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A deficiency of superoxide dismutase 1 (SOD1) or peroxiredoxin (Prx) 2 causes anemia in mice due to
elevated oxidative stress. In the current study, we investigated whether intrinsic oxidative stress caused
by a SOD1 deficiency affected the redox status of Prx2 and other isoforms in red blood cells (RBCs) and
several organs of mice. We observed a marked elevation in hyperoxidized Prx2 levels in RBCs from SOD1-
deficient mice. Hyperoxidized Prx2 reportedly undergoes a rhythmic change in isolated RBCs under
culture conditions. We confirmed such changes in RBCs from wild-type mice but observed no evident
changes in SOD1-deficient RBCs. In addition, an elevation in hyperoxidized Prxs, notably Prx2 and Prx3,
was observed in several organs from SOD1-deficient mice. However, a SOD1 deficiency had no impact on
the wheel-running activity of the mice. Thus, although the redox status of some Prxs is systemically
shifted to a more oxidized state as the result of a SOD1 deficiency, which is associated with anemia and
some diseases, a redox imbalance appears to have no detectable effect on the circadian activity of mice.
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1. Introduction

Oxidative stress emerges under conditions involving either an
elevated production of reactive oxygen species (ROS) or decreased
antioxidative/redox capacity. We previously reported that ROS
levels are elevated in RBCs and an anemic phenotype in SOD1-
deficient mice [1]. Anemia induced by the absence of SOD1 ap-
pears to be caused by accelerated hemolysis in the blood plasma
and the phagocytotic removal of RBCs by liver macrophages,
namely Kupffer cells [2]. While SOD1 is the sole enzyme that
scavenges superoxide in RBCs, several enzymes are involved in the
detoxification of peroxides and include glutathione peroxidase 1
(GPX1), catalase (CAT), and peroxiredoxin (Prx).

Among the six isozymes of Prx in mammals, Prx2 is present
predominantly in RBCs, which are the third most abundant protein

Abbreviations: RBC, red blood cell; ROS, reactive oxygen species; SOD, super-
oxide dismutase; Prx, peroxiredoxin; GPX, glutathione peroxidase; CAT, catalase;
CAll, carbonic anhydrase II; Cys-SOH, cysteine sulfenic acid; Cys-SO,H, cysteine
sulfinic acid; Cys-SOsH, cysteine sulfonic acid.
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in RBCs [3,4]. Prx2 is postulated to play a greater role than GPX1 in
removing endogenous hydrogen peroxide [5]. While a deficiency of
neither GPX1 nor CAT results in the development of a hematolog-
ical abnormality in mice [6,7], both Prx1-and Prx2-knockout mice
develop anemia [8,9]. Thus, in addition to SOD1, Prx2 appears to
play an essential role in protecting RBC from oxidative stress trig-
gered by peroxides [5].

The reaction of the sulfhydryl group of cysteine (Cys-SH) with
hydrogen peroxide forms cysteine-sulfenic acid (Cys-SOH) that is
either reduced back to Cys-SH, subjected to further oxidation to
sulfinic (Cys-SO,H) and sulfonic acid (Cys-SOsH), or reacts with
another sulfhydryl to form a disulfide [10,11]. Prx2 consists of a
homodimer with a head-to-tail antiparallel orientation [12] and
subunits transiently form a disulfide during catalysis [13,14]. Prx
also undergoes hyperoxidation in the catalytic conversion of Cys-
SH to Cys-SOH by the reaction with hydrogen peroxide and is
further oxidized to Cys-SO,H and consequently Cys-SOsH [15—18].
Although Cys-SO,H can be converted back to Cys-SH by the action
of sulfiredoxin in an ATP-dependent manner [19], sulfiredoxin is
much less abundant than Prx2 in RBC, which leads to the accu-
mulation of hyperoxidized Prx2. Recent studies have shown that
the levels of hyperoxidized Prx2 in human and mouse RBCs


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:jfujii@med.id.yamagata-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2015.06.055&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
http://dx.doi.org/10.1016/j.bbrc.2015.06.055
http://dx.doi.org/10.1016/j.bbrc.2015.06.055
http://dx.doi.org/10.1016/j.bbrc.2015.06.055

T. Homma et al. / Biochemical and Biophysical Research Communications 463 (2015) 1040—1046 1041

undergo rhythmic changes similar to a circadian rhythm, even
under culture conditions [20,21]. However, the issue of whether or
not the hyperoxidized form is merely a marker reflecting the redox
state of RBCs or actually plays a role in circadian rhythm in the body
is not known with certainty [22]. Thus, the physiological signifi-
cance of the hyperoxidation of Prx2 and its rhythmic change remain
to be clarified.

The findings reported herein indicate that high levels of
hyperoxidized Prx2 at the catalytic Cys-SH were sustained in SOD1-
deficient RBCs and no rhythmic change was observed under culture
conditions. We then examined whether or not the SOD1 deficiency
caused a systemic redox shift in Prxs and affected the circadian
activity of the mice.

2. Materials and methods
2.1. Antibodies

Anti-Peroxiredoxin-SO3/3 (Abcam, ab16830), anti-B-actin (Santa
Cruz Biotechnology, sc-69879), anti-CAIl (Santa Cruz Biotech-
nology, sc-17244), anti-Prx2 (AbFrontier, LF-PA0091), and anti-
GAPDH (Santa Cruz Biotechnology, sc-25778) were purchased
from the indicated vendors. Horseradish peroxidase-conjugated
anti-goat (sc-2020), anti-mouse (sc-2005), and anti-rabbit (sc-
2004) IgG antibodies were purchased from Santa Cruz Biotech-
nology. The anti-human SOD1 antibody used in this study has been
described elsewhere [1].

2.2. Mice

C57BL/6 SOD1*/~ mice, originally established by Ref. [23], were
purchased through Jackson Laboratories (Bar Harbor, ME, USA) and
bred at our institute, giving rise to SOD1"/* (wild-type: WT) and
sop1~/- (SOD1-deficient) littermates. A genotypic analysis of the
mice was performed using PCR with specific primers, as previously
described [1]. Transgenic mice expressing human SOD1 under the
GATA1 promoter have been described previously [24]. The mice
were backcrossed to C57BL/6 mice more than eight times before
being used in this study. The animal room was maintained under
specific pathogen-free conditions at a constant temperature of
20—22 °C with a 12 h alternating light—dark cycle. Animal exper-
iments were performed in accordance with the Declaration of
Helsinki under the protocol approved by the Animal Research
Committee at Yamagata University.

2.3. Culture of RBCs

Culturing of mouse RBCs was performed as previously described
by Cho and co-workers [21] with minor modifications. Briefly,
blood (0.3 mL) was collected from wild-type and SOD1-deficient
mice through the abdominal vein, transferred to a 1.5 mL tube
containing 100 pL of an acid citrate dextrose solution (22.0 g/L
sodium citrate, 7.3 g/L anhydrous citric acid, and 24.5 g/L glucose),
and centrifuged at 1500 x g for 10 min at room temperature. The
RBC pellet was washed three times with PBS, and suspended in
DMEM (Wako, 044-29765) supplemented with 110 mg/L sodium
pyruvate, 0.1% BSA, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin, and, after being dispensed into 1.5 mL tubes at a density of
1.5 x 107 cells/50 pL; they were maintained at 37 °C in the dark
under an atmosphere of 5% CO, and 20% O in air. Tubes were
removed from the incubator every 4 h after isolation for the addi-
tion of 2 x SDS sample buffer, then incubated at 95 °C for 10 min,
and stored at —80 °C until needed.

2.4. Preparation of mouse organs

The isolation and preparation of mouse organs has been
described previously [25]. Briefly, organs (liver, kidney, lung,
spleen) were excised from mice under anesthesia and quickly
frozen in liquid nitrogen, and stored in a deep freezer until used.
The samples were homogenized with a glass-Teflon homogenizer
in lysis buffer (25 mM Tris—HCI pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS) containing 100 mM N-ethyl-
maleimide (Wako, 058-02061) and protease inhibitor cocktail
(Sigma, P8340). After centrifugation, the protein concentration was
determined using Pierce® BCA™ Protein Assay Kit (Pierce).

2.5. Immunoblotting

The proteins were separated on 12% or 15% SDS—polyacrylamide
gels and blotted onto polyvinylidene difluoride (PVDF) membranes
(GE Healthcare). The blots were blocked with 5% skim milk in Tris-
buffered saline containing 0.1% Tween-20 (TBST), and were then
incubated overnight with the primary antibodies diluted in TBST
containing 1% skim milk. After three washes in TBST, the blots were
incubated with a horseradish peroxidase-conjugated second anti-
body. After washing, the bands were detected using Immobilon
western chemiluminescent HRP substrate (Millipore) on an image
analyzer (ImageQuant LAS500, GE Healthcare).

2.6. Measuring wheel-running activity of mice

Three male wild-type and SOD1-deficient mice at 10 weeks of
age were subjected to the wheel-running as described [26]. We
examined rhythmic change of physical activity by monitoring
wheel-running activity under constant darkness (DD), following
12 h light/12 h dark (LD) cycles.

2.7. Statistical analyses

Statistical analyses of the data were performed using GraphPad
Prism 4 software. P-values were calculated using the Student's t-
test.

3. Results
3.1. Elevated hyperoxidized Prx2 in SOD1-deficient RBCs

To examine whether a SOD1 deficiency affected the oxidation
state of Prx2, we performed immunoblotting and detected hyper-
oxidized Prx (Prx-SO,/SO3) as well as total Prx2. While the content
of hyperoxidized Prx was quite low in freshly isolated wild-type
RBCs, the levels were originally high in SOD1-deficient RBCs
(Fig. 1A). RBCs contain both Prx1 and Prx2 that cannot be separated
from each other by SDS-PAGE due to their similar molecular sizes.
The epitope sequences to anti- Prx-SO,/SO3 antibodies are the same
between Prx1 and Prx2, so that the reactive bands might contain
both isoforms. However, it has been reported that Prx1 is not
hyperoxidized as demonstrated by using Prx2-deficient mouse
RBCs [21]. Therefore, the hyperoxidized Prx in the wild-type and
SOD1-deficient RBCs are likely to be Prx2. The total protein levels of
Prx2 were not significantly changed in SOD1-deficient RBCs
compared with wild-type RBCs (Fig. 1B). In the RBCs of wild-type
mice, ~0.9% of the Prx2 is reported to be hyperoxidized [21]. The
relative amount of hyperoxidized Prx2 was about seven-times
larger in SOD1-deficient RBCs than in wild-type RBCs (Fig. 1A).
These results indicate that endogenous oxidative stress due to a
SOD1 deficiency exacerbated the hyperoxidation of Prx2 but did
not exert a large influence over the total protein levels of Prx2.
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Fig. 1. Levels of hyperoxidized Prx in wild-type and SOD1-deficient RBCs. (A, B) Representative immunoblots of wild-type (WT) and SOD1-deficient (KO) RBCs probed with
antibodies against Prx-SO,/3 (A) and total Prx2 (B) are shown (n = 3 for each group). Bottom panels depict the quantification of each protein normalized to the corresponding B-actin
and Prx2, respectively. Values are the mean + SD of mice. ns, not significant. (C) Wild-type (WT), SOD1-deficient (KO), and SOD1-deficient/human SOD1-Tg (KO/Tg) RBCs were
exposed to 1 mM hydrogen peroxide (H,0,) for 30 min, and subjected to immunoblotting. The representative immunoblots probed with antibodies against Prx-SO/3, hSOD1, and

GAPDH are shown.

We previously established SOD1-deficient mice that lack the
SOD1 protein in the whole body but express human SOD1 in RBC by
crossing a strain of transgenic mice overexpressing human SOD1
only in erythroid cells (Tg) [24]| with a SOD1-deficient mouse. Here
we examined whether the transgenic overexpression of human
SOD1 suppressed the hyperoxidation of Prx2 in RBC of SOD1-
deficient mice (Fig. 1C). We found that the transgenic expression
of human SOD1 completely suppressed the Prx2 hyperoxidation in
RBCs exposed to 1 mM hydrogen peroxide. Because the expression
of the human SOD1 gene is driven under the GATA1 promoter in
this Tg mouse [24], this result indicates that the hyperoxidation of
Prx2 occurred after being produced in erythroid cells.

3.2. Impaired redox oscillations of hyperoxidized Prx2 in SOD1-
deficient RBCs

Rhythmic changes in hyperoxidized Prx2 levels according to
circadian rhythm have been reported in human and mouse RBCs in
culture [20,21]. It would be intriguing to know if the hyperoxidized
Prx2 also underwent rhythmic changes in cultured RBCs under
elevated oxidative stress produced by a SOD1 deficiency. We
examined the changes in the levels of hyperoxidized Prx2 in
cultured RBCs obtained from wild-type and SOD1-deficient mice at
4-h intervals for 24 h (Fig. 2A). The levels of hyperoxidized Prx2 in
RBCs from wild-type mice changed rhythmically, consistent with

previous reports [20,21]. In contrast, the Prx2 in SOD1-deficient
RBCs was markedly hyperoxidized at the beginning of the culture
and its oxidation level remained essentially unchanged during the
incubation period (Fig. 2B). The levels of carbonic anhydrase II
(CAII), which is a non-relevant and the second most abundant
protein in RBCs, were not significantly changed during the incu-
bation in both RBCs (Fig. 2C and D).

3.3. Elevated hyperoxidized Prxs in SOD1-deficient mouse organs

In order to examine the systemic redox state of Prxs, we per-
formed immunoblotting and detected hyperoxidized Prxs in
several mouse organs (liver, kidney, spleen, lung). Because most
organs express both Prx1 and Prx2, the sizes of which are similar,
and we cannot say with certainty which was the hyperoxidized
isoform, the hyperoxidized proteins corresponding to a molecular
weight of 22 kDa were labeled Prx1/2 here. The hyperoxidized form
with a weight of 24 kDa was identical to a mitochondrial isoform of
Prx3. While the contents of the hyperoxidized Prxs were quite low
in freshly isolated wild-type mouse organs, the levels were mark-
edly elevated in all organs from SOD1-deficient mice (Fig. 3). It is
noteworthy that, in addition to Prx1/2, Prx3 in the liver and kidney
was also hyperoxidized to a considerable extent. These results
indicate that a SOD1 deficiency disturbs the Prx redox system
systemically.
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Fig. 2. The oscillation of hyperoxidized Prx2 in wild-type and SOD1-deficient RBCs. Wild-type (WT) and SOD1-deficient (KO) RBCs from each type of mice were incubated in
DMEM-based media at 37 °C in the dark in a CO, incubator. Proteins were extracted from each RBCs every 4 h after isolation, and subjected to immunoblotting. The representative

immunoblots probed with antibodies against Prx-SOz3 (A, B) and CAII (C, D) are shown.

3.4. No correlation between oxidative oscillation of Prx and the
circadian pattern of physical activity was found in mice

The issue of whether the change in the oxidation state of Prx2 is
actually the cause of the circadian rhythm or simply a result is
debatable [22]. To address this, we next asked if the systemic
hyperoxidation of Prxs in organs might be correlated with the
wheel-running activity of SOD1-deficient mice. SOD1-deficient
mice were entrained to LD12:12 following the same procedure as
the wild-type controls. No significant difference was observed be-
tween wild-type and SOD1-deficient mice in the activity pattern in
LD12:12 conditions (Fig. 4A). After returning to LD from DD, no
obvious abnormality in entrainment behavior was observed in the
SOD1-deficient mice again. Under DD, the SOD1-deficient mice
displayed robust circadian rhythms in wheel-running activity. The
SOD1-deficient mice showed the same free-running periods as the
wild-type mice (Fig. 4B). Thus there appeared to be no significant
correlation between the hyperoxidation of Prxs and wheel-running
activity of the mice.

4. Discussion

While the hyperoxidation of Prxs typically occurs under condi-
tions where peroxides are overproduced, such as inflammation and
ischemia reperfusion, the physiological significance of this is largely
unknown [22]. In the current study, we show (for the first time)
that the catalytic sulfhydryl of the Cys residue of Prx2 was markedly

hyperoxidized in SOD1-deficient RBCs compared to wild-type RBCs
(Fig. 1B). The transgenic expression of human SOD1 in RBCs of
SOD1-deficient mice suppressed the Prx2 hyperoxidation to the
levels of wild-type RBCs (Fig. 1C), which fulfills the absence of SOD1
as a sole determinant of the oxidation state of Prx2 in SOD1-
deficient RBCs. Because human SOD1 produced in RBCs amelio-
rates the anemia in SOD1-deficient mice [24] and at the same time
suppressed Prx2 hyperoxidatoin, the inactivation of Prx2 as the
result of hyperoxidation might be involved in the onset of the he-
molytic anemia caused by a SOD1 deficiency. We also found an
elevated level of hyperoxidation of Prx1/2 in all organs examined
and Prx3 in certain organs in SOD1-deficient mice (Fig. 3).
Hydrogen peroxide is a common substrate for the peroxidation
reaction of Prxs and also a well-known cause for their hyper-
oxidation [15—18].

In a previous study, we showed that elevated oxidative stress
in SOD1-deficient RBCs triggers the conversion of hemoglobin to
methemoglobin and the oxidative modification of various mol-
ecules such as lipids, consequently leading to the development of
anemia [1]. Superoxide produced from the autoxidation of he-
moglobin is reportedly involved in the hyperoxidation of Prx2 in
RBCs [21]. Hemoglobin is present at a concentration of 5 mM in
RBC and the autoxidation of hemoglobin occurs at a rate of 2—3%
in humans and 4% in the mouse a day and, hence, would be a
major source for superoxide in RBCs [27,28]. Superoxide is
spontaneously converted to hydrogen peroxide, and the conver-
sion is accelerated by the catalytic action of SOD. In SOD1-
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deficient RBCs, the levels of hydrogen peroxide in RBCs are pre-
dicted to be slightly less than those in wild-type RBCs [28]. Thus,
it remains unclear how a SOD1 deficiency stimulates the hyper-
oxidation of Prxs.

Previous studies have reported the existence of rhythmic
changes in hyperoxidized Prx2 levels in RBC in culture [20,21]. Cho
etal. [21] also demonstrated that, in fact, hyperoxidized Prx2 is not
converted back to the reduced form by the action of sulfiredoxin
but, rather, undergoes proteolytic degradation by 20S proteasomes.
While the hyperoxidation of Prx2 exhibited a rhythmic change in
wild-type RBCs, hyperoxidized Prx2 levels remained high in SOD1-
deficient RBCs and this level did not change in culture conditions
(Fig. 2). Taken together, it is likely that proteosomal removal is
impaired in SOD1-deficinet RBCs (submitted for publication),
which results in the elevation in the hyperoxidized Prx2 under a
SOD1 deficiency. Based on these data, we hypothesize that circa-
dian activity is impaired by a SOD1 deficiency in mice and that the

circadian oscillation of hyperoxidized Prxs levels plays a role in this
process. It is noteworthy that no difference was observed in wheel-
running activity between the two genetic groups of mice (Fig. 4).
SOD1 expression is under differential regulation by the period gene
[29], but a SOD1 deficiency did not appear to influence wheel-
running activity. The possibility still remains that a circadian
change caused by other physiological activities might be affected by
a SOD1 deficiency.

In conclusion, we found that the levels of hyperoxidized Prx2
were markedly elevated in SOD1-deficient RBCs and the high levels
were sustained without any evidence of a rhythmic change under
cultural conditions. Since a deficiency of Prx2 also causes anemia,
decreased Prx2 activity due to elevated hyperoxidation may also be
involved in SOD1-deficient hemolytic anemia. Although the
hyperoxidation of Prxs was also elevated systemically under a SOD1
deficiency, the redox imbalance may not have a substantial influ-
ence over the circadian activity of the mouse.
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Fig. 3. Levels of hyperoxidized Prx (Prx-SO) in wild-type and SOD1-deficient mouse organs. The representative immunoblots of wild-type (WT) and SOD1-deficient (KO)
mouse organs (liver, kidney, lung, spleen) probed with antibodies against Prx-SO,/3, SOD1, and B-actin are shown (n = 2 for each group).
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