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Fig. 1. In (a), hydrophobic ZnPP heads clustered and PEG chain tails with hydrophilic property extend outward direction in contact with water. (b) depicts each component of PEG-
ZnPP (c) styrene residue of hydrophabic nature clustered and encapsulating ZnPP inside. Poly carboxylate groups and facing toward water.

molecules is the critical steps to exert cytotoxicity, since ZnPP is a
competitive inhibitor of HO-1. Therefore its access to HO-1 molecules
needs to be elucidated. In this study, we investigated the intracellular
fate of PEG-ZnPP and SMA-ZnPP micelles focusing on the mode of
internalization, subcellular localization and uncoating process of
micelles. Different mechanisms of ZnPP release from each micelle
were found to undergo at molecular level in the tissue and at the cellular
levels.

2. Materials and methods
2.1. Materials

Protoporphyrin IX (PP) and antibiotics (penicillin and streptomycin)
were obtained from Sigma Aldrich Chemical Co., St. Louis, MO. Free ZnPP
was obtained from Frontier Scientific, Inc., Salt Lake, Utah. SMA (maleic
anhydride form) (mean mol wt. ~ 1600) was obtained from Kurary Co.
Ltd., Kurashiki, Japan, which was used after hydrolysis in 0.1 M NaOH at
60 °Cfor 5 h. N-succinimidyl polyethylene glycol with a mean molecular
weight of 2300 containing ester bond between PEG and N-succimide
was obtained from NOF, Tokyo, Japan. RPMI-1640 medium and fetal
bovine serum was obtained from GIBCO, Grand Island, NY. Primary
antibody against human heme oxygenase-1 (HO-1) was obtained from
Santa Cruz Biotechnology, Inc., CA. FITC-labeled goat anti-rabbit IgG
labeled with FITC was obtained from Biomedical Technologies, Inc., MA.
Ethylenediamine and other chemicals were reagent grade commercially
available.

2.2. Synthesis of ZnPP and SMA-ZnPP

ZnPP and SMA-ZnPP was prepared according to the method as
described by lyer et al. previously [11]. Briefly hydrolysed SMA {(cSMA)
was dissolved at concentration of 10 mg/ml in deionized water and pH
was adjusted to 10.5 with 0.1 M NaOH. ZnPP solution at 5 mg/ml in
DMSO was added to c¢SMA solution under stirring for 1 h. Then the pH

was adjusted slowly to pH 3.0 using 0.1 M HCl at 20 °C resulting in
precipitation of SMA-ZnPP micelles. Precipitates were collected by
centrifugation and were washed with cold deionized water thrice. The
precipitates were resuspended in deionized water and pH was adjusted
to 7.4 with 0.1 M NaOH to obtain clear solution of SMA-ZnPP. Finally
ultrafiltration using the Millipore Lab Scale TFF system (Millipore,
Bedford, MA) with a membrane cut-off MW of 10 kDa under a pressure
of about 0.7 kg/cm? was carried out to remove low MW components
including excess free ¢cSMA and concentrate the SMA-ZnPP micelles to
1/10 volume, of which process was repeated three times at 4 °C. Then,
the concentrate was lyophilized to obtain fluffy deep brownish powder.
Finally obtained SMA-ZnPP contains 35 w/w% of ZnPP in its micellar
structure.

2.3. Synthesis of PEG-ZnPP

PEG-ZnPP micelles were prepared according to the method
described by Sahoo et al. with some modification [9]. Briefly carboxyl
group of PP (100 mg in 20 mL of tetrahydrofran) was reacted with
ethylenediamine (2.4 mL) to introduce two functional amino groups
via amide bond to PP. The obtained product, bis-(diaminoethyl)
protoporphyrin (PPED) was absorbed onto the activated alumina and
washed with chloroform five times. Then PPED was eluted with
chloroform containing 5% ethylenediamine. And then polyethylene
glycol (mean Mw of 2300) with succinimide (54 mg) was reacted to
PPED (5 mg). Obtained pegylated protoporphyrin (PEG-PP) was
applied to aluminum oxide column (2.5 cmx 10cm) equilibrated
with chloroform and eluted with chloroform to remove unreacted
PPED. Then 100 M excess of zinc acetate was added to PEG-PP with
stirring and zinc was chelated for 2 h to achieve PEG-ZnPP. PEG-ZnPP
was transferred to water followed by Amicon® ultra filtration system
with 10 kDa cut off membrane under pressure condition (0.2 MPa) to
remove unreacted PEG and excess zinc acetate. Product showed a
single peak on HPLC using column of Asahipack GF310-HQ (solvent
system: 70% methanol, 30% DMSO and 0.001% trifluoroacetic acid).
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24, Cell culture

Human chronic myeloid leukemia cell lines (K562) were cultured
in RPMI 1640 with 10% fetal bovine serum at 37 °C under the
atmosphere of 5% C0,-95% air.

2.5. Quantification of ZnPP in cells

K562 cells were placed in 12-well plate (5x10° cells/well). After
overnight pre-incubation, cells were treated with ZnPP, SMA-ZnPP or
PEG-ZnPP for indicated time at the concentrations shown in the figure
legend. Free ZnPP was dissolved in DMSO, other micellar ZnPP was
dissolved in PBS (pH 7.4). After incubation for given times, cells were
collected by centrifugation and washed with PBS thrice at 4 °C. Then
cells were sonicated (30 W, 30 s, Dr.Hielscher, UP50H homogenizer, tip
drip type) in ethanol at ice chilled condition (0°C) followed by
centrifugation to collect supernatant containing ZnPP, and fluorescence
intensity (excitation at 420 nm, emission at 598 nm) of the ethanol
extract was measured.

2.6. Subcellular localization of ZnPP micelles

Subcellular localization of SMA-ZnPP was analyzed by Nikon
Eclipse TE2000-E Confocal Microscope (Nikon, Japan). K562 cells
were cultured in RPMI medium with 10% FCS without phenol red in
35 mm (@) glass bottom dish (Matsunami glass, Osaka, Japan). Cells
were treated with 30 uM of ZnPP, SMA-ZnPP or PEG ZnPP for indicated
time at 4 °C or 37 °C. ZnPP, SMA-ZnPP and PEG-ZnPP were excited by
488 nm and detected through the 565-615 nm band path filter. To
investigate the colocalization of ZnPP derivatives at ER compartment,
3,3’-dihexyloxacarbocyanine iodide (DIOC6) was used for a staining of
ER (endoplasmic reticulum). DIOC6 was excited at 488 nm and
detected through the 500-530 nm band path filter. In this experiment,
ZnPP and SMA-ZnPP were excited at 543 nm and were visualized by
565-615 nm band path filter to avoid a bleed from a fluorescence of
DIOCE.

2.7. Immunofluorescence staining

K562 cells treated with ZnPP or SMA-ZnPP for 3 h were collected
by centrifugation (1000 rpm, 5 min, 4 °C) and washed with PBS thrice.
The cells were fixed with 4% paraformaldehyde at room temperature
for 10 min following washing twice with PBS containing 10 mM
glycine. Then the cells were made permeable with 0.1% Triton X-100
for 10 min at room temperature and washed with PBS thrice, followed
by treatment with 3% BSA in PBS at room temperature for 30 min to
react excess remaining paraformaldehyde and then washed thrice for
5min in PBS. The cells were then incubated with primary rabbit
antibody against human HO-1 (diluted 1:100 in 3% BSA) at room
temperature for 1h. After washing with PBS thrice, the cells were
incubated with FITC-labeled goat anti-rabbit IgG (diluted 1:1000) at
25 °C for 1 h and then again washed thrice for 10 min in PBS. Then
cells were resuspended in PBS, and examined under a confocal
microscope. Both FITC-labeled goat anti-rabbit IgG and ZnPP was
excited at 488 nm and detected through a 485-530 nm band path
filter and a 565-615 nm band path filter respectively.

2.8. Analysis of mechanism of intracellular uptake of ZnPP micells into cells

The cells were seeded in 12-well culture plates at a density of
2105 per well, and incubated at 4 °C, or at 37 °C for indicated time
period with or without various inhibitors of endocytosis for 1 h prior
to the addition of ZnPP, SMA-ZnPP or PEG-ZnPP. After incubation, the
cells were harvested by centrifugation at 700 rpm and washed with
PBS thrice at room temperature followed immediately by flow
cytometry analysis (FACSCalibur, Becton Dickinson and Co.). About

1% 10% cells were collected, and the mean fluorescence intensity was
recorded and analyzed for each sample.

2.9. Disintegration study of SMA-ZnPP in cell free system

SMA-ZnPP micelle (4 yg/mL) was incubated with sodium dodecyl
sulfate, soybean lecithin (wako) or rat liver microsome fraction at
25 °C. Disintegration of SMA-ZnPP was also examined in 50 mM
phosphate buffer (pH7.5) or 20 mM citrate buffer (pH5.0) with
150 pg/mL of lecithin. At the indicated time period, incubates were
excited at 420 nm and fluorescent intensity at 599 nm was measured
by fluorescent spectrometer.

2.10. HPLC analysis of intracellular PEG-ZnPP and HO-1 inhibitory assay

K562 cells were treated with 30 uM of PEG-ZnPP for 5 h, and then
cells were washed with PBS thrice, followed by extraction of
intracellular PEG-ZnPP with ethanol. The extracted PEG-ZnPP was
then subjected to HPLC analyses with an Asahipak GF-310 HQ column
(7.5 mmx300 mm). The mobile phase consisted of 70% methanol,
30% dimethyl sulfoxide and 0.001% of trifluoroacetic acid at a flow-
rate of 0.8 mL/min. Elutes was detected at 415 nm of ZnPP. HO-1
inhibitory activity of PEG-ZnPP was performed as described previ-
ously [9]. Briefly, PEG-ZnPP derivatives were incubated with rat liver
cytosolic fraction (1.0 mg/mL of protein) in 100 mM phosphate buffer
(pH7.4) for 30 min at 25 °C. Then rat splenic microsomal fraction
(1.0 mg/mL of protein), 333 pM nicotinamide adenine dinucleotide
phosphate (NADPH) and 33 pM of hemin was added to initiate the
reaction. The reaction mixture was incubated for 30 min at 37 °C. The
bilirubin formed in the reaction was extracted with 1.0 mL of
chloroform, and the bilirubin concentration was determined spectro-
scopically by the difference in absorbance at 465 nm and 530 nm.

3. Result
3.1. Intracellular behavior of SMA-ZnPP and PEG-ZnPP

Protoporphyrin IX (PP) itself does not inhibit HO-1 enzymatic
activity, however, the zinc coordination with protoporphyrin IX (ZnPP)
becomes inhibitor for HO-1 activity. The Ki value is almost the same
among ZnPP, SMA-ZnPP and PEG-ZnPP [9,11]. Protoporphyrin IX has an
absorption max (Amax) Of 406 nm and exhibit single fluorescence
emission peak at 641.5 nm in ethanol, while that of authentic ZnPP has
Nmax 422.5 nm and fluorescent max at 598.5 nm with a minor shoulder
approximately at 650 nm in ethanol. To quantify the ZnPP derivatives in
the cells, it was extracted by 95% ethanol and fluorescent spectrum was
examined. As shown in Fig. 2, intracellular ZnPP showed fluorescence
emission peak at 598.5 nm which is consistent with that of authentic
ZnPP. SMA-ZnPP and PEG-ZnPP also showed fluorescent spectrum
which is consistent to that of ZnPP.

3.2. Intracellular uptake and subcellular localization of ZnPP micelles

Fluorescent intensity of ZnPP derivatives will change by its
conformational states. In water solution, both ZnPP derivatives form
micellar structure and its fluorescence is quenched. Its fluorescence is
recovered by addition of EtOH (Fig. 3a). However its fluorescence
quenching of PEG-ZnPP in water solution is weaker than that of SMA-
ZnPP, probably due to the different micellar structure of these two
compounds. To quantify the amount of ZnPP derivatives by fluorescent
intensity, we checked fluorescent efficiency of ZnPP, SMA-ZnPP and
PEG-ZnPP in ethanol, in which all micelles are disrupted and emit
fluorescence. The concentration of ZnPP derivatives was standardized as
ZnPP equivalent concentration by absorbance at 420 nm. Three ZnPP
derivatives showed comparable fluorescent intensity under micelle
disrupting condition in ethanol (Fig. 3b). To examine the cellular
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Fig. 2. Fluorescent spectra of ZnPP (solid line), SMA-ZnPP (dashed line) and PEG-ZnPP
(dash-dot line) of extracts from the treated cells. K562 cells were treated with 20 pM of
ZnPP, SMA-ZnPP and PEG-ZnPP for 5h. After incubation, fluorescent spectra of
intracellular ZnPP, SMA-ZnPP and PEG-ZnPP were recorded as described in Materials
and methods. Inset shows the fluorescent spectra of protoporphyrin IX (PP) (dashed
line) and ZnPP (solid line) in ethanol.

internalization of ZnPP and both types of ZnPP micelles, K562 cells were
incubated with them for indicated time. Intracellular ZnPP was
extracted with ethanol and quantified by fluorescence intensity of
ZnPP itself (Ex. 420 nm and Em. 590 nm). As shown in Fig. 3, ZnPP and
both ZnPP micelles were incorporated into the cells in a time dependent
manner. More interestingly, uptake of SMA-ZnPP into the cells was
about 2.5 times more efficiently than PEG-ZnPP at 300 min incubation.

Intracellular localization of ZnPP and ZnPP micelles were also
examined under the fluorescent confocal laser microscopy. Confocal

laser microscopy imaging showed that ZnPP and both ZnPP micelles
accumulated at the cellular membrane at first and then gradually
accumulated more distinctly at the perinuclear site after 30 min or
later (Fig. 4). ZnPP is highly hydrophobic and is predicted to be
associated with hydrophobic compartment in the cell. Thus we first
examined the possibility of localization of free ZnPP and SMA-ZnPP
micelles at the endoplasmic reticulum (ER); for that purpose we
performed double staining with a DIOC6 which accumulates in the ER
and emits fluorescence at the ER (Fig. 5a). As shown in Fig. 5a, ZnPP
and both ZnPP micelles colocalized with DIOC6 suggesting localiza-
tion of free ZnPP and ZnPP micelles in the ER. Because heme
oxygenase-1 (HO-1) is found mainly at the ER as stained with
antibody against HO-1, we hypothesized that ZnPP and SMA-ZnPP
colocalized with HO-1. As expected, ZnPP and SMA-ZnPP showed
clear colocalization with HO-1 protein when ZnPP or SMA-ZnPP was
added to K562 cells (Fig. 5b).

3.3. Mode of intracellular uptake of ZnPP and ZnPP micelles; endocytosis

To evaluate the mechanism of intracellular uptake of ZnPP and
ZnPP micelles, K562 cells were incubated with 20 uM each of ZnPP,
SMA-ZnPP and PEG-ZnPP respectively at 4 °C or 37 °C for 2 h. As
shown in Fig. 6, ZnPP and ZnPP micelles were taken up into the cells
efficiently at 37 °C during incubation, however, intracellular uptake of
free ZnPP and SMA-ZnPP micelles were suppressed to a great extent at
4 °C as revealed by FACS analysis (Fig. 6b). Further, compared to the
strong staining of ZnPP, SMA-ZnPP or PEG-ZnPP micelles in cells at
37 °C, they showed no or quite faint staining only at a cellular
membrane when incubated at 4 °C (Fig. 6). In addition, as shown in
Fig. 7, internalization of ZnPP was inhibited by macropinocytosis
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Fig. 3. Intracellular uptake of ZnPP derivatives as quantified by fluorescence intensity after extraction of ZnPP, (a) SMA-ZnPP (4 pg/mL) or PEG-ZnPP ( 14ug/mL) was dissolved in distilled
water or ethanol, which was excited at 420 nm and fluorescent spectrum was recorded by fluorescent spectrometer. (b) 0.25 M ZnPP equivalent of ZnPP, SMA-ZnPP and PEG-ZnPP in
ethanol was excited at 422 nm and fluorescent spectra were recorded. K562 cells in suspension culture were treated with 20 1M of (¢) free ZnPP, (d) SMA-ZnPP and (e) PEG-ZnPP for period
of indicated time. After incubation, the cells were washed with PBS and the amount of intracellular ZnPP and SMA-ZnPP and PEG-ZnPP were determined after extraction by ethanol as

described in Materials and methods.
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Fig. 4. Confocal fluorescence microscopy of K562 cells treated with 30 UM of (a) ZnPP, (b) SMA-ZnPP and (c) PEG-ZnPP. K562 cells were grown on glass bottom dish to logarithmic
phase, incubated with 30 uM of ZnPP, SMA-ZnPP and PEG-ZnPP at 37 °C for indicated time, Cells were then taken for microscopic observation. Red color indicates the fluorescence of

ZnPP. Scale bar shows 50 pm length.

inhibitor, amiloride. Pretreatment with sucrose and colchicine
suppressed uptake of SMA-ZnPP, similarly intracellular uptake of
PEG-ZnPP was suppressed by sucrose treatment (Fig. 7).

3.4. Disintegration of SMA-ZnPP micelles by amphiphilic components of cells

In the SMA-ZnPP micelles, SMA is thought to form a shell of micelle
where ZnPP is encapsulated inside of the micelles, which is believed to
be liberated eventually for its action. Therefore, disruption of SMA-
ZnPP micelles followed by liberation of ZnPP is a crucial step to exert
the pharmacological effect to inhibit HO-1 enzyme activity in the cells.
To examine this possibility of disruption of SMA-ZnPP micelles in
cells, we carried out a model experiment, in that SMA-ZnPP was

incubated with soybean lecithin which mimics the cellular membrane
components, phosphatidylcholine. As shown in Fig. 8, SMA-ZnPP does
not emit fluorescence in water solution and exhibits fluorescence
when ZnPP is liberated from the micelles as disrupted by ethanol or
10% SDS [11]. Coincubation with increasing amount of lecithin or SDS
indeed resulted in increased fluorescence emission from free ZnPP.
Vehicle alone has no effect on fluorescence increament of SZP
(Fig. 8a). Time dependent increase of fluorescence emission was
also seen when incubated with soybean lecithin. Fig. 8b also shows
that SMA micelle disruption with lecithin proceeds rapidly at the
condition of pH 7.5 than pH 5.5. Similar results were obtained when it
was incubated with mouse liver microsomal fraction which contains
membrane components (Fig. 8c).
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Fig. 5. Subcellular localization of ZnPP micelles. (a) shows the ER localization of ZnPP micelles. ZnPP micelles (red) and DIOC6 (green) were visualized by confocal laser microscopy.
(b) shows the colocalization of ZnPP micelles (red) with HO-1 (green). Cells were grown to logarithmic phase, incubated with 30 uM of ZnPP and SMA-ZnPP for 2 h. ER was stained
by DIOC6 and HO-1 was visualized with FITC-conjugated to anti-rabbit IgG. Scale bar shows 20 ym in length.

DIOC6

3.5. Liberation of free ZnPP from PEG-ZnPP next examined the intracellular processing of PEG-ZnPP by HPLC
analyses. K562 cells were treated with PEG-ZnPP for 5 hat 37 °Cin RPMI

As shown in Fig. 1, in the PEG-ZnPP, two PEG chains are covalently medium and intracellular PEG-ZnPP or its hydrolysed products was
linked to the spacer ethylenediamine that is conjugated to the carboxyl extracted by ethanol followed by HPLC analyses. As shown in Fig. 9,
group of protoporphyrin IX. ZnPP is a competitive inhibitor of HO-1 thus parental PEG-ZnPP had a retention time at 6.3 min and intracellular
PEG-cleavage might be critical step to exert HO-1 inhibitory activity. We PEG-ZnPP after incubation with cells and extraction showed delayed

a 37°C 4°C b 37°C a°c G 37°C a°c

ZnPP pzp

Bright
field

Bright
field

Bright
field

Q
[0}
o

200
160 Free ZnPP m37°C

fluorescence intensity

fluorescence intensity
Fluorescence intensity

a 5 1 5

incubation time {h) incubation time (h) Incubation time (h)

Fig. 6. Intracellular uptake of ZnPP micelles at different temperature. Intracellular ZnPP (red) in K562 cells treated with 20 uM of (a) ZnPP, (b) SMA-ZnPP and (c¢) PEG-ZnPP for 2 h at
37 °C (left panel) and at 4 °C (right panel) were visualized by confocal laser microscopy. Amount of ZnPP in K562 cells treated with (d) ZnPP, (e) SMA-ZnPP and (f) PEG-ZnPP were
quantified by FACS analysis.
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Fig. 7. Inhibition of intracellular uptake of ZnPP micelles by endocytosis inhibitors. K562
cells were treated with ZnPP (black column), SMA-ZnPP (gray column) and PEG-ZnPP
(white column) with or without indicated endocytosis inhibitors. Cells were
preincubated with these inhibitors for 60 min prior to addition of ZnPP micelles.
Intracellular amount of ZnPP was quantified by FACS analysis.

retention time at 7.1 min indicating the processing of PEG-ZnPP in cells
or cell periphery (Fig. 9a). Furthermore this cleaved PEG-ZnPP was also
found to have HO-1 inhibitory activity (Fig. 9b).

4. Discussion

The most important properties for anticancer drugs are summer-
ized as follows; (i) selective accumulation of the drugs in the tumor
tissue, (ii) efficient intracellular uptake, and (iii) access of active
component to the intracellular target molecules. To confer these
properties to the candidate drugs, a numbers of methods may be
possible. One of the most universal tumor selective targeting is based
on the EPR (enhanced permeability and retention) mechanism
dependent selective targeting, in which macromolecular formulations
are preferred. The first such example is the conjugation of SMA and
proteinaceous drug neocarzinostatin (NCS) resulting SMANCS [15,26-
28]. For this purpose, encapsulation of the low molecular weight
drugs into the micelles or liposome, or conjugation to polymeric
carriers such as SMA, HPMA (N-(2-hydroxypropyl)methacrylamide),
PEG or other block copolymers with biocompatible and carrier
properties. These methods can improve the physicochemical and
pharmacokinetic properties of low MW drugs, or various proteins
[15,18,29-31].

Both PEG-ZnPP and SMA-ZnPP exhibit micellar property and have
molecular weight of about 140 kDa and 90 kDa respectively and mean
size distribution about 180 nm and 50 nm respectively. Both PEG-ZnPP
and SMA-ZnPP showed high water solubility and accumulate more
selectively in the tumor tissue, and they exert potent anti-tumor activity
when injected iv. [8,11].

Although we have characterized in vivo body distribution and anti-
tumor effect of both PEG-ZnPP and SMA-ZnPP, mechanism of cellular
uptake and intracellular localization remained to be clarified. For this
reason, mechanism of cellular uptake and intracellular fate of these
micelles were investigated. Very recently, we have reported that growth
or DNA synthesis of human chronic myeloid leukemia (CML) derived
cell line K562 cells were suppressd by PEG-ZnPP and SMA-ZnPP [7]. In
the present study, we report that both PEG-ZnPP and SMA-ZnPP were
internalized in K562 cells at different rate. Fluorescent intensity of ZnPP
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Fig. 8. Stability analysis of SMA-ZnPP and effect of various amphiphilic agents for
bursting of micelles. (a) Fluorescence intensity of SMA-ZnPP incubated with different
concentration of lecithin for 30 min or SDS for 15 min was measured by fluorescent
spectroscopy. (b) Fluorescence intensity of SMA-ZnPP was measured as the micelles
were incubated with lecithin at pH 7.5 (square) or pH 5.5 (triangle). (c) Fluorescence
intensity of SMA-ZnPP incubated with 150 ug/ml (triangle) and 50 pg/ml (square) of
mouse liver microsomal fraction for indicated time.

derivatives is highly dependent on its conformational states, m-m
stacked form or dispersed free form. Compact molecular packing of ZnPP
in SMA micelles quenched fluorescence perhaps by m-mn stacking or
energy transfer (Figs. 3a and 8). Thus it may be difficult to compare
among the intracellular amounts of three ZnPP derivatives by
fluorescent intensity such as flowcytometry due to possible quenching
(Fig. 6). In the organic solvent such as ethanol, in which ZnPP derivatives
are dispersed states, three ZnPP derivatives showed comparable
fluorescent intensity (Fig. 3a). This result indicates that fluorescent
intensity in ethanol correlates with ZnPP amount of the ZnPP de-
rivatives. Thus we extracted intracellular ZnPP derivatives in ethanol to
represent the realistic amount of ZnPP, SMA-ZnPP and PEG-ZnPP in
cells. SMA-ZnPP is about 2.5 times more rapidly internalized into the
cells than PEG-ZnPP at 300 min (Fig. 3). Increment of uptake when
compared from 30 min to 300 min of SMA-ZnPP is 5 times more than
PEG-ZnPP (Fig. 3). FACS analysis also supports the faster uptake of SMA-
ZnPP; intracellular fluorescent intensity of SMA-ZnPP was 7 times
higher than that of PEG-ZnPP at 5 h (Fig. 6). This suppressed uptake of
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Fig. 9. Intracellular processing of PEG-ZnPP. (a) Shows HPLC analysis of intact PEG-ZnPP
(left panel), PEG-ZnPP (right panel). (b) Shows HO-1 inhibitory activity of intact PEG-ZnPP
(black column) and cleaved PEG-ZnPP (gray column). Both PEG-ZnPP were preincubated
with mouse liver cytosol and spleen microsome for 30 min at 25 °C prior to addition of
hemin as a substrate of HO-1 enzyme reaction. HO-1 activity was measured as described in
the text.

PEG-ZnPP may be caused by the fact that hydrated PEG-layer of the PEG
micelles interferes the interaction with receptor site on the cell surface
that is involved in endocytotic uptake of micelles. This suppressed
intracellular uptake is named PEG-dilemma [32,33]. Meanwhile,
intracellular uptake of SMA-ZnPP was very active and almost compa-
rable to that of free ZnPP. This may be due to the affinity between the
hydrophobic residue of SMA and surface receptor. Free ZnPP is
internalized most rapidly among the three tested ZnPP derivatives.
Nevertheless free ZnPP is poorly water soluble and thus difficult for
clinical application, and more important, as small molecule it may
disappear from the circulation so rapidly that it never shows EPR effect
for tumor delivery. Namely, PEG and SMA based micelle formulation
gives high water solubility and improved pharmacokinetic property
including high plasma concentration and antitumor activity of ZnPP.
However, PEG-ZnPP showed much less efficient cell uptake. As a result
PEG-ZnPP exhibited less cytotoxic activity in the in vitro setting
compared to free ZnPP or SMA-ZnPP (data not shown). Whereas SMA
micelles confer the micellar capacity for efficient cell uptake as reported
for SMANCS [34,35].

Cell membrane forms a barrier impermeable to large molecules
above about 1 kDa. However, cells are equipped with active transport
systems across the cell membrane called endocytosis for most
macromolecules such as micelles, liposomes, antibody and DNA/
RNA complex. Endocytotic cellular uptake is believed to be more
active in dividing cells such as tumor cells than non-dividing normal
cells. Previously, SMANCS was shown to undergo endocytotic
pathway for its antitumor activity. Namely SMANCS is rapidly
internalized into the cells [34,35]. Many other macromolecular
drugs such as liposomes and HPMA conjugated drugs also show
endocytotic cellular internalization [20-22].

In this study we showed that free ZnPP, SMA-ZnPP micelle and
PEG-ZnPP conjugate were internalized by endocytotic pathway. It is
considered that at low temperature (below 20 °C), endocytotic uptake
of macromolecules was suppressed probably due to suppressed ATP
generation by oxidative phosphorylation. Thus suppressed internal-
ization at low temperature (4 °C) and rapid uptake at 37 °C indicate
that endocytosis is the major mechanism of cellular drug uptake

(Fig. 6). In addition, it should be noted that in this study, the
fluorescent intensity of ZnPP, SMA-ZnPP and PEG-ZnPP is directly
detected by flowcytometry, not through ethanol extraction method,
because of the difference of fluorescent efficiency of ZnPP and
derivatives as discussed above, it is difficult to compare the
internalized amount of SMA-ZnPP and PEG-ZnPP. Intracellular uptake
of ZnPP was significantly inhibited by amiloride, which is a
macropinocytosis inhibitor, suggesting that the cellular internaliza-
tion of ZnPP is partially mediated by macropinocytotic pathway, a
type of endocytosis. Cellular uptake of PEG-ZnPP was suppressed by
sucrose, and cellular uptake of SMA-ZnPP was suppressed by sucrose
and colchicine. Unfortunately precipitates were formed when
amiloride was added to SMA-ZnPP that made analysis difficult.
These results suggest that PEG-ZnPP is internalized by clathrin
dependent endocytosis, whereas SMA-ZnPP is internalized not only
by clathrin dependent endocytosis but also probably via microtubule
dependent endocytosis mechanism. It seems that several different
pathways may be involved in internalization of ZnPP, SMA-ZnPP and
PEG-ZnPP. Further investigations are needed to clarify this point.

Protoporphyrin IX (PP) itself doesn't have HO-1 inhibitory effect or
cytotoxicity as previously shown. However, ZnPP and both ZnPP
micelles were shown to inhibit HO-1 in the cell [8,9], and cells treated
with ZnPP and both ZnPP micelles showed the fluorescence spectrum
corresponding to free ZnPP, the zinc coordinated form of protopor-
phyrin IX. This result suggests that after the internalization, both ZnPP
micelles still exist as zinc in the tetrapyrrole, an active HO-1 inhibition
form of Zn-protoporphyrin IX.

Fluorescence microscopy under a confocal laser microscope, based
on the fluorescence of ZnPP was carried out in this study. As shown in
Fig. 8, SMA-ZnPP micelle was shown to exhibit less fluorescence
compared with free ZnPP in test tube as it was expected so because
the fluorescence of SMA-ZnPP was quenched due to m—m interaction in
the packed micelle. However, we found fluorescence of ZnPP micelles
appeared eventually in the cells, indicating free ZnPP was released
from the micelle to exhibit fluorescence. Namely, these results
suggested that unique fate of SMA-ZnPP micelles being uncoated in
the cells. Moreover as shown in Fig. 4a and b, fluorescence by SMA-
ZnPP was found at cellular membrane as well as ER compartment after
treatment for first 15 min-120 min. In contrast, PEG-ZnPP (Fig. 4c)
showed very weak fluorescence at the ER compartment after the same
time. HO-1 was also localized at the ER, colocalization with the
fluorescence of ZnPP (see Fig. 5 merge). These results are consistent
with an interpretation that ZnPP micelles exert cytotoxic activity
through inhibiting to the HO-1 enzyme as free ZnPP.

ZnPP is thought to be tightly packed in the center core of SMA-
ZnPP micelles (Fig. 1) as judged by quenching of its fluorescence and
emergence of fluorescence upon disruption of the micelles (Fig. 2),
suggesting that the liberation of free ZnPP from SMA-ZnPP micelle is
needed to exert HO-1 inhibitory activity. Recently, Regehly et al.
reported that SMA-ZnPP micelles exist as a free ZnPP-form in the cells
and seem to be associated with hydrophobic environment such as
lipid bilayer of cellular compartment, the data based on flash
photolysis measurement of singlet oxygen [36]. Consistent with this
previous report, release of free ZnPP may be brought about by micelle
disintegration in the cells caused by the amphiphilic components in
cells, particularly cell membrane such as phosphatidyl choline. We
therefore examined this process of the ZnPP release in vitro from its
SMA-ZnPP micelle with lecithin and microsomal membrane fraction,
which was obtained from the tissue homogenate followed by
ultracentrifugation at 100,000 g ppt (precipitate). Release of ZnPP
was more rapid at pH 7.5 than pH 5.5. These observations suggest that
disruption of SMA-ZnPP micelles proceeds in the presence of
membrane component of cells as well as binding to lipophilic
compartments in the cell such as ER compartment.

Recently Huan et al. synthesized PEG-lipid derivatives linked via
ester linkage, ether linkage and amide linkage respectively. They
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showed that PEG-lipid linked via ester linkage is most susceptible to
PEG cleavage [37]. We also confirmed that PEG-ZnPP linked via ether
linkage was more stable than PEG-ZnPP conjugated via ester linkage,
and cleavage of ester linkage was accelerated by serum component
(unpublished data). Along this line we clarified that PEG-ZnPP
containing ester linkage is cleaved intracellularly (Fig. 9a). These
findings suggest that ester linkage between PEG and ZnPP is the
cleavable site by enzyme dependent or independent hydrolytic
mechanisms (Fig. 1a). After cleavage of PEG-ZnPP still have HO-1
inhibition activity (Fig. 9b).

In conclusion, we demonstrated here the uptake of different
micelle preparations of ZnPP and their fate in the cells. SMA-ZnPP is
internalized into cells much more rapidly than PEG-ZnPP by
endocytotic pathway, followed by release of free ZnPP in the presence
of membrane components. ZnPP is mainly colocalized with HO-1 at ER
compartment and inhibits HO-1 activity which leads to higher
oxystress then cell death. PEG-ZnPP is also internalized in cells slowly
by endocytotic pathway and subjected of hydrolytic cleavage by
either protease or esterase inside of, or in the vicinity of, the cells.
PEG-ZnPP also shows colocalization with HO-1 and inhibits the HO-1
activity perhaps after the cleavage of PEG bond.
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Abstract

Xanthine oxidase (XO) is the major source of superoxide anion (0,") that is associated with various reactive oxygen
species (ROS) related diseases. 4-amino-6-hydroxypyrazolo[3,4-dipyrimidine (AHPP) is a potent XO inhibitor
discovered in Maeda’s laboratory, which is now being developed for the treatment of ischemia reperfusion injury
and inflammatory diseases. However, the poor aqueous solubility of AHPP at physiological pH hampers its clinical
development. To overcome this drawback, in the present study water soluble polyethyleneglycol conjugated
AHPP (AHPP-PEG) was synthesized via two different approaches, which resulted in two derivatives of AHPP-PEG,
namely, mono-AHPP-PEG and bis-(AHPP)-PEG depending on the number of AHPP on PEG chain. We characterized
both conjugates by UV, FTIR spectroscopy and elemental analysis. Dynamic light scattering and Sephadex G-100
chromatography studies revealed mean particle size of 164.1 and 218.8 nm and Mw. equivalent to 107 and 126 kDa
for mono-AHPP-PEG and bis-(AHPP)-PEG, respectively. Further, XO inhibitory activity for mono-AHPP-PEG and bis-
(AHPP)-PEG were found with Ki of 0.23 £0.03 and 0.21 £0.03 uM, respectively. In vivo pharmacokinetic study showed
longer circulation time of AHPP-PEG conjugates compared to free AHPP. These results indicate AHPP-PEG conjugates
have better potentials with supramolecular assemblies in aqueous medium and may become a good candidate for
the treatment of ROS related diseases.

Keywords: Pharmacokinetics, superoxide anion, xanthine oxidase, AHPP, inflammation targeted, cytoprotection

Introduiction

Xanthine oxidase (XO) is known to exist in many tissues
including heart and they catalyses the two-step oxida-
tion of hypoxanthine (Figure 1), from hypoxanthine to
xanthine, and then xanthine to uric acid (Cappola et al.
2001; Freehold et al. 1972; Feigelson et al. 1957). XO is
well known as a major enzyme to generate superoxide
anion (O,") that is a major type of reactive oxygen spe-
cies (ROS) involved in many diseases and disorders,
including damaged tissues as well as in the vascular sys-
tem (Adachi et al. 1993; Jarasch et al. 1981; Jarasch et al.
1986; Oates et al. 2001; Pacher et al. 2006). Moreover,
superoxide anion radical (0,) immediately reacts with

nitric oxide (NO) at diffusion dependent velocity to form
more toxic peroxynitrite (ONOQO™), which is principally
involved in the pathogenesis of various inflammatory
disorders including viral and bacterial infections (Oda
et al. 1989; Huie et al. 1993; Radi et al. 1991; Crow et al.
1995; Gryglewski et al. 1986; Moncada et al. 1891). In this
connection, we previously verified that inhibition of xan-
thine oxidase resulted in the prolongation of biologic t, ,,
of NO in vivo, which consequently resulted in the lower-
ing of blood pressure.

Thus, inhibiting XO may become a therapeutic to
many diseases including inflammation and hyperten-
sion. Among inhibitors of XO, allopurinol is used in

Address for Correspondence: Prof. Hiroshi Maeda, Laboratory of Microbiclogy and Oncology, Faculty of Pharmaceutical Sciences, Sojo
University, Ikeda 4-22-1, Kumamoto, 860 0082, Japan. Tel/Fax: +81-96-326-4114. E-mail: hirmaeda@ph.sojo-u.ac.jp

(Received 11 September 2011; revised 15 October 2011; accepted 16 October 2011)



hypoxanthme

NAD 0,

o F—

O, and H,0,

XDH X0

NADH 7
O

)\ N Blocked by
A AHPP
A Ji )
0% N N
H

xanthine

0, “and H,0,

J\p:

\/\

NADH

'Uric acid

Figure 1. The degradation pathway of purine. XO catalyze the
oxidation of hypoxanthine to xanthine and further catalyze the
oxidation of xanthine to uric acid. This enzyme plays important
role in catabolism of purine. In the reaction of xanthine to uric
acid, an oxygen atom is transferred from molyobdenum to
xanthine.

clinic for the treatment of hyperuricemia, but the effect
of allopurinol is not dose-dependent, at higher dose
it becomes substrate of XO (Miyamoto et al. 1996).
Recently, we developed 4-amino-6-hydroxypyrazolo
[3,4-d] pyrimidine (AHPP), one of the pyrazolopy-
rimidine derivatives that has exhibited potent XO
inhibitory activity. However, AHPP per se shows poor
aqueous sclubility, which prevents clinical develop-
ment. To overcome this drawback in the current study,
we synthesized two water-soluble conjugates of AHPP
{4-amino-6-hydroxypyrazolo [3,4-d] pyrimidine) with
PEG (polyethyleneglycol).

In addition, the present AHPP-PEG conjugates
are designed to exhibit macromolecular nature and
thus showed longer plasma half-life and selectively

© 2011 Informa UK, Ltd.
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accumulation in inflammatory tissues by taking advan-
tage of the enhanced vascular permeability and retention
(EPR) effect (Matsumura et al. 1986; Maeda et al. 2001a,
2001b). Thus, AHPP-PEG conjugates may become a new
candidate for ROS related diseases such as inflammatory
disease. In this study, the synthesis and characterization
of AHPP-PEG were investigated. The in vivo pharmacoki-
netics was also discussed.

Materials and experimental methods

Materials
Poly(oxy-1,-2-ethanediyl)-a-methyl-w©-[2-[(2,5-
dioxopyrrolidinyl)oxy]-2-oxoethyoxy]-PEG  (Sunbright

ME-020AS; Mw 2280; PDI 0.2) was obtained from NOF
Corp., Tokyo, Japan. 4-amino-6-hydroxypyrazolo- [3,4-d]
pyrimidine (AHPP), xanthine, polyethylene glycol (mean
Mn, 2000}, 4-phenylspiro[furan-2(3H})-1’-phthalanj-3,3"-
dione (fluorescamine), 2,4,6-trinitrobenzenesulfonic
acid (TNBS), trichloroacetic acid and other reagents of
reagent grade, were purchased from Wako Pure Chemical
Industries (Osaka) and were used without further puri-
fication. 4-nitrophenyl chloroformate, Bovine milk xan-
thine oxidase (XO) was purchased from Sigma-Aldrich
Chemical Co, (St Louis, MO, USA). AHPP and xanthine
solutions were prepared by dissolution in 0.25M NaOH
at a concentration of 0.1 M and were diluted to appropri-
ate concentration with distilled water or physiological
saline. All other solvents and chemical reagents were
purchased from commercial sources and used without
further purification.

Experimental methods

Synthesis of mono-AHPP-PEG conjugated micelles

As depicted in the reaction Scheme 1, 100 mg (0.661
mmol) of4-amino-6-hydroxypyrazolo [3,4-d] pyrim-
idine (AHPP) was first dissolved in 15mL of 0.1 M
NaOH solution at room temperature, under stirring
for 15 min. Then the solution was cooled to 0-4°C,
1.322 g (0.661 mmol) of poly(oxy-1, 2-ethanediyl)-
o-methyl-w-{2-(2,5-dioxopyrrolidinyl)oxy]-2-
oxoethyoxy]-PEG (PEG ME-20AS, NOF Corp.) in
20 mL chloroform was added drop wise for 40 min at
4°C with vigorous stirring. When the addition of PEG
was completed the reaction mixture was vigorously
stirred for next 2h at 4°C. The reaction between two
components in two layers will undergo as interfa-
cial conjugation reaction under vigorous stirring.
Then, the chloroform layer containing the final
product (lower layer) was separated by using sepa-
rating funnel. Chloroform was removed by using a
rotary evaporator in vacuum and the conjugate was
precipitated by addition with acetone. The resul-
tant viscous product was then dissolved in 40mL
deionized water and lyophilized to obtain fluffy
colorless product of mono-AHPP-PEG, conjugate
(1.23 g; 87% based on AHPP). By addition of about
50 mL of water to mono-AHPP-PEG, it was readily





