490

100 4
a) Lung
80 1
80
40 1

20 -

Lung accumulation (% of Dase)

o
-
o

100

80 1

60 3

40

20 1

Liver accumutlation (% of Dose)

Time {min)

Fig. 4. In vivo biodistribution of **P-labeled DNA complexed with
Man/DOPE (@) and Man/DOPC (Q) liposomes after intravenous
injection into mice. DNA (50 pg) was complexed with cationic
lipids at a charge ratio of 1.0:2.3 (—:+). Tissue accumulation was
determined at each time-point. Each value represents the
mean = S.D. (n=3). Statistical analysis was performed by Student’s
t-test (* indicated P <0.05).

nous injection of Man/DOPE and Man/DOPC lipo-
some/[>*PIpDNA complex. Both complexes accumu-
lated in the lung while Man/DOPE liposome
complex were eliminated more rapidly from the
lung and accumulated significantly higher in the
liver than the Man/DOPC liposome complexes. To
evaluate the contribution of the mannose receptor-
related mechanism to the liver accumulation of both
mannosylated cationic liposome/pDNA complexes,
the liver accumulation of both complexes was eval-
uated in mice pre-injected with 50 mg/kg mannosy-
lated bovine serum albumin (Man-BSA), a ligand of
the mannose receptor involved in the liver accumu-
lation of mannosylated liposomes. Accumulation of
Man/DOPE liposome complexes in the liver was
significantly inhibited by pre-injection of Man-
BSA, whereas that of Man/DOPC liposome com-
plexes was unaffected (Fig. 5).
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3.5. Transfection activities of mannosylated liposomes
after intravenous and intraportal DNA transfection

To elucidate the role of DOPE in in vivo transfec-
tion, transfection activities of Man/DOPE and Man/
DOPC liposome complex to major organs were
evaluated 6 h after intravenous injection or intrapor-
tal administration of liposome/pDNA. complexes into
mice. As shown in Fig. 6, Mar/DOPE liposome
complexes showed a higher transfection activity in
the liver and spleen than Man/DOPC liposome com-
plexes following both intravenous and intraportal
administration.

3.6. Intrahepatic gene expression properties dafter
intravenous administration

We next investigated preference of Man liposome/
pDNA complex to liver parenchymal cells (PC) and
non-parenchymal cells (NPC). The distribution of
expressed luciferase activity between the liver PC
and NPC after intravenous administration of manno-
sylated cationic liposome/pDNA complexes is shown
in Fig. 7. Gene expression of the Man/DOPE complex
was preferentially observed in NPC and the activity
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Fig. 5. Inhibition of liver accumulation of liposome/pDNA com-
plexes after intravenous injection by co-administration with Man-
BSA in mice. DNA (50 pg) was complexed with cationic lipids at a
charge ratio of 1.0:2.3 (—:+). Tissue accumulation was determined
at each time-point. Liposome/pDNA complexes were injected with
(3) or without (B) Man-BSA. Each value represents the
mean+S.D. (n=3). Statistical analysis was performed by Student’s
t-test (* indicated P <0.05).
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Fig. 6. Effect of administration route on the transfection activity of
Man/DOPE (&) and Man/DOPC (00) liposomes/pDNA complexes.
pDNA (50 pg) was complexed with cationic lipid at a charge ratio
of 1.0:2.3 (—:+). Liposome/pDNA complexes were administrated to
mice by the intravenous (i.v.) or intraportal (i.p.) route. Luciferase
activity was determined 6 h post-injection in the lung, liver, spleen
and heart. Each value represents the mean+S.D. (n=3). Statistical
analysis was performed by Student’s ¢-test (* indicated P<0.05).

ratio of NPC to PC on a cell-number basis was
calculated to be 13.7. On the other hand, Man/
DOPC liposomes gave an NPC/PC ratio of 2.13.

10°
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10 NPC/PC=2.13
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Fig. 7. Hepatic cellular localization of luciferase activity after
intravenous administration of liposome/pDNA complexes in mice.
pDNA (50 pg) was complexed with cationic lipid at a charge ratio
of 1.0:2.3 (—:+). Liposome/pDNA complexes were administered to
mice by intravenous (i.v.) injection. Luciferase activity was deter-
mined 6 h post-injection in the PC () and NPC (). Each value
represents the mean+S.D. (n=3).
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3.7. Interaction with erythrocytes

To evaluate the effect of DOPE in interaction with
red blood cells, that is known to affect transfection
activity of cationic liposome, both complex were
incubated with red blood cells suspension. After 10-
min incubation with Man/DOPC liposome/pDNA
complexes, no significant change was observed in
the erythrocytes (Fig. 8a, b). In contrast, when the

Fig. 8. Erythrocyte—erythrocyte fusion induced by the liposome/
pDNA complexes. Six hundred microliters of erythrocyte suspen-
sion (hematocrit 0.1%) was incubated with 100 pl of the complexes
(charge ratio=1.0:2.3 (—:+), 0.167 pg/ply for 10 min. (a) Untreated
erythrocytes, (b) erythrocytes incubated with Man/DOPC liposomes
complexes, (c) erythrocytes incubated with Man/DOPE liposomes
complexes.




492

erythrocytes were incubated with Man/DOPE lipo- .

some/pDNA  complexes, fusion and aggregation
between erythrocytes occurred (Fig. 8c).

4, Discussion

Since mannosylated cationic liposome/pDNA
complexes are taken up by the macrophages via
mannose recgptor-mediated endocytosis and rapidly
sorted from endosomes to lysosomes [13], it is very
important to avoid degradation of pDNA in lyso-
somes as well as release into the cytoplasm in order
to obtain effective gene transfection by Man lipo-
somes. As shown in Figs. 1 and 2, DOPE containing
Man liposomes showed a higher gene expression on
cultured macrophages without enhancing cellular
association. This phenomenon can be explained by
the proposed mechanism that DOPE destabilizes the
endosomal membrane and leads an accelerated
release of DNA into the cytosol [14-17]. Thus,
DOPE in the Man liposomes could act as a functional
lipid to improve the intracellular fate of pDNA. In
this study, we have shown that Man liposomes con-
taining DOPE complex also showed higher gene
expression in the liver after intraportal administration
(Fig. 6). This result suggests that DOPE in Man
liposomes could act even under in vivo conditions.
As far as conventional cationic liposome/pDNA com-
plex, many studies including ours have shown that
DOPE containing cationic liposome showed limited
gene expression after intravenous administration
because of the instability of the complex in the
blood compartment [18-20]. One possible explana-
tion of this discrepancy is transfection to the target
cells. Our previous report demonstrated that glycosy-
lated proteins and liposome/pDNA complexes are
internalized faster than cationic proteins and lipo-
some/pDNA complexes, which are internalized by
the liver via adsorptive endocytosis [21]. This sug-
gests that Man liposome complexes could be inter-
nalized to a greater extent than conventional cationic
liposome complexes, resulting in reduced degradation
outside the target tissue. These results from this study
suggest that DOPE could enhance gene expression in
the target tissue through intracellular sorting in the
target tissue. In our previous study, we have shown
that Man liposome/pDNA complexes were rapidly
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sorting from endosomes to lysosomes. Taking these
findings into consideration, further modulation of
intracellular sorting with some functional device
should lead to more efficient gene expression in the
macrophages. So far, functional materials such as
influenza virus hemagglutinin  subunit HA-2
(mHA?2) [22], fusigenic, peptide, and polyhistidine
[23] have been grafted to the vectors to improve the
intracellular sorting of cationic carrier/pDNA com-
plexes. Modulation by grafting such functional mole-
cules might be effective in the further development of
mannosylated cationic liposomes. ‘

For efficient targeted gene delivery, accessibility of
cationic liposome/pDNA complexes to the target site
is also essential. After administration into the blood
circulation, the pDNA. complexes interact with var-
ious cells and molecules, such as serum proteins [19]
and erythrocytes [18,24,25] because the cationic nat-
ure of the complexes attracts negatively charged cells
and molecules, which eventually leads to an alteration
in the physicochemical properties of the complexes.
Many studies, including our own, have demonstrated
that cationic liposome/pDNA complexes accumulate
in the lung, which is the first-pass organ and the
highest gene expression is shown in lung. This accu-
mulation in the lung is considered to be a barrier to
cationic liposome-mediated targeted gene delivery to
the liver. As shown in Fig. 4, [*’P]-labeled Man/
DOPE liposome/pDNA complexes were eliminated
more rapidly from the lung than [**P]-labeled Man/
DOPC liposome/pDNA complexes. This phenom-
enon is partly consistent with the observation by
Liu et al. that DOPE-containing cationic liposomes
are more rapidly eliminated from the lung than cho-
lesterol-containing cationic liposomes after intrave-
nous administration [19]. Furthermore, [**P]-labeled
Man/DOPE liposome/pDNA. complexes accumulate
to a higher degree in the liver than Man/DOPC lipo-
some/pDNA complexes in a mannose receptor-depen-
dent manner. These results suggest that DOPE
containing Man liposomes could achieve more effi-
clent gene expression in the target site than Man/
DOPC liposomes. In fact, Man liposomes containing
DOPE show a higher degree of gene expression in the
liver than Man/DOPC liposome/pDNA complexes
and their gene expression is highly selective for the
liver NPC, whereas Man/DOPC liposome/pDNA
complexes do not (Figs. 6 and 7). This is partly
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consistent with our previous report showing that Man
liposomes based on DOTMA and cholesterol, known
to accumulate in the lung, did not enhance gene
expression in the liver [11]. These observations sug-
gest that rapid elimination from the lung might also
be important.

In this study, Man/DOPC liposome complexes did
not show any receptor-mediated uptake by the liver
(Fig. 5). One possible explanation of this phenomenon
might be accessibility of complex to target site and
state of complex under in vivo condition. Present
study revealed that Man/DOPE liposome complexes
seem to be unstable in erythrocytes than Man/DOPC
liposome complexes (Fig. 8), whereas intravenously
injected Man/DOPE liposome complexes was elimi-
nated from the lung more rapidly than Man/DOPC
liposome complexes (Fig. 4). It has been reported that
endogenous components including erythrocyte and
serum disintegrates cationic liposome/pDNA com-
plexes after intravenous injection [18,33]. Therefore,
it is speculated that this rapid elimination of Man/
DOPE liposome complexes from the lung allow Man/
DOPE liposome complexes to access NPCs without
losing transfection activity to some extent, but Man/
DOPC liposome complexes lost transfection activity
(including the recognition by mannose receptor) due
to long retention in the lung. Although some studies
have demonstrated that lipid composition in the catio-
nic liposomes affects pharmacokinetics of interaction
between cationic liposome/pDNA complexes and
blood components [18,19,24], there has been little
information in pharmacokinetics of interaction with
endogenous and complex in the targeted gene deliv-
ery. Further studies are needed to clarify the interac-
tion with endogenous components with Man liposome
complexes for improvement in the transfection effi-
ciency in the liver NPCs.

Sakurai et al. have reported that DOPE-containing
liposome/pDNA complexes aggregate with red blood
cells and this interaction is one of the major factors
involved in the instability and limited gene expression
of the complexes after intravenous administration of
DOPE containing liposome complexes [24]. Our
results also showed that Man/DOPE liposome/
pDNA complexes aggregate with cationic liposomes
(Fig. 8). Therefore, this interaction will need to be
prevented for more efficient targeted gene delivery.
Recently, Eliyahu et al. investigated the interaction of
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blood components with pDNA/cationic liposome
complexes under conditions relevant to in vivo intra-
venous administration [25]. In their report, the selec-
tion of medium (i.e. plasma and serum) and/or
modification of cationic liposomes with 1% polyethy-
lene glycol lipids reduced the aggregation of cationic
liposome/pDNA complexes in the presence of ery-
throcytes. Thus, the use of these approaches may
enhance the cell-specificity of pDNA complexed
with Man liposomes. Further studies are needed to

- investigate - the interaction with blood components

and/or the synthesis of polyethylene glycol-grafted
glycosylated lipids for cell-selective gene delivery.

In conclusion, DOPE in Man liposomes contri-
butes to efficient gene expression in the target site
through enhancing distribution to the target site and
intracellular sorting in the target cells. However,
destabilization before internalizing target cells might
be a rate-limiting step for efficient gene delivery in

- DOPE-containing Man liposomes. The observations

162

in this study show that, for efficient targéted gene
delivery with cationic liposomes, it is essential to
formulate lipoplexes in the light of a better under-
standing of the effect of lipids on their function and
biodistribution under in vivo conditions. This infor-
mation will be very useful for designing pDNA/
ligand-grafted cationic liposome complexes for cell-
specific gene delivery under in vivo conditions.
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Abstract

Nuclear factor kappa B (NFkB) is a transcriptional factor for the expression of many cytokines that are involved in the
pathogenesis of inflammatory diseases. Unstimulated NFxB sequestered in the cytoplasm bound to inhibitory proteins is called
1kBs. Many activators of NFkB cause degradation of IkB proteins and free NFxB can enter the nucleus and induce gene
expression. In this study, we analyzed the relationship between the intracellular distribution and pharmacological effect of
NFkB decoy in RAW 264.7 cells. Most of the fluorescent labeled NFkB decoy was observed in the cytoplasm both with or
without cationic transfection without LPS stimulation. Furthermore, under LPS stimulation, most of NFkB decoy was also
observed in the cytoplasm. However, NFxB decoy effectively inhibited the production of TNFa in RAW 264.7 cells. The
inhibitory effect of TNFa production by NF«kB decoy transfected by cationic liposomes was much stronger than that by naked
NFxB decoy, because the amount of cellular association of NFxB transfected by cationic liposome decoy was 7 times higher
than that of naked NFkB decoy. This information is of great value for the design of NF«kB decoy carrier systems.
© 2005 Elsevier B.V. All rights reserved.

Keywords: NFkB; NF«B decoy; Cellular distribution; TNF«; Cationic liposome

1. Introduction central regulator of the inflammatory response and is
/ . ‘ critical for the transcription of multiple proinflamma-
Nuclear factor kappa B (NFkB) is a transcriptional tory molecules, including TNFq, IL-1, IL-2, IL-6, IL-8,
factor, which can be activated by a variety of stimuli IL-12, and IFN-B, etc. [1,2]. Therefore, NFxB decoy,
such as bacterial endotoxins, ionizing radiation, oxida- which attenuates NFxB-mediated gene expression,
tive stress and certain chemical agents [1]. NFkB is a has been applied to glomerulonephritis [3], hyperpla-
sia after angioplasty [4], atopic dermatitis [5], ische-

* Corresponding author. Fax: +81 75 753 4575. mia/reperfusion [6], and endotoxin-induced liver
E-mail address: hashidam@pharm kyoto-u.ac.jp (M. Hashida). injury [7] etc. However, these in vivo applications
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are carried out by local administration of naked NFxB
decoy or that incorporated in HVJ liposomes, fuso-
genic liposomes, because of the problem about the
stability or lack of cell-specificity.

For the wider clinical application involving NFxB
decoy therapy, it is necessary to develop a non-invasive
form of gene delivery, which should be safe for repe-
titive use and provide reproducible therapeutic effects.
To achieve this goal, a thorough understanding of the
intracellular disposition characteristics of NFxB decoy,
and its carrier systems is important for assessing the
availability of administered gene drugs because there is
at present little information on the pharmacokinetics of
NFkB decoy including its target site.

It has been reported that NFkB in unstimulated cells
is sequestered in the cytoplasm through interaction
with a class of inhibitory proteins called IkBs (IkB-a,
-B, and -€) [8—13] but stimuli such as lipopolysacchar-
ide (LPS) enhance the degradation of IxB proteins;
consequently, free NFxB can enter the nucleus and
induce gene expression [14]. Therefore, the intracellu-
lar fate of NF«B decoy with or without stimuli may be
different although this is not yet clear. In this study,
RAW 264.7 cells, a macrophage cell line, was selected
for the evaluation of NFkB decoy characteristics,
because most cytokines are produced by macrophages.

The purpose of this study was to analyze the
relationship between the intracellular distribution
and pharmacological effect of NFkB decoy. In the
present study, we examined the intracellular distribu-
tion of fluorescence-NFxB decoy in RAW 264.7 cells
with or without LPS by confocal microscopy study
and investigated the TNFa production (pharmacolo-
gical effect). It was demonstrated that NFxB decoy
remaining in the cytoplasm is effectively bound to
NFkB and inhibits TNFa produced in macrophages
and cationic liposomes that could enhance the phar-
macological effects of NFkB decoy in macrophages.
This information is of great value for design of NFxB
decoy carrier systems.

2. Materials and methods
2.1. Chemicals

NFkB decoy and control oligonucleotides used
in this study are phosphorothioate double stranded
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oligonucleotides. Their sequences are as follows:
20mer NFxB decoy 5-CCTTGAAGGGATTTCCC-
TCC-3" (AY 3-GGAACTTCCCTAAAGGGAGG-5
(B), control oligonucleotides 5'-CATGTCGTCACTG-
CGCTCAT-3'/3'-GTACAGCAGTGACGCGAGTA-
5. These oligonucleotides were kindly provided by
Anges MG Inc. (Osaka, Japan). Lipopolysaccharide
(LPS) from Salmonella Minnesota Re 595 (Re mu-
tant), L-glutamine, penicillin, and streptomycin were
purchased from Sigma Chemicals Inc. (St. 'Louis,
MO, USA). RPMI 1640 medium was obtained
from Nissui Pharmaceutical Co. (Tokyo, Japan).
[y—32P] ATP was purchased from Amersham Bios-
ciences Co. (Piscataway, NJ, USA). Opti-MEM® I
and fetal bovine serum (FBS) and Oligofectamine®
were obtained from Invitrogen Co. (Carlsbad, CA,
USA). OptEIA™ were purchased from BD Bios-
ciences Pharmingen, (San Diego, CA, USA).
Enzyme Immunoassay for NFxB Product No. TF
01 was purchased from Oxford biomedical research,
Inc. (Oxford, MI, USA). All other chemicals were of
the highest purity available.

2.2. Cell culture

RAW 264.7 cells, a murine macrophage-like cell
line, were cultured with RPMI 1640 medium supple-
mented with 10% FBS, 2 mM L-glutamine, 100 U/ml
penicillin G, and 0.1 mg/ml streptomycin. Cells were
maintained at 37 °C with 5% CO, in a humidified
incubator. Cells were plated on a 12-well culture plate
for the confocal microscopy study at a density of
1.3 X 10° cells/em?® and cultured for 24 h. In addition,
cells were plated on a 24-well culture plate for the
TNF-a secretion study and the uptake experiment at a
density of 1.3 x 10° cells/cmz.‘

2.3. Confocal laser scanning microscopy study

RAW 264.7 cells cultured on micro cover glasses
(Matsumani, glass IND, LTD., Osaka, Japan) were
washed 3-times with 1 ml cold PBS, and incubated
with 1 ml FITC-labeled decoy oligonucleotide in
Opti-MEM® (2 uM) for the indicated time with or
without 4 h LPS treatment. Cells were washed 3
times with cold PBS and fixed with 4% paraformal-
dehyde for 15 min. For nuclei staining, fixed cells
were permiabilized with 0.2% Triton X-100-PBS for
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20 min. Cell nuclei were stained by incubation with
0.5 pg/ml propidium iodide (PI) in 0.1 M NaCl-0.1
M Tris-HCl (pH 7.4) at room temperature for 20
min, following treatment with 15 pg/ml Rnase A
(Roche Diagnostics Co., Indianapolis, IN, USA).
After cells were washed once with 1 ml cold phos-
phate buffered saline (PBS), cover glasses were
mounted on slide glasses with 50% glycerol-2.5%
DABCO (1,4-diazabicyclo-[2,2,2]octane) (Sigma
Chemical Co., Inc., St. Louis, MO)-PBS. Then,
cells were scanned using a confocal laser microscope
(MRC-1024, Bio-Rad Laboratories, Inc., Hercules,
CA, USA).

2.4. Cytokine secretion

RAW 264.7 cells were washed with PBS and
incubated with or without naked decoy oligonucleo-
tide in Opti-MEM® containing 0.01 pg/ml LPS for 4
h (Fig. 2). Oligofectamine® transfection was per-
formed according to the manufacturer’s instructions.
After oligofectamine transfection, cells were washed
with PBS followed by the addition of Opti-MEM®
containing 0.01 ug/ml LPS and allowed to stand for
4 h (Fig. 7). Superatants were collected for ELISA
and kept at —80 °C. The levels of TNFa in the
supernatants were determined by the OptEIA™ (BD
Biosciences Pharmingen, San Diego, CA, USA).

2.5. Enzyme immunoassay (EIA)

The amount of NFkB in nuclear extracts of RAW
264.7 cells was evaluated by means of EIA for NFxkB
(Oxford biomedical research, Inc., Oxford, MI, USA).
Nuclear extracts were prepared from RAW 264.7 cells,
which were incubated with or without naked decoy
oligonucleotide for 4 h in Opti-MEM® containing
0.01 pg/ml LPS, using of Nuclear/Cytosol Fraction
Kit (Bio Vision Products, Mountain View, CA, USA).

2.6. Radiophosphorylation of oligonucleotides

Oligonucleotides were labeled with [y—3?P] ATP
using MEGALABEL™ 5-End Labeling Kit (Takara
Bio. Inc., Shiga, Japan). Briefly, 3 pl oligonucleo-
tides (1.7 pM), 5 ul [y=>2P] ATP (370 MBg/ml) and
1 pl T4 polynuclectide kinase were mixed in phos-
phorylation buffer. After 30 min incubation at 37 °C,
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the mixture was incubated for 10 min at 70 °C in
order to inactivate T4 polynucleotide kinase. Then,
the mixture was purified by gel chromatography
using a NAP 10 column (Amersham Biosciences
Co., Piscataway, NJ, USA) and eluted with 10 mM
Tris-Cl and 1 mM EDTA (pH 8.0). The fractions
containing the derivatives were selected based on
their radioactivity.

2.7. Uptake experiment

After washing RAW 264.7 cells with 1 ml cold
PBS, decoy oligonucleotides were added to the cells
at a concentration of 0.1 pM 5-[*?P]-labeled decoy
nucleotide at about 100,000 cpm. At predetermined
times, the supernatant was removed then cells were
dissolved in 700 pt SOLUENE®-350 (Perkin Elmer
Life and Analytical Sciences, Inc., Boston, MA,
USA) and the radioactivity measured in a scintilla-
tion counter (LSA-500, Beckman, Tokyo, Japan)
after neutralization with 1 M HCI and addition of
5 ml Clear-Sol I (Nacalai Tesque, Inc., Kyoto,
Japan). To revise in cell number by the protein
content, cells were washed 5-times with cold PBS
and solubilized in 0.5 ml of Triton X-100 (0.1%)
with 0.3 M NaOH. Aliquots were taken for determi-
nation of the protein content by Lowry methods.

2.8. Quantitative analysis of intracellular distribution
of decoy

After washing RAW 264.7 cells with 1 ml cold
PBS, Cells were incubated with 2 pM [>*P] naked
NFkB decoy for 4 h in Opti-MEM® with or without
LPS (0.01 pg/ml). or 0.2 uM [**P] NFxB decoy
complexed with cationic liposomes for 4 h in Opti-
MEM® containing LPS (0.01 pg/ml). Oligofec-
tamine® transfection was performed according to
the manufacturer’s instructions. After 0.2 pM [*?P]
NFkB decoy complexed with oligofectamine was
transfected, cells were incubated for 4 h in Opti-
MEM® containing 0.01 pg/ml LPS. At 4 h, the
supernatant was removed then cells were washed
with cold PBS for five times. After cells were gently
removed with cellscraper in 1 ml of cold PBS, cell
suspension was separated to nuclear exfracts and
cytoplasmic extracts by Nuclear/Cytosol Fraction
Kit (Bio Vision Products, Mountain View, CA,
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USA). Both nuclear extracts and cytplasmic extracts
were dissolved in 700 pl SOLUENE®-350 (Perkin
Elmer Life and Analytical Sciences, Inc., Boston,
MA, USA) and the radioactivity measured in a
scintillation counter (LSA-500, Beckman, Tokyo,
Japan) after neutralization with 1 M HCl and addi-
tion of 5 ml Clear-Sol I (Nacalai Tesque, Inc.,
Kyoto, Japan). To revise in cell number by the
protein content, cells were washed 5-times with
cold PBS and solubilized in 0.5 ml of Triton X-
100 (0.1%) with 0.3 M NaOH. Aliquots were taken
for determination of the protein content by Lowry
methods.

2.9. Statistical analysis

Statistical comparisons were performed using. Stu-
dent’s ¢ test for two groups and a one-way ANOVA

(C) LPS (-) double-stranded decoy
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for multiple groups. A value of P<0.05 was consid-
ered to be indicative of statistical significance.

3. Results

3.1. Comparison of intracellular distribution of NFxB
decoy with or without LPS treatment

It is well known that NFxB activated by LPS
enters the nucleus and induces gene expression. The
intracellular distribution of FITC-NF«B decoy was
compared with and without LPS treatment (Fig. 1).
No difference was found in these intracellular dis-
tribution patterns. In both images, most of FITC-
NFkB  decoys were observed in the cytoplasm.
Moreover, in the case of single stranded oligonu-
cleotides, the same as NFkB decoy (double

Fig. 1. The confocal microscopy images of FITC-decoy and single-stranded oligonucleotides in RAW 264.7 cells. Cells were incubated with 2
uM FITC-decoy and single-stranded oligonucleotides in Opti-MEM® at 37 °C for 4 h. Cells were washed with PBS and fixed with 4%

paraformaldehyde.
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Fig. 2. Inhibition of TNFa secretion of RAW 264.7 cells treated with LPS by naked decoy and single-stranded oligonucleotides. (A) Cells were
incubated with or without 10 pM decoy (NFxB decoy or scramble decoy) and single-stranded oligonucleotides for 4 h in Opti-MEM®
containing LPS (0.01 pg/ml). (B) Cells were incubated with or without decoy NF«B decoy (0.1, 1 and 10 pM) for 4 h in Opti-MEM®
containing. LPS (0.01 pg/ml). Supernatant was collected and its TNFa concentration measured by ELISA. Each result represents the
mean + S.D. (n=3). Statistically significant differences (*7<0.05) from LPS only or random decoy.

stranded oligonucleotides), there was no difference
in the intracellular distribution of single oligonu-
cleotides with and without LPS treatment.
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Fig. 3. EIA for activated NFxB in nuclear extract of RAW 264.7
cells. Cells were incubated with or without naked decoy (NFxB
decoy or scramble decoy) and single-stranded oligonucleotides (10
uM) for 4 h in Opti-MEM® containing LPS (0.01 pg/ml). After
washing with PBS, the cells were collected and nuclear proteins
were extracted.
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3.2. Inhibitory effect of TNFo secretion by naked
NF«B decoy

TNFa secretion was significantly inhibited by
the presence of 10 uM naked NFxB decoy (Fig.
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Fig. 4. The cellular association of [3%P]-labeled NFxB decoy with
(®) or without (O) cationic liposome transfection in RAW 264.7
cells. Cells were incubated with 0.2 yM [>*P]-labeled NFxB decoy
with or without cationic liposome at 37 °C in Opti-MEM® for 0.5,
1, 2 and 4 h. Each result represents the mean = S.D. (n=3). Statis-
tically significant differences (***P<0.001) from naked NFxB
decoy.
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2A). At the concentration of 0.1 and 1 uM naked
NFkB decoy, the inhibition was not observed
(Fig. 2B).

Single stranded NF«B decoy and random decoy
could not inhibit TNFa secretion, suggesting the dou-
ble stranded NFkB decoy efficiently inhibited the
NFxB mediated transcription.

3.3. Inhibitory effect of NFxB translocation in the
nucleus by naked NFiB decoy

The amount of NFxB in the nucleus was deter-
mined by EIA (Fig. 3). Following LPS treatment, the
amount of NFxkB in the nucleus significantly
increased, while the amount of NFkB in the nuclei
did not increase by the addition of NFkB decoy inhib-
ited the increase of NFxB in the nucleus. On the other
hand, scramble decoy and single stranded oligonucleo-

(A) LPS(-) Naked

4C) LPS(+) Naked)
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tides (both sequence A and B) did not inhibit the
increase of NFxB in the nucleus.

3.4. Quantitative analysis of the cellular association
of 5-[*?P]-labeled decoy with or without cationic
liposomes

The amount of cellular association of 5'-[>?P]-
labeled decoy with or without cationic liposomes is
compared in Fig. 4. Time-dependant uptake was
observed both in the uptake of naked decoy and catio-
nic liposome-transfected decoy. The amount of cellular
association of decoy with cationic transfection was
much higher than that of naked decoy. At the medium
collection time point of the TNFa secretion experiment
(4 h), the cellular association of decoy with cationic
transfection was approximately 7-times higher than for
naked decoy. :

(B) LPS(-) Cationic liposome

(D) LPS(+) Cationic liposome

Fig. 5. Intracellular distribution of naked FITC-NFxB decoy (green) (A), (C) or FITC-NFxB decoy (green) complexed with cationic liposome
(B), (D) in RAW 264.7 cells. Cells were incubated with naked FITC-NF«B decoy (2 uM) for 4 h without (A} or with (C) LPS (0.01 pg/ml).
Cells were incubated with FITC-NFxB decoy (0.2 uM) complexed with cationic liposome for 4 h without (B) or with (D) LPS (0.01 pg/ml).
After cells were washed with PBS and fixed with 4% paraformaldehyde, nuclei were stained by propidium iodide (red). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. The quantitative analysis for intracellular distribution of *%p]
NFkB decoy in RAW 264.7 cells. Cells were incubated with 2 uM
[*2P] naked NF«B decoy or 0.2 uM [**P] NF«B decoy complexed
with cationic liposomes for 4 h in Opti-MEM® containing LPS
(0.01 pg/ml). After cells were washed with PBS, radioactivity of
whole cell or nuclear extract was measured. Statistically significant
differences (**P<0.01) from only LPS stimulation.

3.5. Effect of LPS and cationic liposomes on the
intracellular distribution of FITC-NFxB

In the case of naked NF«B decoy, there was no

difference in the distribution of FITC-NFxB decoy

without (Fig. 5 (A)) and with (Fig. 5 (C)) LPS.
Most of FITC-NFxB was observed in cytoplasm.
On the other hand, in the case of transfection of
FITC-NFkB decoy complexed with cationic lipo-
somes, a little more FITC-NFkB decoy was
observed in nuclei comparing to naked FITC-
NFxkB decoy. However, most of complex was
observed in cytoplasm both without (Fig. 5 (B)) and
with (Fig. 5 (D)).

3.6. Quanititative analysis of intracellular distribution
of 5'-[**P]-labeled NFxB decoy

For more quantitative analysis, intracellular dis-
tribution of 5'-[**P]-labeled NFxB decoy was com-
pared with and without LPS treatment (Fig. 6). In
the case of naked NFxB decoy, the accumulation in
nuclei was about 10% of total cellular accumula-
tion. In the case of NFkB decoy complexed with
cationic liposomes, total cellular uptake was about
7 times higher than naked NFxB decoy. Although
nuclear accumulation of NFxkB decoy was also
higher than naked NFkB decoy, the accumulation
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in nuclei was about 7% of total cellular accumula-
tion. LPS did not affect the nuclear/total accumula-
tion ratio.

3.7. Inhibition effect of TNFa secretion by naked
NF«B transfected with cationic liposomes

TNF« secretion was significantly inhibited by the
presence of 0.2 pM NFkB decoy transfected with
cationic liposomes (Fig. 7) compared with the con-
trol cell treated with LPS and empty cationic lipo-
somes. However, single stranded NFxB decoy and
random decoy could not inhibit- TNFa secretion.
This observation is well corresponding to the result
of naked decoy and single stranded oligonucleotide
(Fig. 1A). In the case of naked NFxB decoy, inhi-
bitory effect was not observed even at 1 pM naked
NF«kB decoy, however 10 uM naked NFkB decoy
well inhibited the TNFa secretion (Fig. 1B). On the
contrary, 50-times lower concentration of NFkB
decoy (0.2 pM) transfected with cationic liposomes
achieved the same degree of inhibitory effect of
TNFa secretion (Fig. 7).
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Fig. 7. TNFa secretion of RAW 264.7 cells treated with LPS (0.01
ug/ml) was inhibited by decoy and single stranded oligonucleotides
(0.2 uM) transfected with cationic liposomes. Cells were incubated
with decoy (NFxkB decoy or scramble decoy) and single-stranded
oligonucleotides for 4 h in Opti MEM containing LPS. Supematant
was collected and TNFa concentration was measured by ELISA.
Each result represents the mean + S.D. (n=3). Statistically signifi-
cant differences (*P<0.05) from LPS only, single-stranded oligo-
nucleotide or random decoy.
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4. Discussion

In this study, we investigated the relationship
between the intracellular distribution and pharmaco-
logical effect of NFkB decoy. Focusing on the intra-
cellular distribution of NFkB decoy, we and another
group have reported that confocal microscopy is the
most suitable and convenient method of investigation
[15]. Therefore, the fluorescent NFkB decoy distribu-
tion was evaluated by confocal microscopy.

Without LPS stimulation, it is well known that
NFxB/IkB complex is still formed in the cell [14];
therefore, the inherent intracellular distribution of
NF«B decoy can be analyzed. Generally, NFkB
decoy is expected to enter the nuclei, because the
size of the NFkB decoy used in this study is small
(13 kDa) enough to distribute in the nuclei [16].
However, the confocal microscopic images showed
that most of NFxB decoy was present only in the
cytoplasm of cells without LPS treatment (Fig. 1),
suggesting that NFxB decoy without binding NF«xB
is not distributed in the nuclei in spite of its small size.

Then, the intracellular distribution of NF«kB decoy
was studied by LPS stimulation. After LPS stimula-
tion, IkB in NFxB/IkB complex is degraded and,
consequently, NFxB decoy could bind to NFxB.
The nuclear localization sequence of NFkB is not
masked by NFkB decoy [17,18]; thus, NFkB decoy

is expected to distribute to the nuclei under the influ- :

ence of NF«kB. Surprisingly, it was found that most of
NFxB decoy (Fig. 1B, D) was only entrapped in the
cytoplasm in LPS stimulated cells. In the case of
cationic liposome transfection of NFxkB decoy,
although a little of NFkB decoy was observed in the
nucleus, most of them observed in the cytoplasm (Fig.
5B, D). This in vitro result observed by RAW 264.7
cells agrees with the in vitro distribution results
reported by Griesenbach et al. [19] showing that
most of NFkB decoy complexed with liposomes
was located in the cytoplasm of a cystic fibrosis air-
way epithelial cell line. For a more quantitative ana-
lysis of intracellular distribution, the accumulation of
[*?P] labeled NFxB decoy was evaluated by measur-
ing the radioactivity in the nucleus or in the cells (Fig.
6). The accumulation of [>*P] labeled decoy in the
nuclei was about 10% of total cellular accumulation.
This in vitro result agrees with confocal microscopic
study. In previous study, we showed that the intracel-
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lular distribution of antisense DNA (single stranded)
was different to the kind of cell. Transfected antisense
DNA with cationic liposome easily moved to the
nucleolus in U937 (human promonocytic leukemia)
[21] cells but not in macrophages [22]. Our result in
this study was agreed with them.

Previous study revealed that NFkB decoy could
alternate the gene expression [23-25]. In this study,
we focused the pharmacological effect NFxB decoy
on macrophages and investigated the inhibitory effect
of NFxB decoy on the production of TNFe. Inhibition
of TNFa by NFkB decoy complexed with cationic
liposomes was much higher than that of naked NF«xB
decoy (Figs. 2, 7). Therefore, NFxB decoy complexed
with cationic liposomes was selected for discussing
the relationship between the intracellular distribution
and pharmacological effect of NFkB decoy in LPS
stimulated cells. The confocal microscopy image (Fig.
1), TNFo inhibition study (Fig. 2) suggested that the
action site of NFkB decoy is the cytoplasm. Further-
more, to reveal that this pharmacological effect is
based on the- inhibition effect of NFxkB activation,
NFkB content in the nuclei was determined by EIA
(Fig. 3). The increase of NF«B in the nuclei was
significantly inhibited by the addition of NFkB
decoy complex. These results could be of great inter-
est to determine the effects of NFkB decoy on tran-
scription of TNFo. And the result of intracellular
distribution and therapeutic effect of NF«B decoy
complexed with cationic liposome was well compati-
ble with the results of Griesenbach et al. [19]. How-
ever, this finding is inconsistent with the results of
Griesenbach et al. that showed that cytoplasmic NFxB
decoy has little pharmacological effect on bleomycin-
induced pulmonary inflammation in vivo [20]. How-
ever, in vivo stadies involve various complicating
factors including the stability of NF«B decoy, inter-
action with endogenous components, and uptake by
non-target cells: so their conclusion may involve other
factors.

For a more quantitative analysis, the accumulation
of [*?P] labeled NF«B decoy was evaluated by mea-
suring the radioactivity in the cells. In this experiment,
we can analyze the cellular association and amount of
uptake of NFxB decoy with or without cationic lipo-
somes. The cellular accumulation of [*?P] labeled
NFxB decoy complex with cationic liposomes was 7
times higher than that of [**P) labeled naked NFxB
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decoy. This result is supported by the fact that NF«B
decoy complexed with cationic liposomes more effec-
tively inhibited TNFa production (Figs. 2B, 7). As far
as the uptake mechanism is concerned, we have
demonstrated that uptake of NFxB decoy under nor-
mal conditions without LPS stimulation was also
energy-dependent. The uptake of [*?P] labeled decoy
and single stranded oligonucleotides was significantly
lower at 4 °C than at 37 °C (Data not shown). To date,
it has been reported that antisense DNA, a single-
stranded oligonucleotide is taken up by scavenger-
like receptor-mediated endocytosis [26,27], adsorptive
endocytosis and/or fluid-phase pinocytosis [28,29].
Taking this into consideration, NFkB decoy used in
this study might be also taken up by a similar mechan-
ism with single-stranded oligonucleotide. Although
further experiment will be need, these results would
- provide the basic information to design the NFxB
carrier.

In this study, we have demonstrated that naked
NFkB decoy is not effective in a macrophage cell
line because of the low uptake, however, cationic
liposomes enhance the pharmacological effects of
NFxB decoy. This result agrees with the fact that
there have been very few preclinical trials using
naked NFxB decoy and several vectors have been
used in current preclinical approaches, such as HVJ
liposomes [3,4,7], and cationic liposomes [6] directly
administered the disease site [5]. To establish decoy
therapy in a non-invasive manner, direct injection is
not practical. However, the use of HVT liposomes fails
to achieve cell-specific gene delivery because its
transfection mechanism involves non-specific mem-
brane fusion. As far as cationic liposomes are con-
cemned, a number of receptor-mediated gene delivery
systems based on cationic liposomes have been devel-
oped to introduce foreign DNA into specific cell types
in vivo [30]. It is well known that the target cells of
NFkB decoy are macrophages; therefore macrophage-
selective gene targeting by intravenous injection is of
great importance. Previously, we reported successful
pDNA delivery by intravenous administration target-
ing macrophages using mannosylated cationic lipo-
somes, recognized by novel mannose receptors
especially expressed on macrophages [31-34]. There-
fore, our mannosylated cationic liposomes might be
successful in systemically NFkB decoy therapy fol-
lowing intravenous administration in the future.
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In conclusion, we have demonstrated that NFxB
decoy is only located in the cytoplasm and that it
inhibits TNFa production in RAW 264.7 cells. Also,
cationic liposomes enhance the pharmacological effect
of NFkB decoy by increasing its uptake. This informa-
tion is of value for the carrier design of NFxB decoys
that will enable non-invasive therapy to be carried out.
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ABSTRACT: The aim of this study was to investigate the biodistribution characteristics
of all-trans retinoic acid (ATRA) incorporated in liposomes and polymeric micelles
following intravenous administration. [°H] ATRA were incorporated in distearoylpho-
sphatidylcholine (DSPC)/cholesterol (6:4) liposomes. Two types of block copolymers, poly
(ethylene glycol)-b-poly-(aspartic acid) derivatives with benzyl (Bz-75) groups, were
synthesized to prepare the polymeric micelles for [*H]JATRA incorporation. ATRA were
dissolved in mouse serum to analyze their inherent distribution. After intravenous
administration, the blood concentration of [H] ATRA in liposomes and polymeric
micelles (Bz-75) was higher than that of inherent [*HJATRA, suggesting that liposomes
and polymeric micelles (Bz-75) control the distribution of ATRA. Pharmacokinetic
analysis demonstrated that [P’HJATRA incorporated in polymeric micelles (Bz-75) exhibit
the largest AUC,104 and lowest hepatic clearance of ATRA, suggesting that polymeric
micelles (Bz-75) are an effective ATRA carrier system for acute promyelocytic leukemia
(APL) therapy. These results have potential implications for the design of ATRA carriers
for APL patients. © 2005 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci
94:2606-2615, 2005

Keywords: controlled delivery; controlled release; liposomes; nanoparticles; poly-
meric drug delivery systems; all-trans retinoic acid; polymeric micelle

INTRODUCTION

Retinoids can be natural or synthetic analogs of
vitamin A and they normally play a critical role in
growth, vision, reproduction, differentiation, and
immune function. Recently, it has been demon-
strated that all-trans retinoic acid (ATRA) is an

Correspondence to: Mitsuru Hashida (Telephone: 81-75-
753-4525; Fax: 81-75-753-4575;
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extremely effective retinoid against acute pro-
myelocytic leukemia (APL) when administered
orally in clinical trials.”? However, a gradual
decrease in the blood ATRA concentration was
observed after continuous oral administration
and many patients relapsed after a short period
of remission.®~® These lower levels are unable to
sustain the differentiation effects on leukemic
cells in vivo, leading to a relapse of the disease and
retinoid resistance.®

To improve the potency and duration of ATRA
activity, liposome®~8 or emulsion®? formulations
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are currently being developed for intravenous
administration because of the lower water solubi-
lity of ATRA. In particular, clinical trials have
demonstrated that lipesomal ATRA offers poten-
tial pharmacological advantages over the oral
administration of ATRA. Estey et al.® reported
that serum ATRA concentrations were higher and
could be maintained longer after ATRA was incor-
porated in liposomes than after oral administra-
tion of ATRA. Thus, liposomes are an effective
carrier of ATRA for APL therapy.

Since sustained retention of ATRA in blood
could enhance its pharmacological effect, a novel
drug carrier system should be developed for
optimum APL therapy. It has been reported that
the polymeric micelles formed from block copoly-
mers, which are tandem rows of two kinds of
polymer chain (A and B), are very stable in the
blood circulation because they prevent RES
uptake.!**3 The highly hydrated outer PEG
shells of the polymeric micelles can inhibit inter-
micellar aggregation of their hydrophobic inner
cores. Polymeric micelles maintain a satisfactory
aqueous stability irrespective of the high content
of hydrophobic drug incorporated within the
micelle inner core. Therefore, polymeric micelles
are expected tobe a more effective carrier of ATRA.

The hydrophobic inner core will play a very
important role in the stable incorporation of ATRA
in polymeric micelles because hydrophobic ATRA
istrapped in this inner core. We have succeeded in
synthesizing various AB-type block copolymers by
varying the chemical structure of the hydrophobic
segment of poly(ethylene glycol)-poly(aspartate)
block copolymers.'**® Because ATRA is a hydro-
phobic drug, block copolymer, poly(ethylene
glycoD-poly(benzyl aspartate) (PEG-P(Asp(Bz))),
which is introduced by a hydrophobic chain was
synthesized (Scheme 1), and ATRA were incorpo-
rated in the polymeric micelles prepared from
these block copolymers.

In order to achieve a rational design of the
carrier for ATRA, the distribution‘characteristics

CH; (OCH, CHy) CH,NHC O(E HNH?;(COCHz(fI-NH)Y— H

CH,COOR. COOR.
R= ~CH2@05%) or H (25%)
(benzyl; Bz-75)

X:y=25:75

Scheme 1. Chemical structure of block copolymer
with benzyl groups.
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of ATRA, with or without the carrier (liposome or
polymeric micelles), need to be clarified. In the
present study, the biodistribution characteristics
of [*HJATRA incorporated in liposomes and poly-
meric micelles (Bz-75) was investigated after
intravenous administration. Because of the lower
water solubility of ATRA, it was dissolved in serum
to analyze its inherent distribution®*” [’H]
Cholesteryl hexadecyl ether (CHE), which is a
cholesterol derivative, was selected as a liposome
tracer because of its high lipophilicity.8*°

MATERIALS AND METHODS

Materials

Soluene 350 was purchased from Packard
(Groningen, Netherlands). ATRA was purchased
from Wako Pure Chemicals Industry Ltd. (Osaka,
Japan). Distearoylphosphatidylcholine (DSPC)
and cholesterol (Chol) was purchased from Sigma
Chemical Co., (St. Louis, MO) and Nacalai Tesque
Inc. (Kyoto, Japan), respectively. [PHIATRA was
purchased from NEN Life Science Products, Inec.,
(Boston, MA). All other chemicals were of the
highest purity available.

Preparation of ATRA Incorporated in Liposomes

The DSPC:cholesterol (6:4 molar ratio) was pre-
pared as the control liposome based on the results
of published studies.?® Briefly, the mixtures
together with ATRA were first dissolved in
chloroform. After vacuum drying and desiccation,
pH 7.4 phosphate-buffered saline was added for
hydration at 30 min. Radiolabeling of the lipo-
somes was carried out by the addition of [PH]CHE
or [PHJATRA (50 pCi) to the lipid mixture before
formation of a thin film layer. The suspension
was sonicated for 3 min (200 W) at 4°C using
ultrasonic sonicator (US 300, Nissei, Inc., Tokyo,
Japan) and the resulting liposomes were extruded
through 200-nm (five times) and 100-nm (five
times) polycarbonate membrane filters using an
extruder device preheated to 60°C. The filtered
ATRA was adjusted to a concentration of 0.06 mg/
ml based on the measured radioactivity. The
particle size of the liposomes was measured in
a dynamic light scattering spectrophotometer
(L.S-900, Otsuka Electronics, Osaka, Japan).

Synthesis of Block Copolymer with Benzyl Group

The chemical structure of a block copolymer used
for incorporation of ATRA into polymeric micelles
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with benzyl group is shown in Scheme 1. Thisis a
poly(ethylene glycol)-b-poly(aspartic acid) deriva-
tive block copolymer.’® The molecular weight of
the poly(ethylene glycol) (PEG) chain was 5000
and the average number (x+7y) of the aspartic
acid units was 27. Approximately 75% of the
aspartic acid residues of the poly(aspartic acid)
chain were converted to the B-amide form due to
an alkaline hydrolysis procedure during the
synthesis of this block copolymer. A hydrophobic
benzyl group was bound to 75% of the poly(aspar-
tic acid) residues by an ester-forming reaction
between benzyl bromide and poly(ethylene gly-
col)-poly(aspartic acid) block copolymer (PEG-
P(Asp)) as reported previously.?! Briefly, PEG-P
(Asp) block copolymer was dissolved in N,N-
dimethylformamide (DMF) and added to benzyl
bromide along with a catalyst, 1, 8-diazabicy-
clo[5,4,0]7-undecene (DBU). The reaction mixture
was stirred at 50°C for 15.5 h. Polymers were
obtained by precipitation in an excess of diethyl
ether and collected by centrifugation at 3000 rpm
for 10 min. The dried polymer was dissolved in
dimethyl sulfoxide (DMSO) and added to an
excess of 6 N HCI, followed by dialysis against
distilled water and, finally, freeze-drying.

For determination of the polymer composition,
such as the number of Asp units and the benzyl
ester content, 'H-NMR measurements were car-
ried out on a 1% solution in 6D-DMSO containing
3% triftuoroacetic acid using a Varian Unity Inova
NMR spectrometer at 400 MHz.

Incorporation of ATRA into Polymeric Micelles

Incorporation of ATRA into polymeric micelles
was carried out by an evaporation method.
Briefly, ATRA 0.5 mg and polymer 5 mg were
dissolved in chloroform. After vacuum drying and
desiccation, 3 mL of phosphate buffered saline
(pH 7.4) was added for hydration for 30 min at
25°C. The preparation was placed in a probe
sonicator (200 W) for 2 min at 4°C. The obtained
preparation was centrifuged at 1500g for 10 min
before the supernatant was passed through a
0.45 pum filter. To prepare [PH]ATRA-labeled
polymeric micelles, a trace amount of [’H] ATRA
(50 nCi) was dissolved in chloroform with ATRA
and polymer and then treated exactly as described
above. The filtered ATRA was adjusted to a
concentration of 0.06 mg/mL based on the mea-
sured radioactivity.

* Incorporation of ATRA in the polymeric micelles
was confirmed by gel-permeation chromatography

in distilled water. ATRA was found to elute
at the gel-exclusion volume of a Tosoh TSKgel
G3000PWxy, column (exclusion molecular weight =
500000) using a UV detector operated at 360 nm.
This indicates that ATRA was incorporated into
polymeric micelles having a molecular weight of
500000 or more. The amount of incorporated
ATRA in the polymeric micelles was determined
by the UV absorption at 360 nm of the micelle
solution in a mixture of dimethylsulfoxide (DMSO)
and water (DMSO: water =9: 1 by volume). The
filtered ATRA was adjusted to a concentration of
0.06 mg/mL based on the measured radioactivity.
The particle size of the polymeric micelles was
measured in a dynamic light scattering spectro-
photometer (I.S-900, Otsuka Electronics).

Evaluation of ATRA Incorporated in
Polymeric Micelles

The methods used to determine the incorporation
ratio of ATRA in polymeric micelles were as
described for the liposomal studies.?? Briefly, the
polymeric micelles were ultrafiltered using a
micropartition system (Sartorion VIVASPIN
2 mL concentrator 5000 MWCO PES) at 1500g
for 15 min. The drug concentration in the pre-
paration (Cp) and in the ultrafiltrate (Cyw) was
assayed by scintillation counting. The equation
for the incorporation ratio in the polymeric mice-
lles was as follows:

Incorporation ratio (%) = ((Cr — Cw)/Cr) x 100

Preparation of Mouse Serum

Mice were prepared according to the method
reported previously.'®*” Mouse blood was col-
lected and coagulated by incubation for 12 h. After
centrifugation (1500g) for 10 min, the super-
natant was filtered (0.45 um).

In Vivo Distribution Study

Five-week-old male ddY mice (25.0—-27.0 g) were
obtained from Shizuoka Agricultural Co-operative
Association for Laboratory Animals, Shizuoka,
Japan. [PHJATRA (0.5 pCi/100 pl) dissolved in
serum, polymeric micelles or liposomes were
injected into the tail vein of mice at a ATRA dose
of 0.6 mg/kg. At each collection time point, blood

- was collected from the vena cava and the mice

were then killed at the end of the experiment. The
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liver, kidneys, spleen, heart, and lungs were re-
moved, washed with saline, blotted dry, and
weighed. Ten microliters of blood and precisely
weighed a small amount of each tissue (20—30 mg)
were digested in 0.7 mL Soluene-350 by incubat-
ing overnight at 45°C. Following digestion, 0.2 mL
isopropanol, 0.2 mL 30% hydroperoxide, 0.1 mL
5 N HCI, and 5.0 mL Clear-Sol I were added. The
samples were stored overnight and the radio-
activity was measured in a scintillation counter
(LSA-500, Beckman, Tokyo, Japan).

Calculation of Organ Clearance

The tissue distribution data were evaluated using
organ distribution clearances as reported pre-
viously.?>?* Briefly, the tissue uptake rate can be
described by the following equation

dX;
o ®

where X, is the amount of [’H] ATRA in the tissue
at time £, CLyptake is the tissue uptake clearance,
and C), is the blood concentration of [®H] ATRA.
Integration of Equation 1 gives

X = CLﬁptake 'AUC(0~t)

= CLuptake : Cb

(2)

where AUC( .4 represents the area under the

blood concentration time curve from time O to ¢. -

The CLyptake value can be obtained from the
initial slope of a plot of X; versus AUCq..».

In Vitro Penetration Study

The dialysis membranes (Spectra/Por® Mem-
brane MWCO 3,500, Spectrum Laboratories,
Inc., Roncho Dominguez, CA) were mounted in
diffusion chambers. Then, 2.2 mL phosphate
buffered saline (pH 7.4) or 20% DMSO phosphate
buffered saline (pH 7.4) (DMSO: phosphate buf-
fered saline (pH 7.4) = 8: 2 by volume) was added
to the donor and receiver side. The diffusion
chambers were maintained at 37°C and 0.8 mL of
ATRA (140 uM) incorporated in polymeric mice-
lles were added to the donor side (initial donor
concentration (Cr) =387.3 uM). At 3, 12, and 20 h,
samples (40. ul) were withdrawn from receiver
side and the penetration concentrations of ATRA
(Cp) were determined spectrophotometer (UV-
visible Spectrophotometer, Shimazu Co., Ltd.,
Kyoto, Japan; 350 nm). The equation for the
penetration % was as follows:

Penetration (%) = (Cp/C1) x 100

Statistical Analysis

Statistical comparisons were performed by Stu-
dent’s ¢-test for two groups, and one-way ANOVA
for multiple groups. p < 0.05 was considered to be
indicative of statistical significance.

RESULTS

Mean Diameter of ATRA Incorporated in
Liposomes or Polymeric Micelles

The particle size distribution of ATRA incorpo-
rated in liposomes and polymeric micelles was
analyzed. The weight-fractioned mean diameter
of sonicated samples of liposomes and polymeric
micelles (Bz-75) were about 113 and 19.1 nm.
These sizes of ATRA incorporated in liposomes
and polymeric micelles corresponded to our pre-
vious observations for each formulation.

Incorporation Ratio of ATRA'in

Liposomes or Polymeric Micelles

The incorporation ratio of ATRA in liposomes and
polymeric micelles was 95.6+0.42 (n=3) and -
96.4+0.17 % (n=3), indicating that most of the
ATRA was tightly incorporated in the liposomes
and the polymeric micelles (Bz-75).

Blood Concentration of [PHJATRA or
[*H]CHE Incorporated in Liposomes

Figure'l shows the blood concentration profiles of
[PHIATRA dispersed in serum (inherent distribu-
tion of ATRA) and [*H]ATRA or [*HICHE incor-
porated in polymeric micelles or liposomes after
intravenous injection into mice. The blood con-
centration of [°H] ATRA in mouse serum was
significantly lower than that of [’H] ATRA in lipo-
somes, suggesting that liposomes could enhance
blood retention by their encapsulation. However,
the blood concentration of [*’H] ATRA in liposomes
was significantly lower than that of [*H] CHE in
liposomes. Taking the incorporation percentage of
ATRA in liposomes (96.4%) into considerations,
most of the ATRA is rapidly released in the blood
circulation after intravenous injection.

Blood Concentration of [*HJATRA
Incorporated in Polymeric Micelles

Scheme 1 shows the structure of the block
copolymer used to prepare the polymeric micelles.
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