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In aqueous solutions

@ Hemin (hydrophobic)

N\ PEG (hydrophilic)

tervals, mice were killed and blood was collected in the presence of
heparin, so that plasma could be obtained after centrifugation at
5000g for 20 min at 4°C. Then, 1.8 ml of ethanol with 0.25 M HCl was
added to 0.2 ml of plasma to extract PEG-hemin or hemin. After
vigorous vortexing and centrifugation at 20,000g for 20 min, super-
natant UV spectra between 300 and 600 nm were measured, and
peak absorbance at 385 nm was used to calculate the concentration
of hemin according to the standard curve of hemin.

In Vitro Cytotoxicity Assay of PEG-Hemin, Human hepato-
cytes (Hc) were plated at 3000 cells/well in a 96-well plate (NUNC
A/S, Roskilde, Denmark). After overnight preincubation, different
concentrations of PEG-hemin were added to the cells. After an ad-
ditional 48-h incubation, cell viability was determined by using the
3-(4,5-dimethylthiazol-2-yD)-2,5-diphenyltetrazolium bromide assay
(Dojindo Laboratories, Kumamoto, Japan).

Induction of HO-1 Expression in Human Hepatocytes by
PEG-Hemin. To investigate the HO-1-inducing activity of PEG-
hemin, HO-1 expression in human He was determined with or with-
out PEG-hemin treatment. He cells were plated in six-well culture
plates (50,000 cells/well), incubated overnight at 37°C, and treated
with the indicated concentrations of PEG-hemin for 24 h. Cells were then
collected, and total RNA and protein were extracted by using TRIzol
reagent (Invitrogen, Carlsbad, CA) and CelLytic MT (Sigma-Aldrich) re-
agent, according to the manufacturers’ instructions. Reverse transcription-
PCR was performed for quantification of HO-1 copies in He cells. Primers
used for PCR were as follows: HO-1 antisense 21-mer, 5'-GATGTTGAG-
CAGGAACGCGAT-3', and HO-1 sense 21-mer, 5-CAGGCAGAGAAT-
GCTGAGTTC-3', to obtain a 555-bp HO-1 ¢DNA (nucleotides 79--633);
and GAPDH antisense 24-mer, 5'-CATGTGGGCCATGAGGTCCACCAC-
3, and sense 26-mer, 5'-TGAAGGTCGGAGTCAACGGATTTGGT-3, to
obtain a 983-bp GAPDH cDNA fragment. After an initial denaturing step
at 94°C, 25 PCR cycles (30 cycles for GAPDH) were performed as
follows: denaturing for 1 min at 94°C, primer annealing for 1 min at
56°C, and DNA synthesis for 1 min at 72°C. PCR products then under-
went electrophoresis on ethidium bromide-stained 1% agarose gels.

Experimental Protocol for Hepatic /R Injury. Rais were
fasted overnight before the experiment but were allowed free access
to water. Animals were anesthetized with isoflurane during the
operation by using an anesthesia system (SF-B01; DS Pharma Bio-
medical Co. Ltd). After the abdomen was shaved and disinfected with
70% ethanol, a complete midline incision was performed. The portal
vein and hepatic artery were exposed and cross-clamped for 30 min
with a noncrushing microvascular clip. Subsequently, reperfusion
was initiated by removing the clips, and the abdomen was closed in
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Scheme 1. Synthesis and chemical struc-
Hy ture of PEG-hemin. a and b, an amino
group was introduced into hemin (g;
Cy H,,ClFeN,0,) by using ethylenedi-
amine, which resulted in bis(ethylenedi-
amino) hemin (b; CgH,CIFeNO,),
which was pegylated via succinimidyl
PEG. ¢ and d, the resultant PEG-hemin

l; CH,O(CH,CH,0),-CO-CH,CH,CH,-
CO- Cy,oH(CIFeN,O,] formed micelles
(d) in aqueous solutions.

two layers with 2-0 silk. Rats were kept warmed until they awoke
and became active. Two hours before surgery for I/R, saline or PEG-
hemin at different doses (2 or 10 mg/kg) was injected into each rat via
the tail vein. In some experiments, a polymeric micellar HO-1 inhib-
itor, ZnPP, encapsulated with styrene maleic acid (SMA) copolymer,
namely SMA-ZnPP (Iyer et al.,, 2007), was administered intrave-
nously (5 mg/kg) just before I/R.

Measurement of Liver Enzyme Activity in Serum. Three
hours after reperfusion resumed, rats were killed under anesthesia,
and whole blood was withdrawn from the inferior vena cava. Activ-
ities of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and lactate dehydrogenase (LDH) in serum were determined
by means of the AutoAnalyzer system (Hitachi Lid., Tokyo, Japan).
Activities were expressed as TU/A

- Measurement of HO-1 Expression and Activity in Rat Liver
after I/R. Liver tissues collected from rats receiving the above-
described treatment with PEG-hemin or no treatment were homog-
enized with a Polytron homogenizer (Kinematica, Littau-Lucerne,
Switzerland) in ice-cold homogenizing buffer (20 mM potassium
phosphate buffer, pH 7.4, plus 250 mM suerose, 2 mM EDTA, 2 mM
phenylmethylsulfony! fluoride, and 10 pg/ml leupeptin). Homoge-
nates were centrifuged at 10,000g for 30 min at 4°C, and the resultant
supernatant was ultracentrifuged at 105,000g for 1 h at 4°C. The
microsomal fraction in the precipitates was suspended in 0.1 M potas-
sium phosphate buffer, pH 7.4, followed by sonication for 2 s at 4°C.

Supernatant of the 10,000g fraction, with 50 ug of protein in each
sample, was used for analysis of HO-1 expression by Western blot. In
brief, total protein was separated by electrophoresis with 12% SDS-
polyacrylamide gels and transferred to Immobilon polyvinylidene
difluoride membranes (Millipore Corporation, Billerica, MA). This
process was followed by reaction with a monoclonal antibody for
HO-1 (GTS-1; Takara Bio Inc., Otsu, Shiga, Japan). The protein
band that reacted immunologically with the antibodies was visu-
alized by using the enhanced chemiluminescence system (GE
Healthcare).

The microsomal fraction was used for measurement of HO-1 ac-
tivity. The HO reaction mixture consisted of the microsomal fraction
(1 mg of protein), cytosolic fraction (supernatant after ultracentrif-
ugation desecribed above) of rat liver (1 mg of protein) as a source of
biliverdin reductase, 33 uM hemin, and 333 pM NADPH in 1 ml of
0.1 M potassium phosphate buffer, pH 7.4. The mixture was incu-
bated for 15 min at 37°C, after which the reaction was terminated by
addition of 33 pl of 0.01 M HCL Bilirubin formed in the reaction was
extracted with 1.0 ml of chloroform, and bilirubin concentration was
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determined spectroscopically by measuring the difference in absorbance
between 465 nm (absorbance of bilirubin) and 530 nm (background),
with a molar extinction coefficient of 40 mM™ * em™ at 465 nm.

Moreover, HO-2 expression in this experimental protocol was
measured by reverse transcription-PCR. In brief, total RNA of each
liver tissue was extracted by using TRIzol reagent (Invitrogen) ac-
cording to the manufacturers’ instructions. Primers used for PCR
were as follows: antisense, 5'-AGTAAAGTGCAGTGGTGGCCS3-/,
and sense, 5'-CAGCAACAATGTCTTCAGAGG-3’ to obtain a 230-bp
HO-2 ¢cDNA. After an initial denaturing step at 94°C, 35 PCR cycles
were performed as follows: denaturing for 2 min at 92°C, primer
annealing for 1 min at 54°C, and DNA synthesis for 1 min at 72°C.
PCR products then underwent electrophoresis on ethidium bromide-
stained 1% agarose gels.

Quantification of CO in Blood. After the I/R procedure just
described, rats were killed and blood was collected. Each 0.35-ml
sample of blood was diluted with 3.65 ml of phosphate-buffered
saline and placed in a 10-ml glass test tube on ice. The test tubes
were then sealed, and the air in the tubes was replaced by purging
nitrogen gas into the tubes, after which the NO donor 3-(2-hydroxy-
1-methyl-2-nitrosohydrazino)-N-methyl-1-propanamine was added,
to a final concentration of 1 mM. Because NO has a much higher
affinity than CO for hemoglobin, CO bound to hemoglobin would be
liberated. After 2 h of incubation at room temperature, 1 ml of the
gas in the test tubes was collected and processed in a gas chroma-
tography CO analyzer (TRIlyzer mBA-3000; TAIYO Instruments,
Inc., Osaka, Japan) equipped with a semiconductor gas sensor.

Preparatlon of Liver Tissue Sections for Hlstologlcal Ex-
amination and Detection of Apoptosis. Rat livers were: collected
3 h after I/R and cut into small tissue blocks (approxunately 3-5mm
in length, width, and height). After the blocks were fixed with 6%
buffered neutral formalin solution, they were embedded in paraffin.
Paraffin-embedded sections (6 pm thick) were prepared as usual for
histological examination after hematoxylin and eosin staining and
for apoptosis staining (TUNEL) as described below.

In Situ Detection of Apoptosis in the Liver. TUNEL stalmng :

was used to investigate apoptosis in the paraffin-embedded sections

described above, after I/R with or without PEG-hemin t 'atment :

burg, MD), according to the manufacturer’s instructi

positive cells in four different ﬁelds per sample were ¢

results were expressed per mm? of tissue section. -
Detection of Caspase 3/7 Activities in the Liver. Apoptosw i

the livers of different treatment groups were further examined in °

their caspase 3/7 activities, with a caspase assay kit that contains
the substrate peptide DEVD (Caspase-Glo 3/7 Assay; Promega, Mad-
ison, WI). In brief, the liver tissue homogenates were prepared by
using 1 g of wet tissue added with 4 ml of hypotonic extraction buffer
(256 mM HEPES buffer, pH 7.5, 5 mM MgCl,, 1 mM EGTA, 2 mM

phenylmethylsulfonyl fluoride, and 10 pg/ml leupeptin)-with-the -

Polytron homogenizer (Kinematica). Homogenates were centnfuged

at 10,000g for 30 min at 4°C, and the supernstant was used for =

caspase activity assay according to the manufacturer’s instructions.
Measurement of Liver Tissue Blood Flow. A laser Doppler
flowmeter (ALF21; Advance Co. Ltd., Tokyo, Japan) was used to
measure liver tissue blood flow in anesthetized animals during /R
(until 1 h after initiating reperfusion) with or without PEG-hemin
treatment (10 mg/kg i.v.). The flowmeter probe was inserted at the
same site in the median lobe of the liver in each animal. The real-
time change in blood flow was monitored, and the mean blood flow at
specific time points was calculated and expressed as a percentage of
the preischemic initial blood flow value as the control.
Thiobarbituric Acid-Reactive Substance Assay. Oxidative
cell damage in the liver after I/R with or without PEG-hemin treat-
ment was quantified by assay of lipid peroxide formation via the
thiobarbituric acid reaction (Ohkawa et al., 1979). In brief, liver
tissue homogenates were prepared at a ratio of 1 g of wet tissue to 9
ml of 1.15% KCl in a Polytron homogenizer. Then, 0.1 m! of homog-

enate was mixed with 0.2 ml of 8.1% SDS, 1.5 m! of 20% acetic acid
(pH 3.5 adjusted with NaOH), and 1.5 ml of a 0.8% aqueous solution
of thiobarbituric acid. The final sample was made up to 4 ml with
distilled water and incubated at 95°C for 60 min. After cooling with
tap water, 1.0 ml of distilled water and 5.0 ml of a mixture of
n-butanol and pyridine (15:1, v/v) were added, and each reaction
mixture was shaken vigorously. After centrifugation at 5000g for 10
min, absorbance of the organic upper layer was measured at 532 nm.

ELISA for 8-Hydroxydeoxyguanosine in the Liver. Oxidative
injury of the liver after I/R with or without PEG-hemin treatment
was further examined by detecting 8-hydroxydeoxyguanosine (8-
OHAQ) in liver tissues, by use of an ELISA kit (8-OHdG Check;
JalCA, Fukuroi, Shizuoka, Japan). In brief, DNA in each sample was
extracted by using a QuickGene DNA tissue kit (DT-S; Wako Pure
Chemicals), followed by hydrolysis using an 8-OHdG Assay Prepa-
ration Reagent Set (Wako Pure Chemicals). The ELISA was then
performed to detect 8-OHAG according to the manufacturer’s
instructions.

ELISA for Monocyte Chemotactic Protein 1 in Serum. Se-
rum samples from I/R-treated rats were obtained as described above,
and the monocyte chemotactic protein 1 (MCP-1) levels were quan-
tified by using an ELISA kit (Immuno-Biological Laboratories Co.,
Ltd., Takasaki-Shi, Gunma, Japan) according to the manufacturer’s
instructions.

Statistical Analysis. All data are expressed as means = S.E.
Student’s ¢ test was used to determine the significance between each
experimental group. A difference was considered statistically signif-
icant when P < 0.05.

Results

Synthesis of PEG-Hemin. As we reported previously, to
facilitate conjugation of hemin with PEG we first conjugated
with ethytlenediamine to generate amino groups onto two
carboxyl groups in the porphyrin ring of hemin, to produce

- more reactive nucleophiles than the original carboxyl group

(Sahoo et al., 2002). Then, pegylation targeted to the amino

-groups was successfully achieved by using succinimidyl-acti-

vated PEG,  with two PEG chains conjugated to the porphyrin
tructure of hemin (Scheme 1). The resulting PEG-hemin
3 iblted a high water solubility, more than 15 mM, whereas
ative hemin is almost insoluble in water or physiological

 solutions. Physiochemical analysis showed that PEG-hemin

had a UV spectrum that was similar to that of free hemin
(data not shown). IR spectra of PEG-hemin exhibited a char-
acteristic absorption of amide bonds at 1654 cm™* (amide I)
and 1542 cm ™! (amide II) (Fig. 1), which demonstrated con-
jugation between PEG and hemin via amide bonds. Cross-

‘link of PEG was further supported by the fact that PEG-

emin had no. free amino groups after pegylation (Scheme 1),
as determined by fluorescamine (data not shown).

The molecular mass of PEG-hemin, as calculated from the
chemical structure of PEG-hemin shown in Scheme 1, was 10
to 12 kDa with two PEG molecules (approximately 5000 Da
each) conjugated per mole of hemin. However, in aqueous
solutions, PEG-hemin had a large molecular mass, approxi-
mately 126 kDa as analyzed by Sephadex G-100 column
chromatography (Fig. 2A). This result was confirmed by DLS,
which showed a mean particle size of 121.5 nm in deionized
water (Fig. 2B). The particle size of PEG-hemin in water
remained unchanged at 4°C for more than 1 month. These
data clearly indicated the formation of stable micelles of
PEG-hemin in aqueous solution, with the hydrophobic core
assembly of hemin inside and the hydrophilic PEG outside
(Scheme 1).
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Fig. 1. IR spectra of hemin and PEG-hemin. Amide I (1654 em™") and
amide II (1542 cm™) were clearly observed in PEG-hemin, which sug-

gested an amide bond formation between hemin and PEG through bis-
(ethylenediamino) hemin.

Plasma t;,, of PEG-Hemin. We expected the macromo-
lecular micellar formulation of PEG-hemin to have superior
in vivo pharmacokinetics (e.g., prolonged £,,,), and we inves-
tigated this possibility by using ddY mice. Compared with
free hemin, PEG-hemin had a relatively long circulation
time: even 20 h after intravenous injection, approximately
30% remained in circulation; almost no hemin was detected
2 h after administration (Fig. 3). The #,,, of PEG-hemin was
calculated to be 18.2 h, which is approximately 20 times
longer than that of hemin (0.96 h); in parallel, the AUC of
PEG-hemin increased to 16 times of that of free hemin, and
the total body clearance of PEG-hemin was approximately 16
times slower than that of free hemin (Table 1).
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In Vitro Cytotoxicity and HO-1 Induction Activity of
PEG-Hemin. Figure 4A shows no apparent cytotoxicity for
PEG-hemin up to 250 pM (hemin equivalent). More impor-
tant, PEG-hemin treatment significantly induced expression
of HO-1 mRNA in cultured human hepatocytes (Fig. 4B).

In Vivo HO-1 Induction by PEG-Hemin in a Rat Liver
I/R Model. The I/R procedure alone increased HO-1 protein
expression in the liver tissue, but more important, this HO-1
expression was dramatically up-regulated by PEG-hemin
treatment (Fig. 5A). Likewise, HO-1 activity in liver tissue,
as assessed by the production of bilirubin, increased after I/R
but more significantly increased after /R plus PEG-hemin
treatment (Fig. 5B). These findings were supported by the
PEG-hemin-induced significant increase in the blood concen-
tration of CO, which is another major product of HO-1-cata-
lyzed heme degradation (Fig. 5C).

In addition, I/R procedure induced a slight increase of
HO-2 expression; however, PEG-hemin treatment did not
affect HO-2 expression (Supplemental Fig. 1).

Amelioration of Liver I/R Injury by PEG-Hemin. The
potential therapeutic or tissue protective effect of PEG-he-
min against I/R injury of the liver was evaluated by measur-
ing plasma concentrations of the liver enzymes AST, ALT,
and LDH. In our previous study, we reported that these
enzymes increased to a maximum level at 3 h after reperfu-
sion (Tkebe et al., 2000); thus, in this study all experiments
were performed at 3 h after reperfusion. As anticipated, I/R
caused a large increase in the levels of all three liver en-
zymes, to more than 20 times of normal levels. AST, ALT,
and LDH values for I/R versus those for normal rat were as
follows: 2647.4 + 460.4 IU/l versus 65.3 + 0.7 IU/, 1356.4 =
182.1 TU/ versus 54.3 = 1.2 IU/, and 6932.6 + 1131.0 TU/
versus 62.3 = 3.4 TU/, respectively) (Fig. 6A).

More important, PEG-hemin treatment, at 10 mg/kg (he-
min equivalent), significantly lowered the elevated levels of
AST, ALT, and LDH, with liver enzyme levels almost recov-
ering to normal (Fig. 6A). Furthermore, this cytoprotective
effect of PEG-hemin was almost nullified by administration
of SMA-ZnPP, which is a macromolecular water-soluble HO
inhibitor that we had prepared previously (Iyer et al., 2007)
(Fig. 6A). These results suggest that the cytoprotective effect
of PEG-hemin was through an HO-1-mediated pathway, as
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lgG 3 -§ Fig. 2. Apparent molecular mass of PEG-
17 k] hemin in aqueous solutions as analyzed
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Fig. 8. Pharmacokinetics of PEG-hemin and native hemin
100 in the blood of ddY mice. Native hemin or PEG-hemin was
300 injected intravenously into ddY mice via the tail vein. After
0 scheduled intervals, mice were killed, blood was collected,
0 5 Ti 1 and blood concentrations of hemin and PEG-hemin were
200 ime (h) measured as described under Materials and Methods. Val-
ues are means * S.E. (n = 4). #*, P < 0.01; #=++, P < 0.001,
PEG-hemin versus native hemin.
100 +
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TABLE 1 assay, which is a standard method of detecting oxidative

Pharmacokinetic parameters of free hemin and PEG-hemin

Plasma ¢, indicates time required to reach to half-concentration at time zero by
interpolation.

Agent tyo AUC
k vg/milh Uhlkg
Hemin 0.96 203.3 49.2
PEG-hemin 18.25 3289.3 3.0

discussed in the Introduction. Consistent with these findings,
hematoxylin and eosin staining of liver tissues after I/R:
vealed apparent necrotic areas, but necrosis was significantly

inhibited by PEG-hemin treatment (Fig. 6B). In addition,

rats not undergoing I/R showed no apparent changes inse

rum AST, ALT, and LDH values after injection of PEG— -

hemin (data not shown), which suggests that PE
seemed to be nontoxic to the liver.

Changes in Hepatic Blood Flow. One major reason for :

liver tissue injury by I/R is reduced blood flow, as clearly seen
in Fig. 7, which shows that hepatic blood flow decreased to
20% of normal at 20 min after ischemia and recovered to only
30% of normal at 1 h after reperfusion was initiated. The
tissue-protective effect of PEG-hemin was believed to result,

at least in part, from improved hepatic blood :flow. PEG:
hemin treatment largely increased hepatic blood flow, which

reached 80% of normal at 1 h after the start of reperfusion
(Fig. 7).

Apoptosis in the Liver after I/R. The TUNEL assay for
apoptosis allowed further elucidation of the pathological
events caused by I/R with or without PEG-hemin treatment.
I/R clearly induced apoptosis at 3 h after reperfusion,
whereas PEG-hemin significantly lowered the number of
apoptotic cells in the liver after I/R (Fig. 84A), findings that
correlated well with the liver enzyme profiles. This was fur-
ther supported by caspase 3/7 activity assay, by which the
caspase 3/7 activities were found to be remarkably increased
in the livers of I/R, whereas it was significantly inhibited by
PEG-hemin (Fig. 8B).

Oxidative Injury Induced by I/R in the Liver. To in-
vestigate the role of ROS in liver I/R injury, the TBARS

Total Body Clearance

injury of tissue involving lipid peroxidation, was performed.
As Fig. 9 shows, IR greatly increased the TBARS level in the
rat liver.-This increase was markedly inhibited by PEG-
hemm treatment in a dose-dependent manner (Fig. 9): at 10
mg/kg PEG-hemin, the TBARS value was almost normal,
which suggests that liver injury caused by I/R involved the
increased generation of ROS. Similar results were obtained
when 8-OHdG, which is a common index for oxidative injury
of DNA, was detected in the liver of rat after I/R procedure
with or without PEG-hemin treatment. These findings indi-
cate the involvement of ROS in I/R injury and the protective
fect of PEG hemin in this process.

many inflammatory cytokines known to be involved in
I/R injury, MCP-1, a proinflammatory chemokine and key
mediator in the inflammatory process, is strongly associated
with ROS-induced pathological conditions including I/R in-
jury (Melgarejo et al., 2009). We thus measured the levels of
MCP-1 in rat serum after I/R with or without PEG-hemin
dmlms’cratlo‘ ©Figure 10 shows a significantly increased
serum MCP-1 level at 3 h after /R. However, PEG-hemin
treatment before /R markedly inhibited this increase, which
was consistent with the liver function results, as well as
necrosis and apoptosis in liver tissue.

Discussion

During the past few decades, the clinical importance of
ROS has been discussed extensively, and development of
drugs to control the generation of ROS or scavenge ROS has
become a focus of great interest (Maeda and Akaike, 1991,
McCord, 2000). One approach is to block ROS generation. We
in fact developed an XO inhibitor, 4-amino-6-hydroxypyra-
zolo[3,4-d]pyrimidine, and its polymer conjugate to inhibit
03 production by XO (Miyamoto et al., 1996; Fang et al.,
2009a, 2010). An alternative approach that has attracted our
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attention is to take advantage of the products of HO-1, which
is a major antiapoptotic antioxidative molecule (Maines,
1988; Fang et al., 2004; Abraham and Kappas, 2008). Induc-
tion of HO-1 either by its inducers such as cobalt protopor-
phyrin and hemin or by HO-1 gene transfer showed benefi-
cial effects in many ROS-related diseases (Fang et al., 2004;
Abraham and Kappas, 2008). We followed this approach by
using a modified hemin and developed a macromolecular
micellar hemin formulation to improve its water solubility
and in vivo pharmacokinetics.

We used PEQG, which is a widely used biocompatible poly-
mer, to prepare hemin micelles. Consistent with our previcus
reports of PEG-ZnPP (Sahoo et al., 2002; Fang et al., 2003),
which is chemically similar to PEG-hemin, PEG modification
of hemin led to markedly increased solubility (more than 15
mM; hemin equivalent) in physiological solutions, in which
free hemin can be hardly solubilized. More important, PEG-

hemin exhibited a very long circulation time: its £, in ddY
mice was approximately 18 h, which was approximately 20
times longer than that of free hemin (Fig. 3; Table 1). Fur-
thermore, PEG-hemin had no or very little toxicity; PEG-
hemin treatment, up to 250 M, produced no cell death (Fig.
4A). Its safety was also verified in vivo: injection of 100 mg/kg
iv. PEG-hemin into ddY mice did not cause the death of the
mice or any apparent side effects such as loss of body weight
and change in blood biochemistry (data not shown). These
findings warrant further clinical applications of PEG-hemin.

The improved water solubility and plasma ¢, are caused
by the micellar formulation of PEG-hemin, which had an
apparent molecular mass of 126 kDa in aqueous solution as
judged by Sephadex G-100 column chromatography (Fig. 24).
This PEG-hemin presents as an aggregated micellar form, as
observed by DLS, which showed a mean particle size of 121.5
nm in physiological solution (Fig. 2B). Macromolecular drugs
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Fig. 7. Time profile of changes in hepatic blood flow before and after I/R
and PEG-hemin treatment. Blood flow values are expressed as a percent-
age of the value measured before ischemia. PEG-hemin (10 mg/kg) was
injected intravenously as noted in Fig. 6. Data are presented as means *
S.E. (n = 3—-4). %, P < 0.05; #x, P < 0.01, PEG-hemin versus native hemin.

(larger than 40 kDa) are known to have various beneficial
characteristics including prolonged in vivo ¢, as shown
above, and, what is more important, selective accumulation
and retention in solid tumor and inflammatory tissues. This
unique phenomenon of macromolecules was named the en-
hanced permeability and retention (EPR) effect (Matsumura
and Maeda, 1986; Maeda et al., 2000, 2001; Duncan, 2003;
Fang et al., 2011). Many macromolecular drugs have been
developed on the basis of the EPR effect and are now not only
at the laboratory stage of development but also in the clinical
stage (Maeda et al., 2001; Duncan, 2003; Nagamitsu et al.,
2009; Maeda, 2010; Fang et al., 2011).

In addition, the macromolecular PEG-hemin micelles
showed relatively strong HO-1 induction activity, both in
vitro and in vivo, as evidenced by mRNA and protein levels

10000 bk

12000 *

Fig. 6. Effect of PEG-hemin on hepatic
I/R injury evaluated by changes in se-
rum levels of AST, ALT, and LDH (A)
and histological examination of rat liver
tissue (B). Ischemia was induced by oc-
cluding both the portal vein and hepatic
artery for 30 min followed by reperfu-
sion for 3 h. PEG-hemin (PH) was ad-
ministered intravenously 2 h before
ischemia. The concentration of SMA-
ZnPP administered to rats was 5 mg/
kg. See Amelioration of Liver I/R Injury
by PEG-Hemin under Results for de-
tails. Data are presented as means *
SE. (n = 3-12). %, P < 0.05; #*, P <
0.01. Arrows in B indicate necrotic ar-
eas of liver tissue.

8 § 8 8
.
— |

(Figs. 4B and 5A). More important was HO-1 enzymatic
activity of generation of both antioxidative bilirubin and CO
(Fig. 5, B and C), which are the essential components to
exhibit the pharmacological effect of HO-1. By quantifying
bilirubin production, one can assess the enzyme activity of
HO. However, it may not reflect the physiological role of HO
in vivo. Measurement of CO that is derived mostly from HO
in biological organisms (Abraham and Kappas, 2008), in cir-
culation, or tissues may thus useful to evaluate the physio-
logical role of HO in vivo. The results presented in this study
clearly indicated the correlation of the circulation CO level in
parallel with HO expression and bilirubin production (Fig. 5).
Further investigations are warranted for the measurement
of CO levels in tissues.

Mechanisms involved in the tissue-protective and thera-
peutic effects of PEG-hemin were thought to rely mostly on
the antioxidative role of HO-1, which would take advantage
of the enzyme reactions in heme catabolism (Fang et al.,
2004; Abraham and Kappas, 2008). Heme and free iron are
pro-oxidants that would induce or enhance ROS generation
(Akaike et al., 1992; Jeney et al., 2002), whereas bilirubin,
which is a major product of heme degradation, is one of the
most abundant endogenous antioxidants in mammals and
accounts for the major antioxidative activity in human serum
(Baranano et al., 2002).

More recently, CO generated during heme degradation is
also believed to account for the major, if not all, biological
properties of HO-1. HO-catalyzed heme catabolism is the
major source of CO (i.e., more than 80%) in the mammalian
system, and the roles of CO include, similarly to NO, regu-
lating vascular tone (vasorelaxant), participating in antiapo-
ptosis, serving an antioxidative, anti-inflammatory function,
and inhibiting the activation of monocyte/macrophages, in-
ducing angiogenesis, and others (Abraham and Kappas,
2008). In our present experiment, we found the CO concen-
tration in circulation increased after PEG-hemin treatment
(Fig. 5C), which was paralleled with the improved hepatic
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blood flow (Fig. 7) and decreased apoptosis in the liver in the
I/R process (Fig. 8), even though we did not show direct
evidence of its role on the cytoprotective effect against /R
injury. However, a recent study by Wei et al. (2010) demon-
strated a direct effect of CO on I/R injury by using a CO-
releasing molecule, although the effect was less significant,
probably because of the short in vivo #;,, of CO-releasing
agent.

In addition to HO-1 (the inducible enzyme), the constitu-
tive form of HO, namely HO-2 is a major source of HO
activity in most tissues. Both are alike in terms of enzymatic
mechanisms of heme degradation and cofactor and substrate
specificity (Maines, 1988; Abraham and Kappas, 2008). The
HO activities in liver tissues measured in this study (Fig. 5B)
may thus include HO-2 activity as well. Unlike HO-1, whose
expression is relatively low in most normal tissues unless
exposed to various stresses, such as I/R injury and hemin
treatment as shown in this study (Fig. 5), HO-2 displays, in
general, a constitutive expression in many normal tissues
but it is not up-regulated upon stress or injury, which was
also confirmed in this study (Supplemental Fig. 1). HO-2 is
thus believed to contribute to normal housekeeping. And it

has been reported that HO-2 behaves as a basal tone of
anti-inflammatory signals, and deletion of HO-2 disables ex-
ecution of the acute inflammatory and reparative response,
leading to an exaggerated inflammatory response including
increased oxidative stress and angiogenesis (Seta et al., 2006;
Bellner et al., 2009). Moreover, it is known that HO-2 is
induced by the treatment of corticosteroids (Maines et al.,
1996), which is an important protective response during
acute illness or stress, and is widely used as a treatment of
inflammatory diseases. Thus, HO-2, along with HO-1, may
also play important role as a protective response against I/R
and inflammatory distress, facilitating the therapeutic re-
sponse induced by PEG-hemin, which warranted further
investigations.

I/R injury is a typical ROS-related inflammatory disorder,
in which O, as a highly reactive radical, reacts with and
oxidizes many biological molecules including NO (McCord,
1985; Maeda and Akaike, 1991; Ikebe et al., 2000) and
thereby can trigger cell death. These pathological roles were
clearly demonstrated in the present study using the I/R pro-
cedure, as evidenced by increased levels of the inflammatory
cytokine MCP-1 (Fig. 10), elevated TBARS and 8-OHdG (Fig.
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Fig. 10. Induction of MCP-1 by I/R injury and the protective effect of
PEG-hemin. I/R and treatment protocols were the same as mentioned in
Fig. 6. The serum MCP-1 concentration was measured by using an ELISA
kit. Data are presented as means = S.E. (n = 4-6). », P < 0.05.
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9), and apoptosis in liver tissue (Fig. 8), all of which were at
least partly ameliorated by PEG-hemin treatment. As de-
scribed above, O3 reacts extremely rapidly with NO at diffu-
sion rate-dependent manner, and NO is thus removed and
bioavailability of NO is reduced in the body, resulting in

vascular constriction. These events explain, at least partly if .

not completely, the low hepatic blood flow after reperfusio
during I/R, as Fig. 7 shows. Scavenging O} will result in the
reduction of apoptosis of hepatic cells and impro “hepatlc‘
blood flow (Figs. 7 and 8). As a consequence, pat i
effects caused by I/R injury will be prevented.
With regard to the treatment protocol in the present stu
PEG-hemin was administered 2 h before ischemia wag initi-
ated, so as to achieve sufficient HO-1 induction, as shown in
Fig. 5. This study used an acute I/R injury model, in which
the injury peaked within 3 h, so that induction of HO-1 before
I/R was necessary. Late treatment may be less effective be-
cause pathological changes progress quickly and may not be

reversed before sufficient HO-1 expression.”Acute VR injury

can in fact be observed in many medical interventi
as routine operations, and especially organ transplantatlon
in which temporary obstruction of the blood flow of an organ
or tissue is necessary, and the I/R injury of the tissue or
organ is unavoidable and predictable. In these cases, prior
administration of PEG-hemin and induction of HO-1 would
be reasonable and practical and may produce successful ther-
apeutic results. However, many I/R injuries seen in clinical
settings are subacute or chronic, in which ROS are generated
and injury progresses slowly but gradually; these situations
include cardiac arrest, cerebral ischemia, thrombosis, and
stroke (McCord, 1985). PEG-hemin may thus be beneficial in
these cases with its long plasma half-life (Fig. 3; Table 1) and
thus potent and sustained HO-1 induction activity. For
groups at high risk of developing these diseases, PEG-hemin
may become more important as a preventive medication be-

cause PEG-hemin itself demonstrated no or very little toxic-
ity (Fig. 44).

In addition, many disorders other than I/R injury are as-
sociated with ROS including inflammation, hypertension,
and bacterial and viral infections (Maeda and Akaike, 1991;
McCord, 2000). Therefore PEG-hemin may be applicable for
the treatment of these diseases as well.

In conclusion, findings from the present study demon-
strated that the macromolecular, water-soluble, micellar
form of HO-1 inducer PEG-hemin exerted a potent cytopro-
tective effect against I/R injury of the liver in rats, as evi-
denced by low serum liver enzyme values (Fig. 6A), decreased
numbers of apoptotic cells in the liver (Fig. 8), increased
hepatic blood flow (Fig. 7), and reduced inflammatory cyto-
kine levels in serum (Fig. 10). The cytoprotective effects of
PEG-hemin can be attributed to augmented HO-1 activity
(e.g., increased CO production, as Fig. 5C showed) through
its antiapoptotic, antioxidative actions, because the HO-1
inhibitor SMA-ZnPP almost completely nullified the effect of
PEG-hemin (Fig. 6A). This finding was also supported by the
increased HO-1 mRNA and protein expression and elevated
CO levels in blood and HO-1 enzyme activity (Figs. 4B and 5)
and reduced tissue peroxidation in the liver after PEG-hemin
treatment (Fig. 9). Therefore, the data presented herein sug-
gest a therapeutic potential of PEG-hemin for I/R injury, and
other'ROS-related diseases, such as inflammatory disorders
and ‘hypertension, so PEG-hemin warrants further investi-
gatlon as a therapeutic agent.
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D-Amino acid oxidase (DAO) is a hydrogen peroxide-generating enzyme that uses a D-amino acid as a substrate. We hypothe-
sized that DAO may protect against bacterial infection, because hydrogen peroxide is one of the most important molecules in the
antibacterial defense systems in mammals. We show here that DAO suppressed the growth of Staphylococcus aureus in a manner
that depended on the concentration of DAO and p-amino acid in vitro. Addition of catalase abolished the bacteriostatic activity
of DAO. Although DAO plus p-Ala showed less bactericidal activity, addition of myeloperoxidase (MPO) greatly enhanced the
bactericidal activity of DAO. Furthermore, DAO was able to utilize bacterial lysate, which contains p-Ala derived from pepti-
doglycan; this could produce hydrogen peroxide with, in the presence of myeloperoxidase, formation of hypochlorous acid. This
concerted reaction of DAO and MPO led to the bactericidal action. In vivo experiments showed that DAO™’~ (mutant) mice
were more susceptible to S. aureus infection than were DAO™'* (wild-type) mice. These results suggest that DAO, together with
myeloperoxidase, may play an important role in antibacterial systems in mammals.

drogen peroxide (H,0O,), a major reactive oxygen species
ROS), demonstrates bactericidal activity against various mi-
croorganisms (14). In mammals, immune cells (macrophages and
neutrophils) utilize ROS, such as H,0, and superoxide anion rad-
ical, to eliminate infecting bacteria. Furthermore, in the presence
of H,0,, myeloperoxidase (MPO) oxidizes halide ions (Cl~ and
I7) to produce hypohalous acid (hypochlorous acid [HOCI] and
hypoiodous acid). Hypohalous acid is one of the most active ROS
and is toxic to various microbes. Neutrophils are major immune
cells that utilize HOCl to eliminate infecting bacteria. For neutro-
phils, a primary source of the H,0, used to generate HOCI is
NADPH oxidase (24). H,0, may also have an additional signifi-
cant role in chronic granulomatous disease, which is a hereditary
disease caused by abnormal H,O, production in neutrophils that
is primarily due to defective NADPH oxidase (7, 9).

D-Amino acid oxidase (DAO) is another H,O,-generating en-
zyme, which uses flavin adenine dinucleotide (FAD) as a coen-
zyme. Biochemically, DAO catalyzes oxidative deamination of D-
amino acids to yield corresponding a-keto acids, with molecular
oxygen (O,) used as an electron acceptor and, thus, formation of
H,0,. DAO exists in many organisms, from yeasts to mammals,
but not in bacteria. In mammals, DAO is abundant in the kidney,
liver, and brain. However, the biological roles of DAO in mam-
mals remain unclear. In the brain, for example, DAO is associated
with neurotransmission via modulation of D-serine levels. The
enzymatic activity of DAO has been correlated with the incidence
of schizophrenia (8).

Moreover, several researchers found DAO in human and por-
cine neutrophils, which suggests an important antibacterial role
for DAO in neutrophils. Robinson et al. reported that DAO is
located on the cell surface and DAO is internalized with foreign
objects, such as bacteria (26). Reports that purified porcine DAO
has antibacterial activity against Escherichia coli in vitro and that its
activity was enhanced by addition of b-amino acids, as well as by
binding of DAO to bacterial cell walls, have appeared in the liter-
ature (10, 29).

D-Amino acids (e.g., D-Ala and D-Glu) are integral compo-

1546 iaiasm.org

nents of the peptidoglycan of bacterial cell walls and are missing in
mammals. We thus hypothesized that DAO may utilize D-Ala gen-
erated by target bacteria and that peptidoglycan synthesis may be
involved in defense against microbial infections, because p-Ala is
ubiquitous in bacteria. DAO activity is also reportedly absent in
the kidney in most germ-free mice and is partially restored by
injection of D-Ala (21), which suggests that DAO may be induced
by cell wall components and thus may protect hosts against bac-
terial infection. However, some researchers reported no difference
in DAO activity in germ-free mice and conventional mice (23).

In this study, we investigated the potential role of DAO as an
antibacterial defense enzyme by using a porcine recombinant
DAQO, as well as in vitro and in vivo experiments with DAO-defi-
cient mice and Staphylococcus aureus. The combined effect of
DAO and MPO was also investigated.

MATERIALS AND METHODS

Materials. The S. aureus strain ATCC 25923 was used in this study. ddY
mice were purchased from Japan SLC, Inc., Shizuoka, Japan. Soybean
casein digest (SCD) broth was purchased from Nissui Co., Tokyo, Japan.
Leupeptin, phenylmethylsulfonyl fluoride (PMSF), and FAD were pur-
chased from Sigma-Aldrich Chemical Co., St. Louis, MO. 3-[(3-Cholami-
dopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) and SBT
[N,N"-bis (2,4-disulfobenzyl) toluidine] was purchased from Dojindo
Chemical Laboratories, Kumamoto, Japan. TaKaRa Ex Tag was pur-
chased from Takara Bio Inc., Shiga, Japan. PIMI restriction enzyme was
purchased from New England BioLabs (Ipswich, MA). SCD agar, isopro-
pyl-B-p-thiogalactopyranoside, carbenicillin, polyoxyethylene sorbitan
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monolaurate (Tween 20), ammonium sulfate, Tris, EDTA, sodium dode-
cyl sulfate (SDS), proteinase K, casein sodium, and others were purchased
from Wako Pure Chemical Industries, Ltd., Osaka, Japan.

Production and purification of recombinant DAO. Recombinant
porcine DAO was prepared as described previously (12). Briefly, the E. coli
BL21(DE3) strain harboring a pET3c plasmid encoding porcine DAO was
cultured in LB medium containing 50 ug/ml carbenicillin as usual, and
0.01 mM isopropyl-B-p-thiogalactopyranoside was added to allow ex-
pression of DAO in E. coli. After culture for 20 h at 37°C, the bacterial
pellets were sonicated (150 W; 30 min) in 20 mM pyrophosphate buffer
(pH 8.2) at 4°C. DAO was obtained by means of ammonium sulfate pre-
cipitation after heat denaturation, followed by DEAE cellulose column
chromatography. The purity of the DAQO was checked by means of SDS-
polyacrylamide gel electrophoresis (PAGE) with Coomassie brilliant blue
staining (purity > 90%).

Assay for bacteriostatic and bactericidal activities. (i) Bacteriostatic
activity. S. aureus was cultured until the mid-log phase of growth in SCD
broth with reciprocal shaking at 1.5 Hz and 37°C. Then, the bacteria were
washed twice with physiological saline (0.85%), and 1 X 10° CFU/ml of S.
aureus was incubated with DAO (2 to 40 ug/ml), p-amino acids (p-Ala [1
to 10 mM], p-Pro [0.3 to 10 mM], p-Glu [10 mM], or p-Asp [10 mM]),
and catalase (1 mg/ml) in SCD broth at 37°C for 5 h. The optical density at
570 nm was used to compare relative bacterial cell numbers for the differ-
ent conditions tested.

(ii) Bactericidal activity. S. aureus (1 X 10° CFU/ml), which was pre-
pared as described above, was incubated with DAO (10 to 200 pg/ml),
D-amino acids in the same concentration range mentioned above, and
MPO (3.2 U/ml) in 50 mM phosphate-citrate buffer (pH 5.5), or the
bacteria were incubated with DAO (10 to 50 pg/ml) and the above-de-
scribed p-amino acids in 10 mM phosphate-buffered saline (PBS) (pH
7.4) at 37°C in a shaking (1.5 Hz) water bath for 30 min. Duplicate 100-ul
aliquots of each dilution were added to 15 ml of SCD agar and mixed well
in petri dishes for colony formation. The numbers of colonies formed
were determined after overnight incubation at 37°C.

Measurement of hydrogen peroxide production. Hydrogen peroxide
was measured by colorimetric assay using peroxidase-coupled oxidation
of o-dianisidine. DAO (5 pg/ml), bacterial lysate (0.5 to 1.0 mg/ml), and
horseradish peroxidase (6.6 ug/ml) were incubated in 50 mM phosphate
buffer (pH 7.4) containing o-dianisidine (75 pg/ml) at 25°C, and then
absorbance at 460 nm was measured. Bacterial lysate was prepared by acid
hydrolysis of S. aureus, hydrolysis in 6 M HCl at 110°C for 24 h, and was
then kept in a desiccator containing pellets of NaOH under vacuum to
remove the HCl and dried to obtain a powder.

Measurement of hypohalous acid generation. The amount of hypo-
halous acid (HOCL) was measured by a colorimetric method based on
SBT. Briefly, an H,O,-generating system (200 pg/ml DAO and 10 mM
p-Ala), 0.8 or 1.6 U/ml MPO, 200 mM NaCl, and 5 mg/ml potassium
iodide were incubated with 0.1 mg/ml SBT in 50 mM phosphate citrate
buffer (pH 5.5), after which the absorbance at 675 nm was measured (27).
In another experiment, a lysate of S. aureus was used instead of p-Ala.

Genotyping. Genomic DNA was extracted from the auricles of ddY
mice after incubation of auricular tissue in lysis buffer (10 mM Tris-HCI,
10 mM EDTA, 0.5% SDS, 0.5 mg/ml proteinase K) at 55°C for 6 h, after
which the genomic DNA was purified by phenol-chloroform extraction
and ethanol precipitation. The mouse Dao gene was amplified by means of
PCR using 5'-mDAO and 3’-mDAO primers. The PCR products were
also subjected to phenol-chloroform extraction and ethanol precipita-
tion, followed by digestion with the restriction enzyme PAIML The di-
gested DNA fragments were then separated using 1% agarose gel electro-
phoresis. The primer sequences used for mouse Dao genotyping were as
follows: 5'-mDAO, ATGTACGAAGCTGGAGGACAGAGGGG, and 3'-
mDAO, CAAGCAGACAGGGCAAGCTCTTCATGG.

Quantification of bactericidal activity in kidneys. Six-week-old fe-
male ddY mice were injected with 1 X 107 CFU of S. aureus via the tail
vein. Three days after bacterial challenge, the mice were sacrificed and the
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kidneys were excised. The kidneys were homogenized in 1% CHAPS in
RPMI medium, and the homogenates were serially diluted with physio-
logical saline. Duplicate 100-ul aliquots of each dilution were added to 15
ml of SCD agar at about 45°C and mixed vigorously in petri dishes. The
numbers of viable bacteria were assessed by counting the colonies formed
on SCD agar plates after overnight incubation at 37°C.

Measurement of DAO enzymatic activity. Kidneys or peritoneal neu-
trophils were homogenized using a Polytron homogenizer (Kinematica
AG, Lucerne, Switzerland) or by ultrasonication (type Dr. Hielscher,
UP50H homogenizer, tip drip type) in ice-cold suspension buffer (100
mM Tris-HCI, pH 8.0) containing a mixture of protease inhibitors (1 mM
PMSF, 10 pg/ml leupeptin, and 2.5 mM EDTA). The tissue lysates ob-
tained were then centrifuged (12,000 X g; 15 min at 4°C), and each super-
natant specimen was used for measurement of DAO enzymatic activity.
The DAO activity in the tissue lysates was determined on the basis of
formation of a-keto acid (pyruvic acid) during the reaction between p-Ala
and DAO, as described previously (11).

Preparation of mouse peritoneal neutrophils. Mouse peritoneal
neutrophils were elicited by using a peritoneal injection of 3 ml of 6%
casein sodium salt dissolved in physiological saline and harvested via peri-
toneal lavage 6 h later with 5 ml of PBS. Contaminating erythrocytes were
removed by causing them to burst in hypotonic saline solution (0.2%
NaCl); isotonicity was then restored with a rebalancing solution (1.9%
NaCl), followed by centrifugation. Approximately 1 X 107 neutrophils
were obtained from 10-week-old female ddY mice. The purity of the neu-
trophils was evaluated by means of Giemsa staining under a microscope.

Bactericidal activity of mouse neutrophils with wild-type
(DAO™*'*) and DAO-deficient (DAO™/~) mice. S. aureus bacteria at the
mid-log phase in SCD broth as described above were washed twice with
physiological saline and suspended in PBS containing 1 mM MgCl, and
1.5 mM CaCl,, and the bacteria were treated with 10% pooled mouse
serum at 37°C for 15 min for endocytosis after opsonization of S. aureus
with mouse serum. Then, neutrophils were added to the bacteria at a 1:1
ratio of bacteria to neutrophils (4 X 10° cells/ml) in PBS supplemented
with 1 mM glucose and 10% mouse serum for opsonization and incu-
bated at 37°C. After 90 min of incubation, each sample was diluted in
0.2% Tween 20 and incubated for 5 min at room temperature to lyse the
neutrophils and release phagocytosed bacteria, after which samples were
vortexed vigorously and duplicate 100-ul aliquots were plated on 15-ml
agar gel plates of SCD medium, followed by overnight culture at 37°C. The
viable bacteria were then counted.

RESULTS

In vitro bacteriostatic activity of DAO. We first examined the
bacteriostatic activity of DAO against S. aureus. S. aureus bacteria
were incubated with porcine DAO at various concentrations in
the presence of 10 mM D-Ala in SCD medium. A concentration of
2 ug/ml DAO showed 50% bacterial growth suppression, and
complete growth suppression was observed with DAO at more
than 10 pg/ml (Fig. 1a). Similar concentration-dependent bacte-
riostatic activity was seen with D-Ala in the presence of 10 pg/ml of
DAO (Fig. 1b). This bacteriostatic activity of DAO was not ob-
served with the addition of 1-Ala (Fig. 1a). Further, addition of 1
mg/ml catalase abolished the bacteriostatic effect of DAO com-
pletely (Fig. 1c), which suggests that H,O, is the major effector of
DAO-induced bacteriostatic effects. Though addition of p-Glu
and D-Asp could not suppress S. aureus bacterial growth, p-Pro
suppressed the growth of S. aureus more extensively than p-Ala in
a dose-dependent manner (Fig. 1d and e).

Enhancement of the bactericidal effect of DAO with MPO in
vitro. We also examined the bactericidal activity of DAO against S.
aureus. DAO showed only weak bactericidal activity, even in the
presence of 5 mM D-Ala; about 40% decreases in viable bacteria
were observed (Fig. 2a). Next, we examined the bactericidal activ-
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FIG 1 Bacteriostatic activity of DAO against S. aureus. (a and b) S. aureus (1 X 10° CFU/ml), which was grown until the mid-log phase in SCD broth, was
incubated with increasing concentrations of DAO in the presence of 10 mM p-Ala (a) or increasing concentrations of D-Ala in the presence of 10 pg/ml DAO (b)
in SCD broth at 37°C for 5 h, and then the optical density at 570 nm was measured. (c) S. aureus (1 X 10° CFU/ml) was incubated with DAQO and p-Ala, with or
without 1 mg/ml (5,000 to 10,000 U/ml) of bovine catalase, and then the optical density at 570 nm was measured. (d and e) S. aureus (1 X 10° CFU/ml) was
incubated with DAQ in the presence of D-amino acids (D-Pro [0.3 to 10 mM], p-Glu [10 mM], or b-Asp [10 mM]) in SCD broth at 37°C for 5 h, and then the
optical density at 570 nm was measured. The values are means and standard deviations (SD). **, statistically significant differences (P < 0.01) by Student’s ¢ test.

ity of DAO in relation to that of MPO. Generation of hypohalous
acid was detected by means of the SBT-based colorimetric method
as described in Materials and Methods (27). Hypohalous acid was
generated when the H,O,-generating system (DAO and p-Ala)
was mixed with MPO and chloride ion (Fig. 2b). These results
indicated that DAO serves as an H,O, donor for MPO to generate
HOCL

We next examined the bactericidal activity of the DAO-MPO
system. DAO alone showed no bactericidal activity at pH 5.5, but
coincubation of DAO and p-Ala showed significant bactericidal
activity; about 60% bacterial killing was achieved compared with
the control under our experimental conditions (Fig. 2c, lane 7).
When three components, DAO, p-Ala, and MPO, were incubated
with bacteria, the highest bactericidal activity (more than 99%
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killing) among the conditions tested was obtained (Fig. 2c, lanes
10to 14). Similar results were obtained using D-Pro; coincubation
of D-Pro, DAQO, and MPO showed the highest bactericidal activity
against S. aureus (Fig. 2e and f); however, this was not the case with
D-Glu and p-Asp (Fig. 2d and ).

Use of bacterial p-amino acid by DAO and generation of
HOCI in the presence of MPO. Essentially all bacteria produce
D-amino acids for the biosynthesis of peptidoglycan, the crucial
component of the bacterial cell wall. We investigated whether
DAO can use the bacterial lysate, which contains D-amino acids.
Use of a D-amino acid, such as D-Ala, for DAO was examined by
measuring the production of pyruvic acid, as well as generation of
H,0,. Acid hydrolysate of S. aureus was used as the source of the
bacterial p-amino acid. Incubation of the lysate with DAO led to
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FIG 2 Generation of HOCl and bacterial killing by the DAO-MPO-p-amino acid system. (a and d) S. aureus (1 X 10° CFU/ml) was incubated with DAO (10
to 50 pg/ml) and b-amino acid (p-Ala [0.3 to 5 mM], b-Pro [10 mM}, b-Glu [10 mM], or p-Asp [10 mM]) in 10 mM phosphate-buffered saline (pH 7.4) at 37°C
for 30 min, and then each reaction mixture was diluted in physiological saline, mixed with warm SCD agar, and plated on petri dishes. The bacterial colonies were
counted after overnight culture at 37°C. The values are expressed relative to the control. (b) DAO (200 pg/ml) was incubated with or without MPO in 50 mM
phosphate citrate buffer (pH 5.5) for the indicated time in the system containing 10 mM D-Ala and 0.1 mg/ml SBT, an indicator of HOCI generation, and
absorbance at 675 nm was then measured. (c, e, and f) S. aureus (1 X 10° CFU/ml) was incubated with a combination of DAQO (10 to 200 pg/ml), p-amino acid
(p-Ala [0.6 to 10 mM], p-Pro [0.6 to 10 mM], b-Glu [10 mM], or p-Asp [10 mM]), and MPO (3.2 U/ml) for 30 min in 50 mM phosphate citrate buffer (pH 5.5).
The viable bacteria were counted by colony-forming assay as described above. The values are means and SD. N.D., not detected. ** and *, statistically significant
differences (P < 0.01 and P < 0.05, respectively) by Student’s ¢ test.

significantly increased pyruvic acid production (Fig. 3a). Further-  bacterial lysate, DAQO, and MPO produced significant bactericidal
more, generation of H,0, was measured by incubation of the activity (Fig. 3d). These results indicate that DAO can utilize bac-
lysate of S. aureus and DAO (Fig. 3b), and HOCI was also gener-  terial lysates as a source of D-amino acid to generate H,O,, which
ated in the presence of MPO (Fig. 3¢). Indeed, coincubation with  is converted HOCI by MPO.
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FIG 3 Utilization of bacterial cell wall-derived p-amino acid by DAO and generation of the bactericidal molecule HOCL. (a) Lysate of S. aureus (1 mg/ml) was
incubated with 0.2 mg/ml DAO for 30 min at 37°C, and then pyruvicacid production was quantified as described in Materials and Methods. (b) Lysate of S. aureus
(0.5 to 1 mg/ml) was incubated with DAO (5 pg/ml) in 50 mM phosphate buffer at 25°C for the indicated time to generate H,O,. H,O, was measured by use of
peroxidase-coupled oxidation of o-dianisidine (460 nm) as described in Materials and Methods. (c) Lysate of S. aureus (1 mg/ml) was incubated with DAO (200
ug/ml) plus MPO (1.6 U/ml) in the presence of SBT in acetate buffer (pH 5.5), and then absorbance at 675 nm was measured for HOCl generation. (d) S. aureus
(1 X 10° CFU/ml) was incubated with the lysate of S. aureus (0.5 to 1.0 mg/ml), DAO (10 to 25 ug/ml}, and MPO (1.6 U/ml) in 50 mM phosphate citrate buffer
(pH 5.5) at 37°C for 30 min. Each reaction mixture was diluted with physiological saline, mixed with warm SCD agar, and plated on petri dishes. The bacterial
colonies were counted after overnight culture at 37°C. The values are means and SD. **, statistically significant differences (P < 0.01) by Student’s # test.

Difference in DAQO activitin in DAO™* and DAO ™/~ mice
and their susceptibilities to bacterial infection. Certain ddY
mice reportedly have a single-nucleotide substitution (541 G—A)
in the Dao gene (Fig. 4a) (19). This nucleotide polymorphism
results in the glycine (GGG)-to-arginine (AGG) amino acid sub-
stitution, which inactivates the enzyme activity of mouse DAO
(19). We therefore sorted ddY mice into wild-type (DAO **Yand
DAO-deficient (DAO™/7) mice by using a restriction fragment
length polymorphism (RFLP) method (Fig. 4b). Among 46 female
ddY mice from Japan SLC, Inc., that were tested, 6 were wild-type
mice (+/+), 16 were homozygous mutant mice (—/—), and 24
were heterozygous mice (+/—).

DAO activity in kidneys of ddY mice with different DAO ex-
pression levels was measured as described in Materials and Meth-
ods. Consistent with the results of Dao genotyping, DAO enzyme
activity in the kidneys of DAO™/* mice was highest, and the low-
est DAO activity occurred in kidneys of DAO ™~ mice (56.9 mU/g
wet tissue versus 0.04 mU/g wet tissue). DAO™'~ mice showed
about half the wild-type DAO activity (21.7 mU/g wet tissue) (Fig.
4c). To investigate the susceptibilities of mice with different DAO
expression levels, ddY mice were injected intravenously (i.v.) with
S. aureus via the tail vein as a renal bacterial infection model, and
the number of viable bacteria in the kidneys was determined. The
numbers of viable bacteria in the kidneys of the DAO™* and
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DAO™'™ mice were significantly reduced (to about 10%) com-
pared with the numbers in the kidneys of DAO ™'~ mice (Fig. 4d).
No significant difference was seen between DAO ™' and DAO™/~
mice. We also examined the survival rate of ddY mice infected
with S. aureus. After 2 weeks, 2 of 9 DAO™'™ mice survived,
whereas 5 of 9 DAO™'" mice survived (Fig. 4e).

DAO activity and bactericidal activity of neutrophils derived
from DAO variant mice. We also examined the DAO activity of
peritoneal neutrophils derived from DAO™/* and DAO™™ mice.
The DAQ activity of neutrophils derived from DAO™'™ mice was
9.4 pU/mg protein, whereas that of neutrophils derived from
DAO™'* mice was 125 wU/mg protein (Fig. 5a). Incubation with
mouse peritoneal neutrophils dramatically reduced the viability of
S. aureus, although no significant difference was seen between
DAO™* and DAO™'™ mice (Fig. 5b).

DISCUSSION

In our previous studies, we reported that DAO showed selective
cytotoxicity against various cancer cells in vitro and in vivo (12,
13). DAO-mediated cytotoxicity was nullified by the addition of
catalase, which suggested that DAO exerted cytotoxic effects via
production of H,0,. In this study, we examined the potential
bacteriostatic and bactericidal activities of DAO in vitro and in
vivo, as well as the role of DAO in MPO-dependent killing. For this
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FIG 4 The Dao variant gene in ddY mice and its role in bacterial infection. (a) DNA sequences of the Dao genes in wild-type (DAO*/*) and mutant (DAO™'7)
mice. Asterisks indicate identical nucleotide sequences. (b) The mouse Dao gene was amplified via a pair of 5'-mDAO and 3'-mDAO primers, followed by
digestion with PAIMI restriction enzyme. These digested fragments were applied to gel electrophoresis in a 1% agarose gel. (c) DAO activity in kidney homog-
enates was measured as described in Materials and Methods. (d) Fate of S. aureus after injection of 1 X 107 CFU/mouse. Three days after i.v. bacterial infection,
viable bacteria in kidney homogenates were counted as described in Materials and Methods (1 = 7 to 8). The values are means and SD. **, statistically significant
differences (P < 0.01) by Student’s  test. (e) Female ddY mice, 6 weeks old, were injected with S. aureus, 1 X 10® CFU/mouse, via the tail vein. The survival rates
of the DAO™/* and DAO ™" groups were checked daily (n = 9). *, statistically significant differences (P < 0.05) by the chi-square test.
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purpose, we prepared recombinant DAO obtained from different  (IC5) of DAO almost 2 ug/ml (Fig. 1a). In the presence of 2 ug/ml
sources (i.e., pig, mouse, and human). We found that porcine of DAO, p-Ala showed a concentration-dependent bacteriostatic
DAO yielded both more DAO and higher enzyme activity than did ~ effect, and incubation of S. aureus with more than 5 mM p-Ala
the other DAOs (data not shown). We therefore utilized recom-  completely suppressed bacterial growth (Fig. 1b). Such DAO-me-
binant porcine DAO for our in vitro study. The recombinant DAO  diated bacteriostatic activity was abolished by addition of catalase
showed a single band, as judged from an SDS-PAGE gel stained  (Fig. 1c). This result clearly indicates the important role of H,O,
with Coomassie brilliant blue. The relative activity of recombinant  in the bacteriostatic activity of DAO. In this setting, L-Ala, D-Glu,
DAO was 5.3 U/mg protein, which is equivalent to that of purified  and D-Asp did not show any bacteriostatic activity toward S. au-
DAO from porcine kidney. reus even in the presence of DAO (Fig. 1a and d). This is because

In the present study, we observed thatin the presence of 10mM  1-Ala, D-Glu, and D-Asp are not preferred substrates for DAO, and
D-Ala, DAO showed concentration-dependent bacteriostatic ac-  thus, there was no production of H,0,. b-Pro, which is a prefer-
tivity against S. aureus, with the 50% inhibitory concentration able substrate for DAQ, showed more potent bacteriostatic activ-
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FIG 5 DAO activity of mouse peritoneal neutrophils and antibacterial activity of DAO ™'~ and DAO™*'* mouse peritoneal neutrophils. (a) Peritoneal neutro-
phils were elicited using 6% casein sodium salt. The DAO activities of mouse neutrophils and kidney were measured, as evaluated by pyruvic acid formation. (b)
S. aureus (4 X 10° CFU/ml) was incubated with or without equal numbers of mouse peritoneal neutrophils (1:1) at 37°C for 30 min. Serial dilutions were mixed
with SCD agar on petri dishes, and the bacterial colonies were counted after overnight culture at 37°C. The values are means and SD. **, statistically significant
differences (P < 0.01) by Student’s ¢ test.
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ity against S. aureus (Fig. 1d and e). These results indicate that
DAO needs available p-amino acids, such as p-Ala or D-Pro, to
exhibit bacteriostatic activity.

Compared to the bacteriostatic activity of DAO, the bacteri-
cidal activity of D-Ala plus DAO was very weak (Fig. 2a and d);10
pg/mlDAO plus 5 mM D-Ala decreased the viable bacteria only to
about 35%, at which point growth of S. aureus was completely
suppressed (Fig. la and b). We further examined the bactericidal
activity of the combination of DAO and MPO. MPO is an abun-
dant protein in neutrophils (~5% of cellular protein) and is rich
in granules (4). MPO is also found in the extracellular compart-
ment after degranulation of granules (15). The biochemical func-
tion of MPO is oxidation of the CI™ using H,O, under acidic pH
to produce HOCI. The resultant HOCI shows highly potent bac-
tericidal activity (1).

In the present study, we showed that incubation of DAO and
D-Ala with MPO in the presence of chloride ion at pH 5.5 gener-
ated HOCI (Fig. 2a). In this assay system, H,O, was supplied via
the reaction of DAO with D-Ala, after which MPO oxidized the
chloride ion to generate HOCL. We then showed the bactericidal
activity of DAO in combination with MPO. It was realized that
MPO significantly enhanced the bactericidal activity of DAO
when D-Ala or D-Pro was present (Fig. 2). Maximum bactericidal
activity was observed when S. aureus was incubated with DAO,
D-pro followed by p-Ala, and MPO; more than 99% of S. aureus
bacteria were killed (Fig. 2c). Concerted bactericidal activity of
DAOQO and MPO was not observed with the addition of L-Ala, D-
Glu, or D-Asp (Fig. 2c and e) because these three amino acids are
not preferable substrates for DAO reaction.

Peptidoglycan of S. aureus consists of alternating units of N-
acetylglucosamine and N-acetylmuramic acid and a pentapeptide
containing L-Ala, D-Ala, and p-Glu for structural integrity (28).
D-Alaand D-Glu are generated by amino acid racemase and also by
D-amino acid transaminase in bacteria (25). We next examined
the availability of D-amino acids derived from bacteria for the
substrate of DAO. By the incubation of bacterial lysate with DAO,
the levels of pyruvic acid, a reaction product of DAO plus p-Ala,
and H,O, were elevated (Fig. 3a and b). Generation of H,O, was
observed by incubation of DAQO and bacterial lysate, although the
level of H,O, was not sufficient to suppress the growth of S. aureus
in SCD broth (data not shown). However, in the presence of
MPO, concerted bactericidal activity against S. aureus was ob-
served with DAO plus MPO and bacterial lysate. Namely, mixing
of DAO (25 ug/ml), MPO (1.6 U/ml), and bacterial lysate (1 mg/
ml) showed 80% killing of viable bacteria, whereas without MPO
no bactericidal activity was observed (Fig. 3d). Thus, this bacteri-
cidal activity is thought to be mediated by the generation of HOCI
(Fig. 3¢). In fact, according to the literature, the culture medium of
S. aureus contains D-amino acids at the mM level. The availability
of p-Ala for DAO to utilize for the generation of H,0, is consid-
ered to come from de novo-synthesized (by racemase) p-Ala. Im-
portantly, DAO and MPO reportedly bind to bacterial cell walls
and exhibit bacteriostatic and bactericidal activities (2, 29). This
cell wall-binding property is advantageous for more localized and
concentrated generation of antibacterial molecules, such as H,O,
and HOCI (2, 29). These results thus indicate that DAO and MPO
can act synergistically in an antibacterial system.

Konno and Yasumura reported genetic polymorphism in the
Dao gene in ddY mice (19). A fraction of ddY mice possess a
single-nucleotide polymorphism in the Dao gene: a nucleotide
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change from GGG to AGG, which causes a glycine-to-arginine
amino acid substitution. This amino acid substitution disrupted
DAO enzyme activity without affecting the DAO expression level
(19). We thus grouped ddY mice on the basis of genetic polymor-
phism by using the RFLP method, as described previously. Of 46
female ddY mice, 16 were double mutants (DAO™/"), 24 were
heterozygous (DAO™/7), and 6 were wild type (DAO™'*). In
agreement with genotyping of the Dao gene, DAO™'™ mice
showed the lowest DAO activity (0.04 mU/g wet tissue) and
DAO™* mice had the highest DAO activity (56.9 mU/g wet tis-
sue). DAO™'™ mice had almost half the DAO activity (21.7 mU/g
wet tissue) of DAO™* mice.

We also examined the antibacterial role of DAO in an in vivo
setting using DAO*’* and DAO™" mice. Intravenous injection
of S. aureus resulted in severe renal infection. Compared with
DAO™'™ mice, DAO™'* mice had significantly reduced (to less
than 10%) numbers of viable bacteria in the kidney (Fig. 4d).
Consistent with this result, DAO™™ mice demonstrated greater
resistance to S. aureus infection (i.e., had a higher survival rate)
than DAO™'~ mice (Fig, 4e).

The neutrophil is one of the most important defenses against
microbial infection, and its dysfunction causes severe chronic in-
fection (3, 17). Therefore, we examined whether neutrophils de-
rived from DAO ™/~ mice had lower bactericidal activity than neu-
trophils derived from DAO™*'* mice. In fact, peritoneal
neutrophils derived from DAO™'* mice showed higher DAO ac-
tivity than did those derived from DAOQO™'" mice (Fig. 5a). How-
ever, contrary to our expectation, no difference in bactericidal
activity was observed for neutrophils derived from DAO™'* and
those derived from DAO ™' mice (Fig. 5b). This result may be due
to the relatively low H,0, generation potential of DAO compared
with NADPH oxidase, which is the major source of H,0, in neu-
trophils. DAO may not affect the net amount of H,O, in neutro-
phils, and thus, it may not be the primary antibacterial component
in neutrophils. However, it may be one component operating in
antimicrobial defense, which may become important in specific
cases, for example, NADPH oxidase deficiency. As mentioned
above, DAO activity was higher in the kidneys of DAO™*/" and
DAO™ ™ mice, about 56.9 mU/g wet tissue and 21.7 mU/g wet
tissue, respectively, than in DAO ™™ mice. This activity is thought
to be enough to reduce bacterial growth in the kidney, because a
DAOQ concentration of 10 ug/ml suppressed bacterial growth, as
shown in Fig. 1a and b. However, we could not show direct evi-
dence that kidney homogenates exhibit bactericidal activity to-
ward S. aureus (data not shown). This may be because, in this
experimental workup, cellular integrity was completely destroyed,
and formation of a phagosome and accumulation of antibacterial
protein and supply of D-Ala at a localized site were not complete
enough to show bactericidal activity, although more studies are
needed to confirm this possibility. In this regard, Zhang et al.
reported the potential binding of DAO to bacterial cell walls, and
DAO showed higher antibacterial activity than a theoretical
amount of H,0,, as calculated from the unit activity of DAO (30).
Such H,0, generation in the vicinity of bacteria may be advanta-
geous for avoiding H,O, degradation by kidney catalase before the
H,0, can act against the bacteria. Furthermore, neutrophils are
recruited to the infected site, and abundant MPO may be available
at sites of bacterial infection, which can exert the synergistic effect
of DAO with MPO. In fact, in this study, we found that DAO*/*
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mice had less infection in the kidney and a higher survival rate
after intravenous infection with S. aureus than DAO ™'~ mice.

S. aureus, used in the present study, is a catalase-producing
bacterium and so is able to degrade H,0, to water and oxygen.
Production of catalase is well correlated with susceptibility to hy-
drogen peroxide treatment and with virulence and survival in the
polymorph nuclear phagocyte (16, 22), though catalase-negative
S. aureus may be more susceptible to treatment with DAQO, p-Ala,
and MPO, which remains to be elucidated. We also noticed that
catalase-negative bacteria, such as Streptococcus spp., were more
resistant to hydrogen peroxide treatment and DAO treatment
(data not shown). This may be due to other anti-ROS enzymes,
such as peroxidases, filling the role of catalase (6).

Based on the results shown in Fig. 1 and 2, DAO requires free
D-amino acids, such as p-Ala or D-Pro, in order to exert bacterio-
static and bactericidal activities. Two D-amino acid sources of sup-
ply may be available in the in vivo setting: the infecting and grow-
ing bacteria-and the enterobacteria. It has been reported that S.
aureus possesses DAO-reactive materials, free D-amino acid, in the
cell pool at 3.6 umol/100 mg (dry weight) of cells (5). Also, ap-
proximately 1 mM D-amino acids are secreted from bacteria in the
bacterial culture medium (20). Konno et al. observed that the
D-amino acids that accumulated in urine and tissues derived from
enterobacteria in DAO™'™ mice, but not in normal mice, which
indicates that DAO continuously catabolizes D-amino acids and
thus generates H,0, by means of endogenously derived D-amino
acids in the kidney or other tissues (18). These possibilities remain
to be elucidated.

These observations suggest that DAO exhibits bacteriostatic
activity and bactericidal activity in the presence of MPO in vitro.
The substrate of DAO, p-amino acids, may be supplied from in-
fecting bacteria or endogenous bacteria in vivo to some extent.
Thus, DAO, in combination with MPO, may be an antibacterial
system in mammals, especially in the kidney but perhaps also in
the lung and liver, which utilizes D-amino acids derived from en-
dogenous bacteria in infections.
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ABSTRACT

Heat shock protein 32 (Hsp32), also known as heme oxygenase 1 (HO-1), has recently
been identified as a potential target in various hematologic malignancies. We provide
evidence that Hsp32 is constitutively expressed in primary leukemic cells in patients
with acute myeloid leukemia (AML) and in various AML cell lines (HL60, U937,
KG1). Expression of Hsp32 mRNA was demonstrable by qPCR, and expression of the
Hsp32 protein by immunocytochemistry and Western blotting. The stem cell-enriched
CD34+/CD38+ and CD34+/CD38- fractions of AML cells were found to express
Hsp32 mRNA in excess over normal CD34+ progenitor cells. Two Hsp32-targeting
drugs, pegylated zinc-protoporphyrin (PEG-ZnPP) and styrene-maleic-acid-
copolymer-micelle-encapsulated ZnPP (SMA-ZnPP), were found to inhibit cytokine-
dependent and spontaneous proliferation in all 3 AML cell lines as well as in primary
AML cells. Growth inhibitory effects of SMA-ZnPP and PEG-ZnPP were dose-
dependent with ICs, values ranging between 1 and 20 uM, and were accompanied by
apoptosis as evidenced by light- and electron microscopy, Tunel assay, and caspase-3
activation. Finally, we were able to demonstrate that SMA-ZnPP inhibits cytokine-
dependent proliferation of CD34+/CD38+ and CD34+/CD38- AML progenitor cells in
vitro in all patients as well as leukemia-initiation of AML stem cells in NOD-SCID IL-
2Ry (NSG) mice in vivo. Together, our data suggest that Hsp32 plays an important
role as a survival factor in leukemic stem cells and as a potential new target in AML.

Introduction

Acute myeloid leukemia (AML) is a life-threatening neoplasm characterized by
uncontrolled proliferation and accumulation of myeloblasts in hematopoietic tissues
[1,2]. Clinical features and the prognosis in AML vary depending on deregulated
genes, the cell type(s) involved, and the biological properties of the clone [1-4]. In a
group of patients, cytogenetic features are indicative of a favorable prognosis [1,2,5].
These patients, when treated with repeated cycles of chemotherapy or hematopoietic
stem cell transplantation (HSCT), have a relatively high chance to enter long-term
disease-free survival [5-8]. However, not all patients have a suitable donor or are
eligible for HSCT. In other patients, the response to chemotherapy is poor or short-
lived. For AML patients who cannot be cured by chemotherapy or HSCT, no effective
treatment alternatives are available and the prognosis is grave.

During the past few years, a number of new promising targeted drugs have been
developed in clinical hematology [9-11]. A highlighting example is chronic myeloid
leukemia (CML) where drugs targeting the disease-related oncoprotein, BCR/ABL,
produce complete cytogenetic remission in a majority of all patients [11,12]. In AML,
however, targeted drugs with comparable beneficial effects have not been developed
yet. This may be due to the heterogeneity of the disease and the fact that many
different oncogenes, downstream signaling pathways, and survival molecules play a
role in disease evolution [3,4,9,10]. Therefore, in AML, research is currently
attempting to identify not only disease-specific targets but also targets that are broadly
expressed in leukemic cells in various categories of the disease [9,10,13].
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One interesting group of targets in hematology are heat shock proteins (Hsp) [14-16].
These stress-related proteins act cytoprotective and anti-apoptotic in neoplastic cells in
various (myeloid) leukemias [14-16]. However, so far, little is known about the
expression and role of various Hsp in AML, and the effects of Hsp-targeting drugs. A
particular problem is that only a few Hsp-targeting drugs are available.

Hsp32, also known as heme oxygenase-1 (HO-1), is an inducible stress-protein that
acts anti-apoptotic and cytoprotective in various cells in inflammatory reactions
[17,18]. More recently, it has been described that Hsp32 is also employed as a survival
factor by neoplastic cells and may serve as an interesting target [19-24]. We have
recently shown that leukemic cells in CML express Hsp32 in a constitutive manner,
and that Hsp32 may represent a potential target in CML [25,26].

The aims of the present study were to examine the expression and functional role of
Hsp32 in AML cells and to explore whether targeting of Hsp32 in leukemic
(progenitor) cells is associated with apoptosis and growth arrest.

MATERIALS AND METHODS

Reagents

RPMI 1640 medium and fetal calf serum (FCS) were purchased from PAA
laboratories (Pasching, Austria), hemin, cytosine arabinoside (ARA-C), and zinc-
protoporphyrin (ZnPP) from Sigma-Aldrich (St. Louis, MO), and *H-thymidine from
Amersham (Aylesbury, UK). Recombinant human (rh) granulocyte-macrophage
colony-stimulating factor (GM-CSF) was provided by Sandoz (Vienna, Austria) and rh
interleukin-3 (IL-3) by Novartis (Vienna, Austria). Rh stem cell factor (SCF) was
purchased from PeproTech (Rocky Hill, NJ), and rh G-CSF from Amgen (Thousand
Oaks, CA). Pegylated zinc protoporphyrin (PEG-ZnPP) and styrene maleic acid-
copolymer-encapsulated zinc protoporphyrin (SMA-ZnPP) were produced at Sojo
University (Kumamoto, Japan) as described [23,24,27]. The following monoclonal
antibodies (mAb) were used in our flow cytometry experiments: the FITC-conjugated
CD19 mADb 4G7, PE-labeled CD33 mAb WMS53, PE- or FITC-conjugated CD34 mAb
581, APC-labeled CD38 mAb HIT2, and the PerCP-labeled CD45 mAb 2D1 (all from
Becton Dickinson Biosciences, San Jose, CA).

Isolation of primary AML cells and culture of cell lines

Primary leukemic cells were obtained from the peripheral blood (PB) or/and bone
marrow (BM) of 58 patients with either untreated AML (de novo or secondary) or
relapsed/refractory AML before therapy. Diagnoses were established according to
published criteria [2,28,29]. The patients’ characteristics are shown in Table 1.
Detailed information on all patients including the French-American-British (FAB)
cooperative study group subtype and the WHO subtype of AML are provided in
supplemental Table S1. Informed consent was obtained prior to blood donation and
BM puncture in each case. Mononuclear cells (MNC) were isolated using Ficoll. In a
separate set of experiments, cells were preincubated with hemin (10 pM) or control
medium at 37°C for 4 hours before being analyzed for Hsp32 expression [25]. In 12
patients, CD34+/CD38+ and CD34+/CD38- cells were purified to homogeneity by
mAb and cell sorting on a FACSAria (Becton Dickinson Biosciences) following
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