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Abstract Peroxiredoxins (PRDXs) are multifunctional

proteins that have recently received much attention. They are

part of the endogenous antioxidative capacity and function as

efficient scavengers, especially for hydrogen peroxides.

Studies show that physical training can induce an upregulation

of PRDX isoform contents in the long term. This might help

counteract chronic diseases that are causally linked to a high

amount of free radicals, e.g., diabetes mellitus. Furthermore, it

has been demonstrated that PRDX can overoxidize under

pathological conditions during acute exercise. Overoxidized

PRDXs could be useful because they act as protective chap-

erones. Taken together, it can be speculated that physical

activity has a positive effect on the PRDX system and thereby

prevents cells from free radical-induced damage.
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Peroxiredoxins as antioxidative proteins

The biomedical research community has increasingly

focused its attention on peroxiredoxins as effective anti-

oxidative proteins. While only 48 publications with the

keyword ‘‘peroxiredoxins’’ were published in PubMed

between 1990 and 1995, the number of new publications

increased to 1,382 articles between 2005 and 2010. While a

total of 2,292 publications on peroxiredoxins (PRDXs) had

been published by August 2011, 46,208 publications on

other antioxidative enzymes such as superoxide dismutase

(SOD), 37,585 on catalase (CAT) and 19,267 on glutathione

peroxidase (GPX) were available. Accordingly, the current

level of knowledge about PRDX is significantly lower than

that about the other antioxidative proteins mentioned [1].

PRDXs have a molecular size of 20–30 kDa [2, 3] and

are found in practically all organisms [1]. They make up

approximately 0.1–1 % of soluble proteins in the majority

of human cells [3, 4] and constitute the third highest pro-

tein in the cytosol of erythrocytes [5]. In humans, six

PRDX isoforms with different cellular localizations can be

distinguished (Table 1).

PRDXs can reduce peroxynitrate (ONOO*-) and hydro-

peroxide (ROOH) [6, 7]. Moreover, next to the enzymes GPX

and CAT, they are involved in the decomposition of H2O2 to

water [8, 9]. Hydrogen peroxide is not particularly reactive,

but can, inter alia, react to the highly reactive hydroxyl radical

(*OH) via the Haber-Weiss reaction. A large amount of H2O2

thus leads to radical-induced damage.

Catalytic mechanism

Peroxiredoxins are not classical enzymes because they con-

tain a co-substrate. All PRDXs share the same catalytic

mechanism: A peroxide-specific cysteine residue (-Cys-SPH)

is oxidized through the peroxide substrate [6]. PRDX mole-

cules can be divided into three classes [typical 2-Cys-PRDX

(PRDX1-4), atypical 2-Cys-PRDX (PRDX5) and 1-Cys-

PRDX (PRDX6)] according to the number of cysteine

residues and their way of recovery. Oxidized typical 2-Cys-

PRDXs form an intermolecular disulfide bridge with a thiol of
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another PRDX molecule, oxidized atypical 2-Cys-PRDXs

form an intramolecular disulfide bridge with a thiol of the

same molecule, and 1-Cys-PRDXs probably do not form a

disulfide bridge. Nearly all PRDX molecules are finally

converted into the initial molecules through the thioredoxin

system, although the hydrogen donor of PRDX6 has not yet

been clearly identified [10, 11] (Fig. 1).

In vitro experiments suggest that typical 2-Cys-PRDX and

1-Cys-PRDX can overoxidize in case of high exposure to

peroxides [12–14]. The oxidized peroxide-specific cysteine

residue of the PRDX molecule reacts with another peroxide to

form sulfinic acid (-Cys-SpO2H). This overoxidation process

seems to be reversible—the conversion into the initial mole-

cule can be achieved through a sulfiredoxin-mediated process

[13, 14].

It has been shown for the first time that high concen-

trations of peroxides can in fact result in a double ove-

roxidation of Tsa1p (yeast PRDX, orthologous to PRDX1)

through the creation of sulfonic acid (-Cys-SpO3H) [15].

An intracellular reduction system has, however, not yet

been identified. Because no reduction of double overoxi-

dized PRDX takes place—even after a 12-h regeneration

period [16]—it is assumed that double overoxidation is

irreversible. In contrast to PRDX1, it seems that an

N-terminal acetylation in PRDX2 plays a role in protecting

the protein from a possibly irreversible double overoxida-

tion [17]. Thus far, there is no evidence of double ove-

roxidation of the other PRDX isoforms.

Function of overoxidized peroxiredoxins

With regard to the significance of overoxidation, both ‘‘loss of

function’’ and ‘‘gain of function’’ possibilities are being dis-

cussed [1]. The speculative ‘‘floodgate’’ model entails a loss

of function when PRDXs are exposed to higher concentra-

tions of peroxides because of overoxidation and hence lose

their function as radical blockers, which enables a local

accumulation of hydrogen peroxides that induce signal cas-

cades as second messengers [18]. A gain of function has been

described in studies that conclude that overoxidized PRDXs

may lose their catalytic function, yet create large molecular

compounds, and, like molecular complexes, can exhibit

chaperone activity to protect proteins from denaturation [19].

Table 1 Cellular localization of peroxiredoxin (PRDX) isoforms

(information from Wood et al. [6])

Peroxiredoxin isoform Cellular localization

PRDX1 Cytosol, nucleus

PRDX2 Cytosol, membrane

PRDX3 Mitochondria

PRDX4 Cytosol, Golgi apparatus

PRDX5 Cytosol, mitochondria,

peroxisomes

PRDX6 Cytosol

Fig. 1 Catalytic mechanism of typical 2-Cys-peroxiredoxins, -Cys-SPH, peroxide-specific cysteine residue; -Cys-SPO2H, overoxidized cysteine residue;

-Cys-SPO3H, double overoxidized cysteine residue; -Cys-SRH, resolving cysteine residue; H2O, water molecule; H2O2, hydrogen peroxide molecule
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Effects of physical training on peroxiredoxins

Several working groups recently examined the effects of

physical training on the protein synthesis of peroxiredoxins

(Table 2). The studies mentioned indicate that regular

physical activity with submaximal intensity mainly causes

an upregulation of the PRDX system in the long term.

However, it is also noteworthy that the regulation of PRDX

isoforms by physical training can obviously differ between

cells (e.g., PRDX2 is upregulated in erythrocytes, while

there is no change of PRDX2 in skeletal muscle cells and a

decrease in heart muscle cells [20, 21, 23]). Furthermore,

the regulation of PRDX isoform contents can even differ

within a cell (PRDX3 is upregulated in subsarcolemmal

mitochondria of heart muscle cells, but does not change in

intermyofibrillar mitochondria after training [22]). Further

studies should clarify the related complex mechanisms

underlying the specific regulation of PRDX isoform con-

tents within a cell and between different cells.

Additional results suggest that training can modify

PRDX contents. A study on erythrocytes determined the

extent to which the level of fitness per se affects the PRDX

system in type 2 diabetic men (n = 22). Regression anal-

yses reveal a positive correlation between the erythrocyte

contents of PRDX2 plotted against the VO2peak/workload at

4 mmol/l lactate concentration [based on the World Health

Organization (WHO) step test on a bicycle ergometer] [25].

An exercise-induced improvement of the antioxidative

defense capacity may be particularly relevant for patients

who suffer from diseases associated with an increased level

of radicals, such as diabetes mellitus [20, 21].

Evidently, the PRDX isoforms in skeletal and heart

muscle cells—in particular, which are located in the

mitochondria—are upregulated through exercise [21–23].

This is an indication that many free radicals (and thus also

hydrogen peroxides) are generated in the mitochondria

during exercise [26], and antioxidative protection is par-

ticularly useful in this case.

Table 2 Influence of (a) physical training and (b) acute physical exercise on peroxiredoxin (PRDX) contents

Study Training program/ physical

activity

Subjects Cells/ cellular

compartments

PRDX system

Physical training

Moghaddam et al. [20] 3 months, 3 times a week,

cycling (25–50 min, 75 %

HRmax)

Type 2 diabetic men (n = 6) Erythrocytes PRDX1 $
PRDX2 :

Brinkmann et al. [21] 3 months, twice a week,

cycling (25–50 min, HR:

corresponding to 2 mmol/

l blood lactate

concentration) or whole

body strength training

(30–75 % 1-RM)

Type 2 diabetic men (n = 16) Skeletal muscle cells,

musculus vastus lateralis

PRDX1 $
PRDX2 $
PRDX3 $
PRDX4 $
PRDX5 :

PRDX6 $
Kavazis et al. [22] 10 days, daily, treadmill

running (10–60 min,

30 m/min, 0� inclination,

70 % maximal oxygen

consumption)

Male Sprague–Dawley rats (n = 8) Isolated mitochondria

from heart muscle cells

subsarcolemmal PRDX3 :

intermyofibrillar PRDX3 $

Richters et al. [23] 2 months, 5 times a week,

treadmill running (1 h, 15

m/min, 5� inclination)

Male SOD2-knock-out-mices

(n = 14)

Heart muscle cells PRDX1 :

PRDX2 ;

PRDX3 :

PRDX4 :

PRDX5 $
PRDX6 $

Acute physical exercise

Brinkmann et al. [24] WHO cycling step test to

physical exhaustion

(25 W ? 25 W every

2 min)

Type 2 diabetic men (n = 15) Erythrocytes PRDX-SO2–3 :

Non-diabetic men (n = 12) PRDX-SO2–3$

HRmax maximal heart rate, 1-RM 1-repetition maximum, PRDX-SO2–3 overoxidized peroxiredoxins, SOD superoxide dismutase, WHO World

Health Organization
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Effect of acute exercise on peroxiredoxins

Since the literature suggests that peroxiredoxins that are

exposed to a high amount of free radicals can overoxidize,

our working group recently examined whether an overox-

idation of PRDX occurs during acute exercise, that is, in a

state in which an increasing number of free radicals

develop in vivo [27].

An increase in the contents of overoxidized peroxire-

doxins (PRDX-SO2–3) was only apparent in the erythro-

cytes of type 2 diabetic men during the WHO endurance

step test on a bicycle ergometer, but not in non-diabetic

men (Table 2). The amount of overoxidized PRDX in

diabetic men had not decreased significantly up to 30 min

following acute exercise [24].

The fact that PRDX under increased oxidative stress

overoxidize in the erythrocytes of only type 2 diabetic men

during exercise indicates that the level of activity of PRDX

differs in diabetic patients. Whether an irreversible ove-

roxidation of PRDX occurs in diabetic men during acute

exercise or whether 30 min are insufficient for reducing the

amount of overoxidized PRDX cannot yet be adequately

answered.

Conclusion and outlook

In addition to the ‘‘classical’’ radical buffers, PRDXs have

been receiving increasing attention—particularly because

of their comparatively high abundance in human cells.

Their ability in an overoxidized state to act as chaperones

emphasizes their potential in preventing radical-induced

damages on different levels. Future studies should focus on

their role/positioning in the integrated antioxidative sys-

tem, especially under physical exercise.

Regular physical training can cause a partial upregula-

tion of the PRDX system and thus presumably contribute to

a reduction in oxidative stress. This could be particularly

interesting for patients who suffer from diseases related to

increased levels of free radicals.

Future studies shall elucidate in more detail which

exercise programs are most suitable for achieving an

upregulation of PRDX isoforms. The question arises, for

example, about what effect high-intensity training in

addition to submaximal intensity training has on PRDX

contents.

An overoxidation of PRDX and thus a change in the

protein’s functioning may occur under pathological con-

ditions during acute physical exercise.

The implications of overoxidation of PRDX during acute

exercise could also be further substantiated. It is not clear

which specific (patho-)physiological parameters are respon-

sible for causing overoxidation during acute exercise.

To date, the effect of sports on PRDX has only been

examined in a few tissues. This area also clearly requires

further research in order to shed more light on these

important antioxidative proteins.
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