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We examined the expression of Fas and FasL at the small
intestine by immunohistochemical analysis and found that
indomethacin administration increased the expression of
FasL, and this increase was suppressed in transgenic mice
expressing HSP70 (Supplemental Fig. S5), suggesting that
Fas/FasL interaction is involved in NSAID-induced apoptosis
and its suppression by expression of HSP70 at the small
intestine. It is also possible that high levels of proinflamma-
tory cytokine secretion, which are reduced significantly by
Hsp70, are responsible for suppression of NSAID-induced
apoptosis by expression of HSP70 at the small intestine.

In addition to the cytoprotective effect of HSP70, an anti-
inflammatory effect of HSP70 has also been reported. For
example, up-regulation of HSP70 expression by heat shock
inhibits the inflammatory stimuli-dependent activation of
nuclear factor «B, which is responsible for inducing the pro-
duction of various proinflammatory- cytokines (Krappmann
et al., 2004). We recently reported that the LPS-induced
production of proinflammatery cytokines, including interleu-
kin 1B and interleukin 6, was inhibited in peritoneal macro-
phages prepared from transgenic mice expressing HSP70
compared with their wild-type controls (Tanaka et al., 2007).
As described above, inflammation plays an important role in
the production of NSAID-induced lesions of the small intes-
tine, and we found that the indomethacin-dependent eleva-
tion of intestinal MPO acﬁivity, an indicator of inflammation,
was suppressed in transgenic mice expressing HSP70. Fur-
thermore, we found that the indomethacin-induced expres-
sion of mRNA for some cytokines and chemokines (il- 18, il-6,
and mip-2) in the small intestine was suppressed in trans-
genic mice expressing HSP70. We consider that expression of
HSP70 suppresses the expression of these genes in the small
intestine through its inhibitory effect on nuclear factor kB
and that this effect is involved in the protective role of HSP70
against NSAID-induced lesions of the small intestine.

GGA has attracted considerable attention as an HSP in-
ducer, largely because of its clinical value as an antiulcer
drug and because it can induce HSPs without affecting cell
viability (Hirakawa et al., 1996). We reported previously that
GGA made cultured gastric cells resistant to indomethacin
simultaneously with the up-regulation of expression of
HSP70 (Tomisato et al., 2000). It was also reported that GGA

 made cultured intestinal cells resistant to oxidative stress
simultaneously with the up-regulation of expression of
HSP70 (Ohkawara et al., 2006). Furthermore, we found that
preadministration of GGA not only increases the intestinal
expression of HSP70 but also suppresses the production of
indomethacin-induced lesions of the small intestine. The pro-
tection by GGA of the small intestine against NSAID-induced

lesions was also reported recently (Kamei et al., 2008). These

results strongly suggest that oral administration of GGA
could also be therapeutically beneficial against NSAID-in-
duced lesions of the small intestine in humans because of its
HSP-inducing activity. However, because GGA mediates var-
ious other protective mechanisms, such as an increase in
mucosal blood flow, stimulation of surface mucus production,
and direct protection of cell membranes, these actions of GGA
may also be involved in GGA-dependent protection against
NSAID-induced lesions of the small intestine.
Gastroprotective drugs, such as GGA, have been used in
the treatment of gastric lesions for a long period. However, it
is believed that newly developed acid-control drugs (such as

histamine-2 receptor antagonists and proton pump inhibi-
tors) are superior to these gastroprotective drugs in curing
and preventing gastric lesions. On the other hand, these
acid-control drugs seem to be ineffective against NSAID-
induced lesions of the small intestine, and the development of
new molecules as candidate drugs to treat this disease must
pass through the clinical trials process and may encounter
the anticipated side effects. Thus, based on the results of this
study, we propose that clinical studies be performed to prove
the effectiveness of GGA for treating NSAID-induced lesions
of the small intestine, given that the safety of GGA has
already been shown clinically.
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Purpose. We recently developed prostaglandin E; (PGE,)-encapsulated nanoparticles, prepared with a
poly(lactide) homopolymer (PLA, Mw=17,500) and monomethoxy poly(ethyleneglycol)-PLA block
copolymer (PEG-PLA) (NP-L20). In this study, we tested whether the accelerated blood clearance
(ABC) phenomenon is observed with NP-L20 and other PEG-modified PLA-nanoparticles in rats.
Methods. The plasma levels of PGE; and anti-PEG IgM antibody were determined by EIA and ELISA,
respectively.

Results. Second injections of NP-L20 were cleared much more rapidly from the circulation than first
injections, showing that the ABC phenomenon was induced. This ABC phenomenon, and the
accompanying induction of anti-PEG IgM antibody production, was optimal at a time interval of 7 days
between the first and second injections. Compared to NP-L20, NP-L33s that were prepared with PLA
(Mw=28,100) and have a smaller particle size induced production of anti-PEG IgM antibody to a lesser
extent. NP-L20 but not NP-L33s gave rise to the ABC phenomenon with a time interval of 14 days. NP-
L33s showed a better sustained-release profile of PGE; than NP-L20.

Conclusions. This study revealed that the ABC phenomenon is induced by PEG-modified PLA-
nanoparticles. We consider that NP-L33s may be useful clinically for the sustained-release and targeted
delivery of PGE,.

KEY WORDS: ABC phenomenon; anti-PEG IgM antibody; biodegradable nanoparticles; encapsu]anon,

prostaglandin E,.

INTRODUCTION

Nanoparticles such as liposomes, lipid emulsions and
polymeric solid particles that are approximately 100-200 nm
in diameter have been widely used as carrier systems for
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targeted drug delivery to tumors, inflammatory tissues and
vascular lesions due to their enhanced permeability and
retention (EPR) effects (1). However, this size of particles is
easily captured by the mononuclear phagocyte system (MPS),
or in other words by the reticuloendothelial system, resulting
in rapid clearance from the circulation (2,3). Modification of
the nanoparticle surface with poly(ethyleneglycol) (PEG)
enables such nanoparticles to escape this uptake due to the
steric barrier by which the PEG chain prevents interaction of
the nanoparticles with opsonins and the cells responsible for
MPS, such as Kupffer cells (stealth effect) (2-4). For example,
doxorubicin-containing PEG-modified (PEGylated) lipo-
somes are used clinically because, due to EPR effects, this
formulation gives more potent anti-tumor activity and less
drug-related toxicity than doxorubicin itself (5).

However, a pharmacokinetic issue for PEGylated lip-
osomes, the so-called accelerated blood clearance (ABC)
phenomenon, was recently revealed (6,7). In this phenom-
enon, a second dose of PEGylated liposomes is rapidly
cleared from the circulation when administered within a
certain time interval from the first dose injection due to their
accelerated accumulation in the liver. This has been observed
for a number of different animal species (8). The ABC
phenomenon is of clinical concern because it decreases the
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therapeutic efficacy of an encapsulated drug upon repeated
administration and may cause adverse effects due to altered
biodistribution of the drug. The time interval between
repeated injections, the dose and physicochemical properties
of the PEGylated liposomes and species of encapsulated
drugs were shown to affect the extent of the ABC phenom-
enon (8-14). Although the mechanism causing the ABC
phenomenon is still unclear, it was recently proposed that this
phenomenon involves sequential events, including induction
of anti-PEG IgM antibody production in the spleen by the
first dose of PEGylated liposomes, complement activation by
the IgM antibody and opsonization by C3 fragments follow-
ing the second dose of PEGylated liposomes, and their
uptake by MPS (6,11,14-18). .

The number of patients with peripheral obstructive
vascular diseases, such as arteriosclerosis obliterans, has
increased in line with aging of the population and increases
in the prevalence of diabetes and hyperlipidemia (19). While
various clinical treatments, such as vascular bypass surgery,
have been developed for these diseases, the prognosis is still
not good. Prostaglandin E; - (PGE;), which has various
physiological actions, such as vasodilation, angiogenesis and
inhibition of platelet aggregation, serves as an effective
treatment for peripheral obstructive vascular diseases (20-
22). However, when administered systemically, PGE; also has
related adverse effects, such as hypotension and diarrhea
(21,23). Furthermore, in addition to its chemical instability
(hydrolysis to PGA;), PGE; is easily inactivated by 15-
hydroxydehydrogenase during its passage through the lung
(24-26). In order to overcome these issues, we developed
lipo-PGE;, a preparation incorporating PGE; into an oil-in-
water lipid emulsion consisting of a soybean oil core and
lecithin surfactant with a diameter of approximately 200 nm
(27-29). Incorporation of PGE, into lipid emulsion protects
PGE; from inactivation in the lung and enables the selective
delivery of PGE; to damaged blood vessels, resulting in
enhanced therapeutic effects and reduced drug-related tox-
icity (27,30). However, lipid emulsion cannot retain PGE; for
a long period in vivo (4,31). Therefore, daily intravenous drip
infusion is necessary for clinical treatment with lipo-PGE;,
which in turn requires patient hospitalization, resulting in a
low quality of life (QOL).
© We recently developed another formulation of PGE; in
which the PGE; is encapsulated in biodegradable and biocom-
patible polymeric solid particles prepared with poly(lactide)

" homopolymer (PLA) and monomethoxy poly(ethyleneglycol)-
PLA block copolymer (PEG-PLA). These particles have a
mean diameter of 120 nm, which enhances the selective delivery
of PGF; to damaged blood vessels due to the EPR effect (4). We
also achieved a good sustained-release profile of PGE, from the
nanoparticles, which may permit a longer-lasting therapeutic
effect (4). The use of PEG-PLA enabled the nanoparticles to
escape uptake by MPS (4). Based on these data, we proposed
that PGE;-encapsulated PEG-modified PLA-nanoparticles are
of significant clinical benefit, because a single administration of
this formulation may maintain a certain level of PGE,; around
damaged blood vessels for 1-2 weeks; in other words, repeated
administration of this formulation with a time interval of
1-2 weeks to patients with peripheral obstructive vascular
diseases may improve the symptom without patient hospital-
ization (4). However, prior to applying this formulation for
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clinical use, it was necessary to test whether the ABC
phenomenon is induced by these nanoparticles. In this study,
we have found that the ABC phenomenon and the accompanying
production of anti-PEG IgM antibody are induced by the
intravenous administration of PGE; -encapsulated PEG-modified
PLA-nanoparticles. We successfully developed a modified
formulation of the nanoparticles, which induces the ABC
phenomenon in vivo to a lesser extent and shows a better
sustained-release profile of PGE; in vitro than the original
PGE;-encapsulated PEG-modified PLA-nanoparticles.

MATERIALS AND METHODS
Materials and Animals

L-PLA (Mw=20,000 or 33,000 on the catalogue) was
from Taki Chemical Co. Ltd. (Kakogawa, Japan). The
molecular weights of the polymers were determined by gel
permeation chromatography and were slightly different from
the molecular weights specified in the catalogue. The
molecular weight of L-PLA (Mw=20,000 or 33,000 on the
catalogue) was determined to be 17,500 or 28,100, respec-
tively. PEG-D,L-PLA (average molecular weight of PEG and
PLA are 5,600 and 9,400, respectively) was synthesized and
evaluated as described previously (4). PGE; was purchased
from Cayman Chemical Co. (Osaka, Japan). Iron chloride
and 1,4-dioxane were purchased from Wako Pure Chemicals
Industries Ltd. (Osaka, Japan). 9-anthryldiazomethane
(ADAM) was purchased from Funakoshi Co. Ltd. (Tokyo,
Japan). Wistar rats (5-7 weeks old) were from Kyudo Co.
Ltd. (Kumamoto, Japan). The rats were allowed free access
to water and rat chow, and were housed under controlled
environmental conditions (censtant temperature, humidity
and a 12 h dark-light cycle). The experiments and procedures
described here were carried out in accordance with the Guide
for the Care and Use of Laboratory Animals as adopted and
promulgated by the National Institutes of Health, and were
approved by the Animal Care Committee of Kumamoto
University.

Detection of PGE; by High-Performance Liquid
Chromatography (HPLC)

A Waters Alliance system running Empower software
(Milford, MA) was used for HPLC analysis. Samples were
separated using a 4.6x100-mm TSKgel Super-ODS column
(Tosoh Co., Tokyo, Japan).

Solvent A (acetonitrile) and solvent B (Milli-Q water
(MQW)) were used at a flow rate of 0.3 ml/min. Samples were
incubated with ADAM at 37°C for 8 h. After injection of the
sample (0 min), the mobile phase was changed as follows: 65%
solvent A (25 min), a linear gradient of 65-100% solvent A
(10 min) and then 100% solvent A (10 min). Fluorescence of
ADAM reagent (excitation: 365 nm, emission: 412 nm) was
detected using a 2475 Multi X Fluorescence Detector.

ADAM is a fluorescent labelling reagent for carboxylic
acids. ADAM is chemically unstable, but 9-anthrylmethyl
ester derivative formed from ADAM and carboxylic acid is
relatively stable (32). The derivative is sufficiently separated
on a reversed-phase column and can be detected as reported
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previously (4). The detection limit of PGE; in this method is
approximately SO ng/ml.

Preparation and Characterization of Nanoparticles

Nanoparticles were prepared by using the oil-in-water
solvent diffusion method as described previously (4,33).
L-PLA in 1,4-dioxane was mixed with PGE,, PEG-D,L-PLA,
iron chloride and diethanolamine (DEA) in acetone (the total
amount of block copolymers and homopolymer was fixed at
25 mg). The different sizes of nanoparticles were prepared by
altering the volume of 1,4-dioxane and acetone, as described
previously (34). Samples were incubated for 10 min at room
temperature and added to 25 ml of Milli-Q water (MQW)
that stirred at 1,000 rpm. After addition of 0.5 ml of 0.5 M
EDTA (pH 7.0) and 12.5 pl (62.5 pl for NP-L33s) of 200 mg/ml
Tween 80, nanoparticles were purified and concentrated by
ultrafiltration (Centriprep YM-50, Millipore Co., Billerica,
MA). We have named the nanoparticles based on the isomer
and molecular weight of PLA (from the catalogue). NP-L20
means nanoparticles (NP) prepared with L-PLA (L) of molec-
ular weight 20,000 (as specified in the catalogue). NP-L20s
means NP-L20 with a smaller particle size.

For determination of nanoparticle PGE, content, nano-
particles were dissolved in 150 pl of 1,4-dioxane and mixed
with 150 pl of acetonitrile containing 3-phenylpropionate and
1.7 ml of 0.05 M EDTA (pH 3.6). After a 20 min incubation at
room temperature, the solution was applied to a C18 reverse
phase cartridge column (SepPak C18 200 mg, Waters,
Milford, MA). After washing with 6 ml of MQW, PGE; was
eluted with 3 ml of acetonitrile. The PGE; content was
determined using HPLC, as described above. For determi-
nation of nanoparticle weight, the nanoparticle suspension
was mixed with 0.05 M EDTA (pH 7.0) and centrifuged at
50,000 g for 30 min. The pellet was suspended in MQW,;
freeze-dried and weighed. The drug content was defined as
the ratio of PGE; weight to the total weight of nanoparticles.

The PEG content of the nanoparticles was assayed as
described previously (35) with some modifications. NaOH
solution (4 N) was added to the nanoparticle suspension to
give a final concentration of 0.8 N and incubated at 50°C for
24 h and neutralized by the addition of HCl solution (1 N).
The mixtures were diluted in phosphate buffer (0.1 M, pH
7.4) and, following the addition of iodine and potassium
iodide, the absorbance was read at 520 nm.

Particle size and distribution were determined by the
dynamic light scattering method (ZETASIZER Nano-ZS,
Malvern Instruments Ltd., Worcestershire, UK).

Pharmacokinetics of PGE;-Encapsulated PLA-nanoparticles

The blood concentration profile of PGE; was monitored
as described previously (4) with some modifications. PGE;-
encapsulated nanoparticles suspended in PBS were intra-
venously administered to rats via the tail vein. We used more

than three rats for each group, and rats were assigned to each
group, with the restriction that the groups were equated for
average weight.

At the indicated periods, blood was collected from the
tail vein using heparin-treated capillary tubes (Microhema-
tocrit capillary tubes, Thermo Fisher Scientific, Yokohama,
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Japan), and 50 pl of each blood sample was mixed with 400 ul
of 1,4-dioxane and 50 pl of 10 mM EDTA (pH 7.0) to extract
PGE; from the nanoparticles. The mixture was centrifuged at
13,400 g for 10 min. The supernatant (200 pl) was evaporated
to dryness and dissolved in 500 pl of PGE; enzyme immuno-
assay (ELA) buffer (R&D Systems Inc., Mineapolis, MN).
Samples were centrifuged at 13,400 g for 2 min and the
supernatant diluted appropriately. The PGE; content was
determined using a PGE; EIA kit (R&D Systems Inc.)
according to the manufacturer’s protocol. AUCp24y is the
area under the blood concentration-time curve from 0 to 24 h
post-injection. The AUC(o_24y and total body clearance (CL)
were calculated using the trapezium method by use of
Microsoft Excel. o

Determination of Anti-PEG IgM Antibody in Plasma

Quantification of IgM antibody reactive to PEG-PLA in
plasma was determined by ELISA. All incubations were
carried out at room temperature. PEG-PLA (10 nmol) in
50 ui ethanol was added to 96-well plates (EIA/RIA plate,
AGC Techno Glass Co. Ltd., Funabashi, Japan) and air dried
completely for 1 h. Then, 200 pl of blocking buffer (50 mM
Tris/HCI (pH 8.0), 0.14 M NaCl and 1% BSA) was added and
incubated for 1 h, and the wells were washed three times with
washing buffer (50 mM Tris/HCl (pH 8.0), 0.14 M NaCl and
0.05% Tween 20). Plasma obtained by centrifugation (15 min,
2,700 g) of collected blood samples was then diluted appropri-
ately and added to the wells to incubate for 1 h. The wells were
washed five times with the washing buffer, and 100 pl of
horseradish peroxidase (HRP)-conjugated antibody (0.2 pg/ml,
goat anti-rat IgM IgG-HRP conjugate, Bethyl Laboratories,
Inc., Montgomery, TX) in blocking buffer containing 0.05%
Tween 20 was added to each well. After incubation for 1 h, the
wells were washed five times with washing buffer. Coloration
was initiated by adding o-phenylene diamine (1 mg/ml) (Sigma,
St. Louis, MO) and stopped by adding 100 pl of 2 M H;SO,
after a 5 min incubation, The absorbance was measured at
490 nm using a Microplate reader (FLUOstar, BMG LAB-
TECH Ltd., Offenburg, Germany).

RESULTS

Induction of the ABC Phenomenon and Production
of Anti-PEG IgM Antibody

In general, hydrophilic drugs such as PGE; are very hard
to encapsulate in PLA-nanoparticles. We recently succeeded
in encapsulating PGE,; by precipitating PGE; with iron ions
(4). In that previous report, we prepared various types of
PLA-nanoparticles. Of them, NP-L20, which was prepared
with L-PLA (Mw=17,500) and PEG-D,L-PLA and had a
mean diameter of 120 nm, showed a good sustained-release
profile of PGE; (the half life in vitro was about 10 days), a
relatively good efficiency of encapsulation (about 1% drug
content) and a long blood residence time (4). Thus, in the
current study, we have tested whether NP-L20 induces the
ABC phenomenon.

We estimated the clinical dose of PGE;-encapsulated
nanoparticles is 120 pg PGE; for individual human (about
2 pug PGEykg) because lipo-PGE; at 5-10 pg PGE,/day is
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Fig. 1. Induction of the ABC phenomenon and production of anti-
PEG IgM antibody by repeated administration of NP-L20. A Rats
were intravenously ‘administered NP-L20 (50 ug nanoparticles/rat).
At 3, 5, 7, 14 or 28 days after the injection, NP-L20 (1,000 -ug
nanoparticles/rat) was intravenously administered. Plasma PGE;
levels were monitored after injection of the second dose as described
in the “Materials and Methods” and shown relative to the initial level.
As a control, alteration of plasma PGE; levels following adminis-
tration of NP-L20 (1,000 pg nanoparticles/rat) to naive rats is shown.
Values are given as mean + SEM. (#=3-10) B Rats were intra-
venously administered NP-L20 (50 pg nanoparticles/rat) and blood
samples were prepared periodically. The amount of anti-PEG IgM
antibody was determined by ELISA as described in “Materials and
Methods.” Values are mean + S.EM. (n=3).

used clinically, and we assumed that the sustained-release
formulation would be delivered as one injection per 2 weeks.
Thus, we used a dose of 50 pg NP-L20 for individual rat
(about 2 pg PGEy/kg) for the first injection. We examined the
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pharmacokinetics of PLA-nanoparticles by determining the
plasma level of PGE;; a pilot study revealed that about
1,000 pg NP-L20 (about 10 ug PGE;) was required for this
detection (data not shown). Therefore, we used a dose of .
1,000 ug NP-L20 for individual rat for the second injection.
However, it is possible that the increased dosing results in
higher uptake by liver and leads to clearance.

Rats were administered NP-L20 twice at a time interval
of 3, 5,7, 14 or 28 days, and the pharmacokinetic behaviour
(blood clearance profile) of the second dose of NP-L20 was
investigated by measuring plasma concentration of PGE;, and
the behaviour was compared to that without a prior injection
(controf). As shown in Fig. 1A, compared to the control,
more rapid clearance of NP-L20 was observed after injection
of the second dose, indicating that the ABC phenomenon was
induced by the injection of the first dose. The ABC
phenomenon was most apparent at the time interval of 7 days
between the first and second injections, and the phenomenon
was not so apparent at a time interval of 3 or 14 days, showing
that the ABC phenomenon induced by PEG-modified PLA-
nanoparticles is dependent on the time interval, as reported
for PEGylated liposomes (14). A strong inverse relationship
between the dose of initially injected PEGylated liposomes
and the extent of the ABC phenomenon was reported
(10,36). But we found that induction of the ABC phenom-
enon by NP-L20 was not so clearly affected by the initial dose
(from 1 pg to 1 mg NP-L20; data not shown).

We also measured the plasma levels of IgM antibodies
reactive to PEG-PLA after injection of 50 pg NP-L20 by use
of a modified ELISA with PEG-PLA-coated 96-well plates.
The production reached its maximum level at day 7 post-
injection and returned to the original level until day 28 post-
injection (Fig. 1B). This time course correlates with the time
course for induction of the ABC phenomenon (Fig. 1A),
suggesting that IgM antibodies reactive to PEG-PLA are
responsible for the ABC phenomenon. However, the amount
of anti-PEG IgM antibody did not completely correlate with
the level of ABC phenomenon: the level of IgM antibody at
day 3 after the injection of first dose was higher than that at
day 14 after, whereas the level of the ABC phenomenon
showed the opposite trend (Fig. 1).

‘When the ELISA was performed with PLA-coated wells,
production of IgM antibodies was not observed, (data not
shown). On the other hand, when the ELISA was performed
with PEG-coated wells, production of IgM antibodies was
observed; however, the level was less than that observed with
PEG-PLA-coated plates (data not shown), suggesting that the

Table I. Characteristics of PGE;-Encapsulated PLA-nanoparticles Containing Different Amounts of PEG

Codes L-PLA Mw (kDa) PEG content (%) PGE; content (%) Particle size (nm)
PEGO 17.5 0 1.01:0.14 15414
PEG7 175 5.4x0.5 0.86+0.09 1202
PEG11 17.5 9.8+0.9 0.60+0.03 110+3
PEGI18 17.5 12.8+0.3 0.92+0.34 1093
PEG30 17.5 23.7+1.2 1.11+0.10 1192

Nanoparticles encapsulating PGE, were prepared with L-PLA (Mw=17 500)/PEG-D,L-PLA (25 mg/0 mg, 22 mg/3 mg, 21 mg/4 mg, 18 mg/7 mg
and 13 mg/12 mg for preparation of PEG0, PEG7, PEG11, PEG18 and PEG30 (NP-L20), respectively) in the presence of 5 mg PGE;, 1.2 mg
iron chloride and 4.8 mg DEA by an oil-in-water solvent diffusion method. The amounts of PEG in prepared nanoparticles were determined -
and the PEG content (w/w) is shown. PGE, content and nanoparticle size were determined as described in “Materials and Methods.” Values

are mean = SEM. (n=3).
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Flg 2. The effect of PEG content of PLA-nanoparticles on their
clearance from the circulation and on induction of the ABC
phenomenon. A Various types of nanoparticles (PEG0, PEG7,
PEG11, PEG18 and PEG30 (NP-L20)) were prepared as described
in the legend of Tables [ and II. Rats were intravenously administered
PEGO, PEG7, PEG11, PEG18 or PEG30 (133 pg PGEy/kg). Plasma
PGE,; levels were monitored and are shown as described in the
legend of Fig. 1. Values are mean + SEM. (n=3-4) B Rats were
intravenously administered PEG0, PEG7, PEG11, PEG18 or PEG30
(50 pg nanoparticles/rat). After 7 days, the same type of nanoparticles
(1,000 pg nanoparticles/rat) was administered and the amount of
PGE; in plasma was monitored and shown as described above.
Values are mean + S.EM. (n=3-6).

induced IgM antibodies recognize PEG rather than PLA, as
reported for PEGylated liposomes (11).

Effect of the PEG Content of Nanoparncles on Induction
of the ABC Phenomenon

It was reported that PEG content in PEGylated liposomes
affects induction of the ABC phenomenon (36). Here we
prepared PGE; -encapsulated nanoparticles in the presence of
various ratios of PLA and PEG-PLA (PEG30 means the
nanoparticles prepared in the presence of 30% PEG (w/w); the
real content of PEG in the prepared nanoparticles is shown in
Table I). The particle size and the efficiency of encapsulation
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(PGE; content in nanoparticles) were similar for these types of
nanopatticles (PEG0, PEG7, PEG11, PEGI18 and PEG30),
except that the particle size of PEG0 was larger than other
types of nanoparticles (Table I).

We first examined the blood clearance profiles of the
various types of nanoparticles following their intravenous
injection into naive rats in an attempt to understand their
stealth effects. As shown in Fig. 2A, more rapid clearance
from the circulation was observed with nanoparticles with
lower PEG content, confirming that PEG confers the stealth
effect of PLA-nanoparticles. Pharmacokinetic parameters
(AUCq24 and CL) support this notion: approximately,
AUC924) became higher but CL became lower with the
increase in the PEG content of nanoparticles (Table I1T). We
then examined induction of the ABC phenomenon by these
types of nanoparticles in a manner similar to the experiment
summarized in Fig. 1A. Injection of a second dose of each of
any of the types of nanoparticles at the time interval of 7 days
resulted in very rapid clearance from the circulation (Fig. 2B).
To evaluate the ABC phenomenon, we calculated the ratio of
AUC .24y for the second injection (Fig. 2B) to that of the first
one (Fig. 2A) as the ABC index; a value of 1 for this index
means no induction of the ABC phenomenon. As shown in
Table II, the ABC indexes for all types of nanoparticles
except PEGO were less than 1, and there is no apparent
relationship between PEG content and the ABC index,
showing that PEG-modified PLA-nanoparticles induce the
ABC phenomenon irrespective of their PEG content. Based
on the results in Fig. 2 and Table I, we' fixed the PEG content
at 30% because this achieved a good stealth effect, and we
tried to find another way to suppress the ABC phenomenon.

Effect of Particle Size and Molecular Weight of PLA
in Nanoparticles on Induction of the ABC Phenomenon

For PEGylated liposomes, it was reported that their size
and physicochemical properties affect their ability to induce
the ABC phenomenon (8). We have also reported that use of
L-PLA of higher molecular weight improves the sustained-
release profile of PGE; from nanoparticles (4). Thus, we
prepared various types of nanoparticles with different diam-
eters and compositions (NP-L20s, NP-L33 and NP-L33s). NP-
L33 and NP-L33s were prepared from L-PLA (Mw=28,100),
and NP-L20s and NP-L33s have a smaller particle size than
NP-L20 and NP-L33 (Table III). The efficiency of encapsu-
Iation of PGE; was lower in nanoparticles with smaller size or

Table II. Characteristics of PGE;-Encapsulated PLA-nanoparticles
Containing Different Amounts of PEG

Codes AUC0.24) (ug-W/ml) CL (ml/h-kg) ABC index
PEG 0 0.39:0.13 401.0:£97.7 1.4320.14
PEG 7 0.9320.07 1439105 . 0.53x0.02
PEG11 3.22x0.66 45.5+10.4 0.2420.04
PEG18 2.98+0.51 47.9+9.8 0.41+0.08
PEG30 6.34:0.58 21.5%2.0 0.20:+0.04

Pharmacokinetic parameters were calculated by moment analysis of
the results shown in Fig. 2A. The ABC index was calculated as
follows: ABC index = AUC of the second dose (Fig. 2B)YAUC of the
first dose (Fig. 2A). Values are mean + SEM. (n=4).
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Table HI. Characteristics of Various PGE;-Encapsulated Nanoparticles with Different Diameters and Compositions

Codes L-PLA Mw (kDa) PEG content (%) PGE,; content (%) Particle size (nm)
NP-L20 17.5 23.7x1.2 1.11+0.10 119+2
NP-L20s 17.5 28.7+1.8 0.86+0.04 816
NP-L33 281 30.4:0.8 0.83+0.17 13414
NP-L33s 281 23.8x1.6 0.20+0.01 692

Nanoparticles encapsulating PGE; were prepared with 13 mg L-PLA (Mw=17 500) or L-PLA (Mw=28 100) and 12 mg PEG-D,L-PLA in the -
presence of 5 mg PGE,, 1.2 mg iron chioride and 4.8 mg DEA by an oil-in-water solvent diffusion method. The nanoparticles were
characterized as described in the legend of Tables I and I Values are given as mean + S.EM. (n=3).

in those prepared from longer L-PLA (Table IIT). As a result,
the PGE; content of NP-L33s was less than one-fifth of that
of NP-L20 (Table IIT). At first, we compared the induction of
anti-PEG IgM antibody after injection of these types of
nanoparticles. As shown in Fig. 3A, compared to NP-1.20,
NP-L33s induced anti-PEG IgM antibody production to a
lesser extent: the maximum level was lower and the level
returned to the original level more rapidly. In addition, the
induction of anti-PEG IgM antibody by NP-L20s or NP-L33
was less apparent than that by NP-L20; however, the differ-
ence was not as apparent as for NP-L33s (Fig. 3A).

We then examined induction of the ABC phenomenon
by the various types of nanoparticles. As well as NP-L20, NP-
L20s and NP-L33 gave rise to the ABC phenomenon when
the second dose was injected at day 7 or 14 after injection of
the first dose. However, they induced the phenomenon to a
lesser extent than NP-L20 (Fig. 3B and Table I'V), In contrast,
NP-L33s did not exhibit the ABC phenomenon when the
. second dose was injected at day 14 after the first injection
(Fig. 3B and Table IV). The ABC phenomenon was not
apparent for any of the nanoparticles when the second dose
was injected at day 28 after the injection of first dose (Fig. 3B
and Table IV). The results for the ABC phenomenon shown
in Fig. 3B correlate well with the induction of anti-PEG IgM
* antibody production shown in Fig. 3A, supporting the notion
that anti-PEG IgM antibody is responsible for the ABC
phenomenon. The results in Fig. 3B also show that NP-L33s
has the better stealth effect than NP-L20 (Table V).

Release Profile of PGE; from Nanoparticles In Vitro

Considering the clinical setting, the time interval of
repeated injections of PGE;-encapsulated nanoparticles could
be prolonged with improvement of the sustained-release
profile of PGE,;. Thus, we examined the release profile of
PGE; from the NP-L20, NP-L20s, NP-L33 and NP-L33s upon
incubation at 37°C in 50% fetal bovine serum (FBS) in vitro
(Fig. 4). Since the concentration of PGE; in the medium (i.e.
released PGE;) was below the limits of detection in the
preliminary experiment, the amount released was determined
by measuring the PGE; remaining in the particles. We
separated the nanoparticles from the medium by centrifugation
(69,000 g for 30 min).

As shown in Fig. 4, NP-L20 showed a release profile
similar to that observed in a previous paper (4) and more
than haif of the encapsulated PGE; was released from NP-
1.20 within 14 days. As suggested in previous reports (37,38),
use of PLA with higher molecular weight resulted in a better
sustained-release profile (Fig. 4). Furthermore, although the

underlying mechanism is unknown, NP-L20s and NP-L33s
showed better sustained-release profiles than NP-L20 and
NP-L33, respectively (Fig. 4). This result is surprising,
because it is generally believed that drug release from smaller
size particles is faster due to the higher surface area. One
possible explanation is that the distribution of PGE; in
nanoparticles is not uniform and this distribution is affected
by size of nanoparticles. Nevertheless, NP-L33s showed the
best sustained-release profile, and more than half of the
encapsulated PGE, remained in NP-L33s even after incuba-
tion for 28 days. These results suggest that NP-L33s is
beneficial, not only because it results in less ABC phenom-
enon-inducing. activity but also because it exhibits a better
sustained-release profile of encapsulated PGE;.

DISCUSSION

In order to develop a new formulation of PGF,; that
enables targeting and sustained-release drug delivery, we
incorporated PGE; into PEG-modified PLA-nanoparticles
(4). Before applying this formulation to a clinical setting, it is
necessary to test whether it induces the ABC phenomenon,
because this phenomenon may decrease the therapeutic
efficacy of an encapsulated drug upon repeated administration.
Consequently, in this study, we found that the ABC phenom-
enon is induced by the PEG-modified PLA-nanoparticles.
Furthermore, we examined the mechanism underlying this
phenomenon and could develop modified PGE;-encapsulated
nanoparticles that are less active in inducing the ABC
phenomenon and show a better sustained release profile for
encapsulated PGE;.

The ABC phenomenon was identified for PEGylated
liposomes, and its mechanism has been studied extensively
for these liposomes (8). It was recently reported that the
ABC phenomenon can also be induced by polymeric micelles

" (39,40). Here we have shown that the phenomenon can be

induced by PEG-modified PLA nanoparticles, suggesting that
the phenomenon is induced not specifically by PEGylated
liposomes but generally by PEG-modified nanoparticles.
Although it was reported that production of anti-PEG IgM
antibody is induced by PEG-modified proteins in humans
(41), it is not clear whether the ABC phenomenon is induced
in humans. However, this possibility should be considered
when PEG-modified nanoparticles are applied clinically in
repeated intravenous administration.

Here we have examined which factors (time interval,
dose, PEG content, molecular weight of PLA and particle
size) -affect induction of the ABC phenomenon by PEG-
modified PLA-nanoparticles, referring to results for PEGy-
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Fig. 3. Effect of molecular weight of 1-PLA and particle size on induction of the ABC phenomenon and
production of IgM antibody. A Various types of nanoparticles (NP-L20, NP-L20s, NP-L33 and NP-L33s) were
prepared as described in the legend of Tables I1I and I'V. Rats were intravenously administered each type of
nanoparticle (50 ug nanoparticles/rat), and blood samples were taken periodically. The amount of anti-PEG
IgM antibody was determined as described in the legend of Fig. 1. The NP-L20 data are the same as those in
Fig. 1B. Values are mean + SEM. (n=3-4). B Rats were intravenously administered each type of
nanoparticle (50 pg nanoparticles/rat). At days 7, 14 or 28 days after the first injection, the same type of
napoparticles (1,000 pg nanoparticles/rat) was administered and the plasma PGE, levels were monitored and
shown as described in the legend of Fig. 1. As a control, changes in plasma PGE, levels after the
administration of each type of nanoparticles to naive rats are shown. Values are mean + SEM. (n=3-7).
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Table IV. Characteristics of Various PGE;-Encapsulated Nanoparticles with Different Diameters and Compositions

Codes AUC(o 24 (ng-h/ml) CL (mlh-kg) ABC index

7 day 14 day 28 day
NP-L20 6.35+0.58 21.5£2.0 0.17+0.03 0.39+0.04 ° 1.2620.25
NP-L20s 8.11£0.72 168213 0.40:0.12 0.45£0.17 0.800.13
NP-L33 6.55+1.24 21.6+3.4 042017 0.60+0.22 1.19+0.16
NP-L33s 759+0.76 18.0+1.8 0.43+0.12 1.0620.19 . 1.0720.05

Pharmacokinetic parameters were calculated based on the results shown in Fig. 3. The results were analysed as described in the legend of

Tables T and 1. Values are shown as mean =+ S.EM. (n=4).

lated liposomes. The time interval between injections clearly
affected the ABC phenomenon: repeated injection of PEG-
modified PLA-nanoparticles with a time interval of 7 days
showed strongest induction of the phenomenon. Similar
results were obtained for PEGylated liposomes (14). Doses
(data not shown) or PEG content (Fig. 2) of the nanoparticles
that were initially injected did not affect induction of the
ABC phenomenon within the ranges of 1-1,000 ug PLA-
nanoparticles (0.002-0.2 pmol PLA/kg) or 7-30% PEG
content, respectively. Doses of the nanoparticles injected did
not affect induction of the anti-PEG IgM antibodies within
the ranges of 1-1,000 pg nanoparticles (data not shown). It
was reported that a strong inverse relationship between the
dose of initially injected PEGylated liposomes and the extent
of the ABC phenomenon within the range of 0.001-5 pmol
phospholipid/kg was observed and that PEG density beyond
5% suppressed induction of the ABC phenomenon (36).
Thus, the effects of dose and PEG content of the initially
injected nanoparticles on induction of the ABC phenomenon
seem to differ depending on the types of nanoparticles.
Smaller PEG-modified PLA-nanoparticles tended to induce
the phenomenon to a lesser extent, which is in contrast to
results observed for PEGylated liposomes (9). We also found
that nanoparticles prepared from L-PLA (Mw=28,100) are
less active for induction of the ABC phenomenon than those
derived from L-PLA (Mw=17,500).

As for the mechanism for induction of the ABC
phenomenon by PEG-modified PLA-nanoparticles, we sug-
gest that anti-PEG IgM antibodies play an important role.
The reason for this is that induction of anti-PEG IgM
antibody by the first dose of nanoparticles and the magnitude
of the ABC phenomenon observed after the second dose was
generally well cormrelated. As pointed out for PEGylated
liposomes (6,11,14-18), anti-PEG IgM antibodies induced by
the first dose of PEG-modified PLA-nanoparticles may
activate the complement system and opsonization by C3
fragments on the second dose, resulting in their uptake by
MPS. However, the amount of anti-PEG IgM antibody did
not completely correlate with the level of ABC phenomenon,
as described above. Thus, a mechanism other than induction
of production of anti-PEG IgM antibody may also be
involved in this ABC phenomenon for PEG-modified PLA-
nanoparticles. ]

Considering the potential clinical application of PGE;-
encapsulated PEG-modified PLA-nanoparticles, factors other
than the ABC phenomenon (such as stealth effects and
sustained-release profile) are also important. From this point
of view, we propose that NP-L33s may be clinically beneficial

as a targeted and sustained-release formulation of PGE,
based on the following results from this study: (i) NP-L33s
caused the weakest induction of production of anti-PEG
IgM antibody and ABC phenomenon of the various types of
nanoparticles, and no apparent ABC phenomenon was
observed when these nanoparticles were repeatedly injected
at an interval of 14 days; (ii) NP-L33s showed good stealth
effect; (iii) NP-L33s showed the best sustained-release
profile in vitro, and more than half of the encapsulated
PGE; remained in the nanoparticles even after incubation
for 28 days. Thus, if NP-L33s delivered to damaged blood
vessels in vivo shows a similar sustained-release profile, it
might keep the desired level of PGE,; around the vessels
upon repeated injection of once per 2 weeks or once per
month without induction of the ABC phenomenon. How-
ever, since the optimum time interval for induction of the
ABC phenomenon differs depending on the animal species
for PEGylated liposomes (8,13), induction of the ABC
phenomenon by NP-L33s in humans also needs to be
examined.

—4— NP-L20
-~ NP-L20s
—&- NP-133
—O- NP-L33s

Residual PGE, (%)

0 T T r

0 7 14 21
Incubation time (days)

Fig. 4. Release profile of PGE; from nanoparticles in vitro. Various

28

" types of nanoparticles (NP-L20, NP-L20s, NP-L33 and NP-L33s)

were prepared as described in the legend of Tables IIl and IV.
Nanoparticles (at a particle concentration of 10 mg/ml) were
dispersed in 50% FBS in PBS (v/v, 100 ub) and incubated at 37°C
for the indicated periods. The PGE; content remaining in the
nanoparticles as a function of time was determined by HPLC. Values
shown are mean + SEM. (n=6).
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CONCLUSION

Based on the results of this study, we conclude that NP-

L33s has a lower propensity than NP-L20 to induce the ABC
phenomenon and a good sustained-release profile of PGE;,
which may be clinically useful.
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ABSTRACT

Purpose: It is well known that heat shock proteiné (HSPs) are induced by various
stressors in Aorder to confer protection against such stressors. Since stressor-induced
tissue damage is involved in various diseases, especially gastrointestinal diseases, it has
been thought that HSP-inducers are therapeutically beneficial for these diseases.
Indirect lines of evidence suggest that HSPs provide a major protective mechanism
‘against irritant-induced gastric lesions. However, no direct evidences that support this
notion exits. On the other hand, inflammatory bowel disease (IBD) involves infiltration
of leukocytes into intestinal tissue, resulting in intestinal damage. Pro-inflammatory
cytokines and cell adhesion molecules (CAMs) play important roles in this infiltration
of leukocytes. The roles of heat shock factor 1 (HSF1, a transcription factor for hsp
genes) and heat shock proteins (HSPs) in development of IBD are unclear. In this péper,
we reviewed our recent work on the role of HSPs in pathogenesis of gastric lesions and
IBD by use of HSFl-null mice and transgenic mice expressing HSP70. Conclusion.
This study provides the first genetic evidence that HSF1 and HSP70 play a role in

protecting against both irritant-induced gastric lesions and IBD-related colitis. The
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aggravation of irritant-induced gastric lesions in HSF1-null mice is due to their inability
to up-regulate HSP70, leading to apoptosis. On the other hand, this protective role of
HSP70 against colitis seems to involve various mechanisms, such as suppression of

expression of pro-inflammatory cytokines and CAMs, and cell death.

INTRODUCTION

The balance between aggressive and defensive factors determines development of
gastric lesions. The gas‘;ric mﬁcosa is challenged by a variety of both endogenous and
exogenous irritants (aggressive factors), including ethanol, gastric acid, pepsin, non-
steroidal anti-inflammatory drugs (NSAIDs) and Helicobacter pylori. These irritants
damage the mucosal cells, inducing cell death which leads to the formation of gastric
lesions [1]. In order to protect the gastric mucosa, a complex defence system, which
includes the production of surface mucus and bicarboqate and the regulation of gastric
mucosal blood flow (GMBF), has evolved. Prostaglandins (PGs), in particular PGE,,

enhance these protective mechanisms, and are therefore thought to comprise a major

gastric mucosal defensive factor [2].
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Recently, heat shock proteins (HSPs) have also attracted considerable attention
as another major defensive factor. When cells are exposed to stressors, a number of so-
called stress proteins are induced, in order to éonfer protection against such stressors.
HSPs are representative of these stress proteins, and their cellular up-regulation,
especially that of HSP70, provides resistance as they re-fold or degrade denatured
proteins produced by the stressors [3]. It has beeﬁ reported not only that various gastric
irritants, including ethanol, up-regulate HSPs, but also that artificial up-regulation of
HSPs confers resistance to these irritants in cultured gastric mucosal cells [3].
Although these findings strongly indicate that HSPs are protective, very little direct
evidence exists, and to date no in vivo study has been conducted to demonstrate that
inhibition of HSPs results in a phenotype susceptible to irritant-induced gastric lesions.

Intefestingly, geranylgeranylacetone (GGA), a leading anti-ulcer drug on the
Japanese market, has been reported to be a non-toxic HSP-inducer, up-regulating
various HSPs not only in cultured gastric mucosal cells at concentrations that do not
affect cell viability but also in various tissues, including the gastric mucosa in vivo [4, 5].

We have previously reported that pre-induction of HSPs by GGA protects cultured
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gastric mucosal cells from cell death induced by various irritants [6-9]. These previous
results suggest that the anti-ulcer effect of GGA is due to its HSP-inducing activity.
However, because GGA mediates various other gastro-protective mechanisms [10, 11],
it remains unclear whether up-regulati'on of HSPs represents GGA’s major mode of
anti-ulcer activity. The up-regulation of HSPs by various stressors is regulated at the
transcription level by a consensus cis-element (heat shock élement (HSE)) and a
trahscription factor (heat shock factor 1 (HSF1)), that specifically ginds to HSE located
on the upstream region of Asp genes [12].

Inflammatory bowei disease (IBD), Crohn’s disease (CD) and ulcerative colitis
(UC), have become substantial health problems with an actual prevalence of 200-500
per 100,-000 people in western countries, which almost doubles every ‘10 years [13].
Although the etiology of IBD i‘s not yet fully understood, recent studies suggest that
IBD involves chronic inflammatory disorders in the intestine due fo “a vicious cycle”.
Infiltration into intestinal tissues cause intestinal mucosal damage induced by reactive
oxygen species (ROS) that are released frqm the activated leukocytes, and this intestinal

mucosal damage further stimulates the infiltration of leukocytes [14]. To understand



the molecuiar mechanism underlying the pathogenesis of IBD and to develop new types
of clinical drugs for IBD, identification of endogenous factors that positively or
negatively affect the development of IBD is important. For this purpose, various
experimental animal colitis models, in particular the dextran sulfate sodium (DSS)-
induced colitis models, have been used [15]. Pro-inﬂammatow' cytokines and cell
adhesion molecules (CAMs) play an important role in the activation and infiltration of
leukocytes that is associated with IBD [16, 17].

HSPs and HSF1 also have attracted considerable attention as candidates for
endogenous factors that affect the development of IBD because some HSPs, Yincluding
HSP70, were reported to be over-expressed in the intestinal tissués of IBD patients and
in an animal model of IBD [18]. HSF1 negatively regulates the expression of f-o. and
(il-1B genes [19]. These previous results suggest that HSPs and HSF1 have negative
roles on the development of IBD, however, there is no direct evidence (such as genetic
evidence) to support this idea. Furthermore, there are some data that suggest positive
roles for HSPs and HSF1 in the development of IBD [20]. Therefore, the effects of

genetic alteration of HSPs and HSF1 on the development of colitis in animal models of
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IBD should be examined in order to understand the exact role (positive or negative) of
HSPs and HSFI inIBD.

In this review, we summarized our recent work using HSF1-null mice and
transgenic mice expressing HSP70 to obtain direct genetic evidence for the contribution
of HSPs to the protection of the gastric mucosa and to examine the role of HSF1 and

HSPs in the pathogenesis of DSS-induced colitis.

RESULTS

The Role of HSF1 ‘and HSPs in Gastric Ulcerogenic Response. We examined the
role of HSF1 in gastric ulcerogenic response by use of HSF1-null mice [21]. As shown
in bFig. 1A, intragastric administration of 40% ethanol resulted in significant gastric
lesions in HSFl-null mice but not in wild-type mice.  These results show that HSF1
plays an important role in protecting the gastric mucosa from ethanol-induced lesions.
Similar results were obtained with hydrochloric acid-induced gastric lesions (Fig. 1B).

Given that HSF1 up-regulates the expression of HSPs, we examined the effect of
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ethanol administration on the expression of HSPs in the gastric mucosa of HSF1-null
mice and wild-type mice. Ethanol administration up-regulated the production of only
HSP70, a response that was dependent on the function of HSF1 (Fig. 1C). Based on
thgse results, we subsequently focused on HSP70.

In order to investigate the mechanism governing the severity of production of
~ ethanol-stimulated gastric lesions in -HSF1-null mice, we compared the level of
apoptosis. In wild-type mice, an increase in TUNEL-positive (apoptotic) cells was
observed following the administration of 100% but not 40% ethanol, whereas a clear
increase in TUNEL-positive cells was observed with 40% ethanol administration in the
HSFI-.null mice [21]. These results show -that induction of apoptosis by ethanol is
- enhanced in HSF1-null mice compared to wild-type mice; in other words, HSF1
protects gastric mucosal cells from ethanol-induced apoptosis.

Another group also suggested the protective role of HSPs (HSP27) against
irritant-induced gastric lesions. HSP27 also‘has cytoprotective effect. Ebert et al.
reported that transgenic mice expressing HSP27 showed resistant phenotype to

indometacin-induced gastric lesions. They also showed that overexpression of HSP27
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