
Role of peroxiredoxin-2 in protecting RBCs from hydrogen 
peroxide-induced oxidative stress

E. Nagababu1, J. G. Mohanty1, J. S. Friedman2, and J. M. Rifkind1

1Molecular Dynamics Section, National Institute on Aging, National Institutes of Health, Baltimore, 
MD, USA

2Department of Molecular and Experimental Medicine, The Scripps Research Institute, LA Jolla, 
CA, USA

Abstract

The role of peroxiredoxin-2 (PRDX2) in preventing hydrogen peroxide-induced oxidative stress in 

the red blood cell was investigated by comparing blood from PRDX2 knockout mice with 

superoxide dismutase-1 (SOD1) knockout and control mice. Loss of PRDX2 increased basal levels 

of methemoglobin and heme degradation (a marker for oxidative stress), and reduced red blood 

cell deformability. In vitro incubation under normoxic conditions, both with and without inhibition 

of catalase, resulted in a lag phase during which negligible heme degradation occurred followed by 

a more rapid rate of heme degradation in the absence of PRDX2. The appreciable basal increase in 

heme degradation for PRDX2 knockout mice, together with the lag during in vitro incubation, 

implies that PRDX2 neutralizes hydrogen peroxide generated in vivo under the transient hypoxic 

conditions experienced as the cells pass through the microcirculation.
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Introduction

Red blood cells (RBCs) are under constant oxidative stress by being exposed to reactive 

oxygen species (ROS) generated both within and outside the cell. To minimize damage from 

these ROS, RBCs, contain extensive non-enzymatic (glutathione, Vitamin E, ascorbate, 

ergothioneine) and enzymatic defense systems including superoxide dismutase (SOD1), 

which catalyze the dismutation of superoxide to hydrogen peroxide (H2O2), and catalase, 

glutathione peroxidase (GPx) and peroxiredoxin (PRDX2), which scavenge peroxides [1–3].
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The primary source for endogenous ROS in RBCs is the autoxidation of oxyhemoglobin 

(oxyHb), which generates superoxide [4]. Superoxide is a relatively unreactive radical that 

rapidly dismutates to H2O2, even without superoxide dismutase. A contribution of 

superoxide to some forms of oxidative stress is, nevertheless, indicated by studies using 

SOD1 knockout mice, where the lifetime of superoxide formed by hemoglobin (Hb) 

autoxidation is extended [5]. While knockout of SOD1 was shown to affect the RBC 

lifespan, the relative stability of superoxide may explain the observation that many indices of 

severe oxidative stress were not elevated in RBCs or blood plasma of mice without SOD1. 

There were, thus, no significant changes in glutathione, plasma thiol groups or carbonyls [6]. 

These results are consistent with a primary role for H2O2 in RBC oxidative stress that affects 

oxygen transport and the release of ROS from RBCs [7].

It has been suggested that RBC oxidative stress is due to H2O2 that is not completely 

neutralized by the cellular antioxidant defense systems. To understand this process, it is 

necessary to understand the different roles of catalase, GPx and PRDX2 in neutralizing RBC 

H2O2. Extensive studies have been reported regarding the role of catalase and GPx [8,9] 

with relatively few studies involving PRDX2 [2,10].

Peroxiredoxins are a family of antioxidant defense enzymes discovered recently. PRDX2 is 

the third most abundant protein (15 million copies/cell) present in RBCs [2]. PRDX1 is also 

found in RBCs, but at a much reduced level [11]. Peroxiredoxins decompose H2O2, organic 

hydroperoxides and peroxynitrite [12,13]. PRDX2 knockout mice develop a mild, chronic 

hemolytic anemia characterized by increased reticulocyte count, lower Hb and hematocrit, 

Heinz body formation, fewer free sulfhydryl groups and increased dense cells [2,14]. While 

it is clear that PRDX2 plays an important role in protecting RBCs from oxidative stress, the 

relative importance of PRDX2 in scavenging H2O2 in RBC has not been fully elucidated.

Many studies involving catalase and GPx utilize inhibitors of these enzymes [3]. However, 

inhibiting PRDX2 with a thiol blocking reagent would also inhibit GPx. Therefore, we used 

PRDX2 knockout mice for these studies. Since we wanted to focus on the role of RBC 

H2O2, we used SOD1 knockout mice to compare the oxidative stress associated with 

elevated H2O2 levels to that associated with increased superoxide levels.

As a measure of the pool of non-scavenged H2O2, we used a determination of heme 

degradation. Heme degradation products are formed during the autoxidation of oxyHb, with 

a fraction of the H2O2 formed reacting with the heme, generating fluorescent heme 

degradation products [15–19]. Although removal of H2O2 by enzymatic reactions are faster 

than the rates for the formation of heme degradation products, heme degradation products 

were found to form even in vivo with all the antioxidant enzymes present [20–22]. Because 

these degradation products formed during oxyHb autoxidation have a longer lifetime than 

H2O2, they reflect the pool of H2O2 not scavenged by the antioxidant enzymes over an 

extended period of time. We have further shown that the in vivo accumulation of heme 

degradation products occurs primarily on the membrane where the predominantly cytosolic 

antioxidant enzymes are not as efficient [22].
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In addition to heme degradation which reflects the pool of un–neutralized H2O2, we also 

measured RBC deformability. This measurement monitors the level of oxidative damage to 

the RBC membrane constituents or cytoskeleton.

Materials and methods

Mice

All mice were on a C57Bl6/J background with > 10 generations of backcrossing to the 

parental strain. PRDX2 knockout mice were obtained from the lab of Dr. D.Y. Yu [10]. 

SOD1 knockout mice were obtained from the lab of Dr. T.T. Huang [23]. All animals, 

including parental C57Bl6/J were derived from breeding stock housed at The Scripps 

Research Institute. All animal experiments were reviewed and approved by the TSRI 

IACUC.

Measurement of heme degradation—Blood was collected from the orbital sinus of 

mice at the Scripps Research Institute and shipped overnight on ice to the Molecular 

Dynamics Section. Blood was centrifuged at 1200g, for 10 min. The plasma was removed. 

10 µl of RBCs were lysed in water and the spectrum of the Hb from 640 nm to 490 nm was 

determined. The concentration of the Hb and methemoglobin (metHb) were determined by a 

least-squares multicomponent fitting program (Perkin-Elmer QuantC v 4.51). The Hb 

concentration was adjusted to 50 µM by adding water. The degradation of the heme was then 

determined by measuring the fluorescence at an excitation wavelength of 321 nm and an 

emission wavelength of 485 nm using a Perkin Elmer LS-50 spectrofluorimeter [22].

Deformability—RBC deformability was measured using a microfluidic Rheoscan-D slit-

flow ektacytometer (Rheo Meditech, Soul, South Korea) according to previously published 

methods [24]. Briefly, 500 µl of a mixture of 5.5% Polyvinyl-pyrrolidone in PBS containing 

the sample (~0.5% hct) was transferred into a microfluidic chamber having a 200 

micrometer slit and loaded into the Rheoscan-D. A laser beam is directed through the 

chamber, while a miniature syringe vacuum pump causes the RBCs to flow through the 

micro slit with the shear stress decreasing from 20 Pa to 0. Diffraction images are recorded 

by a CCD camera and are fitted with known images of various diffraction patterns and 

analyzed by a microcomputer. Based upon the geometry of the elliptical diffraction pattern, 

an elongation index (EI) is calculated at each shear stress as: EI = (L − W)/(L + W), where L 

and W are the length and width of the RBC ellipsoid. A decrease in EI at a given shear stress 

(e.g. ~3Pa) indicates decreased cell deformation and hence lower RBC deformability [25].

Heme degradation during in vitro aging of RBCs

RBCs (10% hct) in PBS pH 7.4 from 4–6 mice were pooled and incubated at 30°C or 37°C 

in the absence and the presence of sodium azide, a catalase inhibitor. Aliquots of the pooled 

cells were taken at different time points and heme degradation was determined as described 

above [22]. The significance of the difference between different groups of mice was 

determined from the percent change relative to control for the time points where a 

significant increase in heme degradation was observed over control mice.
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Results

Heme degradation in PRDX2 and SOD1 knockout mice

In our previous studies [19,21,22], we have used the formation of fluorescent heme 

degradation products as a measure of RBC oxidative stress. To assess oxidative stress 

generated by the elimination of PRDX2 and SOD1, the level of heme degradation products 

in RBC of PRDX2 and SOD1 knockout mice was measured. As shown in Figure 1, there 

was a significant (p < 0.001) increase in heme degradation in RBCs of PRDX2 knockout 

mice relative to control. These results indicate that heme degradation increases in RBCs of 

PRDX2 knockout mice in spite of the presence of catalase and GPx.

Heme degradation was also significantly higher in SOD1 knockout mice compared to 

controls, although the difference was smaller than that observed for PRDX2 knockouts. 

These results are consistent with our earlier observations that the presence of SOD1 does not 

significantly inhibit or accelerate the formation of heme degradation products during in vitro 
autoxidation of oxyHb [18]. The small increase in heme degradation in the absence of SOD1 

may, however, be attributed to low levels of heme degradation products produced either by 

the increased levels of superoxide [17] or perhaps the peroxynitrite that forms due to the 

rapid reaction of superoxide with any NO present.

Level of Hb autoxidation as indicated by metHb and its correlation with heme degradation

Autoxidation of oxyHb produces an equivalent molar ratio of metHb and superoxide anion. 

This metHb is reduced back to ferrous Hb by metHb-reductase with low steady state levels 

maintained under normal physiological conditions. However, metHb levels may increase 

when there is an increase in Hb autoxidation and the concomitant generation of H2O2 that is 

not scavenged by antioxidant defense enzymes making it more difficult for metHb-reductase 

to keep up with the metHb produced. Thus, the measurement of metHb is also an indirect 

indicator of RBC oxidative stress. As shown in Figure 2, the mean metHb levels were also 

significantly increased in PRDX2 knockout mice, but not in SOD1 knockout mice compared 

with control mice. The relationship between the formation of metHb and heme degradation 

was determined by plotting for each of the PRDX2 knockout mice the value of metHb 

versus the value of heme degradation. As shown in Figure 3, the level of heme degradation is 

highly correlated with the level of metHb in RBCs (R = 0.6233, p < 0.0177) supporting the 

hypothesis that the heme degradation product formed in PRDX2 knockout mice is associated 

with the un-scavenged H2O2 generated during Hb autoxidation.

Changes in RBC deformability for PRDX2 and SOD1 knockout mice

In the circulatory system, RBCs have to pass through microcapillaries whose diameter is 

smaller than their size to deliver oxygen to tissues. They must undergo deformation in order 

to pass through these capillaries. It has been shown that RBC oxidative stress that damages 

the membrane reduces the deformability and flexibility of cells. Figure 4 shows a significant 

decrease in the elongation index, which is a measure of deformability, for the PRDX2 

knockout mice. No significant change in the elongation index was found for the SOD1 

knockout mice.

Nagababu et al. Page 4

Free Radic Res. Author manuscript; available in PMC 2018 April 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Changes in heme degradation during in vitro incubation

Incubation of RBCs of control and PRDX2 knockout mice in PBS at 30°C results in an 

increase of fluorescence from the basal level after a lag period of 8 hrs (Figure 5A). The 

time-dependent increase in heme degradation was greater for RBCs of PRDX2 knockout 

mice than for RBCs from control mice resulting in a significant (p < 0.01) average percent 

increase in heme degradation of 30% relative to control for samples incubated > 20 hrs. 

There was no difference in heme degradation between control and SOD1 knockout mice. 

PRDX2 deficiency, thus, causes cells to undergo more oxidative stress during in vitro aging, 

even in the presence of catalase.

To further delineate the role of PRDX2 in neutralizing H2O2 generated in the RBC, the in 
vitro incubation study was repeated after adding azide to inhibit catalase (Figure 5B) in 

control, SOD1 knockout and PRDX2 knockout cells. There was a lag of four hours before 

any increase in heme degradation was observed in all groups, despite inhibition of catalase. 

For samples incubated > 4 hrs (6, 8 & 10 hrs) there was a significant (p < 0.01) average 

percent increase in heme degradation of 130% relative to control. The 39% average increase 

in heme degradation for SOD1 knockout RBCs was, however, not significant. The 

appreciable increase in heme degradation for RBCs from PRDX2 knockout mice in the 

presence of azide indicates that PRDX2 plays a major role in scavenging H2O2 in the 

absence of catalase, even with GPx present.

Discussion

An extensive antioxidant defense system is required in RBCs, because they are continuously 

exposed to oxidative stress and lack the capacity to engage in protein synthesis to replace 

damaged proteins [1,26–29]. The primary source for endogenous ROS in the RBC is the 

autoxidation of oxyHb, which generates superoxide [4,26]. Superoxide is a relatively 

unreactive radical that rapidly dismutates to H2O2 even without superoxide dismutase. RBC 

antioxidant defense includes the enzyme SOD1, which reacts with superoxide, and catalase, 

GPx and PRDX2 which react with peroxides. Catalase exclusively removes H2O2 [30]. GPx 

removes both H2O2 and organic hydroperoxides [8,31] whereas PRDX2 removes H2O2 [2], 

organic hydroperoxides, lipid hydroperoxides, [32,33] peroxynitrite [34] and protein 

hydroperoxides [35]. The rate constants for the reaction of catalase, GPx and PRDX2, with 

H2O2 is about ~107 M−1 S−1 [30] ~108 M−1 S−1 [8] and ~107–108 M−1 S−1 [30,34], 

respectively.

Heme degradation is produced by the reaction of a small fraction of this H2O2 reacting with 

Fe(II) Hb. H2O2 reacts with deoxyhemoglobin and oxyHb to produce ferrylhemoglobin with 

rate constants of ~103, and 125.0 M−1 S−1 [36], respectively. Ferrylhemoglobin reacts with 

an additional molecule of H2O2 to produce the fluorescent heme degradation products 

[17,19]. Despite the very high concentration of Hb (20 mM in terms of heme) in RBCs, the 

Hb cannot effectively compete with the antioxidant enzymes for H2O2 in the cytosol and a 

minimal amount of cytosolic hemoglobin will react with H2O2 generated by the autoxidation 

of cytosolic hemoglobin. However, a more significant but small fraction of the H2O2 

generated by the autoxidation of hemoglobin in the region of the membrane, which is 

relatively inaccessible to cytosolic antioxidant enzymes, has been shown to be able to react 
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with hemoglobin producing heme degradation products, before it diff uses away from the 

membrane [22].

Despite the spontaneous dismutation of superoxide to H2O2, a contribution of superoxide to 

some forms of oxidative stress is, nevertheless, indicated by studies using SOD1 knockout 

mice, where the lifetime of superoxide formed by Hb autoxidation is extended. A subset of 

these mice develops Heinz bodies and generates autoantibodies resulting in severe hemolytic 

anemia [6,29,37]. It has also been reported that SOD1 depleted RBCs are more sensitive to 

peroxidation and hemolysis than normal cells, when exposed to tert-butylhydroperoxide [5]. 

In addition, a shift in glucose metabolism from glycolysis to the pentose phosphate pathway 

has been reported [37].

Some of the effects of SOD1 could be attributed to the very rapid reaction between 

superoxide and nitric oxide, which forms peroxynitrite in the absence of SOD1. However, 

levels of the highly toxic peroxynitrite remain low, because of the low levels of NO, the 

reduction of peroxynitrite by PRDX2 [34] and the catalytic isomerization of peroxynitrite to 

nitrate by oxyHb [38]. Coupled with the relative stability of superoxide, this may explain the 

observation that many indices of severe oxidative stress were not elevated in RBCs or blood 

plasma of mice without SOD1 [6]. There were, thus, no significant changes in glutathione, 

plasma thiol groups or carbonyls.

These results are consistent with a primary role for H2O2 in red cell oxidative stress that 

affects oxygen transport and the release of ROS from RBCs [7]. Since SOD1 dismutates 

superoxide to H2O2, it will not inhibit H2O2-induced oxidative stress. This conclusion is 

confirmed by the data, which show no significant increase in metHb (Figure 2) or decrease 

in deformability (Figure 3) with the SOD1 knockout mice. For heme degradation, we do 

obtain a small but significant increase (Figure 1) which can be attributed to direct effects of 

superoxide [17] and perhaps peroxynitrite on heme degradation.

A fraction of the H2O2/ROS that is not neutralized by the antioxidant enzyme system 

produces heme degradation products. Therefore, the basal in vivo level of heme degradation 

products indicates that there is un-neutralized H2O2/ROS formed in vivo. The determination 

of heme degradation with different enzyme systems turned off provides an evaluation of the 

role of each enzyme in minimizing the level of H2O2/ROS that is able to bypass the cellular 

antioxidant system. It is this pool of H2O2/ROS that can damage the RBC and/or be 

transferred from the RBC to damage other cells and tissues [7].

Our previous in vitro incubation studies [3] under normoxic conditions addressed the 

relative role of catalase and GPx. A secondary role for catalase was indicated by the finding 

that iodoacetamide, which reacts with glutathione the substrate for GPx, was able to 

completely eliminate the lag prior to the formation of increased heme degradation. At the 

same time, complete inhibition of catalase by azide did not completely eliminate the lag. 

Although the added iodoacetamide can also react with PRDX1, PRDX2 and thioredoxin, the 

reducing substrate for PRDX2, the data in Figure 5A &B, which show a lag in the 

accumulation of heme degradation products even for the PRDX2 knockout mice, indicate 

that the observed effect of iodoacetamide [3] on the lag is not due to PRDX2, consistent 
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with the reported [34] slow reaction of iodoacetamide with PRDX2. The effect of 

iodoacetamide can be attributed to a reaction with glutathione, which will inhibit the 

reaction of GPx, although a contribution of other thiol containing enzymes like PRDX1 

cannot be ruled out.

The finding that GPx has a greater role in the inhibition of heme degradation products than 

catalase [3] is consistent with the primary role of catalase to react with the high 

concentrations of H2O2 coming from exogenous sources and for GPx to react with the low 

levels of H2O2 coming from the endogenous autoxidation of Hb [39]. Furthermore, the 

ability of GPx, but not catalase, to react with organic peroxides suggest that GPx may have 

greater access to ROS generated in the region of or on the RBC membrane [22].

The in vivo effects that we have observed for PRDX2 knockout mice (Figures 1–4) imply 

that PRDX2 plays an important role in neutralizing the H2O2 generated in vivo (Figure 6). 

This finding is consistent with previous reports [3,40] that PRDX plays a major role in 

eliminating sub-micromolar levels of H2O2 in RBCs. Our in vitro studies (Figure 5) further 

indicate greater levels of heme degradation after extended periods of time for PRDX2 

knockout mice. However, the similar lag observed for control mice with PRDX2 and the 

PRDX2 knockout mice (Figure 5) in the in vitro experiments indicates that PRDX2, even 

when catalase is inhibited by axide, is not able to extend the lag phase. Since the reaction 

with H2O2 under these conditions should extend the lag phase, these results are inconsistent 

with a dominant role for PRDX2 neutralizing H2O2.

The two in vivo factors that need to be considered in explaining the basal effects of PRDX2 

(Figures 1–4) in limiting the formation of heme degradation products, which does not affect 

the in vitro observed lag (Figure 5) are: 1) Cellular Aging: We have previously shown [19] 

that there are higher levels of heme degradation products in older cells. Since heme 

degradation measures a cumulative level of the total oxidative stress, older cells have been 

exposed to oxidative stress for a longer period of time resulting in elevated heme 

degradation. However, it is also possible that older impaired cells are more susceptible to 

oxidative stress. PRDX2, which is able to react with low levels of H2O2 even at reduced 

glutathione levels, may therefore play a role in limiting the increased formation of heme 

degradation products in older cells. This factor is also expected to play an important role 

under pathological conditions where increased RBC oxidative stress occurs as found for 

sickle cell disease, thalassemia and G6PD deficiency [41–43]. (2) Hypoxia: Our in vitro 
studies were done under normoxic conditions where the rates of autoxidation are slow and 

the affinity of Hb for the membrane is low. In the circulatory system the RBCs continuously 

undergo deoxygenation and reoxygenation cycles. We have previously found that for 

partially oxygenated Hb both the rate of autoxidation [44] and the affinity of Hb for the 

membrane [45] increase dramatically. Although partial oxygenation is only a transient state 

in vivo, the detected heme degradation is most likely generated in this state. This is also 

consistent with the finding that almost all the heme degradation detected is produced by Hb 

bound to the membrane [22].

Among RBC antioxidant enzymes, PRDX2 is the only enzyme that is at least partially 

associated with the membrane, which reacts with H2O2. About 5% of the PRDX2 has been 
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shown to be bound to the membrane under normal conditions [46,47]. Considering the high 

concentration of PRDX2 in RBC, the 5% is not negligible. It has further been shown that the 

level of PRDX2 association with the membrane is affected by oxidative stress [48,49] as 

well as hypoxia [50]. Membrane association of PRDX2 thought to involve the C- terminal 

region of PRDX2,has been shown to react with lipid hydroperoxides [33]. This pool of 

membrane associated PRDX2 is ideally located to react with H2O2 formed when membrane 

bound hemoglobin undergoes autoxidation (Figure 6).

The membrane association of PRDX2 and particularly the relationship with oxidative stress 

and hypoxia [51] suggests that PRDX2 is the preferred enzyme to react with the H2O2 

generated by Hb autoxidation under hypoxic conditions (Figure 6). The ability of PRDX2 to 

preferentially react with H2O2 generated from Hb bound to band 3 of the membrane is 

further supported by the finding [49]) that the site for membrane binding of PRDX2 is in the 

same region as hemichromes, which also bind to band 3 of the RBC membrane.

We have used deformability as a measure of oxidative damage to the RBC. ROS are potent 

modulators of deformability of RBC in vitro and in vivo. We observed a significant 

reduction in deformability in sickle cell RBCs, which experience increased oxidative stress. 

The role of PRDX2 in inhibiting impaired deformability can be attributed to both a reduction 

in ROS as well as a direct reaction of PRDX2 with protein hydroperoxides [52], which will 

inhibit the damage to cytoskeletal proteins required for impaired deformability.

Conclusion

Each of the antioxidant enzymes plays a different role in protecting from H2O2-induced 

RBC oxidative stress. SOD1, by increasing the rate for superoxide dismutation, does not 

inhibit H2O2-induced oxidative stress. Catalase reacts with high levels of H2O2 with its 

primary role to protect from the H2O2 generated by exogenous oxidants. GPx is able to 

completely prevent the slow formation of heme degradation produced under normoxic 

conditions as long as reduced glutathione is available. However, the increased in vivo levels 

of heme degradation for PRDX2 knockout mice indicate that GPx, which is basically a 

cytoplasmic protein, does not seem to be able to adequately deal with the H2O2 generated in 
vivo in the circulatory system. The dominant role of PRDX2 seems to involve its ability to 

deal with the transiently increased oxidative stress that the RBCs undergo during 

oxygenation/deoxygenation cycling, which generates H2O2 in the region of the membrane 

(Figure 6). The role of PRDX2 in limiting RBC oxidative stress may also include its ability 

to react with H2O2 generated in diseased states and/or during cellular aging when the ability 

of the RBC to withstand oxidative stress is impaired.

ROS are potent modulators of deformability of RBC in vitro and in vivo. The role of 

PRDX2 in inhibiting impaired deformability can be attributed to both a reduction in ROS as 

well as a direct reaction of PRDX2 with protein hydroperoxides [52], which will inhibit the 

damage to cytoskeletal proteins required for impaired deformability.
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Figure 1. 
Heme degradation in RBCs of control, PRDX2 and SOD1 knockout mice. Cells were lysed 

in water and adjusted to 50 µM heme and the fluorescence was determined as a measure of 

heme degradation (see Methods section). Values are mean ± SD for 10 to 15 animals in each 

group. The student t-test was used to determine the significance between different groups. 

**Significantly different from control group p < 0.001. *Significantly different from control 

group p < 0.05. A.U. Arbitrary units.
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Figure 2. 
MetHb levels in RBCs of control, PRDX2 and SOD1 knockout mice. MetHb was measured 

in RBC lysate spectrophotometrically (see Methods section). MetHb values were expressed 

as percentage of total Hb. Values are mean ± SD for 10 to 14 animals. The student t-test was 

used to determine the significance between different groups. *Significantly different from 

control p < 0.05.
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Figure 3. 
Correlation of heme degradation with metHb in PRDX2 knockout RBCs. Each point 

represents the heme degradation and metHb values for an individual PRDX2 knockout 

mouse. The increase in heme degradation is significantly correlated with increase in metHb 

formation. A.U., Arbitrary units.
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Figure 4. 
Deformability of RBCs of control, PRDX2 and SOD1 knockout mice. Elongation index of 

RBCs as a measure of deformability was measured (see Methods section). Values are mean 

± SD for 10 to 15 animals in each group. The student t-test was used to determine the 

significance between different groups. *Significantly different from control p < 0.05.
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Figure 5. 
Heme degradation increase during in vitro aging of RBCs. RBCs were incubated and 

fluorescence intensity, as a measure of heme degradation, was measured at various times. 

The basal fluorescence intensity at zero time was subtracted from the fluorescence at each 

time point. A single experiment was performed with red blood cells of 4–6 animals from 

each group pooled to use for incubation studies. A.U., Arbitrary units intensity. ■, Control; 

▲ SOD knockout; ●, PRDX2 knockout. (A) Cells were incubated at 30°C in the absence of 

azide. (B) Cells were incubated at 37°C in the presence of 1 mM azide to inhibit catalase.
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Figure 6. 
Schematic diagram of the role of PRDX2 in inhibiting heme degradation formation in 

RBCs. Superoxide generated by partially deoxygenated hemoglobin bound to membrane 

band-3 under hypoxic conditions converts to hydrogen peroxide. PRDX2, associated with 

the RBC membrane, scavenges this hydrogen peroxide preventing the formation of heme 

degradation products, and the associate release of iron. This inhibition of heme degradation 

also prevents oxidation of lipids that generate lipid hydroperoxides, which can further 

degrade the heme to generate fluorescent membrane products. The reaction of PRDX2 with 
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lipid hydroperoxides further prevents any accumulation of lipid hydroperoxides and any 

associated membrane damage.
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