-gp function
were examined. PEDLLA-FG020326 caused a slower extru-
sion of Dox and more increased Rh123 accumulation in the
KBv200 cells than FG020326. These results suggest that
PEDLLA-FG020326 can inhibit the function of P-gp more ef-
fectively than FG020326. Moreover, PEDLLA-FG020326 can

increase intracellular drug accumulation compared with
FG020326 in MDR KBv200 cells.

The KBv200 cell xenografts in nude mice were estab-
lished and proved to be extremely resistant to VCR, and
retained the characteristics of the MDR phenotype!'. The
combination of PEDLLA-FG020326 and VCR exhibiteda more
potent inhibitory effect on the growth of the tumors than the
co-administration of FG020326 and VCR. Neither PEDLLA-
FG020326 alone nor VCR alone resulted in the inhibition of
tumor growth. The results demonstrate that PEDLLA-
FG020326 has stronger reversal activity than FG020326 in
vivo. More importantly, the difference of body weight
between the PEDLLA-FG020326 plus VCR-treated group and
the control or VCR-treated groups is not significant, so
co-administration with PEDLLA-FG020326 does not increase
the toxicity of VCR obviously.

In summary, we observed an improvement in MDR rever-
sal activity in vitro and in vivo when FG020326 or PEDLLA-
FG020326 was co-administered with a conventional antican-
cer drug. Importantly, PEDLLA-FG020326 was more effec-
tive in the reversal of MDR than FG020326 in vitro and in
vivo, which was associated with inhibiting the function of
P-gp and enhancing chemotherapeutic drug accumulation
in MDR cells. These results suggest that the pharmacody-
namics of FG020326 is improved by incorporating into micel-
lar nanoparticles formed with PEG-block-PDLLA diblock
copolymers.
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