+Mo:de1
UP-9847, No.of Pages8

ARTICLE [N PRESS

108

10°

10*

10°

10?

W. Ding et al. / International Journal of Pharmaceutics xxx (2007) xxx-xxx 5
10000 i

[ o Y —
£ o000 200
]

hii ol
2 woop g
£ ool £

Z

B'/ 6000 | [ —
> r4
g m
= 5000 | &
[ =)
a 4000 | g
o E
D 3000} ~
5 -
3 2000}
1000 D
— o i,

Luciferase activity (cps/ug protein)

10°

10°

Nangplex%
Charge ratio (+/-)

Lipo;Texes

Fig. 4. Transfection efficiencies of lipoplexes and nanoplexes in A549 cells. The
values were expressed as mean + S.D. (n = 3). **Significant difference between
OH-Chol and other CCDs in the same charge ratio group (P <0.01, Student’s ¢
test). The values are expressed as mean = S.D. (n=3).

particle size from 150 to 300 nm at a charge ratio (+/—) of
3/1. The OH-Chol liposomes and nanoparticles formed large
particles with DNA at charge ratios (+/—) of 3/1 and 5/1, and,
therefore, for the in vivo study, we selected OH-Chol nanoplexes
only at a charge ratio (+/—) of 3/1 as the optimum formulation.

3.3. Comparison between lipoplexes and nanoplexes for
gene transfection in A549 cells

Asshownin Fig. 4, the lipoplexes were far more effective than
nanoplexes at the same charge ratio, especially at charge ratios
(+/—) of 3/1 and 5/1. This may be explained by the contribution
of the membrane destabilization role of DOPE in the liposomes.
Among the six kinds of cationic cholesterol derivatives, OH-
Chol lipoplexes and nanoplexes exhibited significantly elevated
gene transfection, which may have been due to many factors,
such as the amido linker and hydroxyethyl group in the struc-
ture of OH-Chol (Okayama et al., 1997), and some physical
characteristics of the OH-Chol lipoplex and nanoplex, such as
large particle size as shown in Fig. 3. The large particle size of
OH-Chol lipoplex and nanoplex contributed partly to the high
gene transfection in A549 cells, since large particles were more
readily endocytosized into cells.

Furthermore, by comparing various lipoplexes at a charge
ratio (+/—) of 3/1, we can see that the non-hydroxyethylated
cationic cholesterol derivatives, DC-Chol and DMAPC, were
more effective than hydroxyethylated ones (except for OH-
Chol), namely DMHAPC, HAPC and MHAPC. Moreover,
MHAPC, which bears a tertiary amine in the headgroup,
exhibited a little higher transfection ability than HAPC and
DMHAPC at the optimized formulation (CCD/DOPE=1/2,
molar ratio). Based on the higher gene transfection of lipoplexes
than nanoplexes in A549 cells, we selected lipoplexes at a charge
ratio (+/—) of 3/1 for further in vivo research.
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Fig. 5. Luciferase activity (closed columns) and TNF-a (open columns) in
the lung at 24h after intratracheal injection of lipoplexes and nanoplexes
(+/—=3/1). *Significant difference from OH-Chol nanoplex, jet-PEI, DC-Chol
and DMHAPC lipoplexes (P <0.05, Student’s ¢ test). **Significant difference
from OH-Chol nanoplex and jet-PEI (P <0.01, Student’s ¢ test). The values are
expressed as mean £ S.D. (n=3). The inset showed the TNF-a values of DC-
Chol and MHAPC liposomes or lipoplexes in the lung at 24 h after intratracheal
injection.

3.4. Luciferase expression and TNF-«a levels in the lung

Bolus intratracheal injection through the exposed bronchui
of mouse was employed for all the in vivo studies. This admin-
istration method guarantees that 100% of the injected solution
reaches the lung instantly (Driscoll et al., 2000). As long as the
lipoplexes and nanoplexes can be stabilized under the mucus dur-
ing distribution of the suspension in the lung, they have a chance
to transfect the epithelial cells and even the alveolar cells in the
lung.

As shown in Fig. 5, use of the lipoplexes resulted in
much higher gene expression in the lung than use of OH-
Chol nanoplexes, which were the most effective in A549 cells.
One possible reason for this may be the insufficient DNA-
protecting ability of OH-Chol nanoplexes in the presence of
mucus and surfactants in the lung, while the lipoplexes might
be able to encapsulate DNA in highly ordered multilammel-
lar structures. Among these lipoplexes, DMHAPC, HAPC, and
MHAPC lipoplexes, which were all hydroxyethylated in the
cationic terminal, showed higher luciferase level than DC-Chol
and DMAPC lipoplexes, which were not hydroxyethylated.
In contrast to the in vitro data, the lipoplexes containing
hydroxyethylated cationic cholesterol derivatives most strongly
promoted gene expression in the lung. Although it is unclear
how a hydroxyethyl group at the amine headgroup improves
transfection, the hydroxyethyl moiety may affect the interaction
between DNA and the cationic lipid membrane, and assist cel-
lular association or some steps after internalization into the cells
(Nakanishi and Noguchi, 2001).

Interestingly, the use of MHAPC lipoplexes, which contained
a hydroxyethylated tertiary amine as the cationic part, resulted
in 2- and 60-fold higher gene expression than the use of jet-PEI
and naked DNA, respectively. The exact mechanism by which
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the hydroxyethyl group in the cationic part and the tertiary amine
in MHAPC increased gene expression is not known, but might
be related to the stability of MHAPC lipoplexes in the presence
of mucus and/or increased release of DNA from the lipoplexes
in the acidic endosomal compartment.

Although the use of lipoplexes resulted in much higher gene
expression in the lung, the lung seemed to have some inflam-
matory response to the lipoplex suspensions. The lipoplexes
induced higher TNF-a secretion than OH-Chol nanoplexes and
jet-PEIL. The strong inflammatory response to lipoplexes was
thought to be related to the lipoplexes themselves, since only
low levels of TNF-a were detected with the DNA alone and
DC-Chol and MHAPC liposomes alone (Fig. 5, inset). Further-
more, the high DOPE content in the lipoplexes might also have
been responsible for the inflammatory response, since both OH-
Chol nanoplexes and MHAPC nanoplexes induced low levels of
TNF-a (data not shown). The present data were in accord with a
report showing that lung toxicity observed with lipoplexes could
be increased by the addition.of DOPE, although DOPE suspen-
sion alone caused a negligible inflammatory response (Scheule
et al., 1997). .

3.5. Charge ratio of MHAPC lipoplex affected gene
transfection

As shown in Fig. 3, the positively charged (+/—=3/1)
MHAPC lipoplexes were far more effective than nega-
tively charged ones (+/—=1/2) in A549 cells. Since most
reports showed that nearly neutral or negatively charged
lipoplexes/nanoplexes can produce higher gene expression in
tumor tissues than positively charged ones (Miller, 2003; Hattori
et al., 2007), we investigated the effect of the charge ratio (+/—)
of MHAPC lipoplexes on gene transfection in the lung. In Fig. 6,
it can be seen very clearly that the in vivo result corresponded to
the in vitro one, with positively charged (+/— =3/1) lipoplexes
being significantly more effective than negatively charged ones.
Since there are large amounts of surfactants and proteins in the
lung lavage fluids and much mucin covers the epithelial cells
in the lung, negatively charged lipoplexes might have a small
chance of being retained as intact particles to transfect epithe-
lial cells, whereas positively charged lipoplexes might be stable
enough to exhibit gene expression ability (Rosenecker et al.,
2003). .

3.6. Distribution of MHAPC lipoplexes in the lung and
localization of luciferase by immunostaining

Since MHAPC lipoplexes at a charge ratio (+/—) of 3/1
produced the highest gene expression in the lung, we investi-
gated the distribution of rhodamine-labeled MHAPC lipoplexes
and the location of the luciferase expression they produced
after intratracheal injection. By observing the fluorescence of
rhodamine in the cryosections, it was clear that rhodamine
was mainly distributed throughout the bronchi and bronchioles,
and some had even diffused to the alveolar cells (Fig. 7a and
b). However, the distribution of lipoplexes was not homoge-
neous throughout the lungs: no fluorescence of thodamine was
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Fig. 6. Effect of charge ratio (+/—) of MHAPC lipoplexes on gene expression
in the lung. **, Significant difference (P <0.01, Student’s  test). The values are
expressed as mean £ S.D. (n=3).

observed in some other regions in the same slice (Fig. 7c and d).
From the morphological observation of the lungs which received
the MHAPC lipoplex suspension, only the upper and middle
lobes exhibited an increased inflammatory response compared
to normal lung tissue, indicating that the intratracheally injected
lipoplex was mainly located in the upper and middle lobes (pho-
tos not shown).

After luciferase immunostaining (Fig. 7e-h), the fluores-
cence of thodamine was markedly decreased after many rounds
of washing. The fluorescence was only located in the epithe-
lial cells of the bronchi and bronchioles (Fig. 7f and h), and
luciferase was also only expressed in the epithelial cells (Fig. 7e,
arrows). Although some fluorescence of rhodamine was seen in
the alveolar cells (Fig. 7b), there was no luciferase expression in
the alveolar cells (Fig. 7e). We suppose that the fluorescence
in the alveolar cells was mainly caused by free rhodamine-
DHPE that became separated from the lipoplexes in the
lung.

" Lipoplexes administered by intravenous injection can be
captured by the vascular system in the lung and induce
gene expression in the lung alveolar region (Scheule et al.,
1997). Since intratracheal injection has limited injection volume
(1-2 ml/kg weight), the injected lipoplexes are directly exposed
to the mucus around the bronchi and bronchioles, resulting in
gene expression only in the epithelial cells lining the bronchi
and bronchioles. This mode of injection, however, avoids gene
expression in other organs, making it possible to decrease the
dose of lipoplexes and possibly to decrease toxic side effects, and
provides a potentially effective way for gene therapy of cystic
fibrosis and other lung diseases.
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Fig. 7. Distribution of rhodamine-labeled MHAPC lipoplexes (a—d; before immunohistochemistry) and luciferase location in the lungs (e~h; after immunohisto-
chemistry). a—f are shown at 40x magnification; g and h show 100x magnification of the regions in the dashed squares in e and f. Arrows in e indicate the luciferase
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4. Conclusions

In the present work, three CCDs with a carbamate ester
linker and a hydroxyethyl group were synthesized and formu-
lated into liposomes and nanoparticles. In in vitro formulations,
liposomes formulated with CCDs and DOPE of 1/2 molar ratio
were more effective than the corresponding nanoparticles with
CCDs and Tween 80 at all charge ratios. Furthermore, among
the liposomal formulations, non-hydroxyethylated CCDs such
as DC-Chol and DMAPC were more effective than hydroxyethy-
lated ones in A549 cells. Gene transfection in the lung showed
opposite results to those in vitro, with liposomes containing .
hydroxyethylated CCDs being more potent than ones containing
non-hydroxyethylated CCDS. MHAPC liposomes, which con-
tained a hydroxyethylated tertiary amine as the cationic part,
showed the highest gene expression among CCD liposomes.
All the lipoplexes caused higher TNF-« levels in the lung than
the nanoplexes and jet-PEI and we considered the toxicity was
largely caused by the lipoplex formulation, but our findings
demonstrated that use of CCD lipoplexes with modification of
the cationic cholesterol with a hydroxyethyl group at the ter-
tiary amine headgroup, MHAPC, promoted gene expression in
the lung without increasing the toxicity compared to other CCD
lipoplexes. However, further efforts should be made to elucidate
the mechanism of toxicity in the lung caused by CCD lipoplex
and how to minimize the inflammation response of CCD lipoplex
by optimizing the formulation.
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Abstract

Background Adiponectin (Adipo), an adipocyte hormone involved in the
regulation of glucose and lipid metabolism, has already been identified
as a potential therapeutic target for the treatment of diabetes. However,
successful delivery of Adipo to the receptors is difficult due to their peptide
characteristics. Receptors for Adipo are abundantly expressed in the liver and
skeletal muscle.

Methods Uptake of 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-de-
oxyglucose (2-NBDG) in hepatoblastoma HepG2 cells expressing Adipo was
examined. Adipo-expressing plasmid DNA (10-50 pg) in saline solution
(0.1 ml/g body weight) was rapidly injected into the tail vein of 4-week-old
diabetic mice after 4—6 weeks of treatment with streptozotocin (STZ). Uptake
of glucose in diabetic mice also was measured using a planar positron imaging
system featuring 18-fluorodeoxyglucose.

Results HepG2 cells expressing Adipo exhibited significantly increased 2-
NBDG uptake compared with cells transfected with control plasmid even
in the absence of insulin. STZ-induced diabetic mice showed decreased
serum Adipo levels compared with non-diabetic mice. A single hydrodynamic
injection of 10-50 ug Adipo-expressing plasmid DNA into diabetic mice led
to approximately 10-15-fold elevation in serum Adipo levels, and resulted
in decreased serum levels of glucose and triglyceride. As well as exhibiting
higher levels of Adipo expression, diabetic mice also had higher hepatic
glucose uptake than similar mice injected with control plasmid.

Conclusions We report that STZ-induced diabetic mice exhibited decreased
Adipo levels and hyperglycemia which may be alleviated by hydrodynamic
injection of the Adipo gene. This type of gene delivery system to the liver
offers a different approach in developing novel treatments for type 1 and 2
diabetes. Copyright © 2007 John Wiley & Sons, Ltd.

Keywords adiponectin; gene expression; glucose-lowering effect; STZ-induced
diabetic mice; glucose uptake; receptor targeting

Introduction

Adiponectin (Adipo) is an adipocyte hormone involved in glucose and lipid
metabolism [1-4]. Impaired glucose and lipid metabolism, hallmarks of
obesity and type 2 diabetes [5], promote excessive lipid storage in insulin
target tissues, such as muscle and the liver, thereby leading to insulin
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resistance [6]. Cell-surface receptors of Adipo (AdipoR1
and AdipoR2) have been cloned [7] and their expression
patterns revealed: AdipoR1 was abundantly expressed
in skeletal muscle, whereas AdipoR2 was principally
expressed in the liver [7]. The insulin-sensitizing effects of
Adipo in insulin-resistant mice correlated with an increase
in the activity of AMPK (5'-AMP-activated protein kinase),
which could be directly related to the binding of Adipo to
AdipoR1 and AdipoR2.

Adipo has already been identified as a potential
therapeutic target for the treatment of diabetes and
other obesity-related illnesses [8]. However, successful
delivery of Adipo to these receptors is difficult due to
their peptide characteristics. Use of adeno-associated
virus vectors to mediate Adipo expression led to an
improvement in insulin sensitivity in diet-induced obese
rats [9] compared to non-obese rats [10], and this
was due to an increase in AMPK activity as well as
modulation of hepatic gluconeogenesis [10]. Recent
advances in gene therapy have already targeted receptors.
The hydrodynamic injection method can provide a route
for efficient hepatic expression of transgenes in mice
just by systemic administration of naked DNA [11-14].
However, to our knowledge, hydrodynamic injections of
Adipo genes targeted to liver have not yet been reported.
Therefore, we used this method to evaluate the usefulness
of Adipo gene therapy to the liver for diabetes.

The effects of Adipo on mice with type 2 diabetes have
been extensively studied [8,15], but the effects of Adipo
on mice with type 1 diabetes are less clear. Therefore, at
first we investigated Adipo levels in streptozotocin (STZ)-
induced diabetic mice. We aimed to induce transfection
of full-length Adipo plasmid DNA (pCMV-Ad) in liver, via
hydrodynamic injection since full-length Adipo protein
has a higher binding affinity to hepatic membrane
fractions than globular Adipo [16].

We found that STZ-induced diabetic mice showed
decreased Adipo levels, and that the gene delivery of
PCMV-Ad in STZ-induced diabetic mice via hydrodynamic
injection significantly increased serum and hepatic
concentrations of Adipo, and decreased serum glucose and
triglyceride levels in these mice. This glucose-lowering
effect was likely to be directly related to an increase in
glucose uptake in the liver,

Materials and methods

Cell culture

Human hepatoblastoma (HepG2) cells were obtained
from the Riken Cell Bank (Ibaraki, Japan) and were
grown in RPMI-1640 medium supplemented with 10%
heat-inactivated serum.

Plasmid constructions

Complementary DNA was synthesized from the total
RNA in mouse adipose tissue (Biochain Institute, CA,

Copyright © 2007 John Wiley & Sons, Ltd.
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USA). In the construction of pCMV-Ad, ¢cDNA cod-
ing for bp 1-744 of mouse Adipo was amplified
by polymerase chain reaction (PCR) using the fol-
lowing Adipo-specific primers: Adipo forward primer
(5'-GAAAAGCTTaccATGCTACTGTTGCAAGCT CTC);
Adipo reverse primer (5'-GAATCTAGATCAGTTGGT-
ATCATGGTAGA). The forward primer contained a 3-bp
optimal Kozak sequence (in lower-case letters) together
with a Hind III restriction site (underlined). The reverse
primer coding for bp 723-744 of Adipo had an Xba I
restriction site (underlined). Cytomegalovirus (CMV) pro-
moter DNA was amplified and digested with Kpn I and
Hind 1II as previously reported [17]. After amplification,
Adipo cDNA was digested with Hind I and Xba I, and
ligated into a Hind Il/Xba I-digested pGL3-enhancer
(Promega, Madison, WI, USA). The plasmid was then
digested with Kpn I and Hind III, and ligated with CMV
promoter DNA [17]. In the construction of the plasmid
pCMV-luc encoding luciferase gene, pGL3 enhancer was
digested with Kpn I and Hind 111, and was ligated with
the CMV promoter. pGL3-basic encoding the luciferase
gene without a promoter was obtained from Promega,
and used as a control plasmid. A protein-free prepara-
tion of the plasmid was purified after alkaline lysis in
Maxiprep columns (Qiagen, Hilden, Germany) without
contamination with LPS (less than 0.1 EU/1 pg plasmid
DNA).

Adipo expression and AMPK activity

HepG2 cells were cultured on 35-mm dishes. These
cells were transfected with 2 pg of pCMV-Ad, or pGL3-
basic as a control, using Lipofectamine 2000 (Invitrogen
Corp., Carlsbad, CA, USA), and then incubated for
24h. To reveal AMPK activation, the cells were
treated with 1 mM 5-aminoimidazole-4-carboxamide-1-
D-riboside (AICAR) (Wako, Osaka, Japan) for 0, 10,
30, 60 or 180 min. Cell protein extracts were prepared
with 1ml of sampling buffer containing 1% (v/v)
Triton X-100, protease inhibitor cocktail set Il and
protein tyrosine phosphatase inhibitor II (Calbiochem,
Darmstadt, Germany) in phosphate-buffered saline (PBS).
They were separated by 7.5 or 12.5% (w/v) sodium
dodcecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred onto polyvinylidene
difluoride membranes (Nippon Genetics, Tokyo, Japan).
Membranes were blocked at room temperature for 1 h
with PBS containing 0.1% (v/v) Tween-20 and 5%
(w/v) skimmed milk, and subsequently incubated at room
temperature for 1 h with rabbit anti-mouse adiponectin
polyclonal antibody (Assay pro, MO, USA) or rabbit
anti-phospho-AMPK-o  (Thr-172) monoclonal antibody
(Cell Signaling Technology, MA, USA). Membranes were
then incubated with a horseradish peroxidase-conjugated,
goat, anti-rabbit, IgG antibody (Santa Cruz Biotechnology,
CA, USA) as a secondary antibody. To enhance the
antibody signal, all antibodies were diluted with Can
Get Signal (Toyobo, Osaka, Japan). The signal was

J Gene Med 2007; 9: 976-985.
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detected using a SuperSignal West Pico chemiluminescent
substrate (Pierce, Rockford, IL, USA). Mouse Adipo
levels in cells and cuiture media were determined by
Mouse/Rat adiponectin enzyme-linked immunosorbent
assay (ELISA) kit (Otsuka Pharmaceutical Co., Ltd.,
Tokushima, Japan).

2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)-2-deoxyglucose (2-NBDG)
uptake

HepG2 cells were cultured on 96-well black cell culture
dishes. In AICAR experiments, cells were incubated with
1 mM AICAR for 60 min. In transfection experiments,
cells were incubated for 24 h after transfection of pGL3-
basic or pCMV-Ad using Lipofectamine 2000. After AICAR
treatment or DNA transfection, all cells were incubated
with 50 uM 2-NBDG (Molecular Probes, OR, USA) in
PBS for 15 min, and then washed with additional PBS
to remove excess 2-NBDG. Fluorescence in the cells was
measured at an excitation wavelength of 485 nm and
an emission wavelength of 535 nm with a Wallac ARVO
SX 1420 multi-label counter (Perkin Elmer Life Sciences,
Japan, Co. Ltd., Kanagawa, Japan).

Animal studies

Male ICR mice (aged 4 weeks, Tokyo Laboratory Animal
Science, Co., Ltd., Tokyo, Japan) were used in this study.
The mice were maintained in accordance with institu-
tional guidelines of the Hoshi University Animal Care
and Use committee. Each mouse received an intravenous
injection of 200 mg/kg STZ to induce diabetes [18]. Mice
were fasted for 3 h before commencing the experiment
and prior to taking blood samples. Glucose concentra-
tion of each sample was measured using Medisafe Mini
(Terumo, Tokyo, Japan). Mice with blood glucose levels
over 500 mg/dl and 20-30g body weight were selected
for testing 4 to 6 weeks after STZ treatment. To transfect
pCMV-Ad into mice, we used a hydrodynamic injection
method: Injection into the tail vein in 5 s with 2.5 ml of
saline solution containing 1, 5, 10 or 50 ug of pCMV-Iuc,
pGL3-basic or pCMV-Ad [11,12]. Serum concentrations
of insulin, glucagon and triglyceride (TG) were measured
using an Ibis insulin ELISA kit (Sibayagi, Gunma, Japan),
a glucagon EIA kit (Yauchihara, Shizuoka, Japan) and
a triglyceride E test (Wako, Osaka, Japan), respectively.
Serum Adipo levels were measured by ELISA, as described
above. Twenty-four hours after plasmid injection, mice
were anesthetized and perfused with saline through the
left ventricle, and those that had received pGL3-basic
or pCMV-Ad were sacrificed. Liver and skeletal muscle
were harvested, homogenized with sampling buffer and
centrifuged at 15000 g. Supernatant fractions were sub-
jected to Western blot analysis to detect expression of
Adipo and phosphor-AMPK-a, and the concentration of
Adipo was measured using the above method.

Copyright © 2007 John Wiley & Sons, Ltd.
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Distribution of 18-fluorodeoxyglucose
(FDG) using a planar positron imaging
system

An anesthetized mouse, which had been fasting for at least
12 h, was fixed onto the stage plate {19,20]. FDG, a short-
lived glucose analogue labeled with fluorine-18 (4 2=
110 min) (4 MBq/20 g), was injected intravenously into
the STZ-induced diabetic mouse through the tail vein
18 to 24 h after hydrodynamic injection of 10 pg of
pGL3-basic or pCMV-Ad. After FDG injection, image data
were acquired at 1-min frame intervals for 60 min with a
PPIS-4800 planar positron imaging system (Hamamatsu
Photonics, Hamamatsu, Japan). The distribution and
kinetics of FDG in vivo were analyzed from a composite
image accumulated during the last 20 min of data
acquisition. The region of interest (ROI) was preset
on the composite image, and the time-activity curves
of radioactivity in the heart, liver and muscle tissues were
monitored for 60 min after FDG injection.

Adipo receptor mRNA expression in the
liver

Total liver RNA was isolated using the Quickprep Total
RNA extraction kit (Amersham Biosciences, NJ, USA) 24 h
after hydrodynamic injection of pGL3-basic or pCMV-Ad.
UV spectrometry measurements at 260 nm and 280 nm
were used to assess RNA yield, and RNA purity was
analyzed by electrophoresis. Complementary DNA was
synthesized from the total amount of RNA extracted
from the liver, real-time PCR was performed with the
iCycler MyiQ detection system (Bio-Rad Laboratories,
Hercules, CA, USA), and a SYBR Green I assay (iQ™
SYBER Green Supermix, Bio-Rad Laboratories) was used
for quantification. PCR amplification required denatura-
tion at 94°C for 0.5 min, primer annealing at 58 °C for
0.5 min, and elongation at 72°C for 1 min for 40 cycles.
PCR amplification of the housekeeping gene g-actin, and
AdipoR1 and AdipoR2 mouse Adipo receptors, were per-
formed within the same cycle for all samples. For the
amplification of mouse AdipoR1, the primers AdipoR1-
FW, 5-TGATGTGCTTCCTGACTGGCTGAAAGAC-3/, and
AdipoR1-RW, 5-TCAAGCCAAGTCCCAGGAACACTCCT-
GC-3', were used. For the amplification of mouse AdipoR2,
the primers AdipoR2-FW, 5'-CGAATGGAAGAGTTTGTTT-
GTAAGGTGT-3', and AdipoR2-RW, 5-GATTCCACTCAG-
GCCTAAGCCCACGAAC-3', were used. For the ampli-
fication of mouse B-actin, the primers B-actin-FW,
5'-ACCCACACTGTGCCCATCTA-3’, and B-actin-RW, 5'-
CTGCTTGCTGATCCACATCT-3’, were used. Samples were
analyzed in triplicate and the expression level of Adipo
receptor mRNA was normalized for the amount of g-
actin in the same sample. A difference of one cycle was
calculated to be the equivalent of a 2-fold change in gene
expression. :
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Statistical analysis

Significant differences in mean values were evaluated
using Student’s unpaired t-test. A P-value of less than
0.05 was considered to be significant.

Results

Adipo gene transfection in HepG2 cell
cultures

ELISA analysis was used to quantify Adipo levels in HepG2
cells transfected with pCMV-Ad, and its surrounding
culture medium. High levels of Adipo protein were
detected in cells that had been transfected with pCMV-
Ad, whereas Adipo protein was not detected at all in
both non-transfected and pGL3-basic-transfected cells
(Figure 1). Samples taken 24 h post-transfection showed
Adipo levels to be 183 + 30 ng/ml in HepG2 cells and
107 £ 25 ng/ml in the culture medium when measured
by ELISA (Figure 1).

Adipo stimulates the phosphorylation
of AMPK and glucose uptake in HepG2
cells

Yamauchi et al. reported that Adipo activity requires liver
AMPK activation in mice [16]). To investigate Adipo
activity in pCMV-Ad-transfected HepG2 cells, the level
of AMPK activation was studied. Cell phosphorylation
of AMPK (p-AMPK) was measured using Western blot
analysis. As a control, HepG2 cells were treated with
AICAR, a cell-permeable activator of AMPK, which
sustained the phosphorylation of Thr 172 in the ¢-subunit
of AMPK (a-AMPK) in proportion to the incubation
time (Figure 2a). Cells transfected with pCMV-Ad also
exhibited an increase in p-AMPK (Figure 2b).

Next, to investigate glucose uptake by AMPK activation,
uptake of 2-NBDG, a metabolizable fluorescent derivative
of glucose, in HepG2 cells treated with AICAR or
transfected with pGL3-basic or pCMV-Ad was measured.
There was no increase in cellular uptake of 2-NBDG
1 h after treatment with 1 mM AICAR, but the level of
uptake in cells transfected with pCMV-Ad had significantly
increased compared with cells transfected with pGL3-
basic (Figure 2c).

Reduction of Adipo levels in
STZ-induced diabetic mice

Prior to transfection, time-dependent changes in serum
Adipo levels in non-diabetic and STZ-induced diabetic
mice were investigated for 4—6 weeks. As a murine model
of type 1 diabetes, serum Adipo levels in diabetic mice
declined within 2 weeks of STZ treatment and continued
for a further 5 weeks, exhibiting overall lower serum

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 1. Adipo expression in HepG2 cells transfected with
pCMV-Ad. Adipo levels in HepG2 cells and culture medium 24 h
after transfection with pCMV-Ad were determined by ELISA;
n = 3 for each sample. Each bar represents the mean + standard
deviation (S.D.) N.D.: not detected

Adipo levels than non-diabetic mice (Figure 3a). This
effect appeared 4-6 weeks after the treatment with STZ
in mice aged 4 weeks, despite persistently high serum
glucose levels (Figure 3b). Serum Adipo levels in non-
diabetic mice were 15.0 & 2.08 ug/mi, while those in
STZ-induced diabetic mice 4-6 weeks after STZ treatment
were 7.10 £ 1.88 pg/ml (Figure 3c). The concentration of
serum glucose in non-diabetic mice was in the range of
150 to 200 mg/dl, while those of STZ-induced diabetic
mice were over 500 mg/dl 1 week after STZ treatment
(Figure 3b). Average serum concentration of insulin
in non-diabetic mice was 2.60% 0.37 ng/ml, but the
presence of insulin was not detected at all in serum
samples from STZ-induced diabetic mice 4-6 weeks after
treatment with STZ (Figure 3d).

Expression of Adipo in STZ-induced
diabetic mice

To confirm gene expression had occurred in the liver post-
hydrodynamic injection, plasmid DNA encoding luciferase
(pCMV-luc) was administered by the same method into
STZ-induced diabetic mice and non-diabetic control mice.
Twenty-four hours post-injection, mice from both cohorts
were sacrificed, and luciferase activity in the liver,
kidneys, lungs, and spleen was measured. Luciferase
activity in the liver was 100-1000-fold higher than
the kidneys, lungs or spleen, but was not detected
in the muscle in both non-diabetic and STZ-induced
diabetic mice (data not shown). This result correlated
with published data and indicated that hydrodynamic
injection was an effective method for gene delivery to the
liver [11,12].
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The relationship between dose dependency and Adipo
expression of plasmid DNA in STZ-induced diabetic mice
was examined by administering hydrodynamic injections
of pGL3-basic as control plasmid DNA, with 1, 5, 10 or
50 pg of pCMV-Ad. Results showed that the transfection
of pGL3-basic and 1pug of pCMV-Ad did not affect
serum Adipo levels in STZ-induced diabetic mice, but
transfection of 5 pg or 10 pg of pCMV-Ad significantly
raised serum Adipo levels approximately 4-fold and 15-
fold, respectively, 24 h after injection, when compared
with pre-injection measurements (Figure 4a). Elevated
Adipo levels were sustained up to the 48-h mark, before
declining gradually during the 48-72-h post-injection
interval (Figure 4a). Administration of 50 pg-of pCMV-Ad
induced slightly higher serum Adipo levels than that of
10 pg of pCMV-Ad at the 48-h and 72-h stage (Figure 4a).
Comparing the effects of 10 pug and 50 g of pCMV-Ad, no
significant difference in Adipo levels was seen (142.8 +
26.1 vs. 143.9 + 29.1 ug/ml) 24 h post-injection. Since
Adipo levels seemed to plateau (Figure 4a), 10 ug of’
pCMV-Ad was used in subsequent experiments except
for the experiment shown in Figure 5a. All mice had
been fasted for 3 h prior to pCMV-Ad injection or blood
sampling.

Western blot analysis and ELISA were used to quantify
the induced Adipo that had been expressed in the serum,
liver and muscle of STZ-induced diabetic mice. After
transfection of 10 pg of pGL3-basic, Adipo was not
detected in liver tissue, and the Adipo level in muscle
was 5.24 £ 1.34 pug/g (Figure 4b). After transfection of
10 pg of pCMV-Ad, Adipo levels were 112.7 + 41.3 ug/g
in liver and 16.04 £+ 2.56 pg/g in muscle (Figure 4b).
Twenty-four hours after injection of 10 ug of pCMV-
Ad, non-diabetic mice exhibited Adipo levels of 156.0 +

Copyright © 2007 John Wiley & Sons, Ltd.

of AMPK in HepG2 cells 24 h after transfection with 10 pg of
after 1 h treatment with 1 mM AICAR, or after 24 h transfection
£ 8.D.; n = 4. **P < 0.01; compared with pGL3-basic

1.68 ug/ml in blood serum, 273.1413.5 ug/g in liver
tissues, and 6.64 + 0.86 pg/g in muscle tissues (data not
shown). The level of Adipo in liver was significantly higher
than that in muscle, in STZ-induced diabetic mice as well
as non-diabetic mice, after injection of 10 pg of pCMV-Ad,
which suggested that pCMV-Ad was mainly expressed in
the liver and the induced Adipo protein was then secreted
from that organ into the bloodstream.

Hepatic Adipo expression reduces
serum glucose and triglyceride levels

The effect of hepatic Adipo expression on glycemia was
observed by measuring serum glucose levels in STZ-
induced diabetic mice after hydrodynamic injections of
10 pg of pCMV-luc, 10 pg of pGL3-basic, or 1, 5, 10
and 50 pg of pCMV-Ad (Figure 5a). Mice transfected with
either pGL3-basic or pCMV-Ad showed high glucose levels
of over 600 mg/dl prior to injection. By 24 h, glucose
concentration in mice transfected with 1 or 5pug of
PCMV-Ad 24 h had decreased to 77 and 75% of the
pre-injection levels, and those injected with 10 or 50 ug
of pCMV-Ad had decreased to 58 and 49% (531 + 21
and 410 £ 73 mg/dl, respectively, P < 0.05) of the pre-
injection concentration, while those injected with pGL3-
basic or pCMV-luc did not exhibit such a marked reduction
(802 + 47 mg/dl). Although the glucose-lowering effect
caused by 10 pug of pCMV-Ad did not extend beyond 48 h,
the effect of 50 ug of pPCMV-Ad was sustained beyond 48 h
and up to 72 h, after which serum glucose concentration -
returned to pre-injection levels. Furthermore, the glucose-
lowering effect of a dose of 10 pg of pCMV-Ad was evident
in non-diabetic mice because, at 24 h post-injection,

J Gene Med 2007; 9: 976-985.
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serum glucose had dropped from 170.4 £+ 9.96 mg/dl to
110.8 £11.7 mg/dl (data not shown).

The effect of increasing serum Adipo on serum glucose
levels was at its peak 24 h post-injection (Figure 5a) and
serum concentrations-of insulin, glucagon and triglyceride
(TG), as well as AdipoR1 and AdipoR2 mRNA in the
liver, were measured at this stage of the experiment.
No insulin was detected in STZ-induced diabetic mice
24 h after transfection with either pGL3-basic or pCMV-
Ad (data not shown). Serum glucagon levels of STZ-
induced diabetic mice injected with 10 ng of pCMV-Ad
showed a 40% increase in serum glucagon levels before
injection, and this effect could be associated with a
recovery in glucose levels (Figure 5b). Moreover, serum
TG levels decreased 60% (P < 0.05, compared with before
injection; Figure 5c), and AdipoR1 and AdipoR2 mRNA
levels in the liver did not change (data not shown). These
results demonstrated that high levels of Adipo in the liver
had reduced the serum concentrations of glucose and TG,
and that these effects had occurred even when insulin was
not detected.

Copyright © 2007 John Wiley & Sons, Ltd.

Adipo enhances glucose uptake in the
liver

The glucose-lowering effect of Adipo was investigated
by measuring glucose uptake in heart, liver and muscle
tissues using a planar positron imaging system to visualize
18-fluorodeoxyglucose (FDG) after in vivo injections of
either pGL3-basic or pCMV-Ad. FDG injected into the tail
vein quickly reached the heart, then distributed from the
liver toward the kidneys and; finally, toward the bowels.
Mice with STZ-induced diabetes that had been injected
with pCMV-Ad showed higher glucose accumulation in
the liver, but not in muscle, for the last 20 min of the
60 min scan, when compared to similar mice injected
with control plasmid (Figure 6a). In contrast, glucose
accumulation in the liver was not seen after injecting
non-diabetic mice with pCMV-Ad. or control plasmid
(data not shown). Liver FDG levels in STZ-induced
diabetic mice transfected with pCMV-Ad were higher
than those injected with pGL3-basic. Twenty-four hours
post-injection, hepatic tissues of diabetic mice injected

J Gene Med 2007; 9: 976-985.
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with pCMV-Ad showed slightly stronger AMPK activation
than similar mice injected with pGL3-basic (data not
shown). Data suggests that high levels of Adipo expression
in the liver were associated with increased hepatic glucose
uptake (Figure 6b).

Discussio.n

Serum Adipo levels in STZ-induced diabetic mice were
lower than non-diabetic mice, and could be increased
by hydrodynamic injection of pCMV-Ad, which reduced
serum glucose and TG levels in the absence of
insulin. Furthermore, diabetic mice with higher levels
of Adipo expression by injection exhibited higher hepatic
glucose uptake than those featuring low levels of Adipo
expression, .
Adipo levels in STZ-induced diabetic mice were
less than those in non-diabetic mice 4-6 weeks after
treatment with STZ in mice aged 4 weeks. This effect
neither appeared up to 1 week after the treatment with
STZ in mice aged 4 weeks, despite persistently high serum
glucose levels. Although circulating levels of Adipo may
be diminished in insulin-resistant illnesses, such as obesity
{21] and type 2 diabetes [22,23], Adipo levels in type 1
diabetes increased [24] and did not [25]. Adipo levels
in STZ-induced diabetic mice after treatment with STZ
in mice did not change significantly [26,27]. However,
recently, it has been reported that Adipo levels in STZ-
induced diabetic rats were suppressed when compared
with non-diabetic rats [28]. Age and weight of mice
treated with STZ, as well as time after treatment, may
greatly affect Adipo levels in STZ-induced diabetic mice.
Adipo has multiple biological functions and the exact

Copyright © 2007 John Wiley & Sons, Ltd.

mechanism behind these differences remains unclear. The
reduction of serum Adipo levels in STZ-induced diabetic
mice may be related to atrophy of adipocytes and/or other
diseases that might be induced by diabetes mellitus.

Hydrodynamic injection has proven to be a very efficient
method for hepatic delivery of genes into mice [11,12]. In
this study, serum and hepatic Adipo levels in STZ-induced
diabetic mice were elevated after hydrodynamic injection
of pCMV-Ad had caused high levels of Adipo expression
(Figures 4a and 4b). High levels of Adipo expression were
sustained for 3 days post-injection and peak expression
(142.8 £26.1 pg/m! at 10 pg dose/mouse) was seen at
the 24-h mark. Corresponding with changes in Adipo
expression seen at this mark, serum glucose levels
in STZ-induced diabetic mice transfected with 10 and
50 ug of pCMV-Ad had been reduced by more than
50%. Adenovirus-mediated Adipo transfection into Wistar
rats increased serum Adipo levels to approximately
70 ng/ml 7 days after intravenous injection, but did not
decrease glucose levels [10]. Intraperitoneal injection of
recombinant Adipo protein caused a 2- to 3-fold increase
in circulating Adipo levels to over 125 pg/ml after 4 h,
and triggered a transient decrease in glucose levels in
non-diabetic mice, STZ-induced diabetic mice, and non-
obese diabetic mice (NOD) (more than 50% decrease
before injection for all of them) [26,29]. Consequently,
the delivery of Adipo genes to the liver has been shown
to be effective in decreasing glucose levels, compared to
an injection of Adipo protein. This study provides the
first in vivo evidence that Adipo expression via pCMV-Ad
genes can reduce serum glucose levels in the absence of
insulin.

Expression of pCMV-Ad brought about a decrease in
serum glucose without changing the concentration of

J Gene Med 2007; 9: 976-985.
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AdipoR1 or AdipoR2 mRNA in the liver. Inukai et al. and
Tsuchida et al. showed that treatment with STZ led to a

of glucagon on glucose level may be significant, and at
24 h after transfection of Adipo, the glucagon level was

reduction in plasma insulin and, at the same time, caused
a marked increase in AdipoR1 and AdipoR2 mRNA levels
in muscle tissues [27,30], without significantly altering
AdipoR2 mRNA levels in the liver [27,31]. The decrease in
serum glucose concentration triggered a subsequent rise
in glucagon levels. Since serum insulin was not detected
in STZ-diabetic mice, it seems that the stimulating effect

Copyright © 2007 John Wiley & Sons, Ltd.

significantly elevated. This increase of glucagon level in
the absence of insulin may act continuously, thereby
resulting in restoration of the glucose level at 48 h.
This finding correlated with a previous investigation by
Berg et al. [26], which showed that glucagon and other
potential counter-regulatory mechanisms were capable
of instigating a recovery in basal glucose levels, and

J Gene Med 2007; 9: 976-~985.
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that over-expression of Adipo caused a subsequent down-
regulation in serum TG levels. In the end, the presence of
Adipo resulted in a reduction of liver TG in obese and type
2 diabetic mice [32] by increasing fatty-acid oxidation.

The glucose-lowering effect of recombinant Adipo
protein in NOD mice may be due to an increase
in sensitivity to insulin [26]. In this study, STZ-
induced diabetic mice exhibited undetectable insulin
levels (<0.25 ng/ml), as well as high levels of Adipo
expression, and experienced a decrease in glucose levels
after transfection of pCMV-Ad.

Serum Adipo may play a role in the regulation
of glucose homeostasis. Adipo expression decreased
glucose levels and suppressed hepatic glucose production
[29]. Under these conditions, serum glucose levels
were predominantly governed by hepatic glucose output
and input. Diabetic mice with high levels of Adipo
expression by injection were able to increase their
hepatic glucose uptake above those with low Adipo
expression. In conjunction with AMPK activation, Adipo
stimulated fatty-acid oxidation and glucose uptake
in skeletal muscle [33-35], reduced the availability
of gluconeogenesis components, such as glucose-6-
phosphatase in hepatocytes [36], and reduced serum
glucose levels in mice [16,26,31,37]. Increased rates of
glucose uptake in diabetic mice have been seen in muscle
tissues, but not in the liver. Here, it seems that Adipo
expression actually stimulated glucose uptake in the liver.

When investigating the insulin-independent glucose-
lowering effect, treatment with AICAR or transfection with
PCMV-Ad confirmed the presence of AMPK activation in
HepG2 cells. Cells treated with AICAR did not increase
glucose uptake, but cells transfected with pCMV-Ad
significantly increased glucose uptake when compared
with those transfected with pGL3-basic (Figure 2c). These
findings suggest that Adipo-associated increases in hepatic
glucose uptake may not be mediated by AMPK activation
in diabetic mice expressing Adipo. In addition, the Adipo
gene delivery to the liver in diabetic mice was able to alter
hepatic glucose uptake, and the glucose-lowering effect
exerted by Adipo on hepatocytes took place even in the
absence of insulin. Although this glucose-lowering effect
did not seem to be dependent on insulin, we cannot rule
out the possibility that very low insulin levels in STZ-
induced diabetic mice (<0.25 ng/ml) might be present
and could still affect the ability of Adipo to influence
serum glucose levels [26].

Thus, we have shown for the first time that
hyperglycemia in type 1 diabetes can be alleviated
by delivery of Adipo plasmid DNA to liver. Recently,
alternative techniques to hydrodynamic injection for
clinical applications were reported [38,39]. This type
of gene delivery to the liver provides a different approach
to gene therapy of type 1 and type 2 diabetes.
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Both polyethylenimine (PEI) polymers and cationic nanoparticles have been widely used for non-viral DNA
transfection. Previously, we reported that cationic nanoparticles composed of cholesteryl-3 B-carboxyamidoethyl-
ene-N-hydroxyethylamine and Tween 80 (NP-OH) could deliver plasmid DNA (pDNA) with high transfection ef-
ficiency. To increase the transfection activity of NP-OH, we investigated the potential synergism of PEI and NP-
OH for the transfection of DNA into human prostate tumor PC-3, human cervices tumor Hela, and human lung
adenocarcinoma A549 cells. The transfection efficiency with low-molecular PEI (MW 600) was low, but that with
a combination of NP-OH and PEI was higher than with NP-OH alone, being comparable to commercially avail-
able lipofectamine 2000 and lipofectamine LTX, with very low cytotoxicity. Low-molecular weight PEI could not
compact pDNA in size, but rather might help to dissociate pDNA from the complex and release pDNA from the
endosome to cytoplasm by the proton sponge effect. Therefore, the combination of cationic cholesterol-based
nanoparticles and a low-molecular PET has potential as a non-viral DNA vector for gene delivery.

Key words cationic nanoparticle; gene delivery; transfection; cholesteryl-3 B-carboxyamidoethylene-N-hydroxyethylamine;

polyethylenimine; nanoplex; PC-3 cell

Gene delivery has become an increasingly important strat-
egy for treating a variety of human diseases, including can-
cer." It is important to develop gene delivery vectors with
strong transfection activity and low toxicity for applications
in vivo. Many different cationic lipids have been synthesized
for delivering genes into cells. The use of cationic choles-
terol derivatives is justified by their high transfection activity
and low toxicity.>® Cholesteryl-3B-carboxyamidoethylene-
N-hydroxyethylamine (OH-Chotl), having a hydroxyethy! group
at the amino terminal, is a cationic cholesterol derivative
with good transfection efficiency for plasmid DNA (pDNA)
delivery.?

Polyethylenimines (PEIs) are a large group of non-viral
vectors that have been shown to be capable of delivering
pDNA into various cell lines.” PEI/pDNA complexes (poly-
plex) are taken up by a variety of cells via endocytosis, enter
the endosomal compartment, and are finally released due to
their buffer capacity via the so-called “proton sponge mecha-
nism”.> PEI has the ability to capture protons that are
pumped into endosomes. This is followed by a passive influx
of chloride ions into endosomes and subsequent osmotic
swelling and disruption of the endosomes. This permits the
escape of endocytosed DNA.>® The transfection efficiency
of PEI increases with increasing molecular weight. The
low-molecular weight PEIs (600, 1200, 1800) are virtually
ineffective.” The smallest PEI that has been used in gene
transfection has been 119008 Large PEls, such as PEI
25K (average MW 25000)*~'? and PEI 80K (average MW
80000),>>!" have been used successfully in transfection stud-
ies. PEIs with a mean molecular weight of less than 2000 are
inactive as transfection agents, but can be used in combina-
tion with cationic liposomes.'>'¥

Cationic liposomes are widely used as gene transfection
reagents, and bind electrostatically to negatively charged
DNA to form complexes. These lipoplexes enter the cells via
endocytosis. After endocytosis, the pDNA must escape from
the endosomes into the cytoplasm. PEI is able to enhance
gene transfer by helping to disrupt the endosomal membrane.

* To whom correspondence should be addressed.

e-mail: yhattori@hoshi.ac.jp

The use of low-molecular weight PEIs (MW 700, 2000) with
liposomes such as dioleoyloxypropyl trimethylammonium
methylsulfate (DOTAP) liposome, lipofectamine and polyca-
tionic liposome Dosper resulted in a synergistic increase in
the transfection efficiency in rat smooth muscle or rat glioma
C6 cells, but that with cationic dendrimers (Superfect) did
not."*' Among them, the combination of Dosper liposome
and low-molecular PEI caused the most effective transfection
synergism. However, it was not clear whether cationic
nanoparticles could enhance transfection efficiency in combi-
nation with PEL

We previously reported that cationic nanoparticles com-
posed of OH-Chol and Tween 80 (NP-OH) could deliver
pDNA with high transfection efficiency when the nanoparti-
cle/pDNA complex (nanoplex) was formed in a 50 mm NaCl
solution.'®!” In this study, to increase the transfection effi-
ciency of NP-OH, we evaluated the potential synergism of
PEI of low- (average MW 600, 1800) or high- (average MW
10000; 10K) molecular weight and NP-OH for pDNA trans-
fection. The transfection resulted in efficient DNA transfer in
human prostate tumor PC-3, human cervices tumor Hela, and
human lung adenocarcinoma A549 cells as a ternary com-
plex with low-molecular weight PEI 600, NP-OH, and
pDNA.

MATERIALS AND METHODS

Preparation of pDNA The plasmid pCMV-Gluc control
encoding secretable Gaussia luciferase (Gluc) under the con-
trol of the CMV promoter was purchased from New England
Biolabs (MA, U.S.A). A protein-free preparation of the
plasmid was purified following alkaline lysis using maxiprep
columns (Qiagen, Hilden, Germany).

Preparation of Nanoparticles, Nanoplexes, and Ternary
Complexes The synthesis of OH-Chol was done as
previously described.'® NP-OH formulation consisted of
1 mg/ml of OH-Chol as a cationic lipid and 5 mol% of Tween
80 (NOF Co., Ltd., Tokyo, Japan). NP-OH nanoparticles were

© 2007 Pharmaceutical Society of Japan
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prepared with lipids (e.g. OH-Chol:Tween 80=10:1.3,
weight (mg)) in 10ml of water by the modified ethanol injec-
tion method as previously described. !

The charge ratio (+/—) of NP-OH/pDNA is expressed as
the nitrogen of cationic lipid/DNA phosphate ratio. The NP-
OH/pDNA complex (nanoplex) was formed by the addition
of NP-OH to 2 ug of pDNA in water or 50 ul of 50 mm NaCl
solution with gentle shaking and leaving at room temperature
for 10 min. :

For preparation of the NP-OH/PEL/pDNA complex (ter-
nary complex), we used 3 kinds of branched PEIs (MW 600,
1800, 10000 (10K), Wako Chemicals, Osaka, Japan). The
charge ratio (+/—) of PEI/pDNA is expressed as the PEI
amine nitrogen/DNA phosphate ratio. PEIs were used with
charge ratios (+/—) of 1, 2 and 3, and NP-OH nanoparticles
had cationic lipid/DNA ratios of between 1 and 3. Briefly, to
form PEI/pDNA complexes (polyplexes), pDNA was com-
bined with the PEI solution to achieve charge ratios (+/—) of
1, 2, and 3 in water or 5—50 mMm NaCl solution and incu-
bated for 10min. Ternary complexes were formed by the ad-
dition of nanoparticles to the polyplex solution at the NP-
OH/DNA ratios mentioned above, and left at room tempera-
ture for another 10 min. The particle size distributions and ¢-
potentials were measured with an ELS-Z2 (Otsuka Electron-
ics Co., Ltd., Osaka, Japan), at 25 °C after diluting the dis-
persion to an appropriate volume with water. The average
size and {-potential of NP-OH were approximately 120—
130 nm and +45—50 mV, respectively.

Cell Culture PC-3 cells were supplied by the Cell Re-
source Center for Biomedical Research, Tohoku University
(Miyagi, Japan). Hela cells were obtained from the European
Collection of Cell Culture (Wiltshire, U.K.). A549 cells were
a gift from Oncotherapy Science (Tokyo, Japan). The cells
were grown in RPMI-1640 medium (Invitrogen Corp., Carls-
bad, CA, US.A)) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (Invitrogen Corp., Carlsbad, CA,
U.S.A.) and kanamycin (100 ug/ml) at 37°C in a 5% CO,
humidified atmosphere.

Secreted Gaussia Luciferase Assay PC-3, Hela, and
A549 cells were plated into 96-well culture dishes. For trans-
fection, nanoplexes, polyplexes and ternary complexes were
diluted in 1 ml of medium supplemented with 10% FBS and
then 100 ul of the mixture were incubated with the cells for
24 and 48h. Lipofectamine 2000 and lipofectemine LTX
lipoplexes (Invitrogen Corp.) were prepared according to
the manufacturer’s protocol. Activity of secreted Gaussia
luciferase in medium was measured as counts per second
(cps)/culture medium (ul) using a Gaussia Luciferase Assay
Kit (New England BioLabs, Inc., MA, U.S.A.) according to
the manufacturer’s directions.

Gel Retardation Assay One microgram of pDNA was
mixed with aliquots of PEI 600, 1800, 10K, and NP-OH (1to
3 charge equivalents of cationic polymer or lipid) in 50 mm
NaCl solution. After a 10-min incubation, the polyplexes and
nanoplexes were analyzed by 1.5% agarose gel electrophore-
sis in Tris-Borate-EDTA (TBE) buffer and visualized by
ethidium bromide staining as previously described.'®

Cytotoxicity PC-3, Hela, and A549 cells were plated
into 96-well culture dishes. Cytotoxicity upon transfection
using nanoplexes, ternary complexes, lipofectamine 2000, or
lipofectamine LTX was evaluated with a cell proliferation
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assay kit (Dojindo, Kumamoto, Japan). Nanoplexes and ter-
nary complexes were prepared in 50 mm NaCl solution as de-
scribed above, and transfected into the cells in medium con-
taining 10% FBS. After 48 h of incubation, the medium was
removed, and the cells were treated with a WST-8 (2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disul-
fophenyl)-2 H-tetrazolium, monosodium salt) solution (10 ul)
in medium containing serum (100 l) for 30 min. Cell viabil-
ity was expressed relative to the absorbance at 450 nm of un-
transfected cells.

Statistical Analysis Multiple measurement comparisons
were performed with an analysis of variance followed by a
one-way analysis of variance on ranks with a post-hoc
Tukey—Kramer test. A p value of 0.05 or less was considered
significant.

RESULTS

PEI Polyplex-Mediated Gene Transfer First, the trans-
fection efficiency of the PEI polyplexes formed with PEI
600, 1800, and 10K was evaluated in PC-3 cells. Among the
PEI polyplexes formed in water, the PEI 10K polyplex.
showed higher transfection activity than the PEI 600 and
1800 polyplexes, and its luciferase activity increased in par-
allel with the increasing charge ratio (+/—) (Fig. 1A). How-
ever, the transfection efficiency was significantly lower than
that of commercial products. This finding corresponded to
the finding that PEIs of low-molecular weights produced low
transfection efficiency.” The presence of NaCl in the poly-
plex did not increase transfection efficiency (Fig. 1B).
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Fig. 1. Effect of Charge Ratio (+/—) of PEU/pDNA Polyplex on Transfec-
tion in PC-3 Cells
Polyplexes were formed in water (A) or a 50 mm NaCl solution (B) at charge ratios

(+/—) of PEls to pDNA of 1/1, 2/1 and 3/1. Each column represents the mean+S.D.
(n=3).
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Fig. 2. Effect of Charge Ratio (+/—) of PEI/pDNA in Ternary Complex on Transfection in PC-3 Cells

Using polyplexes formed in water (A) or a 50 mm NaCl solution (B) at charge ratios (+/—) of 1/1, 2/1, and 3/1, the ternary complex was formed at a charge ratio (+/—) of 3/1.
*% p<0.01 and * p<0.05, compared with a ternary complex without PEI. Each column represents the mean=S.D. (n=3).
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Fig. 3. Association of pDNA with PEI and NP-OH in 50 mm NaCl at Various Charge Ratios (+/~) Was Analyzed Using 1.5% Agarose Gel Electrophore-

sis

One microgram of pDNA was mixed with aliquots of PEI 600, 1800, 10K or NP-OH at various charge ratios (A). Ternary complexes at charge ratios (+/—) of 2/1 for PEI 600
and 1/1 for PEI 1800 were formed at various charge ratios (+/—) of NP-OH (B). O.C. indicates open circular plasmid; S.C. indicates supercoiled plasmid.

Effect of PEI/pDNA Ratio in Ternary Complex on
Transfection The effect on transfection efficiency of dif-
ferent charge ratios (+/—) of the PEI/pDNA in NP-OH ter-
nary complexes was studied (Fig. 2). Charge ratio (+/—) of
NP-OH /pDNA ratio of 3/1 was chosen, since this had been
effective when used alone.'!” Ternary complexes prepared
in water were all ineffective in the cells (Fig. 2A). Gluc activ-
ity in the culture medium decreased with the increasing
charge ratio (+/—) of PEI/pDNA. However, when the ternary
complex was prepared in 50 mM NaCl, PEI 600 at a charge
ratio (+/—) of 2/1 and PEI 1800 at a charge ratio (+/—) of
1/1 increased transfection efficiency compared with the com-
plex without PEI, i.e., the nanoplex (Fig. 2B). This indicated
that a combination of NP-OH and PEI 600 or 1800 could in-
crease transfection when the ternary complex was formed in
the presence of a NaCl solution. Therefore, in subsequent ex-
periments, we decided to use PEI 600 at a charge ratio (+/—)
of 2/1 and PEI 1800 at a charge ratio (+/—) of 1/1 as optimal
PEI/pDNA ratios.

Gel Retardation Assay The association of pDNA with

PEI and/or NP-OH was monitored by gel retardation elec-
trophoresis. The migration pattern of pDNA in the polyplex
and nanoplex changed when the pDNA was mixed with PEI
or NP-OH at charge ratios (+/—) from 1 to 3 in 50 mm NaCl
solution. Beyond a charge ratio (+/—) of 2/1 in PEI 600 and
1800 polyplexes, no migration was observed (Fig. 3A). Be-
yond a charge ratio (+/—) of 3/1 in the PEI 10K polyplex
and NP-OH nanoplex, no migration was observed (Fig. 3A).
These results indicated that a complete complex was formed
above a charge ratio (+/—) of 2/1 in PEI 600 and 1800, and
of 3/1 in PEI 10K and NP-OH. Furthermore, in ternary com-
plexes at charge ratios (+/—) of 2/1 for PEI 600 and 1/1 for
PEI 1800, no migration was observed beyond a charge ratio
(+/-) of NP-OH/pDNA of 1/1 (Fig. 3B), indicating that the
ternary complexes of PEI 600 and 1800 used in Fig. 2B were
completely formed complexes with pDNA. {-Potentials were
about +3 and —~34mV when the polyplexes were formed in
50 mmM NaCl at a charge ratio (+/~) of 2/1 for PEI 600 and
1/1 for PEI 1800, respectively, and increased to +25 and
+35mV after the formation of ternary complexes at a charge
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ratio (+/—) of NP-OH/pDNA of 3/1 (data not shown). This
finding also suggested that the pDNA partially neutralized by
PEI could be associated with NP-OH.

The Role of NP-OH/pDNA Ratios in Delivery Next, to
increase transfection efficiency, we studied the effect of NP-
OH/pDNA ratios in combination with PEI 600 or 1800. We
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Fig. 4. Effect of Charge Ratio (+/—) of NP/pDNA in Ternary Complex
on Transfection in PC-3 Cells

Using polyplexes formed in a 50 mm NaCl solution at charge ratios (+/—) of 2/1 for
PEI 600 and 1/1 for PEI 1800, the ternary complex was formed at various charge ratios
(+/—) from 1/1 to 4/1. Each column represents the mean+S.D. (n=4). ** p<0.01 and
* p<0.05, compared with a ternary complex without PEI.
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used a charge ratio (+/—) of PEI/pDNA of 2/1 for PEI 600
and of 1/1 for PEI 1800 in ternary complexes from the result
in Fig. 2B. At a charge ratio (+/—) of NP-OH/pDNA of 3/1,
the transfection efficiencies were highest in both PEI 600 and
1800 (Fig. 4). Thereafter, for the optimal PEI 600 and 1800
ternary complexes, we used 3/1 as the charge ratio (+/—) of
NP-OH/pDNA. Comparison of the molecular weight of PEI
in combination with NP-OH revealed that PEI 600 was more
effective than PEI 1800. This finding corresponded with the
notion that a low-molecular weight PEI could be used suc-
cessfully for gene delivery when combined with cationic li-
posomes. '

Effect of Sodium Chloride on the Size of the Ternary
Complex We compared the physicochemical properties of
ternary complexes at a charge ratio (+/—) of NP-OH/pDNA
of 3/1 formed in the presence of various concentrations of
NaCl solution. The NP-OH nanoplex formed in water and
the 50 mm NaCl solution was about 290 and 820 nm in size,
respectively. The PEI 600 polyplex formed in the 50 mMm
NaCl solution at a charge ratio (+/—) of 2/1 was about
830nm. The ternary complex formed in water or the 50 mm
NaCl solution was about 1500 nm in size (Fig. 5A). A signif-
icant difference was not observed in the sizes of the ternary
complexes formed between 0 and 100 mm NaCl.

Effect of Sodium Chloride on the Transfection Effi-
ciency of the Ternary Complex We investigated the effect
of sodium chloride on the transfection efficiency of ternary
complexes in PC-3 cells. The presence of NaCl in the ternary
complex increased transfection efficiency in parallel with the
increasing concentration of NaCl, and a saturated transfec-
tion efficiency was observed at 50 mm NaCl (Fig. 5B). The
observed transfection efficiency 24 and 48h after transfec-
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Fig. 5. Effect of Sodium Chloride in the NP-OH Temary Complex Using Polyplexes Formed with Various Concentrations of NaCl at a Charge Ratio

(+/=) of 2/1 for PEI 600 on Size (A) and Transfection in PC-3 Cells (B)

Each value represents the mean*S.D. (n=4). * p<0.05 and ** p<0.01, compared with the ternary complex formed in water. Comparison of cytotoxicity in PC-3 cells 48 h after
transfection with the ternary complex formed in 50 mum NaCl (Fig. 5B) (C). Each column represents the mean*S.D. (n=4).



September 2007

O 24h
A Hela A549 g 4sh
£ 105] i
"g =
s 1] -
E
3
= 10t -
>%
5
g 10? -
C?, 5 250
5 200
2
Z150f
£ 100
<
g sof
s
s 0
- PEI600 1800 PEI600 1800
B 1201 Hela r A549
T
F100 =
z 8or i
£ 6of i
= 4o -
3 i
20
0 .
- PEI600 1800 PEI600 1800

Fig. 6. Comparison of Transfection Levels (A) and Cytotoxicity (B) in
Hela and A549 Cells by Ternary Complex 48 h after Transfection
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PEI 600 and 1/1 for PEI 1800, the ternary complex was formed at a charge ratio (+/—)
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tion was comparable to those for lipofectamine 2000 and
lipofectamine LTX. Therefore, we decided to use 50mm
NaCl when forming nanoplexes as an optimal concentration
of NaCl.

Cytotoxicity after Transfection of Ternary Complexes
Next, we examined the cytotoxicity of the ternary complexes
48 h after transfection. We compared the cytotoxicity of the
ternary complex, the lipofectamine 2000 lipoplex, or the
lipofectamine LTX lipoplex in PC-3 cells. The lipofectamine
2000 and lipofectamine LTX lipoplexes exhibited significant
toxicity (about 30% cell viability) (Fig. 5C). In contrast, ter-
nary complexes did not actually exhibit cytotoxicity (80%
cell viability). These findings indicated that PEI 600 could
increase the transfection efficiency of NP-OH without cyto-
toxicity.

Comparison of Transfection Activity and Cytotoxicity
in Hela and A549 Cells Finally, we investigated the trans-
fection efficiency and cytotoxicity of PEI 600 and 1800 ter-
nary complexes in other cells. In Hela and A549 cells, PEI
600 or 1800 combined with NP-OH, increased transfection
1.5-2-fold compared to the nanoplex alone (Fig. 6A). The cy-
totoxicity of the PEI 600 ternary complex was decreased
compared with that of the nanoplex and PEI 1800 ternary
complex (Fig. 6B). A lower molecular weight PEI was more
effective in increasing transfection activity by NP-OH in
Hela and A549 cells as well as PC-3 cells. These findings
suggested that the combination of NP-OH and PEI 600 has
great potential for efficient DNA transfection with low cyto-
toxicity. -
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DISCUSSION

In this study, we investigated the potential synergism of a
PEI and NP-OH for the transfection of DNA into PC-3, Hela,
and A549 cells, and demonstrated that NP-OH ternary com-
plexes made using a low-molecular weigh PEI had higher
levels of transfection efficiency than nanoplexes although the
PEI polyplex alone did not exhibit effective gene transfec-
tion.

The size of a nanoplex is known to affect its transfection
efficiency.'* 2 Increased transfection activity was observed
when the NP-OH ternary complex was formed at concentra-
tions of NaCl above 50 mm, even though the size was not sig-
nificantly different with that formed in water (Figs. 5A, B).
We previously reported that a marked dissociation of DNA
from NP-OH nanoplexes was observed at low pH when the
nanoplex of DNA was formed in NaCl solution.'® Since the
presence of NaCl did not increase significantly the size of the
NP-OH ternary complex, the NaCl solution might influence
the extent to which DNA dissociates from the NP-OH/PEI
ternary complex. The presence of NaCl in forming ternary
complex can weaken the association with DNA by neutral-
ization of cationic charge on PEI or on the surface of NP-
OH. The reason for the high transfection efficiency of the ter-
nary complexes produced in the NaCl solution may be their
instability in the endosome, resulting in the release of DNA
from ternary complexes and the translocation of DNA into
the cytoplasm.

The mechanistic pathway for gene transfection includes
the compaction of the extended pDNA chain, known as DNA
condensation.?” Multivalent cations such as polyamines
(spermidine, spermine), PEI and peptides (poly-L-lysine)
are known to provoke the condensation of DNA to nanoparti-
cles.?? Regarding pDNA compaction with PEL it has been
reported that PEI 25K could form small polyplexes (100—
250nm) with pDNA, but PEI 2000 could not (greater than
3 um)," indicating that PEIs with a large molecular weight
could compact pDNA. PEIs of more than 11900 in molecular
weight induced high gene transfection.®) Therefore, the PEI
used in this study could neither compact pDNA nor deliver
pDNA into cells. The PEI of NP-OH ternary complex may
act simultaneously in the release of DNA from endosomes,
thus enhancing gene transfer. This finding corresponded to
reports that the combination of Dosper liposome plus PEI
700 or 2000 caused the most effective transfection syner-
gism.~'9 With the combination of Dosper liposome and
PEI 700, the PEI of the lipopolyplex had no effect on DNA
condensation or the complex’s size."*'> The PEI polyplex
could protect the pDNA from degradation, or the transport of
the PEI polyplex to the nucleus could be more effective than
that of naked pDNA. PEI has the ability to more DNA into
the nucleus.!”? These properties may be more effective with
the small molecular PEIs.

When a lipopolyplex with effective transfection activity
was formed at charge ratios (+/—) of 2.5/1 for PEI 2000 and
7.5/1 for Dosper liposome in a 150 mm NaCl solution, it was
about 1500—3000nm in size.'” When a ternary complex
was formed at charge ratios (+/—) of 2/1 for PEI 600 and
3/1 for NP-OH in a 50mM NaCl solution, it was about
1000—1500nm in size (Fig. 5A). These findings indicated
that the ternary complex was smaller in size and in the
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amount of cationic charge used in transfection than the
lipopolyplex. The combination of NP-OH and PEI 600 might
be valuable for pDNA transfection.

We used the WST-8 assay for the cytotoxicity assessment.
In PC-3, Hela, and A549 cells, only low toxicity was found
on transfection with the PEI600 ternary complex (about 80—
100% cell viability) (Figs. 5C, 6B). The higher molecular
weight of PEIs (PEI 1800) increased cytotoxicity when com-
bined with NP-OH (Fig. 6B). PEIs with low-molecular weight
are reported to be less cytotoxic than those with high-molec-
ular weight.® These findings may explain the rather low toxi-
city obtained with the PEI 600 ternary complex. For the de-
velopment of transfection reagents with low cytotoxicity, it is
neccessary to have sufficient transfection efficiency with as
little cationic lipid as possible. Increasing the charge ratio
(+/—) of cationic nanoparticles/pDNA increased not only
transfection efficiency but also cytotoxicity by increasing the
lipid concentration. Combining NP-OH with PEI 600 allows
the use of a smaller amount of NP-OH to obtain sufficient
transfection efficiency witheut an increase of cytotoxicity.

In this study, we demonstrated that the combination of NP-
OH and a PEI of low-molecular weight could serve as an ef-
ficient vector for DNA transfer, being comparable with com-
mercial reagents. The combination of a PEI polymer and
lipid-based nanoparticles is a potential non-viral DNA vector
for gene delivery.
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