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In this study, we examined the release profiles of each compo-
nent of the nanoparticles in vitro and the residence period of the
nanoparticles in the inflammatory lesion in vive, It is necessary
to expand the scale of preparation and standardize the protocol
for the industrial manufacture of these nanoparticles for the use
of these nanoparticles as pharmaceutical agents, Hence, we pre-
pared the nanoparticles on a large-scale and the ingredients in the
resulting formulation were evaluated. In addition, we assessed the
long-term stability of freeze-dried nanoparticles during storage at
various temperatures,

2. Materials and methods
2.1. Materials

PLA was purchased from Wako Pure Chemicals Industries, Ltd,
(Osaka, Japan). The molecular weight of the polymer was deter-
mined by gel permeation chromatography as reported before
(Ishihara et al., 2009a). PLA with an average Mw of 6170 was
used in this study. PEG-PLA was synthesized by ring-opening
polymerization of p,l-lactide (Purac America, IL) in the pres-
ence of monomethoxy-PEG (Mw: 5580; NOF Co,, Tokyo, Japan)
(Riley et al, 2001). The composition and molecular weight of
the block copolymers were evaluated by 'H NMR and gel per-
meation chromatography (Ishihara et al., 2009a). PEG-PLA with
an average Mw of 15,010 was used in this study. PEG-PLA
with a terminal carboxyl group was similarly synthesized using
alpha-hydroxy-omega-carboxy PEG (OH-PEG-COOH, Mw: 3640)
(Laysan Bio, Arab, AL). The resulting COOH-PEG-PLA was labeled
with 4-(aminomethyl)fluorescein (Wako) by condensation with
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
and 4-(dimethylamino)-pyridine in DMSO, The average molecular
weight of resulting fluorescein-PEG-PLA was calculated as 15,700
(Mw) by gel permeation chromatography. Spectral analysis showed
that the polymer contained 39 nmol of fluorescein in 1 mg. BP and
diethanolamine (DEA) were purchased from Sigma-Aldrich (St.
Louis, MO). Zinc chloride and polysorbate 80 (Tween 80) were pur-
chased from Wako. A time-resolved fluoroimmunoassay (TR-FIA)
kit for betamethasone was supplied by Shionogi & Co., Ltd. (Osaka,
Japan). Cy7-dodecylamine conjugate was synthesized by mixing
Cy7 mono-N-hydroxy succinimide ester (GE Healthcare, Chalfont
St. Giles, UK), dodecylamine and 4-(dimethylamino)-pyridine in
DMSO and purified by HPLC (Ishihara et al., 2008, 2009c¢).

2.2, Preparation of nanoparticles

In this study, nanoparticles with the highest anti-inflammatory
activity were prepared by the oil-in-water solvent diffusion method
as reported previously (Ishihara et al., 2009b,c). In brief, a mixture
of 7.8 mg PEG-PLAand 42.2 mg PLAwas dissolvedin 1 ml ofacetone.
To this solution, 500 pl of an acetone solution of DEA (15 mg/ml),
followed by 68 jul of an aqueous solution of zinc chloride (1 M; pH
1.9), and then 28 ul of an aqueous solution of BP (350 mg/ml) were
added; the mixture was then allowed to stand for 30 min at room
temperature, To 25 ml of distilled water stirred at 1000 rpm, the
mixture was added dropwise at the rate of 48 ml/h using a 26G
needle, A combination of 1ml of 0.5M citrate (pH 7.0) aqueous
solution and 125 pl of 200 mg/ml polysorbate 80 aqueous solution
was immediately added. The nanoparticles were purified and con-
centrated by ultrafiltration (Centriprep YM-50, Millipore, Bedford,
MA). Finally, the nanoparticles were sterilized by filtration through
a 0.2-pm re-generated cellulose membrane (Minisart RC, Sartorius
AG, Goettingen, Germany). Nanoparticles with dyes (fluorescein
and Cy7) were similarly prepared by mixing 1 mg of fluorescein-
PEG-PLA and Cy7-dodecylamine conjugate, respectively (Ishihara
et-al,, 2009¢).

The preparation of the nanoparticles was scaled up 800-fold in
a similar manner. The mixture of 6.2 g PEG-PLA, 33.8¢ PLA and
6 g DEA was dissolved in 1200 ml of acetone, To this acetone solu-
tion, 53 ml of 1M zinc chloride aqueous solution (pH 1.9), and BP
aqueous solution (6 g in 17 ml water) were added in order, After
30min, the solution was added to 201 of distilled water stirred at
1000 rpm with magnetic stirrer, at the rate of 40 I/h through a glass
tube with 6.4mm internal diameter. For the large-scale produc-
tion of nanoparticles, the rate of acetone addition and the rate of
water stirring were optimized, as mentioned above. Next, 11 of 0.4%
polysorbate 80 in 200 mM citrate buffer (pH 7.0) was added to the
resulting nanoparticles suspension. The nanoparticles were puri-
fied from unencapsulated BP using polyethersulfone ultrafiltration
slice cassettes (MWCO: 300kDa, Sartorius) and then concentrated,
The concentrated suspension (700 ml) was sterilized by filtration
through a 0.2-pm filter, Finally, the nanoparticle suspension and
the aqueous sucrose solution (270 mg/ml) were mixed to attain a
final sucrose concentration of 90mg/ml. The suspension in each
vial was frozen at —~50°C for 4h on the shelf and freeze-dried
through primary step (shelf temperature —20°C, chamber pres-
sure 25 mT, 50 h) and following secondary step (shelf temperature
20°C, chamber pressure 0mT, 10h) using Dura-Top™ and Dura-
Stop™ freeze-dryer system (FTS Systems, Inc., Stone Ridge, NY).
The vials were plugged with nitrogen under reduced pressure and
stored under various temperatures (4, 25, and 37 °C). The recovery
efficiency and the loading efficiency were calculated as follows.

total amount in obtained nanoparticles
amount of feed

Recovery efficiency (%) =

amount of BP in nanoparticles
amount of PLA in nanoparticles

Loading efficiency (wt.%) =

2.3. Ingredients of a formulation

Seven milliliters of water was added to a vial after lyophilization.
The resulting suspension was agitated, after which the volume of
the suspension was exactly adjusted at 10 ml by addition of water
using a messflask. This suspension was used for each analysis as
follows,

2.3.1. BP .

The nanoparticles suspension (200 jl) was added to 600 pl of
acetonitrile and the solution was agitated to dissolve PLA and PEG-
PLA completely. After the addition of 1200 pnl of EDTA aqueous
solution (50 mM, pH 7.0) to chelate zinc, the BP content in the solu-
tion was determined by HPLC (Ishihara et al., 2009a), The content
of unencapsulated BP in the suspension was also determined as
follows. The nanoparticles suspension was mixed with equal vol-
ume of EDTAaqueous solution (50 mM, pH 7.0). After centrifugation
of the solution in the filter cap of Ultrafree-MC centrifugal filter
unit (Ultrafree-MC with PL-30 membrane, Millipore) at 5000 x g
for 30 min, the BP content in the filtrate was determined by HPLC.
Theresidual BPin the nanoparticles was calculated as the difference
between total BP and unencapsulated BP,

2.3.2, Acetone and metals

The nanoparticles suspension (1 ml) was added to Tml of 6 M
sodium hydroxide aqueous solution, After incubation for 3h at
room temperature, 1 ml of 8 M hydrochloric acid aqueous solution
was added on ice bath. This acidic solution was used for gas chro-
matography analysis using GC-2014 (Shimadzu Co., Kyoto, Japan)
and Rtx-624 column to determine the acetone content in a vial, The
acidic solution was also used for the determination of metals, The
zinc and stannous content of the solution was evaluated by Induc-
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tively Coupled Plasma Atomic Emission Spectroscopy (ICPS-8000,
Shimadzu) (Wendt and Fassel, 1965).

2.3.3. DEA '

The nanoparticles suspension (200 pl) was added to 600 i of

acetonitrile, After the addition of 1200 ul of water, the solution was
centrifuged at 20,000 x g for 30 min at 4 °C. The supernatant was

. diluted with 2-fold volume of water, after which DEAin the solution
was determined by ion chromatography using TSKgel SuperlC-
Cation Column (Tosoh Co., Tokyo, Japan).

2.34. Citricacid

The nanoparticles suspension (1000 i) was centrifuged at
39,000 x g for 30 min at 4 °C, The supematant was dijluted with 99-
fold volume of water, after which citric acid in the solution was
determined by ion chromatography using TSKgel OApak-A column
(Tosoh).

2.3.5. Sucrose

The nanoparticles suspension (100 ul) in the filter cap of
Ultrafree-MC centrifugal filter unit was centrifuged at 5000 x g for
30min at 4°C, The filtrate was diluted with 2-fold volume of water
and then with 9-fold volume of acetonitrile. The mixture was ana-
lyzed by HPLC using Asahipak NH2P-50 4E column (Showa Denko
K.K. Kawasaki, Japan) and a RI detector, with water/acetonitrile
(25/75 v[v) as the mobile phase,

2.3.6. lactic acid

The nanoparticles suspension was mixed with an equal volume
of 4M sodium hydroxide aqueous solution. After incubation of the
suspension for 18 h at 50°C, 9-fold volume of 340 mM phosphoric
acid aqueous solution was added. The content of lactic acid was
determined by HPLC using Inertsil ODS-2 column (GL Sciences Inc.,,
Tokyo, Japan) and an UV/vis detector, with 20 mM phosphoric acid
agueous solution as the mobile phase.

2.3.7. Polysorbate 80

In the case of polysorbate 80, 3 ml of methanol-d, instead of
water was added to a vial. The suspension was allowed at -30°Cfor
1hand thencentrifugedat 20,000 x gfor 3 min at 0°C. Theresulting
supernatant was incubated at 50°C for 2h and then centrifuged
at 20,000 x g for 3 min at room temperature, The supernatant was
diluted with equal volume of methanol-d4 containing of 2mg/ml
benzene, after which the solution was analyzed by *H NMR using
JNM-ECP 600 (Jeol Daturn Ltd., Tokyo, Japan). Based on the peak area
of aninternal standard (benzene), the concentration of polysorbate
80 was calculated from peak area in 0.9 ppm derived from oleate.

2.4. Size of nanoparticles

The particle size was determined by the dynamic light scatter
method (Zetasizer Nano ZS, Malvern Instruments Ltd, Worcester-
shire, UK). The nanoparticles suspension was diluted with 4-fold
volume of water, after which the size was measured. Also, NIST
traceable particle size standard (STADEX 100 nm, 123 nm, 144 nm,
JSR Co., Tokyo, Japan) was measured. The size of the nanoparticles
was adjusted based on those of the standard particles.

2.5. Release behavior of component of nanoparticles

The nanoparticles with fluorescein were dispersed in the
phosphate-buffered saline (PBS) at a BP concentration of 50 pg/ml.
After incubation at 37 °Cat specified times, the suspension (100 jl)
was centrifuged at 39,000 x g for 30min., The precipitate was
washed with water by centrifugation and then freeze-dried, The
content of lactic acid and BP in the precipitate was determined as

reported (Ishihara et al,, 2008, 2009a). After dissolution of the dried
precipitate in DMF, the fluorescein content was fluorometrically
determined using a fluorescence detector (RF-5300PC, Shimadzu)
atexcitation wavelength 525 nm and emission wavelength 546 nm.

2.6. Animal experiments

Accumulation of the nanoparticles encapsulating fluorescence
dye in inflammatory lesion was evaluated by in vivo imaging.
Arthritis was induced in Lewis rats (7 weeks old male, weigh-
ing 200-250 g, obtained from SLC (Shizuoka, Japan)) by injecting
50 pl of incomplete Freund’s adjuvant solution (DIFCO, Detroit,
MI) containing 6 mg/ml of Mycobacterium butyricum into the
subplantar region of the left hind paw (Ishihara et al., 2009¢).
Five hundred microliters of Cy7-dodecylamine aqueous solu-
tion (2.6 wg/ml) or the suspension of nanoparticles encapsulating
Cy7-dodecylamine conjugate (Cy7-dodecylamine: 2.6 pg/ml) was
intravenously administrated in adjuvant arthritis rats on 14 days
after administration of the adjuvant. After 1 day, fluorescence
images of left hind paw were observed by explore Optix in vive
fluorescence imaging system (GE Healthcare), "

The BP content in the left hind paw was also determined. The
nanoparticles with BP (40 g as BP/500 pl of saline) were intra-
venously administrated in adjuvant arthritis rats on 14 days after
administration of the adjuvant. At specified times, the hind paw
was amputated and frozen. The paw was incised using a knife and
incubated for 18 hat 37 °Cin Hanks’ balanced salt solution including
0.05% type 1 collagenase, 0.05% elastase, 0.05% trypsin, 16 U/ml dis-
pase, 0.02% hyaluronidase, 1 mM sodium calcium and 1 mM sodium
magnesium. After repeated freeze-thawing (three times), 3-fold
volume of acetonitrile and 5.5-fold volume of water were added
in this order. The suspension was filtratéd through 0.45-pum fil-
ter, after which the filtrate was dried using a vacuum concentrator,
The dried residue was incubated with alkaline phosphatase (2.7
units/ml, from calf intestine; Toyobo, Tokyo, Japan) and the result-
ing betamethasone was extracted by ethyl acetate, After dry up of
ethyl acetate, betarnethasone in the residue was determined by TR-
FIAimmunoassay. The BP content was shown as weight of detected
betamethasone per weight of wet amputated paw.

All animal experiments were performed in accordance with the
Animal Experiment Guidelines of the Jikei University School of
Medicine.

3. Results and discussion

The nanoparticles were prepared using the PEG-PLA block poly-
mer containing fluorescein at one terminal of the PEG chain. The
residual content of BP, lactic acid, and fluorescein in the nanopar-
ticles was determined during incubation in PBS at 37 °C, As shown
in Fig. 1A, a large amount of fluorescein was rapidly released from
the nanoparticles (residual fluorescein at 4 days, 31%), while BPand
lacticacid were graduallyreleased. Inaprevious study, we analyzed
the internalization of various nanoparticles in macrophage-like
cells (RAW264.7) after preincubation of the nanoparticles (Ishihara
et al., 2009b). The internalization of the nanoparticles (same as
described in Fig. 1A)accelerated after a 3-day preincubation period.
The results of the previous study along with those of the present
study indicate that the release of PEG from the surface of the
nanoparticles enhances the affinity of nanoparticles for cells, In
addition, the extent of internalization did not depend on the length
of the PLA/PLGA segments in the block copolymers but on the com-
position of PLA/PLGA. This suggests that the release of PEG from the
nanoparticles was triggered by the hydrolysis of the PLA/PLGA seg-
ment and not by the dissociation of the block copolymers (Ishihara
et al., 2009b). In this study, fluorescein released from the nanopar-
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Fig. 1. Degradation of nanoparticles during incubation. (A) Release behavior of each
component of the nanoparticles, The arount of BP {circle), lacticadd (triangle), and
fluorescein (square) in the nanoparticles was determined during the incubation of
nanoparticlesin PBS at 37 °C. Each data point represents the mean £standard devia-
tion (SD)of3 independent experiments. (B) Schematicillustration of the degradation
of nanoparticles during incubation,

ticles into the bulk solution was determined by a fluorometric
analysis. In addition, gel permeation chromatography was per-
formed; it revealed that the molecules with fluorescein in the bulk
solution had approximately the same molecular weight as a PEG
segment, indicating the production of fluorescein-PEG-(lactic acid)
[or oligo(lactic acid)] as a result of the hydrolysis of the PLA seg-
ment. After alkali-hydrolysis of the nanoparticles, we measured
the residual lactic acid content and found that the content grad-
ually decreases during the period of incubation. In addition, the
residual BP content corresponded to the residual lactic acid con-
tent, This observation suggested that BPis uniformly distributed in
the nanoparticles and is released because of surface erosion during
PLA hydrolysis (Fig. 1B). The residual content of BP, lactic acid, and
fluorescein was measured when the nanoparticles were incubated
for 44 days at 4°C and was found to be 96,1 +2.4%, 95.7 & 1.4%,
and 99.9:£0.7%, respectively, indicating that thé degradation of
nanoparticles is greatly inhibited at low temperatures.
ACy7-dodecylamine conjugate that was used as alabeling mate-
rial for in vivo imaging was encapsulated in the nanoparticles.
Imaging analysis demonstrated preferential accumulation of the
nanoparticles in the target lesion (i.e., the left hind paw) (Fig. 2A):
this preferential accumulation is probably attributable to the EPR
effect. At 1 day after the administration of the nanoparticles, the
amount of BP in the lesion was considerably high (Fig. 2B), while
after administration of BP alone, the amount of BP was below the
detection limit (below 0.04 pg/g tissue). Generally, it is believed
that because of the EPR effect, the prolonged residence of carriers
in the blood leads to higher accumulation in the lesions. However,
higher accumulation does not necessarily correspond to higher
therapeutic activity because the local distribution of the carriers
in the lesion after circulation remains unknown (Romberg et al.,
2008). In a previous study on animals, we found that the nanopar-
ticles with the longest blood half-life did not have the highest

Counts
= 1531500
~ 1377800
~ 1226400
- 023100
- 520700
= 163400
- 515100
- 463700
= 311400
~ 152000
- 5700
(B) 07
3
a 08
(=T
S 05F
=
@
g 04
@
£ 03F
£
G 02f
K]
01}F
G A 1 (] 1 1 L 1

0 2 4 6 8 10 12 14 18
Days after administration

Fig. 2. Accumulation of nanoparticles in the inflammatory lesion in an adju-
vant arthritis rat model, (A) Accumulation of (a) Cy7-dodecylamine or (b)
Cy7-dodecylamine conjugate-encapsulated nanoparticies on the first day after
intravenous administration. The left hind paw of rats wasobserved using the explore
Optix in vivo fluorescence imaging system. The color bar shows the fluorescence
intensity (count) of Cy7. (B) The betamethasone content in the inflammatory lesion
(left hind paw) was determined as described in Section 2.6 after the administration
of the nanoparticles to adjuvant arthritis rat models, Each data point represents the
mean 5D of 3 rats,

anti-inflammatory activity (Ishihara et al., 2009¢). The carriers may
show stealth properties in the lesion. Such carriers probably have
a low affinity for cells and may reenter the blood circulation or
a lymph vessel during prolonged residence. On the other hand,
depending on the drugs used, it is necessary to determine whether
drugs should be released in the intracellular space or the extracel-
lular spaces. In some studies, PEG was formulated such that after its
accurnulation in the tumor, it would be released from the carriers
in response to stimuli such as change in pH and enzymatic reac-
tion, and would thus result in higher therapeutic activity (Mishra
et al., 2004; Ambegia et al., 2005; Hatakeyama et al,, 2007). There-
fore, the stealthiness of the nanoparticles should be controlled in a
time-dependent manner to achieve high therapeutic efficiency.
As observed in Fig. 2B, the BP content gradually decreased and
was detected even at 14 days after administration, Although we
have no apparent evidence to explain this phenomenon, the results
obtained in vitro provide a potent hypothesis. The nanoparticles
initially possess abundant PEG chains on their surfaces but these
are lost within a few days. During this time, most of the BP still
remains in the nanoparticles and subsequently is gradually released
as shown in Fig. 1A. These results indicated that the accumulation
of nanoparticles in the lesion (inflamed paw) was due to the EPR
effect and that the internalization of the nanoparticles in inflamma-
tory macrophages was induced by the loss of PEG from the surfaces
of the nanoparticles. Thereafter, BP may be gradually released in
the cells during PLA hydrolysis. However, the period. of residence
(approximately 14 days) of BP in the lesion was shorter than that
of the release of BP from the nanoparticles in vitro (over 44 days)
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Table 1
Ingredients of the freeze-dried formulation,

Content/vial

BP (mg) ) 56
Betamethasone (pg) 56
Acetone (jLg) 340
Zinc (pg) 1130
Stannum (ug) 3.0
Diethanolamine (j.g) 190
Citric acid {ng) 440
Polysorbate 80 (mg) 3.7
Sucrose {mg) 430
406

PLA (mg)

as shown in Figs. 1A and 2A. In a previous report, we showed that
during in vitro incubation of cells for 8 days, approximately 80% of
the BP in nanoparticles internalized in cells was released from the
cells (Ishihara et al., 2005). These results strongly suggested that
the release of BP from cells was accelerated because of hydroly-
sis in an acidic environment such as'in endosomes or lysosornes.
The release rates of drugs from carriers also significantly influence
therapeutic activity., .

Stealth nanoparticles with a maximum therapeutic potential
should be designed by taking the following two factors into consid-
eration: (i) the time-controlled distribution of drugs in the body or
tissue and (ii) the time-controlled release of drugs. The nanoparti-
cles presently used have two time switches: one controls the stealth
property, which is observed during the association or dissociation
of PEG, and another controls the period of BP release. This simple
technique based on the hydrolysis of bicdegradable polymers will
greatly contribute to the design and optimization of nanoparticles
for various applications in a clinical setting,

Next, we attemnpted to execute the preparation of the nanopar-
ticles on a large-scale in order to evaluate manufacture on an
industrial scale, Nanoparticles with the same properties as those
thatare prepared ona small-scale could be successfully prepared on
an 800-fold scale. They were sterilized by filtration using a 0.2-pm
membrane filter and freeze-dried in the presence of sucrose. The
nanoparticles in the freeze-dried formulation could be uniformly
dispersed in water and had the same diameter as nanoparticles
that were not subjected to freeze-drying because the sucrose acted
as a lyoprotectant and prevented the aggregation of nanoparticles

(Ishihara et al., 2005), In this manufacturing process, the recov- .

ery efficiency of BP and PLA (i.e., the total amount of PLA in the
mixture of PEG-PLA and PLA) was 24.1 wt.% and 26.3 wt.%, respec-
tively. In order to reduce the cost, we need to increase the recovery
efficiency of the nanoparticles, because a large amount of the cost
depends on that of PEG-PLA and PLA. The loading efficiency of BP
in the nanoparticles was 13.8 wt.%, Although it would be ideal to
increase the loading efficiency and thus decrease the amount of
additives, higher loading may affect the properties of the nanoparti-
cles, In principle, it may be easy to achieve further scale-up because
homogenizers or emulsifiers are not used in this method.

The additives used in the manufacture of nanoparticulate for-
mulations seem to be acceptable for clinical use, A number of Food
and Drug Administration (FDA)-approved products available in the
market contain PLA and PLGA for use as excipients to achieve
sustained release of the bioactive molecules (Chaubal, 2002). In
addition, block polymers containing PEG and PLA/PLGA also seem
to be safe for use because many animal experiments have shown
that these polymers are biocompatible and have low immuno-
genicity and little toxicity (Shive and Anderson, 1997; Plard and
Bazile, 1999). Somme ongoing clinical trials will, in the near future,
clarify the safety of these polymers. In addition to BP, extremely
small amounts of betamethasone were also detected by HPLCin the
freeze-dried nanoparticles (Table 1). This may be explained by the
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Fig. 3. Storage stability of the freeze-dried nanoparticles at various temperatures
(opencircle, 4 <C; closed triangle, 25 °C; and closed circle,37 °C).(A) Diameters of the
nanoparticles after resuspension in water. (B) Residual BP content in the nanopar-
ticles, Each data point represents the mean 5D of 3 independent experiments.

possible production of betamethasone because of the hydrolysis of
BP, which occurred during the process of nanoparticle preparation.
It is possible to reduce the residual content of acetone to 340 g
per vial by ultrafiltration and freeze-drying (Table 1). According to
the Guidelines for Residual Solvents (International Conference on
Harmenisation [ICH] Harmonised Tripartite Guidelines), acetone is
classified into class 3, and the level of permitted daily exposure
(PDE) is limited to <50mg per day. Hence, the residual content
of acetone in the formulation was sufficiently low. Zinc is one of
the vital minerals. The level of residual zinc also seems accept-
able because zinc chloride solution has been used as an additive in
intravenous solutions for total parenteral nutrition (Zinc Chloride
Injection, Hospira Inc., Lake Forest, IL). Stannous octoate was used
as a catalyst for the polymerization of PLA/PLGA. Since this com-
pound is accepted by the FDA as a food additive (Kim et al,, 1992)
and the level of stannum in the formulation was extremely low
(3 pg per vial, Table 1), the residual stannum content is acceptable
as discussed elsewhere (Gunatillake and Adhikari, 2003). Further,
other materials used in the formulation that are listed in Table 1
have already been used as additives in a clinical setting.

We evaluated the stability of freeze-dried nanoparticles during
storage at various temperatures. The diameters of the nanoparti-
cles were constant even after resuspension in water (Fig. 3A) and
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no chemical changes in BP were observed on varying the temper-
ature (data not shown). On the other hand, we did not observe
leakage (release) of BP from the freeze-dried nanoparticles during
69 weeks of incubation at 4°C and 25°C, while BP was released
during incubation at 37 °C (Fig. 3B). This temperature-dependent
release may be attributable to the thermodynamic stability of the
polymers (PLA and PEG-PLA) used in the nanoparticle preparation.
In general, the glass transition temperature (T;) of a polymer is the
temperature at which the polymer changes from the glassy state
to the rubbery state, In the rubbery state, the diffusion of the drug
from the nanoparticles is easier because of the high mobility of the
polymer chains (Wischke and Schwendeman, 2008). On the basis
of this finding, we can conclude that this formulation can be stably
stored at low temperatures (below 25 °C) for at least 69 weeks,

4. Conclusions

Polymeric nanoparticles formed using a blend of PLA and PEG-
PLA with BP were prepared by an oil-in-water solvent diffusion
method. The results of the present and previous studies have
strongly suggested the behavior of the nanoparticles in vivo: ini-
tial accumulation in the lesion, internalization in inflammatory
macrophages, and gradual release of BP in cells. Furthermore, the
nanoparticles were successfully prepared on a large-scale, and
freeze-dried nanoparticles were stably stored for at least 69 weeks
below 25 °C. The present results indicate that this nanoparticulate
formulation can be used in a clinical setting.
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HSP-Dependent Protection Against Gastrointestinal Diseases

Tohru Mizushima*

Graduate School of Medical and Pharmaceutical Sciences, Kumamoto University, Kumamoto 862-0973, Japan

Abstract: It is well known that heat shock protems (HSPs) are induced by various stressors in order to confer protection against such
stressors. Since stressor-induced tissue damage is involved in various diseases, especially gastrointestinal diseases, such as gastric ulcer,
it has been thought that HSPs are protective agamst these diseases. Indirect lines of evidence, such as identification of
geranylgeranylacetone (GGA, a leading anti-ulcer drug in Japanese market) as non-toxic HSP-inducer, suggest that HSPs provide a major
protective mechanism against irritant-induced gastric lesions. However, no direct evidences that support this notion exits, Furthermore,
because GGA has other gastropmtecnve effects, it was not clear whether HSP-induction by GGA is the main mechanism for its anti-ulcer
effect. In this article, I review our recent work on protective roles of HSPs against gastrointestinal diseases, using transgenic mice. We
obtained genetic evidence showing not only that HSPs are protective against irritant-induced gastric lesions but also that GGA achieves
its anti-ulcer effect through induction of HSPs. We also obtained genetic evidence that HSPs are protective against inflammatory bowel
disease (IBD)-related colitis and lesions of small intestine, Furthermore, we found that GGA is effective against these diseases. Based on
these observations, we propose that non-toxic HSP-inducers, such as GGA are therapeutically beneficial for these diseases.

Keywords: HSP70, HSF1, gastric ulcer, IBD, lesions of the small intestine, GGA.

BACKGROUNDS FOR HSPs

‘When cells are exposed to stressors, a mumber of so-called
stress proteins are induced, in order to confer protection against
such stressors. Heat shock proteins (HSPs) are representative of
these stress proteins, and their cellular up-regunlation, especially that
of HSP70, provides resistance as they re-fold or degrade denatured
proteins produced by the stressors [1]. It has been reported not only
that various stressors up-regulate HSPs, but also that artificial up-
regulation of HSPs confers resistance to these stressors in cultured
cells [1]. The up-regulation of HSPs by various stressors is
regulated at the transcription level by a consensus cis-element (heat
shock element (HSE)) and a transcription factor (heat shock factor
1 (HSF1)), that specifically binds to HSE located on the upstream
region of hsp genes [2].

Since cytoprotective effect of HSPs is potent and cell death
(tissue damage) by stressors play an important role in pathogenesis
of various types of diseases, HSPs have been thought to be
interesting target of drugs, however, non-specificity of HSPs
(induction by various stressors and protection of cells against
various stressors) is a obstacle for such drug development (it is
generally believed that drug should be specific). However, 1
consider that this non-specificity of HSPs is of advantage for some
type of gastrointestinal diseases, such as gastric ulcers, because
development of these diseases is triggered by cell damage induced
by various imritants and thus, drugs that non-specifically protect
cells against irritants may be beneficial for these diseases.

Supporting this notion, 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 vive [3, 4]. We have previously reported that pre-
induction of HSPs by GGA protects cultured gastric mucosal cells
from cell death induced by various irritants [5-8] These previous
results suggest that the anti-ulcer effect of GGA is due to its HSP-
inducing activity.
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PROTECTIVE EFFECT OF HSPs AGAINST IRRITANT-
INDUCED GASTRIC LESIONS

The balance between aggressive and defensive factors deter-
mines development of gastric lesions. The gastric mucosa 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 [9]. In order to
protect the gastric mucosa, a complex defence sysfem, which
includes the production of surface mucus and bicarbonate and the
regulation of gastric mucosal blood flow has evolved. Prostag-
landins (PGs), in particular PGE,, enhance these protective mecha-
nisms, and are therefore thought to comprise a major gastric
mucosal defensive factor {10].

Recently, HSPs have attracted considerable attention as another
major defensive factor for gastric mucosa. However, very little
direct evidence exists. As for GGA, because GGA mediates various
other gastro-protective mechanisms [11, 12}, it remains unclear
whether up-regulation of HSPs fepresents GGA’s major mode of
anti-ulcer activity. To address these issues, we used 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 GGA’s major mode of anti-ulcer activity,

As shown in Fig. (1A), infragastric administration of
indomethacin resulted in production of higher level of gastric
lesions in HSF1-null mice than in wild-type mice. Similar results
were obtained with ethanol and hydrochloric acid-induced gastric
lesions {13, 14]. Given that HSF1 up-regulates the expression of
HSPs, we examined the effect of indomethacin administration on
the mRNA expression of HSPs in the gastric mucosa of HSF1-null
mice and wild-type mice. Indomethacin administration up-regulated
the mRNA expression of only HSP70, a response that was
dependent on the function of HSF1 [14]. Based on these results, we
subsequently focused on HSP70.

The level of indomethacin-induced gastric lesions was
compared between transgenic mice expressing HSP70 and wild-
type mice. Relative to control mice, formation of indomethacin-
induced gastric lesions was significantly suppressed in transgenic
mice expressing HSP70 Fig. (1B). By immunoblotting and immu-
no-histochemical analyses, we confirmed that HSP70 expression

© 2010 Bentham Science Publishers Ltd.
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Fig. (1). Production of gastric lesions by indomethacin. HSF1-pull mice (-/-)
and wild-type mice (+/+) (A) or transgenic mice expressing HSP70 (HSP70
Tg) and wild-type mice (WT) (B) were orally administered the indicated
doses of indomethacin and their stomachs were removed after 8 h. The
stomach was scored for hemorrhagic damage. Values are mean + SEM. (1
= 3-6). ¥*P<0.01; *P<0.05; n.s., not significant. This figures was published
previously and is reprinted here with permission of the journal [14].

was much higher in the gastric tissues of the transgenic mice than in
those of the wild-type mice, regardless of whether or not they were
treated with indomethacin [14]. These results offer direct genetic
evidence that expression of HSP70 protects the gastric mucosa
against the formation of irritant-induced gastric lesions. HSP70
normally has a reasonable level of expression in cells and this may
contribute to protection of gastric mucosa.

Another group suggested the protective role of HSP27 against
indomethacin-induced gastric lesions. Ebert ef al. reported that
transgenic mice expressing HSP27 showed resistant phenotype to
indomethacin-induced gastric lesions. They also showed that
overexpression of HSP27 did not affect the expression of COX-1
and COX-2, suggesting that expression of HSP27 protects gastric
mucosa against NSAID-induced lesions through cytoprotection
rather than modulation of inhibition of COX by NSAIDs [15).

In order to investigate the mechanism governing the suppres-
sion of production of indomethacin-stimulated gastric lesions in
transgenic mice expressing HSP70, we compared the level of apop-
tosis. In wild-type mice, an increase in TUNEL-positive (apoptotic)
cells was observed following the administration of indomethacin,
which is suppressed in transgenic mice expressing HSP70 [14]. On
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the other hand, there was no significant difference in the gastric
level of PGE; between transgenic mice expressing HSP70 and wild-
type mice [14]. These results suggest that HSP70 protects gastric
mucosa from NSAID-induced lesions through inhibiting apoptosis
rather than affecting gastric PGE, levels. Similar results were
observed for ethanol-induced gastric lesions [13].

In order to evaluate the contribution of the HSP-inducing
activity of GGA to its anti-ulcer activity, we investigated the effect
of GGA in HSFl-null mice. If anti-ulcer activity of GGA is
mediated by its HSP-inducing activity, GGA would not show the
anti-ulcer activity in HSFI-null mice where induction of HSPs is
suppressed. First, we examined the effect of GGA and/or
indomethacin on gastric mucosal HSP70 expression in wild-type
mice, revealing a potent expression induced by indomethacin or
GGA in wild-type mice Figs. (2A and B). Interestingly, pre-
administration of GGA enhanced the indomethacin-dependent
HSP70 response in wild-type mice Figs. (2A and B). We confirmed
that administration of GGA and/or indomethacin did not induce.
HSP70 in HSFl-null mice Figs. (2A and B). Fig. (2C) shows the
effect of pre-administration of GGA on indomethacin-produced
gastric lesions in wild-type and HSF1-null mice. Pre-administration
of GGA significantly suppressed the indomethacin-dependent pro-
duction of gastric lesions in wild-type mice Fig. (2C). In contrast,
no significant effect was recorded in the HSF1-null mice “Fig.
(2C)”. This result shows that HSF1 is required for the efficacy of
the anti-ulcer activity of GGA against indomethacin. Overall, the
results in Fig. 2 suggest that the loss of the protective effect of
GGA in HSF1-null mice is due to the lack of expression of HSPs
(such as HSP70), in other words, the HSP-inducing activity of
GGA contributes to its anti-ulcer activity. Similar results were
observed for ethanol-induced gastric lesions [13]. These results
provide the first direct genetic link between the pharmacological
behaviour of the drug and the resultant clinical outcome.

PROTECTIVE EFFECT OF HSPs AGAINST INFLAM-
MATORY BOWEL DISEASE (IBD) '

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 [16]. Although the etiology of IBD is not
yet fully understood, recent studies suggest that IBD involves
chronic inflammatory disorders in the intestine due fo “a vicious
cycle”. Infiltration of leukocytes into intestinal tissues cause
intestinal mucosal damage induced by reactive oxygen species
(ROS) that are released from the activated leukocytes, and this
intestinal mucosal damage further stimulates the infiltration of
leukocytes [17]. To wunderstand the molecular 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 pwpose, various experimental animal colitis models, in
particular the dextran sulfate sodium (DSS)-induced colitis models,
have been used [18]. Pro-inflammatory cytokines and cell adhesion
molecules (CAMs) play an important role in the activation and
infiltration of leukocytes that is associated with IBD [19, 20].

-HSPs and HSFI also have attracted considerable attention as
candidates for endogenous factors that affect the development of
IBD because some HSPs, including HSP70, were reported to be
over-expressed in the intestinal tissues of IBD patients and in an
animal model of IBD [21]. HSFI negatively regulates the
expression of tumor necrosis factor (TNF)-a and interlenkin (IL)-1p
[22]. 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 [23]. Therefore, the
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Fig. (2). Effect of indomethacin and/or GGA on expression of HSP70 and
production of gastric lesions. HSF1-null mice (-/-) and wild-type mice (+/+)
were orally administered 50 mg/kg GGA, 1 h after which they were orally
administered 10 mg/kg (A, B) or the indicated doses (C) of indomethacin
and the stomach was removed after 8 h. A, i:mnimoblotting analyses were
performed. B, experiments shown in C were repeated for six mice per one
condition and the results (band intensity of HSP70) were analysed
statistically. Values are mean £ SEM. (n = 6). **P<0.01. C, gastric
mucosal lesions were measured. Values are mean = SEM. (n = 34).
**P<0.01; n.s., not significant. This figures was published previously and is
reprinted here with permission of the journal {14].

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

Current Pharmaceutical Design, 2010, Vol. 16, No. 00 3

in IBD. Thus, we examined the role of HSF1 and HSPs in the
pathogenesis of DSS-induced colitis by use of transgenic mice.

The severity of DSS-induced colitis can be monitored by
various indexes, such as DAI, length of colon and MPO activity.
Administration of 3% DSS caused a mild increase in the DAI and
this administration resulted in a higher DAI score in HSFl-null
mice Fig. (3A). DSS-induced colon shortening, used as a
morphometric measure for the degree of inflammation, was more
severe in HSF1-null mice than in the wild-type mice [24]. Colonic
MPO activity, an indicator of infiltration of leukocytes, was much
higher in DSS-administered HSFl-null mice than the wild-type
mice [24]. The results show that HSF1-null mice are more sensitive
to DSS-induced colitis than their respective wild-type mice. Next,
development of DSS-induced colitis was compared in transgenic
mice expressing HSP70 and their respective wild-type mice. DSS-
dependent increase in DAI was clearly suppressed in transgenic
mice expressing HSP70 compared to the wild-type mice Fig. (3B).
All of the other indexes of colitis that were tested (colon length and
colonic MPO activity) showed that transgenic mice expressing
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Fig. (3). Development of DSS-induced colitis. HSF1-null mice (-/-) and
wild-type mice (+/+) (A) or transgenic mice expressing HSP70 (HSP70 Tg)
and wild-type mice (WT) (B) were treated with or without 3% DSS for 7
days. DAI were measured daily. Values are mean + S.EM. (n=3-10),
*¥¥P<0.01; **P<0.01. ns. not significant. This figures was published
previously and is reprinted here with permission of the journal [24].

| 6b



4  Current Pharmaceutical Design, 2010, Vol. 16, No. 00

HSP70 are more resistant than the wild-type mice to DSS-induced
colitis [24].

Another group addressed this issue by use of GGA. Ohkawara
et al. reported that oral administration of GGA (300-500 mg/kg)
suppressed DSS-induced increase in DAI, colon shortening,
increase in colonic MPO activity and colonic mucosal damage.
They 2lso showed that administration of GGA lowered the colonic
level of pro-inflammatory cytokines. Furthermore, they showed that
GGA up-regulated the expression of HSP70 and HSP40 but not
other HSPs in the colons [25). They also examined the effect of
GGA on trinitrobenzene sulfonic acid-induced colitis, another
animal model of IBD. Oral administration of GGA (300 mg/kg)
suppressed TNBS-induced decrease in body weight, increase in
DAI increase in colonic MPO acfivity and colonic mucosal
damage. They also showed that the survival rate of mice treated
with TNBS significantly increased by GGA administration [26].
These results support the idea that HSPs are protective against IBD-
related colitis and suggest that non-toxic inducers of HSP
expression are therapeutically beneficial for IBD,

In order to understand the mechanism governing the decreased
susceptibility of transgenic mice expressing HSP70 to DSS-induced
colitis, we compared the mRNA expression of various inflam-
mation-related proteins in the colonic tissues. The mRNA
expression of mfa, il-1b and #-6 in colonic tissues was signi-
ficantly lower in DSS-administered transgenic mice expressing
HSP70 than in the wild-type mice, suggesting that HSP70
negatively regulate the expression of the selected pro-inflammatory
cytokines under inflammatory conditions [24)]. To test this idea in
vitro, we compared the LPS-stimulated production of the pro-
inflammatory cytokines (TNF-a, IL-1b and IL-6) in peritoneal
macrophages prepared from the transgenic mice and their wild-type
counterparts. LPS stimulated the production of all of these pro-
inflammatory cytokines and the levels were much lower in the
medium of the LPS-treated macrophages prepared from transgenic
mice expressing HSP70 than from wild-type mice [24]. These
results suggest that expression of HSP70 may suppress the
production of these pro-inflammatory cytokines under inflam-
matory conditions. We speculate that this suppression is mediated
by HSP70-dependent inhibition of nuclear factor kappa B (NF-kB),
which plays an important role in the induction of inflammation. It is
known that NF-kB positively regulates expression of pro-inflam-
matory cytokines inclading TNF-a, IL-1b and IL-6. Fuzthermore, it
is also known that up-regulation of HSP70 expression by heat
shock inhibits the inflammatory stimuli-dependent acuvanon of
NF-kB through various mechanisms [27-33).

We compared mRNA expression of veam-1 and icam-] in the
colonic tissues of transgenic mice and wild-type mice. The mRNA
expression of these CAMs was much lower and higher in the DSS-
administered fransgenic mice expressing HSP70 or HSF-null mice,
respectively, than the wild-type mice [24]. In vifro, we examined
the effect of siRNA specific for HSF1 or HSP70 on the LPS-
induced mRNA expression of the CAMs. Transfection with HSF1
siRNA up-regulated the mRNA expression of veam-1 and icam-1 in
the presence of LPS. Transfection of the cells with siRNA specific
for HSP70 did not significantly up-regulate the mRNA expression
of the CAMs in the presence of LPS, suggesting that, at least in
vitro, HSP70 does not negatively régulate the mRNA expression of
these CAMs under inflammatory conditions and HSF1 directly (not
through up-regulation of expression of HSP70) suppresses mRNA
expression of the CAMs [24].

We compared the level of cell death in the colonic mucosa of
DSS-administered transgenic mice expressing HSP70 and the

" respective wild-type mice by use of the TUNEL assay. Less
TUNEL-positive cells were observed in the colonic mucosa of
DSS-administered transgenic mice expressing HSP70 than the wild-
type mice. The results suggest that ROS-induced cell death asso-
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ciated with DSS-induced colitis is suppressed in transgemc mice
expressing HSP70 [24].

To test the role of HSP70 in ROS-induced cell death in vitro,
we examined the effect of siRNA specific for HSP70 on cell death
induced by menadione, a superoxide anion (a representative ROS)
releasing drug. Transfection of cells with siRNA for HSP70 clearly
stimulated cell death induced by menadione [24]. The results
suggest that HSP70 protects colonic cells from ROS-induced cell
death and that this effect may be involved in the improved
resistance to DSS-induced colitis that is observed in transgenic
mice expressing HSP70.

‘We have gathered evidence that HSF1 and HSPs have negative
1oles in the development of IBD by demonstrating the sensitive
phenotype of HSFl-null mice and the resistant phenotype of
transgenic mice expressing HSP70 against DSS-induced colitis.

PROTECTIVE EFFECT OF HSPs AGAINST LESIONS OF
THE SMALL INTESTINE

More attention has generally been paid to NSAID-induced
gastric lesions rather than lesions of the small intestine, because the
latter are usually asymptomatic and their diagnosis was difficult to
make. - However, recent improvements in the capabilities of
diagnostic techniques such as capsule endoscopy and double-
balloon endoscopy, have revealed that NSAID-induced lesions of
the small intestine occur very frequently and that the small intestine
is even more susceptible than gastric tissue to the detrimental
effects of NSAIDs (34, 35]. For example, it was reported that 50-
70% of chronic users of NSAIDs have lesions of the small intestine
[36, 37). For gastric lesions, COX-2 selective NSAIDs have been
developed as safer altematives; however, animal and clinical
studies have revealed that the safety of long-term use of such COX-
2 selective NSAIDs with respect to the small intestine is indis-
tinguishable from that of non-selective NSAIDs [34, 38].

Compared to gastric lesions, the etiology of NSAID-induced
lesions of the small intestine is not clear at present, thus com-
plicating the establishment of clinical protocols for their treatment.
However, recent studies suggest that NSAID-induced lesions of the
small intestine share some but not all of the aggressive factors
evident with gastric lesions. The direct cytotoxicity (topical effect)
of NSAIDs seems to be involved in NSAID-induced lesions of the
small intestine [39, 40]. Inflammatory responses, such as the
infiltration of neutrophils, stimulate NSAID-induced lesions of the
small intestine (41]. Bacterial invasion, bacterial products, bile and
nitric oxide (NO) produced by inducible NO synthase (iNOS) also
seem to damage the small intestinal mucosa to produce lesions [42-
44]. On the other hand, acid secretion is not as important in the
development of NSAID-induced lesions of the small intestine.
Thus, acid control drugs are not as effective for treating NSAID-
induced lesions of the small intestine compared to their effect on
gastric lesions [45, 46].

It is reasonable to speculate that HSP70 protects against
NSAID-induced lesions of the small intestine, thereby acting as a
defensive factor in the small intestine as it does in the case of
stomach tissue. While the results of a number of in vitro studies
support this idea [47), no direct evidence currently exists. Thus, we
examined indomethacin-induced lesions of the small intestine in
transgenic miceé expressing HSP70. Furthermore, we examined the
effect of oral administration of GGA on lesions of this type.

The severity of indomethacin-induced lesions in the small
intestine was monitored by measurement of a lesion index. We
compared between transgenic mice expressing HSP70 and wild-
type mice the development of lesions in the small intestine after
administration of indomethacin, Indomethacin induced lesions in
the small intestine in a dose-dependent manner in wild-type mice
and this production was significantly reduced in transgenic mice
expressing HSP70 [48]. These results show that transgenic mice
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expressing HSP70 are more resistant than wild-type mice to
indomethacin-induced lesions of the small intestine.

As described above, a decrease in the level of PGE, (COX-
inhibition), the presence of mucosal cell apoptosis, and induction of
cytokines and chemokines all play important roles in the NSAID-
induced production of lesions of the small intestine, We therefore
compared these factors between transgenic mice expressing HSP70
and wild-type mice. There was no significant difference in the small
intestinal level of PGE, between transgenic mice expressing HSP70
and wild-type mice either with or without indomethacin treatment
(48]. An increase in the number of TUNEL-positive (apoptotic)
cells in the small intestine of wild-type mice was observed after
indomethacin administration, and this increase was clearly
suppressed in transgenic mice expressing HSP70 [48]. These results
suggest that expression of HSP70 protects the small intestine
mucosa from lesions by inhibiting indomethacin-induced apoptosis
rather than by affecting the level of PGE; in the small intestine. The
mRNA expression levels of all of cytokines (#-1b, i-6 and tnf-a)
and chemokines (mcp-l and mip-2) tested were up-regulated in
wild-type mice by the administration of indomethacin. However,
the expression of il-1b, il-6 and mip-2 mRNA was significantly
lower in indomethacin-treated transgenic mice expressing HSP70
than in wild-type controls [48]). These results suggest that the
reduced expression of these pro-inflammatory cytokines and
chemokines in transgenic mice expressing HSP70 is involved in
their phenotypic resistance to indomethacin-induced lesions of the
small intestine.

We next examined the effect of pre-administration of GGA on
indomethacin-induced lesions in the small intestine. As shown in
Fig. (4A), pre-administration of GGA suppressed the indomethacin-
induced lesions in a dose-dependent manner. We also examined the
effect of pre-administraion of GGA on the indomethacin-
dependent decrease in the level of PGE, and increased level of
mucosal cell apoptosis in the small intestine and found that GGA
did not affect this level in the presence of indomethacin but
suppressed indomethacin-induced increase in the number of
TUNEL-positive cells [48]. These results suggest that the GGA-
induced expression of HSP70 suppressed the extent of indo-
methacin-induced lesions by inhibiting indomethacin-induced
mucosal cell apoptosis.

We also examined by immunoblotting analysis the effect of
GGA and/or indomethacin on the expression of HSP70 in the small
intestine. Administration of indomethacin increased the expression
of HSP70 Figs. (4B and 4C), while GGA significantly stimulated
the expression of HSP70 in both the presence and absence of
indomethacin treatment (Fig. 4B and C). To test the involvement of
HSP70 in the protective role of GGA against indomethacin-induced
lesions of the small intestine, we examined the effect of pre-
administration of quercetin (an inhibitor of expression of HSP70)
on the protective effect of GGA. Pre-administration of quercetin
diminished the protective effect of GGA against indomethacin-
induced lesions of the small intestine, suggesting that GGA
suppresses the extent of indomethacin-induced lesions in the small
intestine by inducing HSP70 [48]. ' .

Gastro-protective 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 H,-
blockers and PPIs) are superior to these gastro-protective dmgs in
curing/preventing gastric lesions. On the other hand, these acid-
control drugs seem to be ineffective against NSAID-induced lesions
of the small intestine. Results described above strongly suggest that
oral administration of GGA could also be therapeutically beneficial
against NSAID-induced lesions of the small intestine in humans
owing to its HSP-inducing activity.
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Fig. (4). Effect of GGA on expression of HSP70 and production of lesions
in the small intestine. Wild-type mice were orally administered indicated
doses (A) or 100 mg/kg (B, C) of GGA Two hours later the mice were
orally administered 20 mg/kg of indomethacin. Small intestine was removed
24 h (A) or 4 h (B, C) after the administration of indomethacin. The small
intestine was scored for hemorrhagic damage (A). Protein extract was
prepared and analysed by immunoblotting with an antibody against HSP70
or actin (B). The band intensity of HSP70 was determined by densitometric
scanning, normalized with respect to actin (C). Values are mean + S,EM. (n
=3-9 (A), 10-16 (C). **P<0.01; *P<0.05; n.s., not significant. This figures
was published previously and is reprinted here with permission of the
journal [48].
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CONCLUSION

Analysis of animal model of gastrointestinal diseases in HSF1-
null mice and fransgenic mice expressing HSP70 is effective for

understanding the role of HSPs in these diseases. Our results

strongly suggest that HSP70 is protective against irritant-induced
gastric lesions, IBD and lesions of the small intestine. Such analysis
also showed that the HSP-inducing activity of GGA contributes to
its anti-ulcer activity. We also found that GGA is effective for DSS-
induced colitis and NSAID-induced lesions of the small intestine.
For IBD and lesions of the small infestine, clinical protocol for their
treatment has not been established and the development of new
molecules as candidate drugs to treat these diseases must pass
through the clinical trials process and may encounter the anticipated
side effects. Thus, based on our results, we propose that clinical
studies should be performed to prove the effectiveness of GGA for
treating IBD and NSAID-induced lesions of the small intestine
given that the safety of GGA has already been shown clinically.
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ABBREVIATIONS

CAM = Cell adhesion molecule

Ch = Crohn’s disease

cox = Cyclooxygenase

DAI "= Disease activity index

DSS = Dextran sulfate sodium

GGA = Geranylgeranylacetone

HSE = Heat shock element

HSP = ' Heat shock protein

IBD = Inflammatory bowel disease

ICAM = Intercellular adhesion molecule
‘IL = Interleukin

iNOS = Inducible NO synthase

LPS = Lipopolysaccharide

MPO = Myeloperoxidase

NF-kB = Nuclear factor kappa B

NO = Nitric oxide

NSAID Non-steroidal anti-inflammatory drug

PG = Prostaglandin A

ROS = Reactive oxygen species

S.EM. = Standard error of the mean

TNF = Tumor necrosis factor

TUNEL = TdT-mediated biotinylated UTP nick end
labelling

TNBS = Trinitrobenzene sulfonic acid

ucC = Ulcerative colitis

VCAM = Vascular cell adhesion molecule
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Abstract

Pro-drugs of non-steroidal anti-inflammatory drugs (NSAIDs), such as loxoprofen are
widely used for clinical purposes because they are not so harmful to the gastrointestinal
mucosa. -We recently showed that NSAIDs such as indomethacin and celecoxib have direct
cytotoxicity (ability to induce necrosis and apoptosis in gastric mucosal cells) due to their
membrane permeabilizing activities, which is involved in NSAID-induced gastric lesions.
We show here that under conditions where indomethacin and celecoxib clearly induce
necrosis and apoptosis, loxoprofen and its active metabolite loxoprofen-OH, do not have °
such effects in primary culture of guinea pig gastric mucosal cells. Loxoprofen and
rloxoprofen—OH induced apoptosis more effectively in cultured human gastn'c cancer cells
than in the primary culture. Loxoprofen and loxoprofen-OH exhibited much lower
membrane permeabilizing activities than did indomethacin and celecoxib.  We thus
consider that the low direct cytotoxicity of loxoprofen observed in vitro is involved in its

relative safety on production of gastric lesions in clinical situation.

Key Words: loxoprofen; gastric mucosal cells; membrane permeabilization; gastric lesions
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INTRODUCTION

Non-steroidal anti-inflammatory drugs (NSAIDs), such as indomethacin, are a useful
family of therapeutics.” An inhibitory effect of NSAIDs on cyclooxygenase (COX) activity
is responsible for their anti-inflammatory actions because COX is an enzyme essential for
the synthesis of prostaglandins (PGs), such as PGE,, which have a strong capacity to induce
inflammation. On the other hand, NSAID use is associated with gastrointestinal
complications.*®

In 1991, two subtypes of COX, COX-1 and COX-2, which are responsible fc‘)r the
majority of COX activity at the gastrointestinal mucosa and in tissues with inflammation,
respectively, were identified’® Since PGE, has a strong protective effect on the
gastrointestinal mucosa, it is reasonable to speculate that selective COX-2 inhibitors
maintain anti-inflammatory activity without gas&ointesﬁnal side-effects. In fact, a greatly
reducéd incidence of gastroduodenal lesions has been reported for selective COX-2
inhibitors (such as celecoxib and rofecoxib).”® However, a recently raised issue
concerning the use of selective COX-2 inhibitors is their potential risk for cardiovascular
_ thrombotic events.'®” This may be due to the fact that prostacyclin, a potent anti-
aggregator of platelets and a vasodilator, is mainly produced by COX-2 in vascular
endothelial cells, while thromboxane A,, a potent aggregator of platelets and a
vasoconstrictor, is mainly produced by COX-1 in platelets.””™ Because of this concern,

rofecoxib was withdrawn from the worldwide market. Therefore, NSAIDs exhibiting

gastrointestinal safety, other than selective COX-2 inhibitors, are clinically important.
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The inhibition of COX by NSAIDs is not the sole explanation for the
gastrointestinal side-effects of NSAIDs.” We have recently demonstrated that NSAIDs
induce necrosis and apoptosis in cultured gastric mucosal cells and at gastric mucosa in a
manner independent of COX inhibition.'*® We clearly showed that the primary target of
NSAIDs for induction of necrosis and apoptosis is cytoplasmic membranes.'*'®  As for the
molecular mechanism governing this apoptosis, we have proposed the following pathway.
Permeabilization of cytoplasmic membranes by NSAIDs stimulates Ca®* influx and
increases intracellular Ca** levels, which in turn induces the endoplasmic reticulum (ER)
stress response.’**'* In this response, an apoptosis-inducing transcription factor, C/EBP
homologous transcription factor (CHOP), is induced and CHOP induces expression of p53
up-regulated modulator of apoptosis (PUMA) and resulting translocation and activation of
Bax, mitochondrial dysfunction, activation of caspases and apoptosis.”’?® Furthermore, we
have suggested that both COX inhibition and gastric mucosal cell death are required for the
formation of NSAID-induced gastric lesions in vivo. 2

Loxoprofen has been used clinically for a long time asl a standard NSAID iﬁ Japan,
and clinical studies havei suggested that it is safer than other NSAIDs, such as
indomethacin,?>? Loxoprofen is a pro-drug, which is converted (by reduction of the
cyclopentanone moiety) to its active metabolite (the trans-alcohol metabolite of loxoﬁrofen,
loxoprofen-OH) by aromatic aldehyde-ketone reductase only after absorption by the
gastrointestinal tract.?” However, the direct cytotoxicity and membrane permeabilization
activity of loxoprofen has not been tested. In this study, we found that loxoprofen and

loxoprofen-OH have relatively lower membrane permeabilization activities and cytotoxic
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effects on gastric mucosal cells than other NSAIDs. Based on these observations, we
consider that the low direct cytotoxicity of loxoprofen will render its use clinical safe on the

gastrointestinal mucosa.
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MATERIALS AND METHODS
Chemicals and media

RPMI 1640 was obtained from Nissui Pharmaceutical Co. Fetal bovine serum (FBS) and
3-(4, 5-dimethyl-thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) were from Sigma
Co. Loxoprofen and loxoprofen-OH were kindly gifted from Daiichi-Sankyo Co.
Indomethacin was from Wako Co. Celecoxib was from LKT Laboratories Inc. Egg
phosphatidylcholine (PC) was from Kanto Chemicals C‘o. Male guinea pigs weighing 200-
300 g were purchased from Kyudo Co. The experiments and procedures describedk here
were carried out in accordance with the Guide for the Care and Use of Laboratory Animals
as adopted and promulgated by the National Institute of Health and were approved by the

Animal Care Committee of Kumamoto University.
In vitro assay of cytotoxicity of NSAIDs and COX-inhibition

Gastric mucosal cells were isolated from guinea pig bfundic glands as described
previously.™” Isolated gastric mucosal cells were cultured for 12 h in RPMI 1640
containing 0.3% v/v FBS, 100 U/ml ampicillin and 100 pg/ml streptorﬁycin in type-I
collagen-coated plastic culture plates under the conditions of 5% CO,/95% air and 37°C.
After removing non-adherent cellé, cells attached to the plate were used. Guinea pig gastric

mucosal cells prepared under these conditions were previously characterized, with the
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majority (about 90%) of cells being identified as pit cells®® Human gastric
adenocarcinoma (AGS) cells werei cultured on plastic culture plates without collagen-
coating under the same conditions.

NSAIDs were dissolved in DMSO. Cells were exposed to NSAIDs by changing the
entire bathing medium. |

We used MTT assay for monitoring cell viability. Cells were incubated for 2 h with
MTT solution at a final concentration of 0.5 mg/ml. Isopropanol and hydrochloric acid
were added to the culture medium at final concentrations of 50% and 20 mM , respectively.
The optical dens_ity of each sample at 570 nm was determined spectrophotometrically using
a reference wavelength of 630 nm.*?

The amount of PGE, in the medium was determined using an EIA kit (Cayman,

Ann Arbor, MI) according to the manufacturer’s protocol.

Apoptotic DNA fragmentation was monitored as previously described *”. Cells
were collectedlusing a rubber policeman and suspended in 20 ul of lysis buffer, consisting
of 50 mM Tris-HCI (pH7.8), 10 mM EDTA, and 0.5% sodium-N-lauroylsarcosinate.
Proteinase K was added to a final concentration of 1 mg/ml, and the lysate was incubated at
50°C for 2 hours. RNaseA was then added to a final concentration of 0.5 mg/ml and
incubated at 50°C for 30 min. These samples were analyzed by 2% agarose gel
electrophoresis in the presence of 0.5 p g/ml ethidium bromide.

Apoptotic chromatin condensation was monitored as described previously *V.
Cells were washed with PBS, stained with 10 pg/m] Ho 342 and observed under a

fluorescence microscope.
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Membrane permeability assay

Membrane permeability assays were performed as described previously.'****® Liposomes
were prepared using the reversed-phase evaporation method. Egg PC (10 gmol, 7.7 mg)
was dissolved in chloroform/methanol (1:2, v/v), dried, and dissolved in 1.5 ml of diethyl
ether. This was followed by the addition of 1 ml of 100 mM calcein-NaOH (pH 7.4). The
mixture was sonicated to obtain a homogenous emulsion. The diethyl ether solvent was
removed using a conventional rotary evaporator under reduced pressure at 25°C. The
resulting suspension of liposome was centrifuged and washed twice with fresh buffer A (10
mM phosphate buffer, containing 150 mM NaCl) to remove untrapped calcein. The final
liposome precipitate was re-suspended in 5 ml buffer A. A 03 ml aliquot of this
suspension was diluted with 19.7 ml of buffer A, foll'owing which 400 pl of this suspension
was incubated at 30°C for 10 min in the presence of the NSAID under investigation. The
release of calcein from liposomes (tﬁe amount of calcein outside the liposomes) was
determined by measuring fluorescence intensity at 520 nm (excitation at 490 nm), because
the calcein fluoresces very weakly when at high concentrations (when calcein is trapped in

liposomes) due to self-quenching.

339 with some

Hemolysis in erythrocytes were monitored as described
modifications. Rat erythrocytes were washed twice with buffer A (§ mM HEPES/NaOH
(pH 7.4) and 150 mM NaCl) and then suspended in fresh buffer A at a final concentration

of 0.5% hematocrit (5 x 107 cells/ml). After incubation with NSAIDs for 10 min at 30°C,
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