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Figure 1. Chemical structures of known endogenous (1, 2) or synthetic (3-6)
RXR agonists,

RXRB and RXRy (Figure 1).I"? However, the RXR agonistic activi-
ty is much less than that of well-known RXR agonists. The
reason for the weak activity is thought to be the introduction
of a polar moiety such as a sulfonamide group into the so-
called linking group of the common structure of weil-known
RXR agonists (Figure 2)." In this study, we aimed to develop
potent, less-lipophilic and subtype-selective RXR agonists. As a
result, we discovered 6-[N-ethyl-N-{3-isopropoxy-4-isopropyl-
phenyl)amino]nicotinic acid (NEt-3IP: 7a) as the first RXRa/B-
selective (RXRa/B-dual) agonist. Herein we report the molecu-
lar design and in vitro evaluation,

Design strategy

Our previous results suggest that reduction of lipophilicity at
the lipophilc domain of RXR agonists enables production of

hydrophobic domain
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Figure 2. Strategy for the molecular design of subtype-selective RXR ago-
nists possessing alkoxy and isopropyl groups (7, 8).
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subtype preference!™ To develop potent subtype-selective
RXR agonists, we replaced a tetramethyl-cyclohexyl ring, the
common hydrophobic domain of well-known RXR agonists,
with alkoxy and isopropyl groups, which have more polar char-
acteristics. As it was also found that potent RXR activity re-
quires a lipophilic moiety on the linking amino group,"” N-eth-
ylation was performed for moderate lipophilicity. Nicotinic acid
or pyrimidine carboxylic acid was applied to the acidic domain
(Figure 2).

Chemistry

Synthesis was performed by the following steps: synthesis of
anilino derivatives, coupling of them with chloronicotinic acid
or chloropyrimidine carboxylic acid ester, N-ethylation of the
linking amino group, and deprotection of esters. In Scheme 1,
synthesis of nicotinic acid derivatives is shown. Anilino deriva-
tives possessing an alkoxy group at the 3-position were pre-
pared by the following procedure: nitration of 2-isopropylani-
line with sulfuric acid and nitric acid, replacement of the
amino group with a hydroxy group by Sandmyer reaction, O-
alkylation with the corresponding alkyl halide, and hydrogen
reduction. On the other hand, anilino derivatives possessing an
alkoxy group at the 4-position were prepared from 2-isopro-
pylphenol by radical nitration with nitric acid and zinc chloride
in an ultrasonic reactor,™ with similar alkylation and reduction
to that described above. The anilino derivatives were reacted
with 6-chloronicotinic acid in acetic acid, and the carboxyl
groups of the products were protected as methyl ester. After
N-ethylation of the linking amino group, deprotection of the
methyl ester gave the objective compounds 7a-7d.
Compounds 8a and 8¢, whose acidic domains are a pyrimi-
dine-5-carboxylic acid, were prepared via the amino intermedi-
ates hydrochloride 14a HC and 14c¢ HCl according to the re-
ported method (Scheme 2)."*' Then N-alkylation and ester
deprotection of compounds 16a and 16 ¢ were performed to
afford the objective compounds 8a and 8¢, respectively.

Results and Discussion

RXR agonists alone do not exhibit cell differentiation activity,
although they work synergistically with RAR agonists (for ex-
ample, Am80"%) to differentiate the human promyelocyte leu-
kemia cell fine HL-60 cells to granulocytes."™'™ This phenom-
enon is based on the synergistic action of RXR with RAR. For
the first screening of the compounds, the activity of com-
pounds alohe (retinoid activity) and the activity of compounds
with RAR agonists (retinoid synergistic activity) were examined
with HL-60.1%'%"7 | this screening, cell differentiation activities
were evaluated with nitro blue tetrazolium (NBT) reduction.
First, to examine the proper position of an alkoxy group on
the phenylamino moiety, the retinoid and retinoid synergistic
activities of NEt-3IP (7a) and NEt-4IP (7d) were assessed
(Table 1). Neither of them showed retinoid activities, suggest-
ing that they do not activate RAR directly. On the other hand,
retinoid synergistic activities of 7a and 7d were more potent
than or as potent as those of sulfonamide-type RXR agonists
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retinoid activity similar to that of
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14b AcOH  3-On-Pr 15b 3-On-Pr 7b 3.0npr  ties were mediated by RXR. As

14¢ AcOH  3-0i-Bu 15¢ 3-Oi-Bu 7¢ 3-0iBu  With the results of the NBT re-

14d AcOH  4-Oi-Pr 15d 4-0i-Pr 7d  4-0i-Pr duction assay, transcription activ-

Scheme 1. Reagents and conditions: a) H,S0,, HNO,. b) NaNO,, H,S0,. ¢} HNO;, EtOAc, ZnCl,, u-sonic. d) RX, K;CO;,
DMF. e) H,, Pd-C, AcOH. f) 6-Chloronicotinic acid, AcOH. g) MeOH, H,S0,. h) Etl, NaH, DMF. )) NaOH, MeOH. j) HCL.

6a and 6b, respectively (Table 1). These resuits suggested that
application of alkoxy and isopropyl groups to the hydrophobic
domain of RXR agonists enables the production of compounds
with retinoid synergistic activities. Notably, the retinoid syner-
gistic activity (SECs, value) of NEt-3iP (7a) is 16+ 1 nm, which
is more effective than that of NEt-4IP (7d; 1354 15 nm). These
results prompted us to conclude that the proper position for
the introduction of alkoxy is at the 3-position. We therefore in-
vestigated the retinoid and retinoid synergistic activities of sev-
eral derivatives possessing alkoxy groups at the 3-position.
NEt-3IB (7¢) possessing a branched alkoxy group, isobutoxy,
was found to show potent retinoid synergistic activity without

ities of NEt-3IP (7a) were found
to be more potent than those of
NEt-4IP (7d). Notably, NEt-3IP
(7 a) and NEt-3IB (7 ¢) showed an
apparent difference in ECs, be-
tween each subtype. For NEt-3IP (7 a), the ratio of EC;, (mean
values) of RXRa and RXRP to that of RXRy was more than ten-
fold, indicating that this compound prefers RXRa/ over RXRy.
On the other hand, for NEt-3iB (7¢) the ratio of ECy, {mean
values) between RXRo:RXRB:RXRy was 0.58:23:3, indicating
that this compound prefers RXRa over RXRP. As a more than
tenfold difference in EC;, values generally indicates the exis-
tence of selectivity,”® it can be assumed that NEt-3IP (7a) is an
RXRa/B-selective agonist (that is, RXRa/f dual agonist). NEt-3IB
(7 ¢) has less subtype selectivity than NEt-3iP (7a). NEt-3IP (7 a)
has comparable RXR potency to representative potent RXR
pan agonists, LGD1069 (3) and PA024 (5), and NEt-3IB (7¢) is
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Scheme 2. Reagents and conditions: &) H,, Pd-C, MeOH, HCL. b) Ethy} 2-chloro-5-pyrimidinecarboxylic acid, K,CO;, DMF. <) Etl, NaH, DMF. d) NaOH, EtOH.
e HC
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A‘Table 1 Cell dnfferengatnon—mducmg activity of compounds 8-10 by NBT

-reduction-assay™
RO,
4.E\/\j\
Mef,/\/ N Me

Me Ty

P

COH
Compd OR Retinoid activity ~ Retinoid synergist activity

ECs [InmI™ BA{96)9 SECs, [nm)  BA[%)®

NEt-3IP (7a) 3-OiPr >1000 nd™ 161 831
NEt-3NP (7b) 3-On-Pr’ >1000 nd. 24916 854
NEt-31B (7c) 3-OiBu > 1000 n.d. 2541 812
NEt-4iP (7d) 4~OiPr  >1000 nd. 13515 7744
6a' - > 1000 nd. 309433 6745
6b" - > 1000 nd. 15017 7341

{al All values were determined from full dose-response curves ranging
from 107° to 1075m with HL-60 cells. Where errors are indicated, values
represent the standard error of the mean value of at least two separate
experiments. [b] ECy, or SECy, was determined as the concentration of a
test compound that required to elicit a response at half-maximal height
on the dose-response curve. [c] Biological activity (%) is the maximal dif-
ferentiation ratio that was induced by a test compound. [d] These data
were quoted from reference [11]. [e] Not determinable.

more potent than those representative potent RXR pan ago-
nists, PEt-3IP (8a) and PEt-3IB (8 c) showed potent RXR agonis-
tic activities, whereas their subtype selectivity was less than
that of NEt series compounds. With increasing polarity of the

H. Kakuta, et al.

acidic domain of the compounds, their RXR agonist activity in-
creased but their subtype selectivity decreased. These resuits
were nearly in accordance with the previous report,'™ suggest-
ing that reduction of the hydrophobic interaction between the
hydrophobic domain of the compounds and RXR-ligand bind-
ing domain is one strategy to produce subtype selectivity. The
ClogP value of NEt-3IP (7a) is less than the values of NEt-31B
(7¢), LGD1069 (3), and PA024 (5). These results indicate that
NEt-3IP (7a) is a potent, less-lipophilic and subtype-selective
RXR agonist.

Conclusions

To develop potent, less lipophilic and subtype-selective RXR
agonists, we designed new RXR agonists possessing alkoxy
and isopropyl groups as a lipophilic domain of the common
structure of well-known RXR agonists. As a result, 6-[N-ethyl-N-
(3-isopropoxy-4-isopropylphenyl)amino]nicotinic acid (NEt-31P:
7a) was discovered as the first RXRa/B-selective agonist. NEt-
3IP (7a), being potent and having reduced lipophilicity and
RXR subtype-selective activity, is expected to become a new
medicinal product and to be a useful biological tool for clarify-
ing each RXR subtype function. In the future, to evaluate the
effectiveness of the compound, in vivo studies such as studies
on oral absorption, disposition, toxicity, and anticancer activi-
ties are being planned.

Experimental Section

PG P T L " P— = T Chemistry.
Table 2. Co-transfection data for synthetic compounds and khown RXR agonists 3 and'5 in COS-1 cells?
Melting points were determined
with a Yanagimoto hot-stage melt-
\/ ing point apparatus and are uncor-
M x \N rected. IR were rec‘orded on JASCO
“\ J FT/IR350 . (KBr). 'HNMR spectra
were recorded on a VarianVXR-300
coH (300MHz)  or  VarianVXR-500
RXRa RXRB RXRy Selectivity'” (500 MHz) spectrometer. Elemental
Compd OR X ECyInMI®  Epg (919 ECso InMI® E,yy 19619 ECo InMI®™ E,, 1961 Bla v/ ClogP' analysis was carried out with a Ya-
NEt-3IP 3~ CH 320 13611 36+8 11549 376413 96%6 1.1 11 561 nagimoto MT-5 CHN recorder ele-
(7a) OiPr mental analyzer. FAB-MS was car-
NEt-31B - CH 0584002 114+4 23110 14013 341 103+6 39 51 623 ried out with a VG70-SE.
(7e)  OfBu s 1 LGD1069 (3) and PA024 (5). These
EE(;;‘“P g;Pr CH 410+40 112411 11804210 80:%4 1430£30 811 28 34 56 Fompounds were prepared accord-
PEC3P 3~ N 9%2 11344 3618  103:3 5515 10547 40 61 489 ing to references <[21] and [13],
(82) oiPr respectively.
PEL3B 3~ N 4x2 06+2 540 144114 440 105413 12 10 550 2-Isopropyl-5-nitrophenal (10},
(89 OiBu Mixed acids {conc. HNO; : conc.
6ald - = 195%25 115416 2250:4£50 5214 62050 59+3 11 33 655 H,S0,=2:5, 14 mL) were added to
6b"9 - - 15%5 9846 635475 94+2 350485 817 55 30 613 a solution of 2-isopropylaniline 9
LGD1069 - - 30 10612 6:x1 114£12 5%2 1043 20 16 823 (2.7 g, 20mmol) in conc. H,50,
@ (8.0mbL) through a dropping
PA&M - - 31 - 24£0 - 81 - 8o 26 7.3 funnel with temperature main-
©) tained between ~5°C and 0°C.
fa} All values represent the standard error of the mean value of at least two separate experiments with tripli- The reaction midure was alkali-
cate determinations. [b] ECs, values were determined from full dose-response curves ranging from 107° to nized with 28 NaOH and extracted
10"*M in COS-1 cells. [c] These data were quoted from reference [111. {d] Luciferase activity of PAO24 (5) at with EtOAc (3x200ml). The or-
1 HM was defined as 100%. [e] Selectivity was calculated with each ECy, value. [f] CLogP values were calculated ganic layer was collected, washed
with ChemDraw Ultra7.0. with H,0 (200ml) and brine
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(150 mL), and dried over MgSO, The solvent was evaporated
under reduced pressure to yield 2.9 g of 2-isopropyl-5-nitroaniline
as brown oil (81%). This compound gave a single spot on TLC, so
it was used for the next step without further purification. 'H NMR
(500 MHz, CDCl,): 8=7.60 (1H, dd, /=85, 2.5 Hz), 7.50 (1H, d, J=
25Hz), 7.24 (1H, d, J=8.5Hz), 3.95 (2H, br s), 2.80 (1H, sep, J=
7.0 Hz), 1.29 ppm (6H, d, J=7.0 Hz).

NaNO, (1.2 g, 18 mmol, dissolved in 3.0 mL of H,0) was added to a
suspension of 2-isopropyl-5-nitroaniline (2.9g, 16 mmol) in H,0
(3.0mL) and conc. H,SO, (4.0 mL) with temperature maintained
under 5°C. The reaction status was checked by potassium iodide
starch test paper. Then the reaction mixture was poured dropwise
into a conc, H,50, (12 mL) and H,0 (9.0 mL) mixture at 120°C. The
reaction mixture was poured into H,O (150 mL) and extracted with
EtOAc (3x200 ml). The organic layer was collected, washed with
H,O (200 mL) and brine (150 ml), and dried over MgSO,. The sol-
vent was evaporated under reduced pressure. The residue was pu-
rified by flash column chromatography (EtOAc : n-hexane=1:5) to
yield 10 as brown oil {2.2 g, 75%). 'H NMR (300 MHz, CDCl,): 6=
7.78 (1H, dd, J=8.5, 25 Hz), 7.63 (1H, d, J=25Hz), 733 (1H, d,
J=8.5 Hz), 5.80 (1H, s), 3.31 (1H, sep, J=7.0Hz), 1.28 ppm (6H, d,
J=7.0 Hz).

2-Isopropoxy-1-isopropyl-4-nitrobenzene (13a). 2-Bromopropane
(0.56 mL, 6.0 mmol), K,CO; (552 mg, 3.6 mmol) and K {catalytic
amount) were added to a solution of 10 (668 mg, 3.7 mmol} in dry
DMF (4.0 mL). The reaction mixture was stirred at 70°C for 2 h.
Then the reaction mixture was poured into H,0O (80 mL) and ex-
tracted with EtOAc (3x80 mlL). The organic layer was collected,
washed with H,0 (2x80 ml) and brine (80 mL), and dried over
MgSO,. The solvent was evaporated under reduced pressure. The
residue was purified by flash column chromatography to afford
13a as light yellow oil (729 mg, 88%). 'H NMR (500 MHz, CDCl;):
6=7.76 (1H, dd, J=8.5, 2.0Hz), 7.66 (1H, d, J=2.0Hz), 7.31 (1H,
d, J=85Hz), 467 (1H, sep, J=6.0Hz), 3.36 (1H, sep, J=7.0 Hz},
1.39 {6H, d, J=6.0 Hz), 1.22 ppm (6H, d, J=7.0 Hz).
1-Isopropyl-4-nitro-2-n-propoxybenzene (13b). 1-lodopropane
(595 mg, 3.5 mmol) and K,CO, (414 mg, 3.0 mmol) were added to a
solution of 10 (513 mg, 2.8 mmol) in dry DMF (4.0 mL). The reac-
tion mixture was stirred at 80°C overnight. Then the reaction mix-
ture was poured into H,0 (50 mL) and extracted with EtOAc (3x
50 mL). The organic layer was collected, washed with H,0 (2x
50 mL) and brine (50 ml), and dried over MgSO,. The solvent was
evaporated under reduced pressure. The residue was purified by
flash column chromatography to yield 13b as light yellow oil
(426 mg, 68%). 'H NMR (300 MHz, CDCL,): §=7.80 (1H, dd, J=8.5,
2.5Hz), 7.65 (1H, d, J=25H2), 7.31 (1H, d, J=85Hz), 4.02 (2H, t,
J=6.5 Hz), 3.39 (1H, sep, J=7.0Hz), 1.89 (2H, m), 1.24 (6H, d, J=
7.0 Hz), 1.09 ppm (3H, t, J=7.5 Hz).
2-isobutoxy-1-isopropyl-4-nitrobenzene (13 c). Following the pro-
cedure to synthesize 13a, 13 ¢ was obtained in 71% yield as clear
yellow oil. 'HNMR (300 MHz, CDCl): 6=7.80 (1H, dd, J=85,
2.5 Hz), 7.65 (1H, d, J=2.5 Hz), 7.32 (1H, d, /=8.5 Hz), 3.82 (2H, d,
J=6.5 Hz), 340 (1H, sep, J=7.0Hz), 217 (1H, m), 1.25 (6H, d, J=
7.0 Hz), 1.08 ppm (6H, d, J=6.5 Hz).
3-Isopropoxy-4-isopropylaniline acetate (14a AcOH). 10% acti-
vated Pd-C (catalytic amount) was added to a solution of 13a
(1.1 g, 4.9 mmol) in AcOH (4.0 mL). The reaction mixture was stirred
under H, atmosphere at RT for 6 h. The reaction mixture was fil-
tered through celite, and the celite cake was washed with EtOAc
(100 mL). The solvent was evaporated under reduced pressure to
give 14a AcOH (g.y.). This compound gave a single spot on TLC, so
it was used for the next step without further purification. 'H NMR
(500 MHz, CDCl,): 6=6.96 (1H, d, J=80Hz) 6.26 (1H, dd, /=80,
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2.0Hz), 624 (1H, d, J=2,0 Hz), 446 (1H, sep, J=6.0Hz), 3.19 (1H,
sep, J=7.0 Hz), 1.32 (6H, d, J=6.0 H2), 1.15 ppm (6H, d, J=7.0 H2).
4sopropyl-3-n-propoxyaniline acetate (14b AcOH). Following
the procedure to synthesize 14a AcOH, 14b AcOH was obtained
(g.y). This compound gave a single spot on TLC, so it was used for
the next step without further purification. 'HNMR (300 MHz,
CDCly): 6=7.00 (1H, d, J=8.0Hz), 6.36 (1H, dd, J=8.0, 2.0 Hz),
6.31 (1H, d, J=2.0Hz), 3.87 (2H, t, J=6.5Hz), 3.22 (1H, sep, J=
7.0 Hz), 1.81 (2H, m), 1.17 (6H, d, J=7.0Hz), 1.05 ppm 3H, t, J=
7.5 Hz). .
3-Isobutoxy-4-isopropylaniline acetate (14c¢ AcOH). Following
the procedure to synthesize 14a AcOH, 14c¢ AcOH was obtained
(q.y.). This compound gave 2 single spot on TLC, so it was used for
the next step without further purification. 'HNMR (300 MHz,
CDCL)Y: 6=6.97 (1H, d, J=80Hz), 627 (1H, dd, /=80, 2.0 Hz),
6.23 (1H, d, J=2.0Hz), 3.67 2H, d, J=6.5Hz), 3.22 (1H, sep, /=
7.0 Hz), 2.10 (1H, m), 1.18 (6H, d, J=7.0 Hz), 1.04 ppm (6H, d, J=
7.0 Hz).

2-{sopropyl-4-nitrophenol (12). Conc. HNO; (2.5ml, 20 mmol)
was added to a solution of 2-isopropylphenol 11 (2.7 g, 20 mmol)
in EtOAc (50 ml) in an ice bath. The reaction mixture was placed
in an ultrasonic reactor, and ZnCl; (3.43 g, 25 mmol) was added in
small portions over 2.5 h. The reaction mixture was poured into
H,0 (100 mL) and extracted with EtOAc (3x100 ml). The organic
layer was collected, washed with H,0 (2x100ml) and brine
(100 mL), and dried over MgSO,. The solvent was evaporated
under reduced pressure. The residue was purified by flash chroma-
tography to yield 12 (972 mg, 27%) as an off-white solid. 'H NMR
(300 MHz, CDCl,): 6=8.13 (1H, d, J=3.0 Hz), 8.01 {1H, dd, /=90,
3.0Hz), 6.82 (1H, d, J=9.0Hz), 574 (1H, s), 325 (1H, sep, J=
7.0 Hz), 1.30 ppm (6H, d, J=7.0 Hz).
1-Isopropoxy-2-isopropyl-4-nitrobenzene (13d). Following the
procedure to synthesize 13a, 13d was obtained as brown oil
(94%). This compound gave a single.spot on TLC, so it was used
for the next step without further purification. 'H NMR (300 MHz,
CDd,): 6=8.10 (1H, d, J=3.0Hz), 8.07 (1H, dd, /=85, 3.0Hz),
6.86 (1H, d, /=85 Hz), 470 (1H, sep, J=6.0Hz), 3.31 (1H, sep, /=
7.0 Hz), 1.40 (6H, d, J=6.0 Hz), 1.24 ppm (6H, d, J=7.0 Hz).
4-Isopropoxy-3-isopropylaniline (14d AcOH). Following the pro-
cedure to synthesize 14a AcOH, 14d AcOH was obtained in crude
oil (g.y.). This compound gave a single spot on TLC, so it was used
for the next step without further purification. '"H NMR (300 MHz,
CDCl,): 6=6.71 (1H, d, J=8.5 Hz), 6.64 (1H, d, J=3.0Hz), 6,53 (1H,
dd, J=85, 3.0Hz), 435 (1H, sep, J=6.0Hz), 3.28 (1H, sep, J=
7.0 Hz), 1.30 (6H, d, J=6.0 Hz), 1.17 ppm (6H, d, J=7.0 Hz).
4-[N-(3-Isopropoxy-4-isopropyiphenyl)amino]nicotinic acid
methyl ester (15a). 6-Chloronicotinic acid (788 mg, 5.0 mmol) was
added to a solution of 14a AcOH (124 g, 4.9 mmol) in AcOH
(4.0 mL). The reaction mixture was stirred at 80°C for 4 h. The reac-
tion mixture was evaporated under reduced pressure. Conc. H,S0,
(catalytic amiount) was added to a solution of the residue in dry
MeOH (5.0 mL) under ice cooling. The reaction mixture was re-
fluxed overnight. The reaction mixture was poured into sat.
NaHCO, (100 mL) and extracted with EtOAc (2Xx50 ml). The organ-
ic layer was collected, washed with H,0 (50 mL} and brine (50 mL),
and dried over MgSO,. The solvent was evaporated under reduced
pressure. The residue was purified by flash column chromatogra-
phy to yield 15a (702 mg, 44 %). 'H NMR (300 MHz, CDCl,): 6=8.75
(1H, d, J=2.5Hz), 8.08 {1H, dd, J=9.0, 2.5 Hz), 7.69 (1H, brs), 7.19
(1H, d, J=8.0Hz), 6.83 (1H, d, /=9.0Hz), 6.82 (1H, d, J=2.0Hz),
6.81 (1H, dd, /=8.0, 2.0 Hz), 4.51 (1H, sep, J=6.0 Hz), 3.90 (3H, s),
3.32 (1H, sep, J=7.0Hz), 1.35 (6H, d, J=6.0 Hz), 1.21 ppm (6H, d,
J=7.0Hz).
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4-[N-{4-Isopropyl-3-n-propoxyphenyl)amine]nicotinic acid
methyl ester (15b). Following the procedure to synthesize 153,
15b was obtained as a purple solid (51% for 2 steps). 'H NMR
(300 MHz, CDCly): 6=8.82 (1H, d, J=2.0Hz), 803 (1H, dd, /=90,
2.0 Hz), 7.18 (1H, d, J=8.5 Hz), 6.89 (1H, s), 6.85 (1H, d, /J=2.0 Hz),
6.84 (1H, dd, /=85, 2.0 Hz), 6.79 (1H, d, J=9.0 Hz), 3.91 2H, t, J=
6.5 Hz), 3.88 (3H, s), 3.31 (3H, sep, J=7.0H2), 1.84 (2H, m), 1.23
(6H, d, J=7.0Hz), 1.07 ppm (3H, t, J=7.5 Ha).
4-[N-(3-Isobutoxy-4-isopropylphenyl)aminolnicotinic acid methyl
ester (15¢). Following the procedure to synthesize 15a, 15¢ was
obtained as purple solid (62% for. 2 steps). 'H NMR (500 MHz,
CDCL): 6=8.82 (1H, d, /=25Hz), 803 (1H, dd, J=9.0, 2.5 Hz),
7.18 (1H, d, J=8.5Hz), 6.85 (1H, s), 6.84 (1H, dd, /=8.5, 2.0 Hz),
6.83 (1H, d, J=2.0Hz), 679 (1H, d, /=9.0Hz), 3.89 (3H, s), 3.71
(2H, d, J=6.5 Hz), 3.32 (1H, sep, J=7.0 Hz), 2.13 (1H, m}, 1.23 (6H,
d, J=7.0 Hz), 1.06 ppm (1 H, d, J=6.5 Hz).
6-[N-(4-Isopropoxy-3-isopropyiphenyllamino}nicotinic acid
methyl ester (15d). Following the procedure to synthesize 153,
15d was obtained as white solid (579% for 2 steps). 'H NMR
(300 MHz, CDCly): 6=8.75 (1H, d, J=2.5Hz), 803 (1H, dd, /=9.0,
2.5Hz), 7.40 (1H, brs), 7.09 (1H, d, J=3.0Hz), 7.06 (1H, d, /=80,
3.0Hz), 6.85 (1H, d, J=8.0Hz), 6.67 (1H, d, J=9.0Hz2), 454 (1H,
sep, J=6.0 Hz), 3.89 (3H, s), 3.32 (1H, sep, J=7.0 Hz), 1.36 (6H, d,
J=6.0 Hz), 1.19 ppm (6H, d, J=7.0 Hz).
4-[N-Ethyl-N-(3-isopropoxy-4-isopropylphenyl)amino]nicotinic
acid (7a). 15a (115 mg, 0.35 mmol) was added to a suspension of
NaH (16 mg, 0.40 mmol, 60% dispersion in oil} in dry DMF (1.0 mL)
at RT under argon. After stirring for S min, iodoethane (30 pL,
0.40 mmol) was added, and then it was stirred overnight. The reac-
tion mixture was poured into H,0 (20 ml) and extracted with
EtOAc (2x10 ml). The organic layer was collected, washed with
H,O (10 mL) and brine (10 mL), and dried over MgSO0,. The solvent
was evaporated under reduced pressure to yield a yellow oil. 2~
NaOH (0.50 mL) was added to a solution of the residue in MeOH
(2.0 mL), and it was stirred at 60°C for 1 h. The reaction mixture
was evaporated under reduced pressure to remove MeOH. The so-
lution was poured into sat. NH,Cl (20ml) and extracted with
EtOAc (3x10 mL). The organic layer was collected, washed with
H,0 (2x10 mL) and brine (10 mL), and dried over MgSO,. The sol-
vent was evaporated under reduced pressure. Recrystallization
from MeOH afforded 7a as colorless needles (48 mg, 40% for 2
steps). Mp: 212.0-214.0°C; 'H NMR (500 MHz, CDCly): 0=8.91 (1H,
d, J=2.0Hz), 7.83 (1H, dd, J=9.0, 2.5 Hz), 7.26 (1H, d, /=80 Hz),
6.74 (1H, dd, J=8.0, 2.0 Hz), 6.65 (1H, d, J=2.0Hz), 6.26 (1H, d,
J=9.0 Hz), 449 (1H, sep, J=6.0 Hz), 406 (2H, q, J=7.0Hz), 3.32
(1H, sep, J=7.0 Hz), 1.34 (6H, d, J=6.0 Hz), 1.25 (6H, d, /=7.0 Hz),
1.24 ppm (3H, t, J=7.0H2); IR (KBr): v-=1698 cm™'; FAB-MS m/z;
343 [M+H]™; Anal. Caled for CygHp6N,05: €, 70.15; H, 7.65; N, 8.18.
Found: C, 70.18; H, 7.71; N, 8.46.
4-[N-Ethyl-N-(4-isopropyl-3-n-propoxyphenyl)amino]nicotinic
acid (7b). Following the procedure to synthesize 7a, 7b was ob-
tained as off-white cubics after being recrystallized from CH,Cl,/n-
hexane (62% for 2 steps). Mp: 147.0-148.0°C; 'H NMR {300 MHz,
CDCL): 6=891 (1H, d, J=2.0Hz), 7.86 (1H, dd, J=9.0, 2.0 Hz),
7.28 {1H, d, J/=8.0 Hz), 6.76 (1H, dd, /=80, 2.0Hz), 6.64 (1H, d,
J=2.0 Hz), 6.29 (1H, d, J=9.0 Hz), 4.13 (2H, q, J/=7.5 Hz), 3.88 (2H,
t, J=6.5 Hz), 3.35 (1H, sep, J=7.0 Hz), 1.84 (2H, m), 1.27 BH, t, J=
7.5 Hz), 1.26 (6H, d, J=7.0 H2), 1.07 ppm (3H, t, J=7.5 Hz); IR (KBn):
$=2963, 1682 cm™'; FAB-MS m/z: 343 [M+H"]; Anal. Calcd for
CagHzeN,05: €, 70.15; H, 7.65; N, 8.18. Found: C, 69.91; H, 7.61; N,
8.13.
4-[N-Ethyl-N-(3-isobutoxy-4-isopropylphenyllamino]nicotinic
acid (7c). Following the procedure to synthesize 73, 7¢ was ob-
tained as colorless needles after being recrystallized from CH,Cly/n-
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hexane (41% for 2 steps). Mp: 191.5-193.0°C; 'H NMR (300 MHz,
CDCly): 6=891 (1K, d, J=2.0Hz), 7.83 (1H, dd, J=9.0, 2.0 Hz),
7.26 (1H, d, J=8.0Hz2), 677 (1H, dd, J=8.0, 20 Hz), 6.64 {1H, d,
J=2.0Hz), 6.25 (1H, d, J=9.0 Hz), 4.04 (2H, q, /=7.0 HZ), 3.68 (2H,
d, J=6.5Hz), 3.36 (1H, sep, J=7.0Hz), 2.12 (1H, m), 1.26 (6H, d,
J=70Hz), 1.25 BH, t, J=7.0Hz), 1.06 ppm (6H, d, J=6.5 Hz); IR
{KBr): #=2960, 1684 cm™"; FAB-MS m/z: 357 [M+H*]; Anal. Calcd
for CyHaeN,05: C, 70.76; H, 7.86; N, 7.92. Found: C, 70.92; H, 7.90;
N, 7.89.
4-[N-Ethyl-N-{4-isopropoxy-3-isopropylphenyllamino]nicotinic
acid (7 d). Following the procedure to synthesize 72, 7d was ob-
tained as off-white cubics after being recrystallized from n-hexane
(54% for 2 steps). Mp: 2120-2140°C; 'HNMR ({300 MHz,
[DJIDMSO): 6==12.45 (1H, br s), 865 (1H, d, J=25H2), 7.77 (1H,
dd, J=9.0, 2.0 Hz), 7.04 (3H, m), 6.14 (1H, d, J=9.0 Hz), 493 (2H,
q, J=7.0Hz), 464 (1H, sep, J=6.0Hz), 3.23 (1H, sep, J=7.0 Hz),
1.31 (6H, d, J=6.0Hz), 1.15 (6H, d, J=7.0 Hz), 1.14 ppm (3H, t, /=
7.0 H2); IR {KBr): #1664 cm™'; FAB-MS m/z: 343 [M+H™]; Anal. Calcd
for CygHasN;0s: C, 70.15; H, 7.65; N, 8.18. Found: C, 70.02; H, 7.36;
N, 8.23.
3-lsopropoxy-4-isopropylaniline hydrochioride (14a HCl). 10%
activated Pd-C (catalytic amount) was added to a solution of 13a
(1880 mg, 8.4 mmol) in MeOH (15 mL). The reaction mixture was
stirred under H, atmosphere at RT for 4 h. The reaction mixture
was filtered through celite, and the celite cake was washed with
MeOH. The solution was concentrated under reduced pressure.
Conc. HCI (0.5 mL) and EtOAc (30 ml) were added to the concen-
trated solution. The precipitate was filtered to give colorless nee-
dles (1915 mg) containing 14a HCl (99%). 'HNMR (300 MHz,
CDCly): 6=9.84 (2H, br s), 7.23 (1H, d, /=8.0 Hz), 6.89 (1 H, 5}, 6.81
{1H, d, J=8.0Hz), 453 (1H, sep, J=6.0Hz), 3.19 (1H, sep, J=
7.0 Hz), 1.30 (6H, d, J=6.0 Hz), 1.14 ppm (d, J=7.0 Hz).
3-isobutoxy-4-isopropylaniline hydrochloride (14c HCi). Follow-
ing the procedure to synthesize 14a HCl, 14¢ HCl was obtained as
colorless needles (899%). 'H NMR (300 MHz, CDCl,): 6=6.98 (2H, br
s), 7.23 (1H, d, J=8.0Hz), 6.81 (1H, s), 6.80 (1H, d, J=8.0Hz), 3.73
(2H, d, J=6.5 Hz), 3.22 (1H, sep, J=6.5 Hz), 2.08 (1H, m), 1.16 (6H,
d, J=6.5 Hz), 1.02 ppm (6H, d, J=6.5 Hz).
2-[N-(4-Isopropoxy-3-isopropylphenyllamino}pyrimidine-5-car-
boxylic acid ethyl ester (16a). K,CO; (622 mg, 4.5 mmol) and DMF
(5 drops) were added to a mixture of 2-chloropyrimidine-5-carbox-
ylate {120 mg, 0.60 mmol) and 14a HCl (148 mg, 0.60 mmol). The
mixture was stirred at 120°C for 12 h. The mixture was poured into
2N HCl (30 mL) and extracted with EtOAc (2x30 mL). The organic
layer was collected, washed with H,0 (2x30ml) and brine
{20 mL), and dried over MgSO,. The solvent was evaporated under
reduced pressure, The residue was purified by flash column chro-
matography (EtOAc:n-hexane=1:6) to yield 16a {152 mg, 69%) as
a colorless solid. 'HNMR (500 MHz, CDCl,): 6=8.95 (2H, s), 7.39
(1H, br s), 7.34 (1H, d, J=2.0 Hz), 7.16 (1H, d, J=8.0Hz), 6.99 (1H,
dd, J=8.0, 2.0 Hz), 4.56 (1H, sep, J=6.0 Hz), 4.37 (2H, q, /=70 Hz),
3.28 (1H, sep, J=7.0Hz), 1.39 (3H, t, J=7.0Hz), 1.37 (6H, d, J=
6.0 Hz), 1.20 ppm (6H, d, J=7.0 Hz).
-[N-(AHsobutoxy-S-xsopropyIphenyl)amlno]pynmldme-s—carbox-
ylic acid ethyl ester (16¢). Following the procedure to synthesize
16a, 16c was obtained as a colorless solid (33%). 'HNMR
(300 MHz, CDCly): 6=8.95 (2H, s), 746 (1H, s), 726 (1H, d, J=
2.5Hz), 7.17 (1H, d, J=85Hz), 7.03 (1H, dd, J=8.5, 2.5 Hz), 438
(2H, q, J=7.0Hz), 3.76 (2H, d, J=65Hz), 3.31 (1H, m), 244 (1H,
sep), 1.39 (3H, t, J=7.0H2), 1.22 (6H, d, J=7.0 Hz), 1.07 ppm (6H,
d, J=7.0 Hz).
2-{N-Ethyl-N-{4-isopropoxy-3-isopropylphenyl)amino]pyrimidine-
S-carboxylic acid {8a). A solution of 16a (40 mg, 0.12 mmol) was
added to a suspension of NaH (8 mg, 0.20 mmol) in DMF (2.0 mL)
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under Ar atmosphere. The solution was stirred at RT for 10 min,
and then Etl (10 pL, 0.12 mmol) was added, and stirring was con-
tinued for an, additional 10 min. The solution was poured into H,0
(20 ml) and extracted with EtOAc (2x15 mb). The organic layer
was collected, washed with H,0 (2x20 mL) and brine (10 mL), and
dried over MgSO,. The solvent was evaporated to yield 38 mg of
colorless solid. 2N NaOH (2.0 mL) was added to a solution of the
residue (35 mg, 0.10 mmol) in EtOH (2.0 mL). The mixture was
stirred at 60°C for 10 min. The solution was neutralized with 2n
HCl and extracted with EtOAc {2x15 mL). The organic layer was
collected, washed with H,0 (2x20ml) and brine (10 ml), and
dried over MgSO,. The solvent was evaporated under reduced
pressure to yield 8a (32 mg, 88% for 2 steps) as a colorless solid.
Mp: 197.5-199.0°C; 'H NMR (300 MHz, CDCl;;: =874 (2H, s), 7.21
(1H, d, J=8.0Hz), 6.83 (1H, d, J=2.0Hz), 6.77 (1H, dd, /=8,
2.0 Hz), 4.56 (1H, sep, J=6.0 Hz), 4.00 (2H, q, /=7.0Hz), 2.11 (1H,
sep, J=7.0Hz), 1.26 (6H, d, J=6.0Hz), 1.19 (6H, d, J=7.0Hz),
1.16 ppm (3H, t, J=7.0 H2); IR (KBr): 71674 cm™; FAB-MS m/z: 344
[M-+H*]; Anal. Caled for CoHypsN;O;5: C, 66.45; H, 7.34; N, 12.24.
Found: C, 66.38; H, 7.29; N, 12.43.
2-[N-Ethyl-N-(4-isobutoxy-3-isopropylphenyl)amino]pyrimidine-
5-carboxylic acid (8¢). Following the procedure to synthesize 8a,
8¢ was obtained as colorless needles (69% for 2 steps), Mp: 180.5-
182.0°C; 'H NMR (300 MHz, CDCl;): =8.89 (2H, ), 7.26 (1H, d, J=
8.0 Hz), 6.79 (1H, dd, J=8.0, 2.0 Hz), 6.66 (1H, d, J=2.0 Hz), 4.06
(2H, q, J=7.0Hz), 3.69 (2H, d, J=6.5Hz), 3.34 (1H, m), 2.11 (1 H,
sep), 1.28 (3H, t, J=7.0Hz), 1.25 (6H, d, J=7.0 Hz), 1.05 ppm (6H,
d, J=6.5 Hz); IR (KBn): v-= 1673 cm"; Anal. Caled for CyH;pN305: C,
67.20; H, 7.61; N, 11.76. Found: C, 67.01; H, 7.25; N, 11.60.
Calculation of ClLogP Values. LogP values for compounds were
calculated with ChemDraw Uitra 7.0.

NBT Reduction Assay.

Culture of HL-60 cells. The -human promyelocyte leukemia cell line
HL-60 was cultured in RPMI1640, which contained 10% fetal
bovine serum {FBS) and antibiotics (2% of penicillin-streptomycin
solution purchased from SIGMA), in a humidified atmosphere of
5% CO, at 37°C.

NBT reduction assay!'®'®! Test compounds were dissolved in
DMSO at 20 mm for stock solutions. A test compound solution in
DMSO was added to a suspension of cells at a concentration of 8 X
10* celismL™". Final DMSO concentration was kept below 0.1%. For
vehicle and positive controls, the same volume of DMSO and
Am80™ solution in DMSO were added, respectively. After incuba-
tion for 4 days, NBT reduction assay was performed as described
below. Cells were incubated in RPMI1640 (10% FBS) and an equal
volume of phosphate-buffer saline (PBS (-)) containing 0.2 w/w%
NBT and 12-O-tetradecanoylphorbol-13-acetate (TPA, 200 ngmL™")
in a humidified atmosphere of 5% CO, at 37°C for 30 min. The
rate of cell differentiation was calculated by the percentage of cells
containing blue-black formazan using more than 200 cells. The
average of at least three results for each assay was calculated. Syn-
ergistic activities of test compounds with Am80 were evaluated in
the presence of 3.3x107"m of AmB80, which induces less than
10% of cell differentiation, according to the method described
above.

Luciferase Reporter Gene Assay

Culture of COS-1 cells. COS-1 cells were maintained in Dulbecco’s
modified Eagle's medium supplemented with 10% FBS in a hu-
midified atmosphere of 5% CO, at 37°C.
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Luciferase reporter gene assay!™'®'" Luciferase reporter gene
assays were performed using COS-1 cells transfected with three
kinds of vectors: each RXR subtype, a luciferase reporter gene
under the control of the appropriate RXR response elements, and
secreted alkaline phosphatase (SEAP) gene as a background. A
CRBPIl-tk-Luc reporter and plasmid DNA was purified by a QIA
filter Plasmid Midi kit. COS-1 cells were transfected with- QIA Effec-
tene Transfection reagent according to the supplier's protocol. Test
compound solutions whose DMSO concentrations were below 1%
were added to the suspension of transfected cells, which were
seeded at about 4x 107 cellsmL™" in 96-well white plates. For vehi-
cle and positive controls, the same volume of DMSO and S-cisRA
solution in DMSO were added, respectively. After incubation in a
humidified atmosphere of 5% CO, at 37°C for 18 h, some of the
medium was used for SEAP and the remaining cells were used for
luciferase reporter gene assays with a Steady-Glo Luciferase Assay
system {Promega) according to the supplier's protocol. The lucifer-
ase activities were normalized using secreted alkaline phosphatase
(SEAP) activities. The assays were carried out in duplicate three
times.
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The first subtype-selective RXR ago-
nist. NEt-3IP (7a) was found to be the
first RXRa/B-selective (or RXRo/B-dual)
agonist. Being potent, less lipophilic
than previous agonists, and having RXR
subtype-selective activity, NEt-3IP (7a) is
expected to become a hew drug candi-
date and to be a useful biological tool
for clarifying each RXR subtype func-
tion.
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Abstract .

To evaluate the effect of coupling of recombinant human serum albumin (fHSA) onto the surface of poly(ethylene glycol)-modified liposome
(PEG liposome) on the in vivo disposition characteristics of liposomal doxorubicin (DXR), the pharmacokinetics and tissue distribution of
DXR were evaluated after intravengus administration of rHSA-modified PEG (tHSA/PEG) liposomal DXR into tumor-bearmg rats, rtHSA/PEG
liposome prepared using a hetero-bifunctional cross-linker, N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP), efficiently encapsulated DXR
(over 95%). rHSA/PEG hposomal DXR showed longer blood-circulating property than PEG liposomal DXR and the hepatic and splenic clearances
of tHSA/PEG liposomal DXR were significantly smaller than those of PEG’ liposomal DXR. It was also demonstrated that the disposition of DXR
to the heart, one. of the organs for DXR-related side-effects, was slgmﬁcantly smaller than free DXR. Furthermore, the tumor accumulation of
rHSA/PEG liposomal DXR was significantly larger than that of PEG liposomal DXR, The “therapeutic index”, a criterion for therapeutic outcome,
for rHSA/PEG liposomal DXR was significantly higher than PEG liposomal DXR. These results clearly indicate that rHSA-conjugation onto the
surface of PEG liposome would be a useful approach to increase the eﬁ’ecuveness and safety of PEG liposomal DXR.

© 2007 Elsevier B.V, All rights reserved.

Keywords: Recombinant human serum albumin (rHSA); PEG liposome; Doxorubicin; Tumor-bearing rats; Passive targeting

1. Introduction : tumors (eénhanced permeability and retention (EPR) effect),
which provides a great opportunity for passive targeting of lipo-
Liposomes containing either monosxaloganghosxde Gmi somal anticancer agents into tumor tissues (Maeda et al., 2000;
(Allen et al., 1989) or polyethylene glycol (PEG) derivatives Luigi et al., 2003).
(Blume and Cevc, 1990; Klibanov et al., 1990; Allen et al., Doxorubicin hydrochloride (DXR) is the most commonly
1991 Maruyama et al., 1992; Woodle and Lasic, 1992; Yuda'et used anthracycline and is one of the most active agents in the
-» 1996) are not readily taken up by the macrophages inretic-  treatinent of breast cancer. However, it sometimes causes car-
uloendothehal system (RES), and hence remain in'the blood .diotoxicity, which could lead to congestive heart fajlure and
circulation for a relatively long period of time. Particularly, . death (Dresdale et al,, 1983; Speth et al., 1988). Oxie of the
PEG-modified liposomes (PEG liposomes) have been utilized approaches to avoid DXR-related toxicity is to encapsulate it
as a particulate carrier for anti-imor therapy due to their loig  into appropriate drug carriers, which: provides a change in the
circulation time. Generally, as the capillary permeability of*  in vivo distribution of DXR, resulting in reduced DXR levels
the endothelium in newly vascularized tumors is significantly  in the heart (Abraham et al., 2005). DXR encapsulated in PEG
greater than that of normal organs, long-circulating PEG lipo-  liposome, known as Doxil in the United States, has revealed an

somes are preferentially delivered and accumulated into the  increased therapeutlc efficacy and reduced cardiotoxicity com-
pared to free DXR (Working and Dayan, 1996; Gabxzon et al.,

2003).
* Corresponding author, Tel.: 481 86 251 7948; fax: +81 86 251 7926, In the previous study, we reported that rat serum albumin
E-mail address: kimura@pharm.okayama-u.ac, jp (T. Kimura). * + (RSA)-conjugated PEG liposomes showed the longer circula-

0378-5173/$ ~ see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j .ijphann.2007.l 1.008 ’
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tion time than PEG liposomes afjer intravenous administration

into rats (Furumoto et al., 2007), suggesting the potentml of .
the albumin-conjugated ‘PEG hposomes as a suitable carrier for

various anticancer drigs. Albumin. is one of the endogenous,

non-toxic, non-immuno, genic and relatively hydrophilic proteins
in the body, Its introduction on the surface of hposomes reduced
the association of serum proteins including some given serum
opsonins onto the surface, resulting in the more prolonged circu-
lation time of PEG liposome (Furumoto et: a} 2007). However,
since the conjugation of rat sérum albumin onto PEG liposome
with carbodiimide has to be conducted under weakly acidic
condition, the pH remote loading method (Mayer et al:, 1986;
Madden et al., 1990), which can encapsulate DXR into the lipo-
some very efficiently, was not available. In the present study, we
changed the method for albumin conjugation in order to encap-
sulate DXR into liposomes by utilizing the pH remote loading
method. N-Succinimidyl 3-(2-pyridyldithio) propionate (SPDP)
(Carlsson et al., 1978) was selected as a hetero-bifunctional
cross-linking agent to couple recombinant human serum albu-
min (tHSA) onto PEG liposome. This method allowed us to
employ the pH remote loading of DXR into the liposome. Then,
the effect of THSA-conjugation to PEG liposome was evaluated
in terms of pharmacokinetics and biodistribution of liposomal
DXR in Yoshida sarcoma (LY-80)-bearing rats.

2. Materials and methods
2.1. Materials

Egg phosphatidylcholine (egg PC) was purchased from
ASAHI KASEI Chemicals Industry Inc. (Tokyo, Japan).
Cholesterol (Chol), doxorubicin hydrochloride (DXR) and dau-
norubicin hydrochloride were obtained from Wako Pure
Chemxcal Industry Inc. (Osaka, Japan). Dioleoyl phos-
phatldylethanolarmne (DOPE) and distearoylphosphatidyle-
thanolamine-N-[methoxy poly (ethylene glycol)-2000] (PEG-
DSPE) were purchased from NOF Inc. (Tokyo). SPDP was
purchased from PIERCE Inc. (Rockford, IL, USA). rtHSA was
gifted from Bipha Inc. (Chitose, Japan).

2.2. Synthesis of PDP-DOPE; as a linker of
rHSA-conjugation with liposomes

We synthesized a DOPE derivatized with terminal
pyridyldithiopropionate’ (PDP) groups as previously reported
(Barbet et al., 1981; Ishimori et al., 1984). Mixture of DOPE
in chloroform-and SPDP in methanol (SPDP DOPE=67.2:78
molar ratio) were stirred for 2h under nitrogen gas at room
temperature after a small aliquot of triethylamine was added
to the mixture. To remove unreacted SPDP, the organic phase
was teverse-exuacwd with phosphate—buffered saline (PBS; pH
74) three times. After the organic solvent was evaporated, the
residue was re-dissolved in chloroform to give a final con-
centration of 10 wmol PDP-DOPE/mL. Thin layer chromatog-
raphy (solvent; chloroform:methanol:water = 65: 25:4 molar
ratio) on silica gel indicated a single spot under UV
illumination,
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2.3. Preparation of liposomes

Liposomes were prepared according to the following
procedures. Lipid mixture (Bgg PC:Chol:PEG-DSPE:PDP-
DOPE = 61:30:5:4 molar ratio) was dried by rotary evaporator at
40°C, Two hundred and fifty mM ammonium sulfate solution
(pH 5.5) was added to the thin-film of lipids arid the mixture
was hydrated at 60 °C. The resultant suspension was extruded
at least 10 times through polycarbonate membranes of 100 nm
pore size (Whatman plc., Brentford, UK). Extérnal solution was
replacéd with PBS (pH 8.0) by gel filtration with a Sephadex
(G-25 column (PD-10, GE Healthcare Ltd., Buckinghamshire,
UK).

DXR was encapsulated into liposome using the pH remote
loading. method (Bolotin et al., 1994), DXR was dissolved
at 7mg/mL in PBS (pH 8.0), and then, immediately mixed
with liposomal suspension and incubated at 60 °C for 1h.
Non-encapsulated DXR was removed with a PD-10 column
equilibrated with PBS (pH 8.0). The extent of DXR encapsu-
lation was determined by ineasming liposomal DXR amount by
HPLC method as described below,

2.4. Coupling of PDP-rHSA to liposomes

SPDP in methanol was added to rHSA dissolved in PBS
(SPDP:rHSA =20:1 molar ratio) under nitrogen gas and the mix-
ture was mcubated at room temperature for 30 min. Excess of
SPDP was then removed by. Sepharose CL-6B column -(Bio-
Rad, Emeryville, CA) equilibrated with acetate buffer (pH
4.5). PDP-rHS A was incubated with dithiothreitol (DTT) (PDP-
tHSA:DTT = 1:250 miolar ratio) for 20 min at room temperature
and the reaction mixture was applied to a Sepharose CL-6B col-
umn equilibrated with PBS (pH 8.0) to remove unreacted DTT.
The activated rHSA in the elution was dropped to liposomal
suspensions and the mixture was left at least for 18h at room
temperature under nitrogen gas with gentle stirring. Unreacted
rHSA was removed by Sepharose CL-6B column equilibrated
with PBS (pH 8.0). As a control, “PEG liposome” was also
prepared by coupling cysteine instead of rHSA.

2.5. Physicochemical characterization of rHSA-conjugated
PEG liposomes ( rHSA/PEG liposomes) encapsulating DXR

The diameter of the liposomes was determined by light-
scattering spectroscopy using a NICOMP zls-370 (Particle
Sizing System, Santa Barbara, CA). Lipid and tHSA amounts
were estimated by using Phospholipid B test Wako and albu-
min test Wako (Wako Pure Chemical Industres, Osaka),
respectively. Each liposome sample. was subjected to SDS-
polyacrylarmde gel electrophoresis (SDS-PAGE) s previously
reported (Furumoto et al., 2007).

In vitro stability of liposome: encapsulahng DXR was tested
as follows: DXR-encapsulated liposomal suspensxons were
mcpbated with the saime volume of rat plasma at 37°C for
2h. Then, the: released DXR was separated by the Sepharose
CL-6B; column and was determined spectrofiuvorometrically
(Ex-SOOnm Em= 550nm)
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2.6. Determination of the amount of serum proteins
associated with liposomes

. Liposomes were incubated in rat serum (liposomal suspen-
sioniserum = 1:1, viv)for20 minat37 °C, and subsequently bulk
serum proteins were removed by Sepharose CL-4B column (Bio-
Rad, Emeryville, CA) The amount of serumprotems associated
with liposomes was. calculated by subtracting the amount of
rHSA coupled with liposomes from the amount of total protein
quantified by Lowry’s method (Lowry et al., 1951).

2.7. Animals

Male Donryu rats weighing 200280 g (Charles River Lab-
oratories Inc., Yokohama, Japan) were used throughout the
present study. Rats were maintained at 23°C and 55% of
humidity with free access to standard'rat food and water. Our
investigations were performed after approval by our local ethical
committee at Nipro Corporation and Okayama University; and
in accordance with Principles of Laboratory Animal Care (NIH
publication #85-23).

2.8. In vivo disposition experiments

LY-80, rat ascites sarcoma cell line was kindly provided
from Cell Resource Center for Biomedical Research, Institute
of Development, Aging and Cancer, Tohoku Umversxty (Sendai,
Japan). Rats were subcutaneously inoculated into the thigh with
1.0x 10% LY-80 cells in a volume of 0.1 mL. Liposomal DXR
or free DXR was intravenously injected at 2.0 mg/kg as DXR
around 7 days after the tumor inoculation, when the tumor grew
up to about 600 mm? in volume. Then, blood samples were peri-
odically taken from the cannulated jugular vein. Blood samples
(0.2mL) were cenmfuged immediately at 4000 x g for Smin

and the obtained plasma samples were kept at —20 °C until anal-/

ysis. Tissue distribution studies were conducted as follows. At
3 h after intravenous injection, organs (liver, spleen, heart and
tumor) were excised, rinsed with PBS and weighed. All tissues
were stored at ~20 °C until analysis.

2.9. Analytical method

DXR was extracted from plasma and tissue samples as previ-
ously reported (Bally et al., 1990; Embree et al., 1993). In brief,
0.1'mL of plasma was added to 0.9 mL of saturated ammonium
sulfate (pH 4.0 buffered saline) with daunorubicin, an internal
standard. Subsequentiy, the sample was extracted with 2mL of
chloroform/isopropanol (1:1, v/v). Following vigorous mixing,
1600 x g-centrifugation and the evaporation of organic phase,
the residue was re—dlssolved in HPLC mobile'phiase, In the case
of tissue'samples, after each tissize was homogemzed with PBS
(pH 7.4) (3.0 g/mL), 1 mL of the homogenate was subjected to
* the same procedure used for plasma samples.

The HPLC system was composed of LC-10AS pump, SIL-
10A autosa.mpler, RF-10A fluorescence detector (Shimadzu,
Kyoto, Japan) setat Ex = 5(_)0 nm and Em =550 nm. An ODS col-
umn (5C;g, 150 mm x 4.6 mm i.d., Nacalai Tesque, Inc., Kyoto)

was used at room temperature. The mobile, phase was 1/15M
KH2P04 CH3CN 75:25.(v/v, pH 4.16,adjusted with H3POy,),
which was delivered at 1.0 mL/min; The coefficient of variation
(CV)for standard curves ranged from 2.3 t0.5.6 and the squared
correlation coefficient was.over 0.99.

2.10. Pharmacokinetic analysis
Plasma concentmﬁons of DXR (Cp) versus time curves were

analyzed by Eq. (1) using the non-linear least-square regression
program MULTI (Yamaoka et al., 1981)

Cp=Ae™™ 4+ Be P @

The area under the plasma concentration-time curve (AUC)
was calculated by the following equation:

; A
AUC = / Cpdt (1 =00) @)
0

Tissue clearance (CLyssue) Was calculated by the following
equation:
1

X
CLtissue = o

AUC] (t=3h) 3)

where AUC) means AUC value from 0 to time 1, and X} repre-
sents the amoum of liposomes in a tissue at time #.

-2.H. Statistical analysis

Results are expressed as the mean %= S.D. Analysis of vari-
ance (ANOVA) was used to test the statistical significance of
differences among groups. Statistical significance in the differ-
ence of the means was evaluated by using Student’s t-test or
Dunnett’s test for the single or multiple comparisons of experi-
mental groups, respectively.

3. Results

Several physicochemical characteristics were evaluated for
DXR-encapsulated tHSA/PEG liposome and PEG lipasome.
The average diameters of DXR-encapsulated rHSA/PEG and
PEG liposomes were 94.4+6.4 and 95.58.1nm, respec-
tively. DXR encapsulation efficienciés were 97.41.4% and
95.842.1% for rHSA/PEG liposome and PEG liposome,
respectively. The amount of THSA conjugated onto-the surface
of PEG liposome was 5.3+1 6p,g/p,mol total lipid. SDS-
PAGE analysis under non-reducing condition revealed that
rHSA coupled onto the surface of liposome was exclusively
in' a monomeric form (data: not shown). The release of DXR
from. the two PEG liposomal preparations was evaluated in an
in vitro study for 2h at 37 °C. The released fraction of. DXR:
was 2.3 +2.6% or 9.3 £ 5.4% for rHSA/PEG or PEG liposome,
respecmcly

The in vivo disposition of DXR was evaluated after intra-
venous injection of free DXR, PEG liposomal DXR or
rHSA/PEG liposomal DXR into tumor-bearing rats at a dose
of 2.0mg/kg as DXR. The plasma concentration-time curves
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Table 1

Pharmacokinetic parameters of DXR after mtravenous administration. of ﬁ'ee DXR, PEG liposomal DXR or rHSA/PBG hposomal DXRto mmor-beanng rats

| AUC (sgh/mL) ‘CLigw (mL/h) Vg (mL) k@)
Free DXR 452 % 0.69 131.0 = 16.1 27.8 £ 5.5 486 £ 1.5
"PEG liposomal DXR 33.8 + 2.8t 179 + 101 19.5 £ 4.41 095+ 0,171
THSA/PEG liposomal DXR 89.7 &-12.9"t 70 £ 120 149 £ 09! 0.47 & 0.08%

Each prepa:auon was dosed at 2, Omg/kg as DXR, AUC, aréa under the plasma concentration-time curve; CLioual, toml cle.arance, Va, apparent distribution volume,
and ke, elimination rate constant, wére calculated based on two-compartment model.. Resilts are expressed as the mean= S.D. of three experiments. *p<0.05,
compared with PEG hposomal DXR. tp<0.05; tp<0.01, compared with free DXR.

Plasma concentration of DXR (ug/mL)

Time (r)

Fig. 1. Plasma concentration~time profiles of DXR after intravenous. admin-
istration of free DXR, PEG liposomal DXR or rHSA/PEG liposomal DXR to
tumor-bearing rats. Each preparation was dosed at 2.0 mg/kg as DXR. Keys: (6)
rHSA/PEG liposomal DXR; (&) PEG liposomal DXR; () free D)Gl Results
are expressed as the mean = S.D. of three experiments. *p <0.05; **p <0.01;

compared with PEG liposomal DXR. {p<0.05; ttp <0.01, compared with free
DXR.

of DXR after intravenous administration of each preparation
were shown in Fig. 1 and pharmacokinetic parameters of DXR
were summarized in Table 1. Fig. 1 clearly shows that the
injection of rtHSA/PEG liposomal DXR exhlbxted much higher
plasma concentratlons of DXR compared with free DXR injec-
tion, arid moreover significantly higher than the injection of
PEG liposomal DXR. AUC of DXR for rHSA/PEG liposome
(89.7 % 12.9 p.g h/mL) was significantly larger than that for PEG
liposome (33.8 4 2.8 wg h/mL), but both values of AUC were

(A)

Liver [P o VLA LL AL
i j

50 60 70

30 40

Amouni of DXR (pg/tissuc)
Fig. 2. Tissue distribution of DXR af;er intravenous administration of free DXR, PEG liposomal DXR or rHSA/PEG liposomal DXR to tumor- beanhg rats. (A)
Distributed amount of DXR at 3 h after intravenous administration. (B) Tisste clearance calculated aocondmg to Eq. (3). Bach preparation was dosed at 2.0 mg/kg

as DXR. Keys: ({J) free DXR; (@) PEG liposoma! DXR; (®) rHSAIPEG liposomal DXR. Results are expressed as the mean = S.D. of three experiments. *p <0.05,
compared wnh PEG liposomal DXR in each tissue. 1p<0.05; tp <0, 01, compared with free DXR in each tissue.

o 10 20
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extensively larger than that for free DXR (4.52 = 0.69 pg h/mL).
Total body clearance (CLioti), distribution volume (Vy) and
elimination rate constant (k.;) of DXR for both PEG liposo-
mal preparations were significantly smaller than those for free
DXR. Furthermore, tHHSA/PEG liposome provided significantly
smaller GLiga1 and ke of DXR than PEG liposome. These results
clearly indicate that rHSA-conjugation prolongs the residence
time of PEG liposomal DXR in blood circulation.

In the in vivo disposition study, the distribution of DXR after
intravenous administration of each preparation was investigated
for liver, spleen and heart (Fig. 2), because liver and spleen are
main organs for liposome disposition and cardiotoxicity is a
critical side-effect of DXR. At 3 h after injection, dlstnbunon of
DXR into RES was larger for both PEG hposomal preparation
than that for free DXR, but the hepatic and splenic clearances
were remarkably smaller for both liposome preparations than
that for free DXR, suggesting that rHSA/PEG and PEG lipo-
somal preparations would suppress and delay the uptake of
DXR into RES. Furthermiore, it was revealed that the hepatic
and splenic clearances of DXR for tHSA/PEG liposome were
significantly smaller than those for PEG hposome, suggesting

that the affinity of tHSA/PEG liposome to these organs would

be less than PEG liposome. In addition, PEG liposomal prepa-
rations significantly suppressed the distribution of DXR into
heart compared with free DXR, although there was no signifi-
cant difference between rHSA/PEG liposome and PEG liposome
(Figs. 2 and 3), '

To obtain some clue to explain the reason for the lower
hepatic and splenic clearances of rHSA/PEG liposomal DXR
than PEG liposomal DXR, we measured the amount of serum
proteins associated onto the surface of tHSA/PEG or PEG lipo-
somes (Fig. 3). The result clearly demonstrated that the amount

®)
t
Heart |t
I LALR
Spleen #: +
Liver "t
| 1 L 1 2 " Iy 'y
0 5 1015 20 25 30 35
Tissue clearance (mL/hr)
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Associated amount
“(ng/umol total lipid)
»

Fig. 3. Amount of serum proteins associatéd on surface of PEG liposome and
fHSA/PEG liposome prepared by SPDP method. Results.are expressed as the
mean % 8.D. of three experiments. *p <0.05, compared with PEG liposome. The
amount of serum proteins associated with rHSA/PEG liposome was calculated
by subtracting the amount of rHSA coupled with liposomes from the total protein
amournt measured,

of associated serum proteins was significantly reduced by the
rHSA-conjugation.

Next, we evaluated the d13pos1t10n of DXR into tumor tis-
sue at 3 h after intravenous administration (Fig. 4). ngmﬁcantly
increased tumor distribution of DXR was observed for both
tHSA/PEG and PEG liposomal preparations compared with
free DXR. Furthermore, it should be noted-that the amount of
DXR in tumor was significantly larger for rHSA/PEG hposome
than PEG hposome, demonstrating the usefulness of rHSA-
conjugation onto PEG liposome for the better DXR delivery
into tumor tissues.

The therapeutic outcome of DXR would be evaluated by the
balance between its anti-tumor effect and side-effect. Therefore,
as a criterion for therapeutlc outcome, . the therapeutlc index,
tumor to heart ratio of DXR amount, was calculated forboth PEG
liposomal preparations and free DXR (Fig. 4). The therapeutic
index of tHSA/PEG liposomal DXR: was the largest among the
three preparations, although PEG liposomal DXR was also sig-
nificantly better than free DXR, This result clearly demonstrates
that tTHSA/PEG liposomal DXR would provide better EPR effect
for tumor tissues than PEG liposomal DXR.

4. Discussion

- Long-circulating particles are promising carriers for passive
targeting of drugs into tumors or inflamed tissues, where the
integrity of the endothelial barrier i is perturbed, via EPR effect
(Gabizon and Papahadjopoulos, 1992; Jang et al., 2003), In this
study, we triéd to evaluate the pharmacokinetics and biodistribu-
tion of DXR encapsulated into rHSA-conjugated PEG liposome
in tumor-bearing rats.

Several factors such as particle size, charge and lipid compo-
sition of liposome have been reported to influence the in vivo fate
of liposomes after intravenous administration in rats (Gabizon
et al., 1993 Harashima et al., 2002). Among them, the size of
liposome is one of the most important factors to influence the
EPR effect-driven tumor disposition and the liposomes with the
diameter of less than 150 nm are reported to be suitable for the
efficient dehvery (Harashima and Kiwada, 1996; Drummond
et al., 1999; Takeuchi et al., 2001). Therefore, we decxded to
prepare hposomes with a diameter of 100 nm.

In our previous study, we clearly demonstrated that RSA-
conjugated PEG liposome (RSA/PEG liposome), prepared by
using carbodiimide, prolonged the blood circulation time of PEG
liposome after intravenous administration in rats (Furumoto et
al., 2007). Carbodiirhide has been widely used as carboxyl-
and amine-reactive cross-linker to prepare immunoliposomes
(Endoh et al., 1981), polymer—protein conjugates (Dilgimen et
al., 2001) and unmunormcrospheres (MacAdam et al 2000).

Amount of DXR Therapeutic-index
x —PLZIIIIII | S ’
"t 1. liposomal DXR
' ._@ PEG liposomal
t DXR
A e
1 i 1‘ 1 [ - 1 ' Il i
20 15 10 0.5 0 - 0 s . 10 15
pgfissue ‘Tumor 1o heart ratio
of DXRamoum

Fig. 4. Amounts of DXR in tumor and heart at 3h (iéft) and therapeutic index (right) of free DXR, PEG liposomal DXR or tHSA/PEG liposomal DXR after
intravenous administration to tumor-bearing rats. Each-preparation was dosed at 2 Omg/kg as DXR. Therapeutic index was calculated as the tumor to heart ratio
of DXR amount. Keys: ) DXR amount in ‘the tumor; ({J) DXR amount in the heart; () thempeuuc index of each formulation. Results are expressed as the
mean = S.D, of three experiments. *p<0 .05, compared with PEG hposomal DXR. tp<0.05, compnred with free DXR.
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However, the pH remote loading method is not available for
DXR encapsulation into the albumm-conjugated PEG liposome,
since carbodiimide can acnvate carbonyl group. only atalowpH
_ region, especially between 3.5 and 4.5 during the first step of
reaction (Nakajima and Tkada, 1995). Therefore, in the present
study, we chose SPDP as the hetero-bifunctional-cross-linker
(Carlssonetal., 1978) to prepare rHSA/PEG liposomes, because
the coupling reaction cdn be conducted under weakly alkaline
pH, which makes it possible to perform the pH remote load-
ing method for encapsulating DXR into tHSA/PEG liposomes.
SPDP has been widely used-for the preparation of disulphide-
linked protem—protem conjugates (Moll and Thompson, 1994,
Takeoka et al., 2001) and immunoliposome (Barbet et al., 1981;
Ishimori et al., 1984} Schwendener et al., 1990). As a result,
the encapsulation efficiency of DXR jnto tHSA/PEG liposomes
or PEG liposomes was very high and more than 95% of DXR
added was successfully encapsulated

In vivo disposition studies in tumor-bearing rats revealed
that the DXR encapsulation into rHSA/PEG liposomes or PEG
liposomes dramatically -changed the in vivo disposition char-
acteristics of DXR itself (Fig. 1 and Table 1). Furthermore,
rHSA-conjugation onto the surface of liposomes significantly
prolonged the blood circulation of DXR compared with PEG
liposomal DXR. Taken that the in vitro release study demon-
strated that DXR was stably and similarly encapsulated within
both liposomal preparanons in the presence of plasma and that
fiee DXR was unmedxately cleared from the blood circulation
after injection (Fig. 1), the in vivo drsposmon characteristics
of rtHSA/PEG liposomal DXR or PEG liposomal DXR is con-
sidered to mainly represent the pharmacokinetics of each PEG
liposomes themselves. In addition, rHSA/PEG liposomes sig-
nificantly reduced the hepatic and splenic clearances of DXR
compared with PEG hposomes although both PEG liposomal
preparations remarkably decreased both tissue clearances com-
pared with free DXR (Fig. 2B). Although the disposition amount
of DXR in the liver and spleen was larger for both tHSA/PEG
and PEG hposomal DXR than that for free DXR, it would be
~ because the distribution of DXR into and the subsequent elim-
ination of DXR from the liver is delayed and prolonged for
liposomal preparations, compared with free DXR. The distri-
bution of free DXR to and its subsequent elimination from the
liver due to the metabolism, bxhary excretion or efflux back to
the blood stream are very fast (Colombo et al., 1994; Workmg
and Dayan, 1996). In the case of heart, the amount of DXR at3 h
would reflect the accumulation of DXR in heart (Figs. 2 and 4),
.considering the very rapld elimination of free DXR from plasma
(Fig. 1). Clearance values also confirmed that both PEG lipo-
somal preparatmns significantly attenuated DXR distribution
to heart (Fig. 2B). As Speth et al.-(1988) reported that one
of the acute or delayed toxicities derived from DXR was car-
diac arrhythrnias or cardiomyopathy, respectively, the decrease
in DXR distribution to heart would be one of the advantages
rHSA/PEG liposome can provide. ;

As described above, in vivo disposition studies clearly indi-
cated the longer circulation of tHSA/PEG liposomal DXR and
Jower values of tissue clearances for liver and spleen than PEG
liposomal DXR. The serum proteins associated onto the surfac_e

of liposomes systematically administered have been suggested
to be one of the most important factors to detemnne their in
vivo fate (Drummond et al., 1999; Luigi et al,, 2003). Chonn
et al. (1992) reported that the amount of serum proteins asso-
ciated on the liposomes used was inversely related to their
circulation half-lives. Our present findings also revealed that
less amount of serum proteins was associated on rHSA/PEG
liposomes than PEG liposomes (Fig. 3). Since the recognition
of surface-associated serum opsonins by their corresponding
receptors is‘mainly a trigger for the receptor-mediated hepatic
uptake of liposomes, it is considered that the rHSA-conjugation
on PEG liposome suppressed the association of serum proteins
including some serum opsonins. Western blotting will be use-
ful to address the possible less-association of typical serum
opsonins on FHSA/PEG liposome and will be the subject of
our further study.

The movement of liposomes into the tumor interstitium is
principally via extravasation through the discontinuous endothe-
lium of the tumor microvasculature (Drummond et al., 1999),
Since the maintenance of high blood leve! or large AUC of par-
ticulate drug carriers is one of the driving forces for the efficient
extravasation into tumor tissues (Druimimond et al., 1999), it
can be considered that rHSA/PEG liposomal preparation suc-
cessfully improved the tumor disposition of DXR over PEG
liposomal preparation via EPR effect (Fig. 4). For DXR to exert
the anti-tumor effect, DXR must be released and taken up.by
the surrounding tumor cells, Although DXR is stably incorpo-
rated in tHSA/PEG liposomes in plasma, DXR release from the
liposome preparanons would be enhanced after liposomes are
extiavasated into tumor tissues, considering that malignant effu-
sions significantly elevated the release of DXR from liposome
preparation (Gabizon, 1995). Elucidation of local release profile
of DXR in tumor tissues will be the subject for further study.

From the viewpoint of clinical therapeutics, the balance
between pharmacological and adverse effects is very impor-
tant. Therefore, we calculated the therapeutic index defined as
the ratio of the amoimt of DXR delivered to tumor, the site
of action, to the DXR amouint at potential sites of toxicity,
heart (Fig. 4). Therapeutlc index was the highest for tHSA/PEG
liposomal DXR, suggesting that rHSA-conjugation on PEG
liposome would increase the anti-tumor - effect as well as the
safety of liposomal DXR.

In conclusion, tHSA modification on the surface of PEG lipo-
some significantly prolonged the blood circulation time of PEG
liposomal DXR, leading to hxgher DXR amount in the tunior,
butlower level of DXR in heart after intravenous administration.
These findings are very useful to optimize albumin-conjugated
PEG liposome for the passive targeting of encapsulated drug and
for the better therapeutic outcome.
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To elucidate the determinants of the in vivo anti-tumor efficacy of polyethylene glycol (PEG)-modified
liposomal doxorubicin (DOX), we examined its anti-tumor effect against three different tumor cell lines
(Lewis lung cancer (LLC), Colon-26 (C26) and B16BL6 melanoma (B16)) in vitro and in vivo. In vitro, LLC
was the most sensitive tumor to DOX and liposomal DOX based on the MTT assay. However, the strongest
in vivo anti-tumor effect was observed in the C26 tumor-bearing mice. The in vivo accumulation of radio-
labelled PEG liposome in the C26 tumor after intravenous injection was significantly larger than in other
tumors. The extent of vascularity assessed by immunohistochemical staining of CD31 was not directly
related with the tumor accurnulation of PEG liposome. On the other hand, Evans blue extravasation and
secretion of VEGF in C26 tumors were higher than in LLC tumors, clearly demonstrating: that the vascula-
ture permeability was higher within C26 tumors. These results indicated that the vascular permeability
within the tumor substantially affects the tumor accumulation of PEG liposome and may be one of the

important determinants in the in vive anti-tumor efficacy of PEG liposomal DOX.

© 2008 Elsewer B.V. All rights reserved.
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1. Introduction

The clinical usefulness of the 3-(4,5-dimethylthiazol-2-yl}-
2,5-dipheny! -tetrazolium bromide (MTT) assay-based in vitro
chemosensitivity test is widely recognized to predict patient
responses to particular drugs, allowing for the selection of appro-
priate chemotherapeutic drugs and the avoidance of ineffective
drugs, thereby improving pétient survival (Tonn et al, 1994;
Nakamura et al, 2006), Accumulating knowledge on this assay
revealed its usefulness especially to avoid the administration of
ineffective chemotherapeutic drugs to patients. However, there
are papers reporting the false-positive results of MTF assay-based
selection of drugs (Smit et al., 1992; Kratzke and Kramer, 1996;
Shaw et al., 1996). These results indicate that not only the in vitro
sensitivity of tumor cells isolated from patients toward a given
chemotherapeutic drug but also the in vivo disposition character-
istics of the drug including its accessxb:hty to tumor tissite would
be the important determinants for the therapeutic outcome in the
cancer chemotherapy.

Most solid tumors possess unique pathophysiological char-
acteristics that are not observed in normal tissuesforgans, such

* Corresponding author. Tel.: +81 86 251 7948; fax: +81 86 251 7926.
E-mail address: kimura@pharm.okayama-u.acjp (T. Kimura),

0378-5173/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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as extensive angiogenesis, defective vascular architecture and
impaired lymphatic drainage/recovery system. Generally, the cap-
illary permeability of the endothelium in newly vascularized
tumors is significantly greater than that of normal organs. Many
of drug, delivery. approaches to taxget tumors take advantage of
these unique pathophysiological properties of tumor vasculatures
(Maeda et al,, 2000). Due to the long circulation time of polyethy-
lene glycol (PEG)-modified liposomes (PEG liposome) and the
leakiness of the microcirculation in the solid tumors, PEG liposome
containing anticancer drugs has-been shown to accumulate pref-
erentially in the tumors (Unezaki et al; 1996; Gabizon et al., 2006;

Heyes et al., 2006). This phenomenon known as the enhanced per-
meability and retention (EPR) effect has been generally observed
in many types of solid tumors and prowdes a great opportunity
for passive'targeting of liposomal anticancer agents into the tumor
tissue (Northfelt et al, 1998; Schmidt et al.,, 1998). PEG liposomal
doxorubicin (Doxil®, Caelyx®) has been approved for the treatment
of several types of cancers in Japan, US. and Europe. However,
the extent of vascularity and permeability of vasculatures within
tumors might be different from one tumor to the other. There-
fore, these pathophysxologlcal differences in the tumor may result
in the different therapeutic effects in the EPR effect-based ther-
apy. In the present study, we prepared the different tumor-bearing
mice models (colon adenocarcinoma, C26; Lewis lung cancer, LLC;

and B16BL6 melanoma, B16)and analyzed these pathophysiological
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characteristics of each tumor. Therapeutic effect of intravenously
administered PEG liposomal doxorubicin (DOX) was also evaluated
in these tumor-bearing mice models to find out determinants for
the EPR effect-based in vivo anti-tumor effects of PEG liposomal
DOX including the in vitro sensitivity of these tumor cells to DOX.

2. Materials and methods
2.1. Materials

Distearoy!l phosphatldylethanolamme—N—[methoxy poly (ethy-
lene glycol)-2000] (PEG-DSPE) and hydrogenated soybean phos-
phatidylcholine (HSPC) were purchased from NOF Inc. (Tokyo,
Japan). Cholesterol (Chol) and [3H] Cholesteryl hexadecy! ether
{[3H] CHE) were purchased from Wako Pure Chemical Industry Inc.
(Osaka, Japan) and PerkinElmer Life Science Inc. (Boston, MA, USA),
respectively. Doxorubicin (DOX), 3-amino-9- ethylcarbazole (AEC)
tablets and 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT), Dilbecco's modified Eagle’s medium (DMEM),
RPM], fetal bovine serum (FBS) and antibiotics were obtained from
Sigma (St. Louis, MO, USA). Rat anti-mouse CD31 or rat anti-
mouse vascular endothelial growth factor (VEGF) antibody was
purchased from BD Biosciences (San Jose, CA, USA) or from R&D
Systems (Minneapolis, MN, USA), respectively. Horse radish per-
oxidase (HRP)-conjugated rabbit anti-rat 1gG or goat anti-rabbit
IgG was purchased from Zymed Laboratory (San Francisco, CA). All
other chemicals were of the finest grade available.

2.2. Cells

LLC, C26 and B16 were kindly provided from Cell Resource Cen-
ter for Biomedical Research, Institute of Development, Aging and
Cancer, Tohoku University (Sendai, Japan). LLC was cultured in
DMEM, and €26 or B16 was cultured in RPMI, both supplemented
with 100 Ufml penicillin, 100 ig/m! streptomycin, 20 pg/ml gen-
tamicin and 10% heat-inactivated FBS at 37 °C under 5% C0,/95%
air.

2.3. MIT assay

Sensitivity of each type of tumor cells to DOX was evalu-
ated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyitetrazolium
bromide (MTT)-based cytotoxicity assay (Mosmann, 1983). Briefly,
cell suspension diluted with the corresponding growth medium
was added to each well (3000 cells/well) of a 96-well flat bottom
microtitration plate (Asahi Techno Glass, Chiba, Japan). All plates
were incubated for 12 h at 37 °Cin a humidified 5% CO, atmosphere.
Nine dilutions (0.01-100 uM) of DOX solution or PEG liposomal
DOX-were added to each corresponding wells in the plate. After
mcubatxon for 48 h, each well was washed and rinsed with growth
medium. MTT solution (5mg/ml) was added to each well and
the cultures were further incubated for 4 h at 37 °C. The medium
containing MTT was removed from the wells and the remaining
MTT-formazan crystals were dissolved by adding 100 pl of 0.04 M
HCl-isopropanol. After being subjected to sonication in a bath-type
sonicator (ASONE Corporation, Osaka) for 15 min, each plate was set
into an ELISA plate reader (Bio-Rad, Hercules, CA) and absorbance at
570 nm (tést wavelength) and 750 nm (reference wavelength) were
simultaneously measured. The absorbance at reference wavelength

_was subtracted from thé absorbance at test wavelength. Results
were expressed as percent cell survival, calculated for each DOX
concenttation by the following formula:

ODs3g,sample — OD750,sample
0_D570,contml - 0D750.control

% cell survival = x 100 (1)
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where sample and control mean the cells with and without DOX
treatment, respectively. Percent cell survival was plottéd against
DOX concentration and was fitted with the Hill-type equation (Eq,
(2)) (Eghbali et al, 2003; Lim et al., 2004) using the non-linear
least-squares regression program MULTI (Yamaoka et al., 1981), The
concentration at whxch 50% of cells survived corresponded to ICsg:

_ Eg x 1C50
T 1Gse+C

where E or Eg is the % cell survival with or without DOX treatment,
respectively, and C is the final concentration of DOX in each well.
Each experiment was performed using three replicated wells for
each DOX concentration and carried out independently five times.

@)

2.4. Liposome preparation

Liposomes were prepared as follows. Lipids from chioro-
form stock solution of HSPC, Chol, and PEG-DSPE were mixed
(HSPC:Chol:PEG-DSPE = 56:38:5 by molar ratio) with trace amount
of [*H] CHE, and dried under reduced pressure. For liposomes
without DOX, the dried lipid film was hydrated with PBS (pH .
7.4) under mechanical agitation. Then, the resulting multilamellar
preparations were sized by repeated extrusion through polycar-
bonate membrane filters (Millipore, Bedford, MA, USA) with the
pore size of 200 nm followed by further extrusion through the one
with 100 nm. For the preparation of DOX-containing liposome, DOX
was encapsulated by remote loading method (Haran et al., 1993).In
short, after the dried lipid film was hydrated with 250 mM ammo-
nium sulfate (pH 5.4), the resulting liposomes were passed through
a Sephadex G-25 column equilibrated with PBS (pH 8.0) to change
the pH of the external phase. DOX in PBS'(pH 8.0) was added to
liposomes at a drug-to-hpxd molar. ratio of 1:10 and incubated at
60°C for 1h. Our preliminary experiments showed that DOX was
efficiently encapsulated into lippsomes and the loading efficacy
was more than 98% reproducibly. Particle sizes of the liposome
were determined by dynamic light scattering spectrophotometer
(DLS-7000, Otsuka Electronics, Osaka), and were 94.7 £9.4 im and
96.4+ 14.8 nm for the empty liposome and DOX-containing lipo-
some, respectively.

2.5. Tumor-bearing mice model

Male BALB/c or C57BL6 mice (6-7 weeks) for the inocula-
tion of C26 or LLC and B16, respectively, were purchased from
Charles River Laboratories Inc. (Yokohama, Japan) and maintained
at 25°C and 55% of humidity with free access to standard chow
and water. To prepare tumor-bearing mice, 1 million tumor cells
were subcutaneously injécted in the back of mice. Our investiga-
tions were performed after approval by our local ethical committee
at Okayama University and in accordance with Principles of Labo-
ratory Animal Care (NIH publication #85-23).

2.6. Tissue distribution | .
Liposome (10 wmol total lipid/kg) containing trace amount of
3H-CHE was intravenously administered into tumor-bearing mice
when the tumor grew.up to 500 mm? in volume, At 48 h after injec-
tion, various organs mcludmg the liver, spleen. lung,. kldney. heart
and tumor were excised for the measurement of radioactivity after
washed with saline. To solubilize organs, Soluene-350 {Packard
instrument Inc., Meriden, CT, USA) was added and incubated for
2h at 50°C before neutralized by HCL. Scintillation medium was
added to samples, and radioactivity was determined by a liquid
scintillation counter (TRI-CARB® 2260XL, Packard instrument Inc.).
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2.7. Invivo anti—tumor activity

When the tumor grew up to 500mm? in volume, DOX-
containing liposome was administered at a dose of 5mg/kg DOX
by intravenous injection through the tail vein. Saline solution
~ was injected into control group. The tumor volume was mea-
sured every other day with a caliper in two dimensions, and was
calculated using the following equation: volume (mm?3)=longer
diameter x (shorter one)? x 0.52 (Lee et al., 2005). The results wére
expressed as ¥ of initial volume for all tumor models. The exper-
iment was terminated whén one of the mice in either control or

treatment group died. A slope of % of initial volume-~time curve, -

representmg the growth rate of each tumor in the treatment group
(T), was obtained (day 11-18, 11-24, or 14-28 for LLC, €26, or B16
tumor, respecnvely) and divided by that in the control group (C)
to give an index (T/C) for the in vivo therapeutic effect for each
tumor-bearing mouse model.

2.8. Immunohistochemical staining of CD31 or VEGF within the
tumor tissue

Tumor tissues were excised from mice when the tumor grew
up to 500 mm? in volume and snap-frozen in isopentane, Acetone-
fixed 5- pm thick sections of tumor tissues were prepared with the
use of cryostat (CM1850, Leica Microsystems, Wetzlar, Germany):
Then, the tumor sections were incubated with rat anti-mouse CD31
antibody or VEGF antibody diluted in PBS contammg 5% FBS. This
was followed by incubation with horse radish peroxndase (HRP)-
conjugated rabbit anti-ratIgG antibody and further incubation with
HRP-conjugated goat anti-rabbit IgG antibody.. Peroxidase visual-
ization was performed by the conventional staining procedure with
3-amino-9-ethyl-carbazole (AEC, Sigma), and the sections were
counterstained with Mayers hematoxylin (Merck, Darmstadt, Ger-
many) according to standard laboratory protocols. In the case of
CD31 staining, the staining procedure was followed by the counting
of the number of vessels under the microscope in ten independent
fields for each type of tumor cells.

2, 9 Extravasation of albumin-Evans blue within tumor tissues

Evans blue dissolved in saline (1 mg/mL) was admlmstered into
the tail vein of tumor-bearing mice at a dose of 4'mg/kg. Forty-
_eight hours after intravenous injection, tumors were excised and

" were snap-frozen. Cross-sections of tumor tissues were prepared

as described above and were directly subjected to the observation
under the microscope equipped with digital recording system (VH-
5000, KEYENCE, Osaka).

2.10. Enzyme-linked immuno_sorbent assay for VEGF

Tumor tissues with 500 mm? in volume were homogenized in
lysis buffer containing 5% protease inhibitorcocktail (Sigma). VEGF
levels were quantified with commercially avaxlable enzyme-linked
immunosorbent assays (Mouse VEGF ELISA kit, BioSource Intérna-
tional, Inc., Camerillo, CA).

2.11. Statistical analysis

Results are “expressed as the mean +S.D. Analysis of variance
(ANOVA) was used to test the statistical significance of differences
among groups. Statistical significance was evaluated by using Stu-
dent’s t-testor Dunnett's test forthe single or multiple comparisons
of experimental groups, respectively. :

3. Results and discussion

.To have an optimal in vivo anti-tumor effect in the can-
cer chemotherapy, many factors that influence the therapeutic
outcome should be taken into consideration. Among them, the
sensitivity of tumor cells composing a tumor tissue against the anti-
cancer drug used is one of the most important factors. Irrespective
of the approaches to improve the drug delivery into tumor tissues,
the tumor-cells with very low sensitivity to a given anticancer drug
will not be efﬁc:ently killed with the drug. On the other hand, it was
reported that anticancer drugs with high sensitivity did not always
fead to the good therapeutic outcome (Smit et al., 1992; Kratzke
and Kramer, 1996; Shaw et al., 1996).

In the present study, to elucidate the important determinants
for the EPR effect-based in vivo anti-tumor effect of PEG liposomal
DOX, we first evaluated the sensitivity of each type of tumor cells
tested to DOX solution (Fig. 1a). The obtained results revealed that
LLC had the smallest ICsq value (0.096 pM) among the three tumor
cells studied, indicating that LLC was the most sensitive to DOX
solution. B16 tended to show the larger ICsg Value (0.213 uM) than
LLC, and C26 showed significantly larger ICsg value (0.311 pM) than
LLC, suggesting the lower sensitivity to DOX. We also performed the
similar study using PEG liposomal DOX (Fig. 1b). It was confirmed
that the order of sensitivity of the three tumor cells was the same as
that for DOX solution and C26 showed significantly larger ICso value
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Fig. 1. In vitro sensitivity of Lewis Jung cancer (LLC), Colon-26 (C26) and B16BLE
melanoma (B16) cells to DOX solution (a) and PEG liposomal DOX {b): Results are
expressed as the mean with the vertical har showing S.D. of five independent exper-

* iments, **p<0,01, *p<0.05.
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Table 1 o .
Tumor growth rates and T/C values in tqmor-beari\ng mice

Tumor growth rate was estimated as the slope of tumor growth-time curve calcu-
lated based on'day 11-18, 11-24, or 14-28 for LLC, €26, or B16 tumor, respectively.
T/C values were calculated as the ratio of PEG liposomal DOX treated- to control
groups in tumor growth rate.

* p<0.05.

** p<0.001, compared with each control group,

# p<0.05, compared with C26.

than other tumor cells, suggesting the lowest sensitivity to DOX.
The absolute ICsg values for PEG liposomal DOX (LLC, 0.68 tM; C26,
2.5 WM; B16, 1.4 uM) were about 10 times larger than DOX solution,
reflecting the slow release rate of doxorubicin from PEG liposome.

In vivo anti-tumor effect of PEG liposomal DOX was also studied
in the mice bearing C26, LLC or B16 tumor (Fig. 2 and Table 1). Sig-
nificant in vivo anti-tumor effects of liposomal DOX were observed
in all the tumor models studied. On the day when we terminated
the experiment, the size 'of C26 tumor treated with liposomal DOX
was much smaller (around 200% of the initial volume} than other
tumors investigated (Fig. 2). Since the tumor growth rate was differ-
ent depending on the type of tumors, we also calculated the index
for the in vivo therapeiitic éffect (T/C) that is independent of the
growth rate of each type of tumors, to compare the in vivo effi-
cacy of liposomal DOX and were summarized in Table 1. Calculation

of T/C also gave the significantly lower value (0.07 +0.20) for €26 -

tumor-bearing mice than other two tumors (LLC, 0.35£0.09; Bis,
0.46 4 0.27). From these results, it was revealed that the strongest
in vivo anti-tumor effect was observed in the €26 tumor model,
and that the in vivo anti-tumor éffect of PEG liposomal DOX was
not directly reflecting the sensitivity of tumor cells against DOX.
The in vivo disposition characteristics of intravenously adminis-
tered PEG liposome must be taken into considerations as one of the
crucial factors for the therapeutic outcome of PEG liposomal DOX.
It was reported that DOX injected as a solution was so rapidly elim-
inated from plasma by being excreted into bile and urine and that
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the amount of DOX distributed into tumor tissues was very small
(Gabizon et al., 1996; Mayer et al., 1989), PEG liposomal preparation
can improve the retention of DOX in plasma, but to exert the in vive
anti-tumor effect of PEG liposomal DOX, certain amount of DOX-
containing PEG liposome must be extravasated toget into the tumor
tissue, and DOX must bé released and taken up by the surround-
ing tumor cells. In plasma, DOX leakage from the liposome with the
same lipid composition as those applied in this study was very slow .
(T12=100 hj.and the presence of fluid obtained from malignant
effusioris significantly elevated the release rate {Gabizon, 1995).
Therefore, DOX would be mainly released from PEG liposome after
the liposome is extravasated within the tumor tissue. Considering
the low leakage of DOX from PEG liposome in the blood circulation,
the in vivo disposition characteristics of PEG liposomal DOX would
be similar to the one of PEG liposome. Therefore, we evaluated the
in vivo distribution characteristics of 3H-labeled PEG liposome by
measuring radicactivity.

Tissue distribution of PEG liposome at 48 h after intravenous
administration' was .investigated in the mice bearing C26, LLC or
B16 tumor of 500 mm? in volume (Fig. 3). Tissue distribution of PEG
liposome exhibited the similar tendency for each tumor-bearing
mice, and it was found that PEG liposome mainly distributed to the '
liver and spleen irrespective of the type of tumors. On the other
hand, the distribution of PEG liposome into tumor was quite differ-
ent.depending on the type of the tumors used, and the disposition
amount of PEG lipdsome in the (26 tumor was significantly and
approximately threefold largerthan those in the other two tumors.
These results suggest that the tumor accumulation of PEG liposome
correlates with the in vivo anti-tumor efficacy of PEG liposomial
doxorubicin in these tumors.

After its systemic administration, the liposome follows two dis-
tinct processes before its accumulation into tumors, i.e., circulation
within vessels (blood circulation) and transport across vasculature
walls into the surrounding tumor tissues (extravasation). Gener-
ally, extravasation of particles in blood circulation is a function of
both local blood flow and vascular permeability. One of the factors
thatinfluence the local blood flow is the extent of vascularity within
the tissue, That is to say, the tissue with numerous vasculatures will
receive larger local blood supply. To unravel the mechanism under-
lying the larger tumor accumulation of PEG liposome in C26 tumor,
we evaluated the extent of vascularity in each type of tumor tis-
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Fig. 2. Invivo ann-tumor effect of PEG liposomal DOX in tumor-bearing mice, Tumor volume was expressed as % of initial volurne (around 500 mm?) for all tumor models.
Results are expressed as the mean with the bar showing S.D. of five experiments, *p <0.05; **p<0.01, compared with saline treatment. (a) LLC-bearing mice; (b) Qs—beanng
mice; (¢) B16-bearing mice, Keys: (&) saline treatment; (&) PEG hpasomal DOX treatment. DOX dose was 5.0 mg/ke.
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Fig. 3. Tissue distribution of PEG liposomes at 48 h after intravenous administra-
tion into tumor-bearing mice. Keys: (C7) LLC-beanng mice; (&) C26-bearing mice;
(72) B16-bearing mice. Results are expressed as the mean with the bar showing 5.D.

of three experiments, **p<0.01, compared with LLC-bearing mice; ##p <0.01, com-
pared with C26-bearinig mice; 1ip <0.01, compared with B‘le—bearmg mice. Dose of
liposome was 10 pmol total lipid/kg.

sue. To visualize the vasculature, cryostat sections were incubated
with rat antibody recognizing the mouse endothelial cell marker
CD31, followed by the standard staining procedure as described in
Section 2. As shown in Fig. 4, in the sections prepared from LLC and
B16 tumors, tube-like large vessels were often observed but the
numbers of vessels were relatively small (LLC, 28 +:5; B16, 17£6
vessels per field). On the other hand, a lot of tiny vessels (47£6
vessels per field) equally distributed throughout the tumor tissue
were observed in C26 tumor.

Besides the extent of vasculanty, the permeability of vasculature
within the tumor tissue would be one of the important factors influ-
encing the transport of liposome across vasculature walls (Yuan
¢t al,, 1995) and may vary considerably depending on the type of
tumor models. Several earlier studies demonstrated the differences
in the vascular permeability of macromolecules among the tumor
tissues used (Graffet al., 2000,2001; Dreher et al., 2006). Evans blue
was utilized to evaluate the vascular permeability of tumor tissues,
because the dye spontaneously makes a complex with serum albu-
min by electrostatic interaction between the sulfonic acid group of
the dye and the terminal cationic nitrogens of the lysine residues
of albumin (Clasen et al., 1970) and it has, therefore, been generally
applied to evaluate the vascular permeability within tumor tissues
(Amice et al., 1978; Roberts and Hasan, 1993; Tanaka et al., 2003).
Since it.was préviously reported that the amount of Evans blue

®)

remaining in the blood is negligible at 48h after its intravenous
administration at 10mg/kg (Graff et al,, 2000), we excised tumor
tissues at 48 h after intravenous administration in order to discrim-
inate Evans blue extravasated from that in blood vessels. In C26
tusnor, the blue color derived from Evans blue was able to be clearly
observed equally throughout the tumor (Fig. 5b), suggesting that
the permeability of vasculature within €26 tumor would be high
andthe equal dnstnbutlon of tiny vasculature throughout the tumor
would also be respons:ble for this observation. On the other hand,
in the case of LLC tumor, the blue color was hardly found (Fig. 5a),
indicating that the permeability of vasculatures in LLC tumor is very
low and that the vascularity is not necessarily a sufficient factor for
the efficient intra-tumoral accumulation of PEG liposome. Unfortu-
nately, we were not able to perform the similar study for B16 tumor
due to the intrinsic black color of the tissue. Although we did not see
any direct relationship between the extent of vascularity (Fig. 4)and
the tumor accumulation characteristics of PEG liposome (Fig. 3),

the results on Evans blue extravasation obtained for €26 and LLC
tumors (Fig. 5) couid explain the difference in the tumor accumu-
lation of PEG liposome between the two tumor ‘tissues. That is to
say, not only the extent of vascularity within the tumor but also the
vascular permeability would be responsible for the accumulation
of PEG liposome into tumor tissues. Therefore, the vascular perme-

ability within the tumor would be one of the crucial determinants

in the in vivo anti-tumor effect of PEG liposomal DOX. To draw more
universal conclusion on this issue, however, increasing the number

- of tumor types investigated would be necessary and will be the

subject of our further study. In addition, intra-tumoral distribution
pattern of PEG liposome would also be an important factor to deter-
mine the in vivo anti-tumor effect. Although we did not directly
evaluate the intra-tumoral distribution of PEG liposome; we con-
siderthat the intra-tumoral distribution of extravasated Evans blue
would be reflecting that of PEG liposome. Therefore, it can be con-
sidered that the higher permeability of vasculature and the equal
distribution of tiny vasculature observed in the case of C26 tumor
would be beneficial for the efficient intra-tumoral distribution of
PEG liposome, Together with these factors, the difference in the
extent of vascularity between central and periphieral parts of tumor
tissue and/or the interstitial fluid:presstire may vary depending on
the type of tumor and would affect the intra-tumoral distribution
of PEG liposome.

One of the major factors that influence the vascular perme-
ability within the tumor tissue is VEGF (Kliche and Waltenberger,
2001). To unravel the mechanism underlying the difference in vas-
cular. permeability between €26 and LLC tumors, we performed
immunohistochemical staining of VEGF within the tumor tissues
for the semi-quantification (Fig. 6a and b). As shown in Fig. 6a.and
b, the higher amount of VEGF in C26 tumor than LLC tumor was
detected. Farthermore, the quantlﬁcatlon of VEGF amount in each
tumor by ELISA demonstrated that approximately eightfold larger

Fig. 4. Immunohistochemical staining of CD31 in each tumor section of LLC (a), C26 (b), and B16 tumors (c). Tumor tissues were excised from mice when thie tumor became
500 mm?® in volume and were snap-fmzen Acetone-fixed 5-pum thick sections of tumor tissues were prepared and then AEC staining was performed for CD31 as described

in Section 2, Bar: 100 pm.
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