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Peroxiredoxin I deficiency attenuates phagocytic capacity of
macrophage in clearance of the red blood cells damaged by
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The role of peroxiredoxin (Prx) I as an erythrocyte antioxidant
defense in red blood cells (RBCs) is controversial. Here we
investigated the function of Prx I by using Prx " and Prx UII”~
mice. Prx I~ mice exhibited a normal blood profile. However,
Prx VI~ mice showed more significantly increased Heinz body
formation as compared with Prx II”~ mice. The clearance rate of
Heinz body-containing RBCs in Prx I”” mice decreased
significantly through the treatment of aniline hydrochloride (AH)
compared with wild-type mice. Prx I deficiency decreased the
phagocytic capacity of macrophage in clearing Heinz body-
containing RBCs. Our data demonstrate that Prx | deficiency did
not cause hemolytic anemia, but showed that further increased
hemolytic anemia symptoms in Prx I~ mice by attenuating
phagocytic capacity of macrophage in oxidative stress damaged
RBCs, suggesting a novel role of Prx | in phagocytosis of
macrophage. [BMB Reports 2012; 45(10): 560-564]

INTRODUCTION

Red blood cells (RBCs) are more exposed to oxidative stress
than other cell types due to an abundance of heme iron and
oxygen, which can generate H,O, and lipid peroxides. The hy-
droperoxides themselves are not very reactive but are readily
converted in the presence of free iron and electron donor mole-
cules to hydroxyl and alkoxyl radicals, which indiscriminately
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inflict damage on biomolecules. Therefore, RBCs are believed
to have a very effective defense mechanism against peroxides.

Proxiredoxin (Prx) 1l, a member of peroxiredoxin family, re-
duces hydrogen peroxide and alkyl hydroperoxides, and con-
trols peroxide levels (1-3), plays a major role in protecting
RBCs from oxidative stress in mice (4). We already reported
that Prx Il knockout mice expressed Heinz body formation and
hemolytic anemia although they were healthy in appearance
and fertile (4). Heinz bodies, a typical sign of oxidative hemo-
lytic anemia, are inclusions in RBCs composed mainly of dena-
tured hemoglobin (Hb) that caused during blood circulation
and prolonged oxidant imbalance (5). Prx | shares 91% homol-
ogy with Prx Il. It is also cytosolic, has the same catalytic mech-
anism and similar reaction kinetics (6). Many studies have dem-
onstrated that Prx | functions as a cellular regulator in hydrogen
peroxide signaling (1, 7), and could protect against hydrogen
peroxide mediated cell death (8, 9). Recent studies showed that
inactivation of Prx | by phosphorylation allows localized H,O,
to accumulate for cell signaling (10) and controls neuronal dif-
ferentiation by thiol-redox-dependent activation of glycerophos-
phodiester phosphodiesterase 2 (GDE2) (11). Moreover, Prx |
could bind to several proteins. Cao et al. found that the binding
of peroxidase Prx | to phosphatase and tensin homolog deleted
on chromosome ten (PTEN) is essential for protecting PTEN
from oxidation-induced inactivation (12). It was reported that
Prx I~ mice expressed hemolytic anemia over 9 months and
developed cancer (13). Another group showed that Prx I~
mice developed age-dependent hemolytic anemia and malig-
nancies (14). However, Uwayama et al. (2006) could not find
hemolytic anemia symptoms in their Prx I~ mice and pointed
out that the pathogenesis of severe anemia observed in aged
Prx I~ mice studied by Neumann et al. is less clear and should
be carefully investigated (13, 15).

In the current study, we investigated Prx ["and Prx I~
mice to more clearly understand the role of Prx | in prevention
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of hemolytic anemia. Our data demonstrate that Prx " mice
showed no phenotype of hemolytic anemia, but exhibited de-
creased phagocytic capacity for Heinz body-containing RBCs
in their macrophages, suggesting a role of Prx | in the regu-
lation of phagocytosis.

RESULTS

Prx I knockout mice showed no sign of Heinz body hemolytic
anemia

Prx I~ mice were generated by replacing all the exons with the
neo gene (Fig. 1). We examined the hematological parameters
of wild-type and Prx I~ mice. As shown in Table 1, blood pa-
rameters were similar between wild-type and Prx I~ mice re-
gardless of age. Heinz-body formation in peripheral blood also
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Fig. 1. Targeted disruption of the mouse Prx | gene. (A)
Endogenous Prx | gene and the targeting vector are illustrated in
the upper and lower part, respectively. The gray boxes indicate Prx
| exons and the black box depict a neo gene replaced by homolo-
gous recombination. The arrows indicate the four PCR primers
used for detection of wild-type allele (W1 and W2) and mutant al-
lele (N1 and N2). (B) Genomic DNA was extracted from the tails
of mice and genotyped by the primers indicated in (A). The sizes
of PCR bands specific for wild allele and mutant allele are 250 bp
and 690 bp, respectively. The genotypes were identified by the
combinational appearance of the specific bands. (C) RBCs were
collected from two different mice of the indicated genotypes and
subjected to Western blotting analysis with antibodies for Prx I.

Table 1. Hematologic parameters of Prx I~ mice
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was not different between two kinds of mice over 10 months
(Data not shown), indicating that the Prx I mice generated in
our group have no sign of Heinz-body hemolytic anemia.

Heinz body formation in peripheral blood was significantly
increased in Prx VI~ mice

To know the potential role of Prx I in Heinz-body hemolytic
anemia, we generated Prx N7 mice as described in the
Material and Methods section, and the genotype was con-
firmed by the method of polymerase chain reaction (data not
shown). Surprisingly, most Prx I/l mice died within 48 hr
without a clear reason. But very few of the Prx ™™ mice sur-
vived and showed higher levels of Heinz-body formation in
their peripheral blood than Prx 11"~ mice (Fig. 2A). Also, ROS
levels were significantly increased in Prx I/l RBCs as com-
pared with Prx II”~ RBCs (Fig. 2B). Consistent with this, histo-
logical studies showed that heme oxygenase-1 (HO-1) and he-
mosiderin were more abundant in the liver of Prx I/Il”~ mice
than in Prx I mice (Fig. 2C, upper and middle panel).
Moreover, F4/80 positive cells were significantly increased in
Prx 1”7 mice compared with other mice (Fig. 2C, lower pan-
el). These results suggest that although Prx | deficiency does
not cause Heinz-body hemolytic anemia, it has a synergistic
effect in Prx 11”7~ mice, increasing their Heinz-body formation.

Prx | deficiency decreases clearance of Heinz body-containing
RBCs from peripheral blood

To study the role of Prx | in Heinz-body hemolytic anemia, we
treated wild-type and Prx I~ mice with aniline hydrochloride
(AH) chronically (1). After treatment, Heinz-body formation
was gradually increased in the peripheral blood types of Prx I~
and wild-type mice, but the number of Heinz body was not sig-
nificantly different from each other (Fig. 3A). However, clear-
ance of Heinz-body-containing RBCs were remarkably slower
in Prx 7~ mice as compared to wild-type mice (Fig. 3A), and
the ROS level was higher in Prx I mice (Fig. 3B).

Usually, damaged RBCs are cleared by macrophages in the
spleen. We prepared splenic macrophage from wild-type and
Prx I~ mice, and measured the phagocytosis of macrophage
for Heinz body-containing RBCs in vitro. As shown in Fig. 3C
and D, the phagocytic capacity was significantly decreased in
Prx 17 macrophage compared with wild-type mice (Fig. 3C,

Genotypes Age (Month) WBC (10*/l) RBC (10%ul) Hb (G/dl) HCT (%) MCV (f) Retics (%)
+/+ 8 72+ 24 10.8 + 0.2 16.3 + 0.6 53.8 + 2.4 499 + 1.5 2.6 +04
—/— 8 63+ 1.6 10.2 + 0.5 15.9 + 0.5 52.5 + 1.9 514 + 1.8 2.1+0.7
—/— 11 6.7 + 1.2 10.5 + 0.7 16.1 + 0.6 51.9 + 3.0 49.5 + 0.6 24 +03
—/— 16 7.4+ 0.7 10.8 + 0.7 16.1 + 1.0 53.0 + 2.6 49.0 + 0.8 2.6 + 0.5

WABC: white blood cells, RBC: red blood cells, Hb: hemoglobin, HCT: hematocrit, MCV: mean cell volume, Retics: reticulocytes. These results

were obtained from at least 6 mice.
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Fig. 2. Synergistic effect of Prx | and Prx Il deletions on
Heinz-body formation and ROS generation. (A) RBCs were col-
lected from wild-type (+/+), Prx s -, Prx 7™ and Prx /II”" mice
(20 weeks), stained with brilliant cresyl blue, and counted under
1,000x magnification using an Olympus microscope. (B) RBCs
from four indicated genotypes of mice were stained with DCF-DA
and analyzed by FACS. (C) Iron deposition, HO-1 expression and
F4/80 positive cells in liver sections of the indicated genotypes
were determined by staining with Prussian Blue (upper) and HO-1
or F4/80 antibody by immunohistochemistry (middle and lower),
respectively. The scale bar is 50 um.

D). These results indicate that Prx | deficiency decreased phag-
ocytic capacity of macrophages for Heinz-body-containing
RBCs, thereby attenuated the removal rate of damaged RBCs
from peripheral blood.

DISCUSSION

Heinz bodies are the inclusions in RBCs composed mainly of
denatured hemoglobin (Hb). During blood circulation, pro-
longed oxidant imbalance causes Hb denaturation, resulting in
the formation of Heinz bodies, a typical sign of oxidative he-
molytic anemia (5). Following oxygen delivery of Hb, super-
oxide was produced by Hb autoxidation, which was converted
to hydrogen peroxide by superoxide dismutase (SOD) and de-
toxified by antioxidant enzymes, such as glutathione, catalase,
glutathione peroxidase, and Prxs. However, catalase, Cu/
ZnSOD, or glutathione peroxidase 1 knockout mice did not
show Heinz-body formation (16-18). In comparison with this,
Prx II”~ mice showed Heinz-body formation and oxidative he-
molytic anemia (4). Our study showed that Prx I~ mice did
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Fig. 3. Clearance of Heinz-body-containing RBCs by macrophage
(/5) Heinz bodies in peripheral blood of wild-type (+/+) and Prx
17" mice after injected AH were checked at day 1, 6, 9, and 12.
(B) Relative ROS levels were measured at 1 and 12 days for DCF
fluorescence intensity by FACS after AH treatment. () A
Heinz-body-containing RBCs and splenic macrophage were stained
with PE-TER119 and FITC-F4/80 antibodies respectively (upper left,
middle and right panel). The macrophage-engulfed RBCs were
shifted to the R2 region (double positive). Region gate R1 (boxed
with grey line in lower panels) represents all F4/80+ cells, where-
as region gate R2 (boxed with black line in R1) represents double
positive (F4/80+&TER 119+) cells. (D) The phagocytosis of splen-
ic macrophage in wild-type and Prx I”" mice are shown. The per-
centages of phagocytosis are derived from the R2 region of
wild-type (left) and Prx 17" (right) mice in Fig3C. Data represent
Mean + SD (n = 3). *P < 0.05, ***P < 0.001.

not show any hemolytic anemia symptoms including
Heinz-body formation over 20 months. In contrast with the Prx
II, the quantity of Prx | present in erythrocytes was much lower
than for Prx Il (data not shown) (19). Recent studies have re-
ported that Prx Il expression levels in Prx I~ RBCs appeared
normal compared with wild-type mice (15). Uwayama et al.
(2006) could not find hemolytic anemia symptoms in their Prx
I mice up to 35 weeks of age (15). In addition, they have not
detected anemia in aged Prx I~ mice over 1 year (personal
communication with Professor Tetsuro Ishii). Thus, we consid-
ered that severe hemolytic anemia in the study of aged Prx 7~
mice by Neumann et al. (13) and age-dependent hemolytic
anemia and malignancies in Prx I~ mice (14) might be due to
the different knockout strategy compared with that we used.
They used a retroviral insertional mutagenesis method in gen-
erating the knockout mice, whereas we used conventional
knockout strategy, replacement method.

Although Prx [~ mice did not express Heinz-body formation,
Prx III”" mice showed more serious symptoms of hemolytic
anemia such as higher Heinz-body counts, a higher ROS level
in RBCs, and more abundant hemosiderin precipitation in the

http://ombreports.org



liver than was shown in Prx II”~ mice. To understand the reason
why Prx 7" mice induce more severe hemolytic anemia than
Prx II”~ mice, we treated wild-type and Prx I~ mice with AH
for one month to the level of Prx 17~ mice in Heinz-body for-
mation and then observed the clearance of Heinz-body-contain-
ing RBCs. The clearance rate of Heinz-body-containing RBCs
was significantly decreased in Prx 7" mice more than in
wild-type mice, associated with decreased phagocytic capacity
of Prx I~ macrophage (Fig. 2). The injection of AH in mice was
said to elevate the level of ROS in their peripheral blood, and
that ROS could be generated during phagocytosis of macro-
phage (20) and negatively influenced phagocytosis (21). There-
fore we suggest that increased ROS in Prx I mice may attenu-
ate the phagocytic capacity of the macrophage and cause more
severe hemolytic anemia symptoms in Prx I/ll”" mice than in
Prx II”" mice. Further studies are needed to understand the de-
tailed mechanism.

Prx I, a protein predominantly expressed in macrophages,
served as a defense protein in murine peritoneal macrophages
and was markedly induced upon exposure to oxidative stresses
(22, 23). Prx | has been expected to protect macrophages
against oxidative stress, so also named macrophage 23-kDa
stress protein (MSP23). Here we show that Prx | deficiency
does not cause Heinz-body formation in peripheral blood, but
decrease the phagocytic capacity of macrophage for removing
Heinz-body-containing RBCs, indicating a novel role of Prx |
in regulation of macrophage phagocytosis in mice.

MATERIALS AND METHODS

Generation of Prx I~ and Prx VIl mice

Prx | knockout mice were generated by the same method de-
scribed previously (4). The sequence from exon 1 to exon 6 of
a Prx | gene was replaced with the neo gene and the homolo-
gous recombination was confirmed by polymerase chain re-
action (PCR). The primers used were 5'-CTGGAAACCTGGCA
GTGATA-3' and 5'-CTGTGACTGATAGAAGATTGGT-3' for
the Prx | gene and 5'-GCT TGG GTG GAG AGG CTA TTC
G-3' AND 5'-GTA AAG CAC GAG GAA GCG GTC AGC-3'
for the neo gene. Prx I/ll”~ mice were obtained by crossing the
Prx 17" mice with previously generated Prx I~ mice (4),
Namely, Prx I~ and Prx II””~ mice were mated with each other
to generate Prx | and Prx Il double heterozygous mice, and
then these double heterozygous mice were mated each other
to produce the Prx I/Il”" mice. Prx I/Il”~ mice were generated
by the ratio of 1 : 16.

The genetic background of all the mice used in this study
were 129/Sv] and they were maintained in a pathogen-free au-
thorized facility in Korea Research Institute of Bioscience and
Biotechnology (KRIBB), where the temperature at 20-22°C, the
humidity 50-60% and the 12-h-dark/light cycles were
maintained. All animal procedures were conducted in accord-
ance with the guidelines of the institutional Animal Care and
Use Committee, KRIBB.

http://bmbreports.org
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Measurement of reactive oxygen species

The intracellular ROS concentration of RBCs was determined
using 2',7'-dichlorodihydrofluorescein diacetate (DCF-DA;
Invitrogen, Seoul, Korea). RBCs were incubated with 20 uM of
DCF-DA for 15 min at 37°C, and the fluorescence intensity
was read using a FACS Calibur Flow Cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA).

Immunohistochemistry

Mice tissue sections were pretreated with 3% H>O; in 0.1 M
Tris-buffered saline (TBS, pH 7.4) for 30 min to quench endog-
enous peroxidases. Sections were treated with Protein Block
solution (DAKO) for 20 min and incubated with rabbit anti-
body for 30 min in a humid chamber, then incubated with
EnVision antirabbit (DAKO, Houston, USA) polymer for 30
min. Visualization of peroxidase bound in the antibody com-
plex was achieved by treatment with 3,3'-diaminobenzidine
(DAB) chromogen substrate solution (DAKO). The sections
were examined with an Olympus BX51 microscope (Olympus,
Tokyo, Japan) under a bright field. Images were acquired with
an Olympus DP 70 camera system (Olympus).

Clearance of Heinz-body-containing RBCs in mice after
aniline hydrochloride injection

Wild-type (+/+) and Prx 17~ mice were injected intraperi-
toneally with 160 mg/kg (body weight) of aniline hydro-
chloride (AH) twice a week for one month. AH is a compound
that causes metHb production, which reflects oxidative injury
in RBC and induces Heinz body formation (4). The Heinz bod-
ies in the peripheral blood were checked on day 1, 6, 9, and
12 after finishing one month of injections. RBCs were stained
with brilliant cresyl blue, mounted onto clean glass-slides, and
counted Heinz body formation 1,000x magnification using
Olympus microscope.

Phagocytosis assay

The splenic macrophage from wild-type and Prx I~ mice were
isolated by the method described previously (5). Heinz
body-forming RBCs (over 90%) were collected from wild-type
mice injected with AH (160 mg/kg) for three consecutive days,
and labeled with PE-conjugated TER119 (Biolegend USA)
antibody. 1 x 107 labeled RBCs were co-cultured with splenic
macrophage for 1h at 37°C in a 5% CO, atmosphere, and then
washed with Hanks' balanced salt solution 3 times to remove
remaining RBCs. Splenic macrophages were harvested and la-
beled with FITC-conjugated F4/80 (Biolegend USA) antibody,
then the fluorescence of PE-TER119 and FITC-F4/80 was ana-
lyzed using a FACS Calibur Flow Cytometer.

Statistical analysis
The data shown were obtained from a litter-matched group of
mice and are representative of at least three experiments with
independent groups of animals.

Statistical analysis was performed using an ANOVA test. A P
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value of less than 0.05 was considered significant.
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