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Fig. 5. Effect of HSA-Trx on BALF cells in BLM mice. Inflammatory cells number, including total cells (A), alveolar macrophages (B), neutrophils (C),
and lymphocytes (D), was determined 1 and 3 days after BLM administration. Each bar represents the mean * 8.D. (n = 6). **P < 0.01 versus BLM(~).

Pharmacokinetics of HSA-Trx in BLM Mice. A phar-
macokinetics study of ***I-labeled HSA-Trx or Trx was per-
formed using BLM mice. As shown in Fig. 10, no significant
difference between the plasma concentration-time profiles
for HSA-Trx in BLM(+) mice and that in BLM(—) mice were
found. The half-life of HSA-Trx was approximately 8 hours
in both BLM (8.45 = 0.85 hours) and normal (7.89 = 0.23
hours) mice, which is more than 10 times longer than that
of Trx (0.50 = 0.02 hours) in the model mice (Fig. 10A). In
addition, no significant difference was observed in the tissue
distribution patterns of the HSA-Trx in BLM and normal
mice, in which the highest concentration was found in the
plasma, followed by the kidney, lung, spleen, and liver (Fig.
10B). On the other hand, the tissue distribution of Trx in the

kidneys was the highest in BLM mice (Fig. 10B). These phar-
macokinetic properties of HSA-Trx or Trx alone were similar
to previously reported results using normal and ovalbumin-
induced lung injury mice (Tkuta et al., 2010; Furukawa et al.,
2011).

Discussion

IPF is a refractory lung disorder for which no effective
treatment is available. Trx was recently shown to be present
at higher concentrations in the serum and lungs of patients
with IPF, compared with healthy subjects (Iwata et al., 2010).
In addition, in vivo and in vitro investigations have shown
that BLM treatment caused Trx to be expressed at high levels
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in bronchial epithelial cells, although no other endogenous
~ antioxidative proteins (i.e., Cuw/Zn-SOD, Mn-SOD, catalase,
and glutathione peroxidase) were induced (Gon et al., 2001).
These collective findings suggest that Trx may play an
important role in the protection of lungs in patients with
IPF. In this study, we evaluated the therapeutic effects of
HSA-Trx on mice with BLM-induced pulmonary fibrosis and
obtained four important findings. First, HSA-Trx suppressed
the progression of pulmonary fibrosis when given once
weekly. Second, the mechanism by which HSA-Trx inhibits
lung damage induced by BLM can be attributed to the long-
‘acting antioxidative and anti-inflammatory modulation ef-
fects of Trx. Third, the postadministration of HSA-Trx was
effective in suppressing lung damage. Fourth, in the BLM-
induced pulmonary fibrosis animal model, HSA-Trx exhibited
similar pharmacokinetic properties to that in healthy animals
(e.g., increased blood retention and enhanced distribution to
the lungs).

#P < 0.01; or *P < 0.05 versus BLM(—).

‘Because the BLM-induced lung disorder animal model used
in this study manifested lung disorders with a greater se-
verity than did other conventional pathologic models, it is
possible that the pathologic conditions contributed to the
changes in the pharmacokinetics of HSA-Trx. However, the
administration of BLM and the subsequent pulmonary fibro-
sis did not change the pharmacokinetic behavior of HSA-Trx
(Fig. 10). This observation led to assumption that HSA-Trx

. could be used as along-acting Trx that will persistently exhibit

a lung-protective action in the BLM-induced lung disorders
animal model. In fact, consistent with the results reported by
Hoshino et al. (2003), we found that the intravenous admin-
istration of Trx at weekly intervals did not prevent pulmonary
fibrosis because of its short half-life, whereas the once weekly
intravenous administration of HSA-Trx suppressed the pro-
gression of fibrosis to the same extent as the intraperitoneal
administration of Trx at 2-day intervals (Fig. 3). Such a
reduction in the dose-frequency of Trx by fusing the protein

- 220 -



HSA-Trx Suppresses BLM-Iinduced Lung Fibrosis 279

BLM + HSA-Trx (i.v)

, BLM(-) BLM + Saline (i.»)
Q
3
:
-
5
z

Fig. 7. Effect of HSA-Trx on pulmonary

c

22 400

EE o _p001 p=0.91 oxidative stress in BLM mice. The immu-
-2_7‘ = r% } nostaining of the frozen lungs slice for the
= & 300 - oxidative stress markers of nucleic acid 8-
T E OH-dG and amino acid (A) NO,-Tyr (B)
22 were performed 3 days after BLM admin-
:é 5 200 - istration. Image analysis of the extent and
i E intensity of 8-OH-dG (C) and NO,-Tyr (D)
™= staining was performed. (E) The MDA
&2 § 100 - ) p<0.01 p <0.01 . levels in lung were determined 3 days
i ¥ ) ~ 167 ) E ' ) after BLM administration. Bach bar rep-
=2 o0

o= 0 = = resents the mean = S.D. (Cand D, n = 4;
® = BLM Saline  HSA-Trx = E,n=6).

G Gy @) gzt |
~
BLM (+) § 1
2z 8 F

D = I

22 250 - 2<0.95 p<6.05 % !

= T 1 i

3% I 24

; ; 200 « E

ZE g i

2 EF 150 = o

EE Saline HSA-Trx

Z o R N (- P ¢

£¢ 109 BLM (-} Gr) (i)

= é 50

2, £ ° BLM (+)

2% 9

Saline  HSA-Trx
BIMG) ) r)
BLM (+)

to HSA is a favorable outcome from the view point of clinical
applications. To the best of our knowledge, this is the first
demonstration of HSA-Trx being used as an effective long-
acting therapeutic agent against BLM-mduced lung disor-
dered models.

BLM-induced pulmonary fibrosis is a pathologic condition
in which ROS is produced at an early stage of BLM treat-
ment, serves as a key trigger to cause the further production
of ROS that, in turn, promotes inflammatory cell infiltration
and the associated secretion of inflammatory cytokines, re-
sulting in the progression of lung injury and inflammation
and, eventually, fibrosis. The suppressive effect of HSA-Trx

on BLM-induced pulmonary fibrosis could be attributable
to the antioxidative activity of Trx, because Trx exhibits
superior antioxidative characteristics via a redox reaction
of SH and S-S at its active site (Holmgren, 1989). In fact, we
found that HSA-Trx significantly suppressed the accumu-
lation of oxidative stress markers in the lungs (8-OH-dG,
NOg-Tyr and MDA) at day 3 of a BLM treatment (Fig. 7).
Anocther investigation involving EPR experiments using a
DMPO spin trapping agent examined the direct scavenging
capacity of HSA-Trx for neutrophil-derived ROS, revealing
the coneentration-dependent suppression of Og ~ production
by HSA-Trx (Fig. 8).
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Inflammatory cells, such as activated leukocytes, especially
. neutrophils, are considered to be major contributors to the
onset and progression of IPF and BLM-induced pulmonary
fibrosis because of their dramatic increases at the beginning of
inflammation (Fig. 5C) and subsequent release of a large
amount of Oy~ (Manoury et al., 2005; Kinder et al., 2008). A
comparison of the neutrophil-produced Os ™ scavenging capaci-
ties of HSA-Trx and Trx showed that HSA-Trx retained ~ 50%
of the specific activity of Trx (Fig. 8). This reduced activity of
HSA-Trx is likely to be attributable to microenvironmental
changes in the active center of Trx or steric hindrance as the
result of the formation of a fusion complex (Muller et al., 2007).

TGF-B1 promotes interstitial collagen production via fi-
broblast activation and epithelial cell transition to mesen-
chymal cells (epithelial-mesenchymal transition) (Willis and
Borok, 2007). A recent in vitro study showed that ROS and in-
flammatory cytokines promoted TGF-51 production by pulmonary

epithelial cells and its activation (Barcellos-Hoff and Dix,
1996; Bellocq et al., 1999). Because HSA-Trx scavenges ROS,
it should be able to suppress the production of active TGF-1
in lung tissue. The findings reported here indicate that HSA-
Trx significantly reduced the active TGF-81 content in lung
tissue induced by the BLM treatment (Fig. 4). Therefore, the
results suggest that the suppression of ROS production and
inflammatory cell infiltration at an early-stage of BLM treat-
ment by HSA-Trx eventually led to the suppression of active
TGF-B1 production. :

Active TGF-1, in turn, activates NADPH oxidase in fibro-
blasts, thereby enhancing ROS production and downregulat-
ing the expression of glutamate cysteine ligase (Thannickal
and Fanburg, 1995; Arsalane et al., 1997), resulting in
aggravation of the redox balance in the body. It is therefore
necessary to block the vicious circle of oxidative stress caused
by active TGF-B1 to suppress BLM-induced pulmonary fibrosis.
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Because weekly administration of HSA-Trx produced a better
suppressing effect on pulmonary fibrosis than the fortnightly
administration of HSA-Trx (Fig. 2), the ROS-scavenging
action of HSA-Trx administered after the 7 days of BLM treat-
ment may inhibit this vicious circle.

In addition to its antioxidative action, Trx has anti-
inflammatory characteristics, including its ability to suppress
the migration and/or infiltration and extravascular leakage of
inflammatory cells (Nakamura et al., 2001). Therefore, it is
highly possible that the anti-inflammatory actions of Trx
are involved in the therapeutic effects of HSA-Trx against
BLM-induced lung injury. In fact, HSA-Trx suppressed the
pulmonary infiltration of inflammatory cells at days 1 and 3 of
the administration of BLM (Fig. 5). The anti-inflammatory
effects of Trx can be attributed mainly to suppression of the
production of cytokines and chemokines. We also found that
HSA-Trx significantly decreased the lung concentrations of
these cytokines in mice with BLM-induced lung disorders
(Fig. 6, A and B). Although the mechanism of suppression by
Trx on the production of these cytokines remains somewhat
unclear, an interesting observation was recently reported that
Trx exhibited its anti-inflammatory effect by suppressing the
expression and activity of MIF (Tamaki et al., 2006; Son et al.,
2009). MIF promotes the production of TNF-a, IL-6, and other
cytokines, as well as ROS, such as nitric oxide and super-
oxide anions (Baugh and Bucala, 2002). MIF is expressed at
increased levels in a broad range of oxidative stress situations

and inflammation-related pathologic conditions, such as sepsis,
rheumatoid arthritis, inflammatory bowel disease, and lung dis-
orders, including BLM-induced pulmonary fibrosis (Tanino et al.,
2002). Furthermore, the administration of a MIF-neutralizing
antibody has been shown to improve survival rates by sig-
nificantly suppressing the pulmonary infiltration of inflamma-

" tory cells and the development of lung disorders (Tanino et al.,

2002). It is noteworthy that HSA-Trx was also able to signifi-
cantly suppress MIF expression induced by BLM administration
(Fig. 6, C and D). Taking all these findings into consideration, the
inactivation of MIF by HSA-Trx may also involve the anti-
inflammatory effects of HSA-Trx observed in this study.

The findings of this study indicate that the progression of
lung injury in a BLM-induced lung disorder mice model could
be suppressed by the pre- or postadministration of HSA-Trx,
demonstrating its potential as a novel therapeutic agent for
the treatment of IPF, acute interstitial pneumonia, or drug-
induced lung diseases. HSA-Trx may function as a long acting
antioxidative and anti-inflammatory modulator. In recent
years, acute exacerbation of IPF due to conditions, such as
a cold or influenza, along with its progression, have contri-
buted to the mortality among patients with IPF, and pre-
venting acute exacerbation has been a key strategy for the
treatment of the disease. Because HSA-Trx suppressed lung
disorders, even when administered after BLM treatment, it is
speculated that HSA-Trx may be effective in the prevention
and treatment of the acute exacerbation associated with IPF.
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Although HSA-Trx exhibited similar blood retention levels as
HSA in the BLM-induced lung disorders animal model, it is
speculated to have a therapeutic effect in patients with IPF
with a possibility of fortnightly or monthly administrations,
considering the fact that the half-life of HSA in humans is
approximately 20 days (Peters, 1985). Although further inves-
tigations related to establishing the treatment regimen need
to be performed, a reduced administration frequency and stable
therapeutic effect of HSA-Trx would make the treatment more
convenient, safe, and cost-effective and improve the health-
related quality of life for patients with IPF. The BLM animal
model is widely used in the assessment of potential antifibrotic
agents. However, the aspect of slow and irreversible progression
of IPF in patients is not reproduced in the BLM model. It would
be interesting to see whether this therapeutic could reverse or
slow progression of fibrosis in the clinical setting as opposed to
preventing the response evoked by BLM.
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Introduction

Abstract

Objectives Due to the low stability of lipid emulsions, a lipid emulsion of pros-
taglandin E; (Lipo-PGE,) necessitates daily intravenous drip infusions. To over-
come this issue, we developed nanoparticles containing PGE; (Nano-PGE,).
Nano-PGE; showed a good sustained-release profile of PGE, from the nanoparti-
cles in vitro, which may permit a longer-lasting therapeutic effect to be achieved.
We here examined the pharmacological activity of Nano-PGE; in a rat experimen-
tal model of intermittent claudication induced by femoral artery ligation.

‘Methods The walking activity of the rat was tested on a rodent treadmill. Tissue

levels of PGE; were determined by enzyme immunoassay, and skeletal muscle ang-
iogenesis (capillary growth) was monitored by immunohistochemical analysis.
Key findings PGE; could be detected in the lesion site one day after the intrave-
nous administration of Nano-PGE; but not of Lipo-PGE,. An increased accumu-
lation of Nano-PGE, in the lesion site compared with control (unlesioned) site
was also observed. The ligation procedure reduced the walking activity, which in
turn was improved by a single administration of Nano-PGE, but not of Lipo-
PGE.. The single administration of Nano-PGE; also stimulated angiogenesis'in the
skeletal muscle around the ligated artery.

Conclusions The findings of this study suggest that Nano-PGE,; improves the
walking activity of femoral artery-ligated rats through the accumulation and sus-
tained release of PGE,.

Peripheral arterial disease (PAD) forms part of the more
- extensive vascular problem of atherosclerosis. The number
of patients with PAD has increased in line with ageing of
the population.'* PAD increases the risk of cardiovascular
and cerebrovascular events, such as myocardial infarction,
ischaemic stroke and vascular death.”?** Lower-limb ampu-
tation is also a common outcome in advanced PAD, drasti-
cally decreasing walking activity and the quality of life
(QOL) of affected patients. While various clinical treat-
ments, such as vascular bypass surgery, have been developed

to ‘treat severe PAD accompanied by pain at rest (critical
limb ischaemia (CLI)), the prognosis is still not good and
thus establishment of clinical protocol to treat CLI is very
important.

Intermittent claudication (IC) with reproduced ischae-
mic leg pain on exercise is a common presentation in
patients with mild PAD. IC is caused by skeletal muscle
ischaemia due to an imbalance between the arterial blood
supply and the metabolic demands of skeletal muscles in
the leg."! Although most IC patients do not require surgical
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intervention, the prognosis for the condition is not good
due to the high risk of cardiovascular and cerebrovascular
events. Most patients must receive medical therapy, focusing
on not ouly reducing the incidence of cardiovascular and
cerebrovascular events, but also improving the QOL of
patients by reducing ischaemia through improved peri-
pheral blood flow. The initial approach for the treatment
of IC is structured exercise and, in selected patients,
pharmacotherapy.

Prostaglandin (PG) E,, which has various physiological
actions, such as vasodilatation, angiogenesis and inhibition
of platelet aggregation, serves as an effective treatment for
PAD.'#! However, when administered systemically, PGE;
has related adverse effects such as hypotension and diar-
rhoea.”% Purthermore, in addition to its chemical instabil-
ity (hydrolysis to PGA;), PGE, is easily inactivated by
15-hydroxydehydrogenase during its passage through the
lung."*"¥ To overcome these obstacles, Lipo-PGE,, a prepa-
ration incorporating PGE, into an oil-in-water lipid emul-
sion, has been developed.!'*'® Incorporation of PGE, into
the 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 toxicity.!™” Lipo-PGE; has been
approved for clinical use in Japan, Korea and China to treat
CLL however, the effectiveness of PGE;-related drugs in CLI
is still open to argument.”™® Lipo-PGE; is unable to retain
PGE; for a long period,!™ meaning that daily intravenous
drip infusions are necessary. A major disadvantage of Lipo-
PGE;, therefore, is that its clinical use requires patient hos-
pitalization and lowers their QOL. A new formulation of
PGE,; that enables the sustained release of PGE, would be
highly beneficial.

Nanoparticles, such as liposomes and polymeric solid
particles that are approximately 100-200 nm in diameter,
have been widely used as carrier systems for targeted drug
delivery to tumours, inflammatory tissues and vascular
lesions due to their enhanced permeability and retention
(EPR) effects.?!! However, particles of this size are easily
captured by the mononuclear phagocyte system (MPS),
resulting in their vapid clearance from the circulation.
Modification of the nanoparticle surface with polyethyl-
eneglycol (PEG) enables such nanoparticles to escape this
uptake via a ‘stealth effect,?*22!

We recently developed a novel formulation of PGE; in
which the PGE; is encapsulated in biodegradable and bio-

compatible polymeric solid particles prepared with a poly-
lactide (PLA) homopolymer and a monomethoxy PEG—
PLA block copolymer (PEG-PLA). These particles have a
mean diameter of 120 nm, which enhances the selective
delivery of PGE; to damaged blood vessels due to the EPR
effect.™ We also achieved a good sustained-release profile
‘of PGE; from the nanoparticles along with degradation of
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the polymers in vitro, which may permit a longer-lasting
therapeutic effect to be achieved.™ Based on these data, we
proposed that PGE;-containing PEG-modified PLA nano-
particles (Nano-PGE;) would be of significant clinical
benefit if a single administration of this formulation could
maintain a desired level of PGE,; around damaged blood
vessels for 1-2 weeks. In other words, administration of this
formulation to IC patients at 1- to 2-week intervals may
help improve symptoms without requiring patients to
undergo frequent hospitalization.

* Here, we examine the pharmacological activity of Nano-
PGE, in an experimental rat model of IC induced by
femoral artery ligation. Results show not only that PGE; is
targeted to the lesion site more efficiently with Nano-PGE;
than with Lipo-PGE,, but also that Nano-PGE: improves
femoral artery ligation-reduced walking activity more effi-
ciently than Lipo-PGE,. This is the first time that the phar-
macological activity of Nano-PGE, has been tested in
experimental animal models related to PAD.

Materials and Methods
Materials and animals

PGE, was purchased from Nissan Chemical Industries, Ltd
{Tokyo, Japan). Poly (r-lactide) (L-PLA) (Mw =20, 000}
was from Taki Chemical Co. Ltd (Kakogawa, Japan). Poly
(p,1-lactic acid) (D,L-PLA) (Mw = 20, 000), iron chloride
and 1,4-dioxane were purchased from Wako Pure Chemi-
cals Industries Ltd (Osaka, Japan). PEG-D, L-PLA (average
molecular weight of PEG and PLA are 5600 and 9400,
respectively) was synthesized and evaluated as described
previousty.” Wistar rats (6 weeks old) were from Kyudo
Co. Ltd (Kumamoto, Japan). The rats were allowed free .
access to water and rat chow, and were housed under con-
trolled environmental conditions (constant temperature,
humidity and a 12-h dark-light cycle). The experiments
and procedures described here were carried out in accord-
ance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the National Insti-
tutes of Health, and were approved by the Animal Care
Committee of Keio University on 1 June 2011 (licence
number: 11010-(0)) and Kumamoto University on 30
March 2012 (licence number: C 24-236).

Preparation of nanoparticles

Nanoparticles were prepared by using the oil-in-water
solvent diffusion method as described previously. 22
L-PLA or D,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). Samples were incubated
for 10 min at room temperature and added to 25 ml of

© 2013 Royal Pharmaceutical Society, Journal of Pharracy and Pharmacology, 65, pp. 1187-1194



Tormoaki Ishihara et al.

Milli-Q water stirred at 1000 rpm. After addition of 0.5 ml
of 0.5 EDTA (pH 7.0} and 12.5 ul of 200 mg/ml Tween
80, nanoparticles were purified and concentrated. We
‘named the nanoparticles based on the isomer and molecu-
lar weight of PLA, such as NP-L20 and NP-DL20. ‘NP’ indi-
cates nanoparticles, ‘U or ‘DL indicates L-PLA or D, L-PLA,
respectively; “20” means that PLA with molecular weight of
20 000 was used for preparation of NP. Thus, NP-L20 is NPs
prepared with L-PLA of molecular weight 20 000. NP-L20 is
a representative Nano-PGE;, which was shown in a previous
study to have high stability both in vive and in vitro (its
half-life in solutions containing serum is about 1 week),®
We also reported characteristic features of NP-L20 (size
distribution, 117 = 8 nm; loading efficacy, 1.33 + 0.12%;
polydispersity index, 0.075; half-life after injection,
10.2 * 0.2 h)."”™ On the other hand, although NP-DL20 has
a particle size similar to that of NP-L20, it is unstable both
in vivo and in vitro (the half-life of NP-DL20 in solutions
containing serum is less than 1 day).”” We also reported
characteristic features - of NP-DL20 (size distribution,
121 * 7 nmy; loading efficacy, 1.22 = 0.11%; polydispersity
index, 0.088; half-life after injection, 6.0 = 0.7 h).2" We
used both NP-L20 and NP-DL20 in experiments in this
study. )
A lipid emulsion incorporating PGE; (Lipo-PGE;) was.
prepared according to the published method.™ Nano-PGE,
or Lipo-PGE, was administered via the tail vein (10 ml/kg).

Femoral artery ligation model and treadmill
walking test

Experiments were performed as described previously.™

Male Wistar rats (6 weeks old) were used in the experiments
after acclimatization for at least 1 week. During the acclima-
tization period, rats were trained to walk on a rodent tread-
mill (Model MK-680; Muromachi kikai Co., Lid, Tokyo,
Japan) under the following conditions: over the first 2 days,
sessions were carried out with the rats walking at a slope
angle of 0° and a belt speed of 20 m/min for 3 min and then
at 25 m/min for 7 min; for the following 5 days, a slope
angle of 10° and a belt speed of 25 m/min for 12 min were
used. The variation of treadmill test conditions (slope angle
and belt speed) is because rats are trained to walk well in
the first 2 days.””) Walking distance was defined as the total
distance walked until the hind paw of the rat had received
five mild electrical stimulations (measurement started
1 min after the commencement of walking). The walking
distance for rats that received less than five electrical stimu-
lations was estimated as 300 m.

Rats satisfying the walking distance of 300 m were sub-
jected to femoral artery ligation on day 0. Rats were anaes-
thetized with pentobarbital sodium (50 mg/kg, i.p.) and a
vertical longitudinal incision was made on both hindlmbs.

PGE;-containing nanoparticles

The femoral artery on each side was exposed and ligated -
with silk suture (2 cm) and completely excised by this inci-
sion. One day after the ligation (day 1), walking distance
was evaluated according using the method described above.
Those rats not capable of walking more than 100 m were
randomly assigned to different experimental groups. Tread-
mill walking tests were performed again on days 4, 8 and 15.

Cuff-induced arterial necintimal
formation model

The surgical procedures for cuff placement were performed
as described previously.®™ Briefly, rats were anaesthetized
with pentobarbital (50 mg/kg, i.p.) and the femoral artery
was isolated. A polyethylene tube (PE-160, 1.5 cm long,
inner diameter of 1.14 mm, outer diameter of 1.57 mm;
Becton Dickinson and Company, Franklin Lakes, NJ, USA)
was loosely placed the around the artery.

Distribution of each formulation of PGE, to
the lesion site

Fernoral and gastrocnemius muscles (femoral artery liga-
tion model) or femoral muscles only (cuff-induced arterial
neointimal formation model) were isolated from rats
administered each type of PGE, formulation. Tissues were
homogenized  in a solution, containing 0.01 mg/ml
indometacin. After freeze-thawing and the addition of 1,4-
dioxane, samples were centrifuged. The supernatant frac-
tion (200 ul) was evaporated to dryness and dissolved in
500 ul of PGE; enzyme immunoassay (EIA) buffer (R&D
Systems Inc.; Mineapolis, MN, USA). The PGE, content was
determined using a PGE, EIA kit according to the manufac-
turer’s protocol. '

Morphometric analysis of capillary density

Morphometric analysis of capillary density was carried out
as described,” with some modifications. One day after the
last treadmill walking test (see above), rats were killed and
perfused with saline. The white gastrocnemius muscle was
embedded in optimal cutting temperature compound
(Sakura Finetechnical, Tokyo, Japan) and frozen in liquid
nitrogen. Cryostat sections (6 pum thick) were prepared and
incubated in 0.3% hydrogen peroxide to block endogenous
peroxide activity. Sections were pre-incubated for 30 min in
2.5% goat serum and then incubated with antibody against
CD31 (Becton Dickinson and Company). Sections were
washed and then incubated with peroxidase-labelled
polymer conjugated to goat anti-mouse immunoglobulin
(Dako, Carpintaria, CA, USA). After washing, sections
were incubated first with the chromogen diaminobenzidine
followed by hematoxylin and finally mounted with malinol.

. Sections were inspected using a BX51 microscope
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(Olympus, Tokyo, Japan). Capillary contacts per muscle
fibre were calculated by counting the total numbers of
transverse capiliaries and fibres in five randomly selected
fields (each field measuring 90 000 {m)."!

Statistical analysis

All values are expressed as the mean *standard error of the
mean (S.E.M.). One-way analysis of variance followed by
the Tukey test or the Kruskal-Wallis test was used to evalu-
ate differences, when the number of rats per group exceeded
five or not, respectively. Differences were considered to be
significant for values of P = 0.05.

4 Results

Accumulation of Nano-PGE, in the vascular
lesion site

In this study, we tried to compare the pharmacological
activity of Nano-PGE; to Lipo-PGE.. In a first series of
experiments, we examined the distribution of NP-120,
NP-DL20 and Lipo-PGE; around the lesion site in the rat
fernoral artery ligation model (Figure 1a). This experiment
was different from those whose results are shown in
Figures 2-4, with only the right femoral artery being
ligated. As shown in Figure la, when Lipo-PGE,, NP-DL20
or NP-L20 was intravenously administered 1 day after the
ligation, a higher level of PGE, was detected in the left
(control) hindlimb tissue of rats administered NP-L20 than
in those administered Lipo-PGE, or NP-DL20. This finding
may be due to the high stability of NP-L20 in serum.”™
Further to this, the level of PGE; was significantly higher in
the right (ischaemic) hindlimb than in the left (non-
ischaemic) hindlimb (Figure la), suggesting that NP-L20
accumulates in skeletal muscle tissues around the ligated
artery.

It was reported that the placement of a cuff around an
artery results in concentric intimal hyperplasia, which is
also regarded as an alternative model for vascular injury
associated with atherosclerosis.”™ We therefore examined
the degree of accumulation of NP-L20 in the region of the
cuff-injured right femoral artery, with NP-L20 intrave-
nously administered on day 3 or 14 after the cuff placement.
As shown in Figure 1b, 24 h after administration of the
drug, a higher level of PGE; was detected in the hindlimb
with cuff placement than in the control limb, suggesting
that NP-1.20 accumulates around the cuff-injured artery.

Effect of Nano-PGE; on walking
disturbances induced by femoral
artery ligation

The effect of NP-L20 on walking disturbance related to IC
was estimated in rats by use of the femoral artery ligation

Tomoaki Ishihara et al.
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Figure 1 Accumulation of NP-L20 in the vascular lesion site of
femoral artery-ligated rats. Femoral artery ligation () or cuff placement
(b} was performed on the right femoral artery only (right, ischaemic;
left, non-ischaemic). A sham operation was carried out on the left
femoral artery. One day after the femoral artery ligation, or 3 or 14
days after the cuff placement, Lipo-PGE;, NP-DL20 or NP-L20 (200 ug
PGEy/kg) was administered intravenously. Twenty-four hours after the
drug administration, the levels of PGE; in tissue lysates were measured
by EIA. Values are mean = S.EM. **P<0.01, *P<0.05 (a, by the
Tukey test; LipoPGE1 Non-ischaemia, n-= 5; LipoPGE1 Ischaemia, n =5;
NP-DL20 Non-ischaemia, n=5; NP-DL20 Ischaemia, n=5; NP-L20
Non-ischaemia, n = 7; NP-L20 Ischaemia n = 7; b, by the Kruskal-Wallis
test; day 3 Non-cuff, n=3; day 3 Cuff, n=3; day 14 Non-cuff, n=3;
day 14 Cuff, n=3).

model. One day after bilateral femoral artery ligation, rats
with decreased walking behaviour (see Methods) were
selected, randomly allocated into different experimental
groups and intravenously administered NP-L20. The
walking activity of each rat was measured by the treadmill
walking -test. As shown in Figure2, the femoral artery
ligation-induced walking disturbance had clearly not been
recovered to normal (300 m) in vehicle-treated rats by day
15. On the other hand, NP-L20 administration resulted in a
dose-dependent improvement of walking activity by day 15
(Figure 2).

We next examined the effect of Lipo-PGE, or NP-DL20
on the femoral artery ligation-induced walking disturbance.
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Figure 2 Effect of a single administration of NP-L20 on femoral
artery ligation-induced walking disturbance in rats. Bilateral femoral
artery ligation was performed on day 0 and the indicated amount (ug
PGE:/kg) of NP-L20 or Lipo-PGE; was administered intravenously once
only on day 1. Treadmill walking tests were carried out as described in
the Methods. Values are presented as the mean + S.EEM. *P< 0.05 vs
vehicle (by the Tukey test; Vehicle, n=10; NP-L20 5ug/kg, n=5;
NP-L20 50 ug/kg, n=>5; NP-L20,200 ug/kg, n=8; Lipo 200 ug/kg,
n=06).

A single administration of either Lipo-PGE,; (Figure 2) or
NP-DL20 (up to 50 ug/kg, data not shown) did not improve
walking ability. Since Lipo-PGE; and NP-DL20 were less
stable than NP-L20,**! we assumed that these drugs may
improve the walking activity with repeated administration.
Thus, we examined the effect of daily administrations of
these drugs. As shown in Figure 3, NP-DL20 administered
daily significantly improved the walking ability. Administra-
tion of Lipo-PGE, also improved the walking ability
(Figure 3). '

Effect of Nano-PGE, on angiogenesis in the
rat femoral artery ligation model

It has been suggested that angiogenesis induced by tissue
ischaemia plays an important role in recovery from femoral

artery ligation-induced walking disturbance.™*!! We there-

fore examined the number of capillaries in right hindlimb
(ischaemic) gastrocnemius muscles 1. day after the final
treadmill walking test (see Figures 2 and 3). As shown in
Figure 4a,b, a single administration of NP-L20 increased the
number of capillary contacts per fibre in a dose-dependent
manner. Such an increase was not observed after a single
administration of Lipo-PGE; (Figure4ab). A similar

PGE;-containing nanoparticles
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Figure 3 Effect of repeated administration of Lipo-PGE: or NP-DL20
on femoral artery ligation-induced walking disturbance in rats. Bilateral
femoral artery ligation and treadmill walking tests were carried out as
described in the legend of Figure 2. Indicated amounts (ug PGE«/kg) of
Lipo-PGE; or NP-DL20 were administered intravenously once daily from
day 1 to day 14. On days when the treadmill test was carried out (day
4, 8, 12 and 15) the drug administration was performed after the
treadmill walking test had been completed. Values are mean x'S.E.M.
*P < 0.05 vs vehicle (by the Tukey test; Vehicle, n = 14; NP-DL20 2 ug/
kg, n=12; Lipo 2 ugkg, n = 13).

increase was observed in rats that had been repeatedly
administered NP-DL20 or Lipo-PGE, (Figure 4c,d). The
results presented in Figure4 thus suggest that NP-L20,
NP-DL20 and Lipo-PGE; improve the femoral artery
ligation-induced walking disturbance by stimulating the
process of angiogenesis.

Discussion

In this study, using a rat model of IC induced by femoral
artery ligation, we confirmed the increased accumulation of
PGE,, after administration of NP-120, in tissue around the
ligated femoral artery site with respect to control tissue.
Under the same experimental conditions, PGE; could not
be detected clearly when Lipo-PGE, was used as the means
of drug delivery. Furthermore, with NP-L20 the level of
accumulation of PGE, in the lesion site was much higher
than that obtained with NP-DL20. As the latter shows low
stability in serwum, this accumulation is probably mediated
by the EPR effect. However, the extent of accumulation of
NP-L20 was not as evident as that observed in spinal injury
sites. B
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Figure 4 Effect of NP-L20, Lipo-PGE, or NP-DL20 on angiogenesis in the rat femoral artery ligation model. With respect to the results presented in
Figures 2 or 3 (shown here in (g, b) and (c, d), respectively), one day after the last treadmill walking test, sections prepared from the white gastroc-
nemius muscle were subjected to immunohistochemical analysis with an antibody against CD31, as described in the Methods. Results were quanti-
fied, and data expressed as number of capillaries per muscle fibre (a, ©). Values are presented as the mean = S.E.M. #*P < 0.01, *P < 0.05 (a, by the
Tukey test; Vehicle, n=11; NP-L20 5 pg/kg, n =5; NP-L20 50 ug/kg, n =4; NP-L20,200 ug/kg, n =8; Lipo 200 pg/kg, n=6; ¢, by the Tukey test;
Vehicle, n = 14; NP-DL20 2 ug/kg, n = 10; Lipo 2 ug/kg, n = 9). Representative images of immunohistochemical analysis are shown (b, d). Scale bar,

300 um.

We found that a single intravenous administration of
NP-L20, but not of NP-DL20 or Lipo-PGE,, improved the
walking activity of femoral artery-ligated rats. Since
repeated (daily) intravenous administration of NP-D120 or
Lipo-PGE, also improved walking activity, these results

suggest that NP-L20 improves walking activity through the -
accumulation and sustained release of PGE,.

It is known that tissue ischaemia induces angiogenesis
(proliferation of muscle capillaries), which contributes
to the improvement in blood supply around ischaemic
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regions. We found here that angiogenesis in muscle around
the ligated femoral artery was stimulated by a single intrave-
nous administration of NP-L20. Angiogenesis was also
observed in a similar manner in response to repeated (daily)
administrations of NP-D120.or Lipo-PGE,. These resulis
suggest that NP-L20 could stimulate angiogenesis in skeletal
muscle through its accumulation and sustained release of
PGE;, and that this effect may be involved in the improve-
ment of walking ability.

The remaining issue to be addressed concerns the dose of
NP-L20 (200 pg/kg) required for the improvement of
walking activity. The clinical dose of Lipo-PGE; is 10 ptg/
body weight/day and we found here that daily administra-
tion of 2 pg/kg Lipo-PGE; showed a tendency to improve
walking ability. On the assumption that NP-L20 releases
PGE, for 14 days (based on in-vitro data®®), a single admin-
istration of NP-L20 of about 30 ug/kg would have been
expected to show pharmacological activity. However, the
results in this study revealed that 50 pg/kg NP-120 did not
improve walking ability clearly. The reason for this is not
apparent at present, although we consider that the NP-L20
might be too stable and therefore the release of PGE; is too
slow to maintain high concentrations of PGE,; around the
ligated femoral artery. On the other hand, we previously
reported that Nano-PGE; (5 pg/kg) promoted the recovery

PGE;-containing nanoparticles

of spinal injury-induced motor dysfunction.*! This differ-
ence may be caused by the extensive accumulation of
NP-L20 around injured spinal cord.

Conclusions

The findings of this study suggest that Nano-PGE, (NP-
120) improves the walking activity of femoral artery-ligated
rats through the accumulation and sustained release of
PGE:.
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An enantioconvergent route for natural form of ethyl shikimate was achieved from Diels—Alder
adduct of furan and acryloyl chloride. The key step was a highly enantioselective (E >500) and
efficient acetylation of ethyl (3R*45%55%)-5-hydroxy-3,4-isopropylidenedioxycyclohex-1-
enecarboxylate, which had a diastereomeric relationship with ethyl shikimate, mediated by B.
cepacia lipase (Amano PS-IM). Both of the resolved enantiomers were converted to natural
form of ethyl shikimate by inversion at C-5 for the former and at C-3 and C-4 for the latter,

2009 Elsevier Ltd. All rights reserved.

1. Introduction

Ethyl shikimate (1) is well-known intermediate for the
synthesis of oseltamivir phosphate (Tamiflu®), which is a
neuraminidase inhibitor used in the treatment of both Type A and
B human influenza.' Shikimic acid (Scheme 1),° a starting
material for the synthesis of oseltamivir phosphate, has been
obtained from the extracts of Chinese star anis and is recently
supplied by biosynthesis of engineered microorganism.” The
production from fermented coffee pulp combined with another
microbial transformation is also promising.  Synthetically,
Diels—Alder reaction between furan and acrylic acid or its
derivatives is a robust approach for the construction of
cyclohexenecarboxylate framework in shikimic acid. The Diels—
Alder reaction and subsequent diastereoselective transformations,
however, gave “racemic” form of the polyoxygenated
carbacycles. Pioneering works on enzyme-catalyzed kinetic
resolution,” asymmetric Diels—Alder reaction,® and ring-closing
metathesis’ toward natural type of shikimic acid have been
reported. Herein we describe an enantioconvergent approach to
ethyl shikimate (1) by designing a readily accessible intermediate
via lipase-mediated kinetic resolution of the cyclohexenol.

2. Results and discussion

In our synthetic plan as illusirated in Scheme 1, both 2 and 3
would be converted to natural form of ethyl shikimate (1) by
regioselective inversion of stereochemistry at C-5 on 2 and at C-3
and C-4 on 3, respectively. Optically active 2 and 3 would be

obtained via lipase—mediated kinetic resolution of (£)-4, which
would be produced by Diels—Alder reaction between furan and
acryloyl chloride followed by $-elimination of bicycloester (£)-5.

Diels—Alder reaction between furan and acryloyl chloride® and
subsequent quenching with ethanol (EtOH) gave a 1:1.4 mixture
of endo-(£)-6 and exo-(+)-7 in 77% yield over two steps (Scheme
2). Although the endo/exo selectivity was low, these two adducts
were converged on single diastereomer at a later stage. The next -
diastereoselective dihydroxylation catalyzed by K,0s0,(0OH), (1
mol%) provided a mixture of (+)-8 and (£)-9 quantitatively. In
this dihydroxylation, higher loading of K,0s0,(OH), caused the
dihydroxylation from concave face. Protection of diol 8 and 9 as
acetonide afforded a mixture of 10 and 11 in 96% yield over two
steps.  Subsequent B-elimination of 10 and 11 with lithium
hexamethyldisilazide (LHMDS) in tetrahydrofuran (THF) at low
temperature furnished (+)-12 in 93% yield.

# Corresponding author. Tel.: ‘4-81—3-5400-2659; fax: +81-3-5400-2695; e-mail: shoji-mt@pha.keio.ac.jp
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Scheme 2. Synthesis of (+)-12 as a substrate for the enzymatic resolution.

Since the desired (+)-12 was in hand, - lipase-catalyzed
acetylation was investigated with three commercially available
enzymes such as Candida rugosa lipase (Meito OF),
Burkholderia cepacia lipase (Amano PS-IM), and Candida
antarctica lipase (Novozym 435) as shown in Scheme 3. The
results are summarized in Table 1.

Tetrahedron
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Scheme 3. Lipase-catalyzed resolution of racemic 12.

With the former two enzymes, (-)-12 was acetylated faster
than (+)-12 (entries 1 and 2) and the reactions proceeded with
high enantioselectivities in both cases (E value’ >500). The
bulkier substituent was isopropylidenedioxy group in case of (-)-

'12,'° whereas methoxycarbonyl group was larger in the “fast”

enantiomer of structurally related substrate (-)-14.° Interestingly,
C. antarctica lipase showed the opposite enantiomeric preference
compared with the other lipases (entry 3). When bulkier
substituent such as 3-pentylidenedioxy group was introduced in
(%)-15, the reactivity of “fast” enantiomer decreased with the
result of low enantioselectivity (E = 124) and incomplete
conversion (entry 4). The acetylations with B. cepacia and C.
antarctica lipases were almost no reaction.

Compared with Meito OF, Amano PS-IM was stable and
reliable because it was immobilized to resin. Based on the result
of entry 2 in Table 1, the scaled-up reaction was performed with
15 g of (#)-12 to afford acetate (—)-13 (8.3 g, 48.5% yield, 99.8%
ee) and alcohol (+)-12 (7.4 g, 49.3% yield, 98.0% ee). The ee of
the latter could further be increased by recrystallization.

The next task was the transformation of “slow” enantiomer
(+)-12 into ethyl shikimate [(—)-1]. Immediately after the
conversion of alcohol 12 into ftriflate 16, inversion of
stereochemistry at C-5 with KNO, in N,N-dimethylformamide
(DMF) at room temperature provided (-)-17 (75% over two steps,
Scheme 4)."! Mesylate and chloromethylsulfonate derived from
12 gave undesired aromatized byproduct because higher
temperature for the inversion was required. The absolute

. configuration of 17 was determined to be (3R,4S,5R) by the

Table 1. Lipase-catalyzed kinetic resolution of (£)-12 and (+)-15.°

comparison of its sign of optical rotation [[oc]D26 -33.0 (¢ 0.50,
EtOAc)] with the reported value [[a]p” ~31.0 (¢ 3.0, EtOAc)L.”

Entry Substrate  Lipase Time/h Conv./%  Evalue®
1 (*)-12 C. rugosa (Meito OF) 4 50 >500°

2 )12 B. «cepacia (Amano PS-IM) 2 50 >500°

3 @)-12 C. antarctica B (Novozym 435) 38 45.8 71¢

4 (*)-15 C. rugosa (Meito OF) 16 44.7 124°

*For detailed conditions, see experimental section.
®Calculated according to ref. 9.
“The (-)-enantiomer reacted faster.

“The (+)-enantiomer reacted faster.
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Removal of acetonide of 17 worked well by the treatment with
Dowex SOW-X8 (H' form) in EtOH to accomplish the synthesis
of natural form of ethyl shikimate [(—)-1] in 78% yield. Since
triol 1 was soluble in aqueous phase, deprotection under acidic
condition such as pyridinium p-toluenesulfonate in methanol
followed by aqueous workup resulted in a low yield (54%).

o bwap
" pyndme Q Vo KNO2 KNO,
Et0,C "0 CHZCIQ EtO,C
{(+)-12 75% (2 steps)
50H Dowex 50W-X8 o
4.0 (H* form) WOH
——e e D
E0,C~ 30 EtOH EtO,C “IOH
(17 78% (-1

 Scheme 4. Synthesis of natural form of ethyl shikimate (1) from (+)-12.

Toward the enantioconvergent approach, the next task was the
synthesis of ethyl shikimate (1) from (—)-13, which was the “fast”
isomer of the lipase-catalyzed kinetic resolution. Our first
attempt was the removal of acetonide under acidic condition with
Brensted acids such as Dowex 50W-X8 (H* form) or PPTS in
alcoholic solvents. Those conditions, however; caused solvolysis
of acetyl group along with the removal of acetonide to give the
triol (ca. 30%) with the equal amount of desired 18. The yield of
this step was improved by Lewis acidic condition using
FeCl;-6H,0 to afford 18 in 87% yield (Scheme 5).

Attempts for the simultaneous inversion = of the
stereochemistry at C-3 and C-4 of 18 via the corresponding
dimesylate, bischloromethylsulfonate, and ditriflate, resulted in
the complex mixture of structurally undefined products. Thus, a
stepwise and successive route was employed. At first, diol at C-3
and C-4 was activated as cyclic sulfite 19. Acetate was
introduced to C-3 allylic position by the treatment of cesium
acetate to give inverted acetate 20. Since the acidity of H-3 was
high because of allylic position and electron-withdrawing acetyl
group, allylic acetate 20 easily decomposed. Thus, diacetate 20
_was transformed to ethyl shikimate (1) as soon .as possible
without purification. The hydroxy group at C-4 position was
triflated, and the resulting triflate 21 was immediately treated
with KNO, in DMF to provide 22. Since deprotection of
diacetate 22 by C. antarctica lipase (Novozym 435) required
long reaction time to cause decomposition, final removal of the

two acetyl groups was performed under acidic condition to °

furnish ethyl shikimate [(-)-1] in 7% yield over five steps.
3. Conclusion

A “diastereomeric substrate” (+)-12 for lipase-catalyzed
kinetic resolution was prepared and reliable (E >500, conv. =
50%) resolution condition was elaborated with the use of B.
cepacia lipase (Amano PS-IM). Both of the resolved
enantiomers were converted to natural form of ethyl shikimate
[(-)-1] with high enantiomeric excess by way of regioselective
inversion of the stereochemistry.  The enantioconvergent
synthesis of (-)-1 was achieved in 59% yield over three steps and
in 6% yield over six steps from (+)-12 and (-)-13, respectively.

4. Experimental section

4.1. General methods

(U8)

OAc OAc
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OAc OH
KNO, ~OH H,S0, WOH
e HoS04
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THF ~
2 . (=)-1

7% (5 steps)
Scheme 5. Synthesis of ethyl shikimate (1) from (-)-13.

IR spectra were measured as thin films for oil or ATR for
solid. 'H and ®C NMR spectra were measured in CDCl; at 400
and 100 MHz, respectively. HRMS analysis was recorded on a
FAB-MS mass spectrometer. Column chromatography was
performed on silica gel.

4.2. Ethyl (IR*258%58%)-2, 5-epbxycyclohex-3 -enecarboxylate (8,
endo isomer) and (1R*2R* 5R*)-2,5-epoxycyclohex-3-
enecarboxylate (7, exo isomer).

To furan (32 mL, 440 mmol) was added acryloyl chloride (9
mL, 110 mmol) and the mixture was stirred for 72 h at room
temperature. After evaporation of the excess reagents, to the
residue were added pyridine (26 mL) and EtOH (30 mL) and the
mixture was stirred for 1 h at room temperature. The reaction
mixture was cooled to 0 °C, and the reaction was quenched with
water. Organic materials were extracted with EtOAc. The
combined extract was washed with' 2 M HCI aq. solution,
saturated NaHCO; aq. solution and brine, dried over Na,SO,, and
concentrated in vacuo. The residue was purified by silica gel
column chromatography (100 g). Elution with hexane-EtOAc
(2:1) afforded a mixture of (£)-6 (endo) and (£)-7 (exo) as a pale
yellow oil (14.2 g, 77%, endo:exo = 1:1.4). IR (neat) 2981, 1722,
1450, 1369, 1317, 1184, 1045, 1020, 906, 875, 703 cm™; 'H
NMR (CDCl,) & 6.42 (d, J = 5.9 Hz, 1H, endo), 6.37 (d, /= 5.8
Hz, 1H, exo), 6.33 (d, J= 5.8 Hz, 1H, ex0), 6.21 (d, /=59 Hz,
1H, endo), 5.17 (s, 1H, ex0), 5.14 (d, /= 5.5 Hz, 1H, endo), 5.05
(d, J=4.3 Hz, 1H, exo), 5.00 (d, J=4.7 Hz, 1H, endo), 4.16 (q, J

' =7.2 Hz, 2H, exo), 4.08 (q, J= 7.1 Hz, 2H, endo), 3.08 (dt, J =

8.8, 3.9 Hz, 1H, endo), 2.40 (dd, J = 8.7, 4.0 Hz, 1H, exo), 2.14
(ddd, J=11.5, 8.7, 4.3 Hz, 1H, exo), 2.07 (ddd, J=11.6, 8.8, 4.7
Hz, 1H, endo), 1.55 (dd, J=11.6, 3.9 Hz, 1H, endo), 1.54 (dd, J
=11.5, 4.0, 1H, exo), 1.25 (t, J= 7.2 Hz, 3H, ex0), 1.22 (t, J =
7.1 Hz, 3H, endo); *C NMR (CDCL) & 174.3, 172.7, 1377,
135.3 (2C), 133.1, 81.5, 79.6, 79.4, 78.6, 61.5, 61.4, 43.5, 43 4,
29.6,29.1, 14.8 (2C).

4.3. Ethyl (1R*2R* 35% 4R* 55%)-2,5-epoxy-3,4-
dihydroxycyclohexanecarboxylate (8, endo isomer) and
(1R*25* 3R* 48% 5R*)-2,5-epoxy-3,4-
dihydroxycyclohexanecarboxylate (9, exo isomer).

To a solution of the mixture of (=)-6 and (+)-7 as above (14.2
g, 84 mmol) in acetone (200 mL) and water (100 mL) were
added N-methylmorpholine N-oxide (50% in water, 23.3 mL, 120
mmol) and K,0s0,(0OH), (255 mg, 0.84 mmol), and the mixture
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was stirred for 8 h at room temperature. The reaction was
quenched with saturated Na,S,0; aq. solution and organic
materials were extracted with EtOAc three times. The combined
extract was washed with brine, dried over Na,SO, and
concentrated in vacuo. The residue was purified by silica gel
column chromatography (150 g). Elution with hexane-EtOAc
(1:1) afforded a mixture of (x)-8 (endo) and (£)-9 (exo) as a
yellow solid (16.9 g, 99%, endo:exo = 1:1.4). A small portion
was separated by preparative TLC [developed with hexane-
FEtOAc (1:2)] to afford analytically pure samples of (+)-8 and (¥)-
9 as colorless solids respectively. (¥)-8: IR (neat) 3371, 3305,
2989, 2958, 1720, 1450, 1187, 1068, 995, 910 cm™; 'H NMR
(CDCLy) 8 4,46 (d, J=5.9 Hz, 1H), 4.36 (d, /= 5.7 Hz, 1H), 4.13
(q,J=17.1 Hz, 2H), 3.92 (d, /= 6.0 Hz, 1H), 3.89 (d, /= 6.0 Hz,
1H), 3.33 (bs, 2H), 2.92 (dt, J=11.4, 5.9 Hz, 1H), 1.88 (ddd, /=
12,7, 11.4, 5.7 Hz, 1H), 1.75 (dd, /= 12.7, 5.9 Hz, 1H), 1.24 (t,J
= 7.1 Hz, 3H); C NMR (CDCl;) & 171.7, 83.4, 82.80, 74.8, 72.0,
61.3, 44.0, 284, 14.3; mp 83.5-84.0 °C. Anal. Caled for
CoH,405: C, 53.46; H, 6.98; Found: C, 53.36; H, 6.95. (£)-9: IR
(neat) 3386, 3317, 2981, 2950, 1720, 1446, 1045, 1002, 898, 771,
em™; "H NMR (CDCLy) & 4.57 (s, 1H), 4.40.(d, J = 5.7 Hz, 1H),
4.12 (q, /= 7.1 Hz, 2H), 3.86 (d, /= 5.9 Hz, 1H), 3.82 (d, /= 5.9
Hz, 1H), 3.50 (bs, 2H), 2.47 (dd, /= 9.2, 4.9 Hz, 1H), 2.04 (ddd,
J=129,5.7,4.9 Hz, 1H), 1.58 (dd, J=12.9, 9.2 Hz, 1H), 1.23 (¢,
J=17.1 Hz, 3H); ®C NMR (CDCly) § 172.9, 84.5, 82.0, 74.4,
74.3, 614, 43.1, 29.0, 14.3; mp 86.5-87.1 °C; Anal. Calcd for
CoH,,05: C, 53.46; H, 6.98; Found: C, 53.50; H, 6.98.

4.4, Ethyl (1R*2R*35%4R* 55%)-2,5-epoxy-3,4-
isopropylidenedioxycyclohexanecarboxylate (10, endo isomer)
and (1R*25* 3R* 4S% 5R*)-2,5-epoxy-3,4-
isopropylidenedioxycyclohexanecarboxylate (11, exo isomer).

To a solution of the mixture of (x)-8 and (£)-9 as above (16.9
g, 84 mmol) in acetone (200 mL) were added 2,2-
dimethoxypropane (36 mL, 256 mmol) and pyridinium p-
toluenesulfonate (4.0 g, 15 mmol) and the mixture was stirred for
36 h at room temperature. The reaction was quenched with
saturated NaHCO; aq. solution and organic materials were
extracted with EtOAc. The combined extract was washed with
brine, dried over Na,SO,, and concentrated in vacwo. The
residue was purified by silica gel column chromatography (200
g). Elution with hexane-EtOAc (3:1) afforded a mixture of (&)-
10 (endo) and (£)-11 (exo) as a yellow solid (19.5 g, 96%,
endo:exo = 1:1.4). A small portion was separated by preparative
TLC [developed with hexane-EtOAc (2:1)] to afford analytical
- pure samples of (£)-10 and (£)-11 as colorless solids respectively.
(2)-10: IR (neat) 2981, 2939, 1720, 1373, 1195, 1160, 1049,
1002, 867 cm™; "H NMR (CDCl3) §4.53 (d, J = 5.8 Hz, 1H),
4.42 (4, J= 6.0 Hz, 1H), 4.26 (s, 2H), 4.15 (q, /= 7.2 Hz, 2H),
2.94 (dt, J=11.2, 5.8 Hz, 1H), 1.89 (ddd, /= 12.9, 11.2, 6.0 Hz,
1H), 1.70 (dd, J= 12.9, 5.8 Hz, 1H), 1.45 (s, 3H), 1.27 (t, J= 7.2
Hz, 3H), 1.25 (s, 3H); °C NMR (CDCly) § 171.7, 111.1, 82.2,
80.2, 79.7, 79.5, 61.3, 43.3, 27.2, 25.9, 25.0, 14.3; mp 46.1-
46.7 °C; HRMS (FAB-MS): Calcd. for CpH;s0s [M+H]":
243.1232; Found: m/z = 243.1237. (£)-11: IR (neat) 2981, 2962,
1727, 1268, 1203, 1153, 1072, 1033, 1002, 856 cm™; '"H NMR
(CDCl3) 6 4.65 (s, 1H), 4.46 (d, J=5.8 Hz, 1H), 422 (q, J=7.0
Hz, 2H), 4.15 (d, J= 5.7 Hz, 1H), 4.13 (d, J= 5.7 Hz, 1H), 2.37
(dd, J=9.2, 4.9 Hz, 1H), 2.11 (ddd, J = 12.9, 5.8, 4.9 Hz, 1H),

1.52 (s, 3H), 1.48 (dd, J=12.9,9.0 Hz, 1H), 1.45 (s, 3H), 1.24 (t,

J = 7.0 Hz, 3H); ®*C NMR (CDCL) & 172.5, 111.8, 82.3, 82.1,
82.0, 78.7, 61.2, 42.1, 27.7, 25.9, 25.2, 14.2; mp 48.5-49.2 °C;
Anal. Caled for C1,H,50s: C, 59.49; H, 7.49; Found: C, 59.50; H,
7.43.

4.5. Ethyl (3R* 45%*55%)-5-hydroxy-3,4-
isopropylidenedioxycyclohex-1-enecarboxylate (12).

To a solution of hexamethyldisilazane (25 mL, 96 mmol) in
THF (400 mL) was added n-BuLi solution (1.57 M in hexane, 72
mL, 104 mmol) dropwise at 0 °C and the mixture was stirred for
10 min at that temperature. To the mixture was added a solution
of the mixture of (%)-10 and (£)-11 as above (19.5 g, 80 mmol) in
THF (80 mL) dropwise at -50 °C and the mixture was stirred for
30 min at that temperature. The reaction was quenched with
saturated NH,Cl aq. solution and organic materials were
extracted with EtOAc. The combined extract was washed with
brine, dried over Na,SO, and concentrated in vacuo. The
residue was purified by silica gel column chromatography (200
g). Elution with hexane-EtOAc (2:1) afforded (#)-12 as a
colorless solid (18.1 g, 93%). IR (neat) 3440, 2985, 2935 2912,
1708, 1365, 1226, 1095, 1049, 909, 852, 732 em’; 'H NMR
(CDCL) & 6.77 (s, 1H), 4.70 (m, 1H), 4.39 (dd, J=5.9, 2.7 Hz,
1H), 4.19 (q, J= 7.0 Hz, 2H), 3.93 (ddd, /= 8.2, 4.5, 2.7 Hz, 1H),
2.62 (dd, J = 16.6, 4.9 Hz, 1H), 2.49 (dd, /= 16.7, 8.2 Hz, 1H),
1.39 (s, 3H), 1.37 (s, 3H), 1.28 (t, J = 7.0 Hz, 3H); °C NMR
(CDCly) 6 166.8, 135.0, 130.0, 110.5, 76.0, 73.4, 67.5, 61.5, 28.2,
27.9, 26.5, 14.6; mp 46.1-47.1 °C; Anal. Caled for C;H,;50s: C,
59.49; H, 7.49; Found: C, 59.48; H, 7.43.

4.6. Lipase-catalyzed acetylation of (£)-12 and (%)-15..

To a mixture of alcohol (+)-12 (15 g, 62 mmol) in vinyl
acetate (100 mL) was added Burkholderia cepacia lipase (Amano
PS-IM, 5 g) and the mixture was stired for 8 h at room
temperature. The lipase was filtered off and the filtrate was
concentrated in vacuo. The residue was purified by silica gel
column chromatography (200 g). Elution with hexane-EtOAc
(2:1) firstly afforded acetate (-)-13 as a colorless solid (8.3 g,
48.5%), and secondly, alcohol (+)-12 (7.4 g, 49.3%). (-)-13: ‘
HPLC analysis [column, Daicel Chiralcel AY-3, 0.46 cm X 25
cm; hexane-isopropyl alcohol (30:1); flow late 0.5 mL min”
detected at 210 nm]: 7z (min) = 21.8 [(-)-13, 99.9%], 23.9 [(+)- 13,
0.1%]; IR (neat) 2987, 1733, 1702, 1373, 1214, 1064, 1039, 950,
862 cm™; "H NMR (CDCl;) 3 6.76 (s, 1H), 5.06 (ddd, J=7.6,5.5,
2.1 Hz, 1H), 4.75 (d, J = 4.9 Hz, 1H), 4.41 (dd, J= 5.5, 2.1 Hz,
1H), 4.19 (g, J= 7.1, 2H), 2.67 (dd, J = 16.4, 5.5 Hz, 1H), 2.49
(dd, J=16.4, 7.6 Hz, 1H), 2.11 (s, 3H), 1.38 (s, 3H), 1.35 (s, 3H),
1.27 (t, J="7.1 Hz, 3H); "C NMR (CDCl;) § 171.2, 166.7, 135.6,
129.7, 111.4, 74.4, 74.3, 69.8, 61.8, 28.4, 27.3, 24.9, 21.9, 14.9;
[alp™® —37.0 (¢ 1.00, MeOH); mp 71.1-71.5 °C; Anal. Calcd for
C14Hy06: C, 59.14; H, 7.06; Found: C, 59.20; H, 7.07. (+)-12:
HPLC analysis [column, Daicel Chiralcel AY-3, 0.46 cm X 25
cm; hexane-isopropyl alcohol (30:1); flow late 0.5 mL min™
detected at 210 nm]: # (min) = 79.6 [(-)-12, 1.0%], 81.3 [(+)- 12
99.0%]; [alp™® +61.4 (¢ 0.60, MeOH). Its 'H NMR spectrum was
in good accordance with that of racemic sample.

To a mixture of alcohol (£)-12 (10 mg, 0.041 mmiol) in vinyl
acetate (1 mL) was added Candida rugosa lipase (Meito OF, 10
mg) and the mixture was stirred for 4 h at room temperature. In
the similar workup and separation as describe for B. cepacia
lipase-catalyzed resolution, (—)-13 (5.4 mg, 49.4%) and (+)-12
(4.9 mg, 49.0%) were obtained. (+)-12: under the same

“conditions as above: # (min) = 79.6 [(-)-12, 0.1%)], 81.3 [(+)-12,

99.9%]. (-)-13: HPLC under the same conditions as above: #
(min) = 21.8 [(-)-13, 99.5%)], 23.9 [(+)-13, 0.5%].

The reaction (38 h), workup, and puriﬁcation with C.
antarctica lipase B (Novozym 435) was carried out in a similar
manner. From (+)-12 (10 mg, 0.041 mmol), (+)-13 (5.1 mg,
47.2%) and (-)-12 (4.9 mg, 49.0%) were obtained. (-)-12:
HPLC under the same conditions: #z (min) = 79.6 [(-)-12, 85.8%],
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- 81.3 [(1)-12, 14.2%)]. (+)-13: HPLC under the same conditions:
tg (min) = 21.8 [(~)-13, 7.5%], 23.9 [(+)-13, 92.5%)].

- To a mixture of alcohol (¥)-15 (10 mg, 0.037 mmol) in vinyl
acetate (1 mL) was added Candida rugosa lipase (Meito OF, 10
mg) and the mixture was stirred for 16 h at room temperature. In
the similar workup and separation as describe above, the
corresponding (—)-acetate (5.1 mg, 41.8%) and (+)-15 (4.4 mg,
44.0%) were obtained. (+)-15: HPLC analysis [column, Daicel
Chiralcel OD-H, 0.46 cm x 25 cm; hexane-isopropyl alcohol
(30:1); flow late 0.5 mL min™; detected at 210 nm]: % (min) =
32.7 [(+)-15, 88.9%], 37.1 [(-)-15, 11.1%)]. The stereochemical
assignment on the preferential enantiomer for 15 is based on the
retention times on HPLC analysis. In the case of 12, (+)-12
showed shorter retention time than that of (—)-12 in the use of
Chiralcel OD-H, while (+)-12 showed longer retention time than
that of (-)-12 on Chiralcel AY-3. Unfortunately, no good
separation was observed between the enantiomers of 15 on
Chiralcel AY-3. In the case of 15, the conversion (44.7%) was
determined by the comparison of peak area in "H NMR spectrum
of crude reaction mixture: 8 6.75 (s, 1H, H-2 for 15), 6.71 (s, 1H,
H-2 for the acetate).

4.7. Ethyl (3R 4S,5R)-5-hydroxy-3,4-
isopropylidenedioxycyclohex-1-enecarboxylate (17).

To a solution of (+)-12 (1.4 g, 5.8 mimol) in CH,Cl, (30 mL)
were added pyridine (2.1 mL, 17.3 mmol), TH,0 (3.1 mL, 11.5
~ mmol) and DMAP (170 mg, 1.20 mmol), and the mixture was
stirred for 30 min at 0 °C. The reaction was quenched with
saturated NaHCO; aq. solution and organic materials were
extracted with EtOAc. The combined extract was washed with
brine, dried over Na,SO, and concentrated in vacuo to afford 16
as a colorless solid; yield: 2.2 g. This was employed for the next
step without further purification. '

To a solution of 16 (2.2 g, 5.87 mmol) in DMF (25 mL) was
added KNO, (1.0 g, 11.8 mmol), and the mixture was stirred for
8 h at room temperature. The reaction was quenched with
saturated 0.1 M phosphate buffer solution (pH 7.0) and organic
materials were extracted with EtOAc. The combined extract was
washed with brine, dried over Na,SO,4 and concentrated in vacuo.
The residue was purified by silica gel column chromatography
(20 g). Elution with hexane-EtOAc (2:1) afforded (—)-17 as a
colorless oil (1.1 g, 75% over two steps). 'H NMR (CDCls) &
6.92 (s, 1H), 4.73 (m, 1H), 4.20 (q, /= 7.0 Hz, 2H), 4.06 (dd, /=
7.1,6.9 Hz, 1H), 3.87 (ddd, J=12.9, 8.6,4.7 Hz, 1H), 2.79 (dd, J
=174,4.7Hz, 1H), 2.21 (dd, /=174, 8.6 Hz, 1H), 1.43 (s, 3H),
1.38 (s, 3H), 1.27 (t, J = 7.0 Hz, 3H); [alp”® =33.0 (¢ 0.50,
EtOAc) [lit.”° [alp” =31.0 (¢ 3.0, EtOAc)]. Its IR and NMR
spectra were identical with those reported previously. 10

4.8. Ethyl shikimate (1).

To a solution of the above-mentioned (—)-17 (1.1 g, 4.3 mmol)
in EtOH (20 mL) was added Dowex 50W-X8 acidic ion-
exchange resin (2.0 g) and the mixture was stirred for 48 h at
room temperature. The resin was filtered off, and the filtrate was
concentrated in vacuo. The residue was purified by silica gel
column chromatography (20 g). Elution with hexane-EtOAc
(1:3) afforded (-)-1 as a colorless solid (820 mg, 78%). 'H NMR
(CDClL) & 6.88 (s, 1H), 4.46 (m, 1H), 420 (q, /= 7.2 Hz, 2H),
3.96 (dd, J = 8.8, 4.0 Hz, 1H), 3.61 (dd, J = 9.0, 4.0 Hz, 1H),
2.94 (dd, J= 174, 6.0 Hz, 1H), 2.20 (dd, J= 17.4, 8.8 Hz, 1H),
1.67 (bs, 2H), 1.27 (t, J = 7.2 Hz, 3H); [alp” -97.6 (¢ 1.00,
MeOH). Its 'H NMR spectra was in good accordance with that
of ethyl shikimate.”

4.9. Ethyl (3S,4S,5R)-5-acetoxy-3,4-dilydroxycyclohex-1-
enecarboxylate (18).

To a solution of acetate (-)-13 (6.7 g, 23 mmol) in CH,Cl,
(200 mL) was added FeCly6H,O (18 g, 69 mmol) and the
mixture was stirred for 6 h at room temperature. The reaction
was quenched with saturated NaHCO, ag. solution and organic
materials were extracted with EtOAc three times. The combined
extract was washed with brine, dried over Na,SO,, and
concentrated in vacuo. The residue was purified by silica gel
column chromatography (100 g). Elution with hexane-EtOAc
(1:1) afforded 18 as a colorless solid (5.0 g, 87%). IR {(neat)
3432, 2983, 1724, 1641, 1382, 1261, 1240, 1153, 1105 ecm™; 'H
NMR (CDCl,) 8 6.77 (s, 1H), 5.03 (dt, J=15.9, 2.3 Hz, 1H), 4.39
(s, 1H), 4.19 (q, /= 7.1 Hz, 2H), 4.08 (d, /= 2.3 Hz, 1H), 2.64
(dd, J=17.4,5.9 Hz, 1H), 2.54 (3dd, J=174,59 Hz, 1H), 2.09 (s,
3H), 1.28 (t, J= 7.1 Hz, 3H); "C NMR (CDCly) 8 171.5, 167.0,
138.4, 130.0, 72.0, 69.7, 68.7, 62.2, 27.0,22.2,15.2; [a]p” +26.2
(¢ 0.50, MeOH); mp 79.5-80.1 °C; Anal. Caled for Cy;Hy404: C,
54.09; H, 6.60; Found: C, 53.88; H, 6.56.

4.10. Ethyl shikimate (1) from 18.

To a solution of 18 (140 mg, 0.57 mmol) in THF (6 mL) was
added Et;N (320 pL, 2.28 mmol) and SOCl, (123 uL, 1.71 mmol)
and the mixture was stirred for 30 min at 0 °C. The reaction was
quenched with saturated NaHCO; aq. solution and organic
materials were extracted with EtOAc. The combined extract was
washed with brine, dried over Na,SO, and concentrated in vacuo
and afford 19 as a dark-colored oil (151 mg). This was employed
for the next step without further purification.

To a solution of the above-mentioned 19 (151 mg, 0.52 mmol)
in DMF (5 mL) was added CsOAc (200 mg, 1.04 mmol) and the
mixture was stirred for 12 h at 40 °C. The reaction was quenched
with saturated NH,Cl aq. solution and organic materials were
extracted with EtOAc. The combined extract was washed with
brine, dried over Na,SO, and concentrated in vacuo and afforded
20 as a yellow oil (89 mg). This was employed for the next step
without further purification. "H NMR (CDCls) 8 6.70 (d, J=2.5
Hz, 1H), 5.55 (dd, /= 5.9, 2.5 Hz, 1H), 5.28 (dd, /= 6.9, 4.5 Hz,
1H), 4.19 (q, J = 7.2 Hz, 2H), 3.94 (d, J = 5.9 Hz, 1H), 2.67 (dd,
J=16.2, 6.9 Hz, 1H), 2.66 (dd, J= 16.2, 4.5 Hz, 1H), 2.09 (s,
3H), 2.07 (s, 3H), 1.27 (t, /=72 Hz, 3H).

To a solution of 20 (89 mg, 0.31 mmol) in CH,Cl, (3 mL)
were added pyridine (38 pL, 0.47 mmol), THLO (76 pL, 0.47
minol), and DMAP (3.6 mg, 0.03 mmol) and the mixture was
stirred for 30 min at 0 °C. The reaction was quenched with
saturated NaHCO; aqg. solution and organic materials were
extracted with EtOAc. The combined extract was washed with
brine, dried over Na,SO, and concentrated in vacuo to afford 21
as a yellow oil (130 mg). This was employed for the next step
without further purification.

To a solution of the above-mentioned 21 (130 mg, 0.31 mmol)
in DMF (3 mL) was added KNO, (53 mg, 0.62 mmol) and the
mixture was stirred for 3 h at room temperature. The reaction
was quenched with 0.1 M phosphate buffer solution (pH 7.0) and
organic materials were extracted with EtOAc. The combined
extract was washed with brine, dried over Na,SO, and
concentrated in vacuo to afford 22 as a colorless solid (40 mg).
'H NMR (CDCly) 8 6.59 (s, 1H), 5.58 (d, J = 8.6 Hz, 1H), 5.07
(dd, /=94, 8.3 Hz, 1H), 4.20 (q, /=7.2 Hz, 2H), 3.95 (m, 1H),
2.96 (dd, J = 17.6, 8.3 Hz, 1H), 2.37 (dd, /= 17.6, 9.4 Hz, 1H),
2.10 (s, 3H), 2.08 (s, 3H), 1.28 (t, /= 7.2 Hz, 3H). This was
employed for the next step without further purification.
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To a solution of diacetate 22 (40 mg, 0.14 mmol) in EtOH (1
mL) was added H,S0, (7.5 uL, 0.14 mmol) and the mixture was
stirred for 14 h at room temperature. The reaction was quenched
with saturated NaHCO; aq. solution and organic materials were
extracted with EtOAc 10 times. The combined extract was

washed with brine; dried over Na,SOy, and concentrated in vacuo.

The residue was purified by preparative TLC [developed with
hexane-EtOAc (1:3)] to affored ethyl shikimate (1) as a colorless
solid (8.0 mg, 7% over five steps). Its physical properties and
spectral data were in good accordance with those of (—)-1 derived
from (+)-12.
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