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Summary 

Peroxiredoxins (Prdxs) are a superfamily of peroxidases widely distributed 

among prokaryotes and eukaryotes. Prdx5 is the last isoform identified and 

characterized among the six mammalian Prdxs. Prdx5 is ubiquitously 

expressed in tissues and its role as cytoprotective antioxidant enzyme as well 

as modulator of redox signaling have been largely reported in vitro. The goal 

of this work was to study in vivo Prdx5 functions through the generation of 

transgenic mice in which Prdx5 gene was disrupted using gene trapping 

strategy. Prdx5 knockout (Prdx5-/-) mice are viable and fertile. Compared to 

wild-type (Prdx5+/+) animals, Prdx5-/- mice do not present any growth 

differences during the first months and histological analyses did not show 

clear abnormalities. A microarray analysis revealed that isoforms of CYP450 

genes are significantly upregulated in Prdx5-/- mice. A significant higher 

protein carbonylation was measured in brain as well as a higher lipid 

peroxidation in muscle of Prdx5-/- mice. Because Prdx5 gene has been shown 

to be upregulated in mouse macrophages upon pro-inflammatory 

stimulation and because high levels of ROS/RNS are produced during 

inflammation, the vulnerability of Prdx5-/- mice to lipopolysaccharide (LPS) in 

vivo was examined. Our results show that Prdx5-/- mice mortality is 

significantly higher after intraperitoneal injection of 20 mg/kg of LPS 

compared to the Prdx5+/+. A proteomic analysis of proteins extracted from 
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primary culture of Prdx5-/- and Prdx5+/+ phagocytes, exposed for 24 hours to 

1 μg/ml LPS revealed that proteins related to inflammation, cancer, 

apoptosis and redox state regulation were altered in the Prdx5-/- phagocytes. 

Also, 41 % of old Prdx5-/- mice (between 12 and 30 month-old) developed 

significantly more tumors compared to 16% of Prdx5+/+ animals, suggesting 

that Prdx5 protein is involved in tumor suppression in vivo. Most of the 

tumors have been histologically analyzed and characterized as lymphoma 

and hepatocarcinoma. Moreover, the Akt/PTEN signaling pathway in Prdx5-/- 

MEF cells was investigated by exposing the cells to increasing concentrations 

of H2O2, LPS, tBHP and SIN-1. Our results showed that phosphorylation of Akt 

is higher in Prdx5-/- cells exposed to H2O2. It appeared also that the Akt/PTEN 

pathway is affected in some Prdx5-/- tumors. Finally, the consequences of 

Prdx5 gene inactivation was examined in the central nervous system 

especially with regard to the recently discovered homozygous non-sense 

mutation in human Prdx5 linked to brain atrophy, mental retardation and 

epilepsy. Prdx5-/- mice present significantly less motor coordination and a 

tendency of higher anxiety. Additionally, absence of Prdx5 is linked to glial 

cell proliferation in hippocampus, suggesting a role in neuroinflammation. 

Altogether, our results suggest that Prdx5 may play important roles in 

inflammation and in tumor suppression. 
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1. The Redox World 
 

1.1. Aerobic metabolism and free radicals 
 

The introduction of the oxygen into the primordial anoxic atmosphere was 

performed with the photosynthesis of the first cyanobacteria. Continuously, 

dioxygen reduction to ozone (O3) created a protective layer for organisms 

from the ultraviolet radiation of the sun, so these organisms could set up on 

the land. The introduction of the oxygen into the metabolism and ultimately 

reduction in water is remarkable because it led to energy gains for cells 

through aerobic metabolism. However, the reduction of oxygen with various 

molecular systems of the cells is not always perfect and leads to the 

generation of reactive oxygen/nitrogen species (ROS/RNS) among which we 

find free radicals. ROS/RNS are a central point of study in biochemistry of 

oxidative stress [1]–[4]. 

The term free radical is defined as each atom or molecule bearing one or 

more unconnected electrons (the electron that occupies itself an atomic or 

molecular orbital and denoted by a dot as an exponent on the right side of 

its chemical formula). There are many molecules, among them the simple 

atomic molecule hydrogen, which are known to have a single electron.  A free 

radical is formed by a non-radical that (a) loses an electron, (b) receives an 

electron, or (c) undergoes homolytic fission of a covalent bond [1], [3]. 
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Most of the free radicals are derived from the partial reduction of oxygen 

and nitrogen, therefore the term reactive oxygen and nitrogen species (ROS 

and RNS) is used (Fig.1). In particular, the progressive reduction of molecular 

oxygen after receiving an electron at a time leads to the formation of the 

superoxide anion radical (O2
•-), the hydrogen peroxide (H2O2) and the 

hydroxyl radical (OH•). Although ROS and RNS are mainly produced in cells as 

a result of specific reactions, they could be generated by extracellular factors, 

such as the radiation, pollutants, smoke, ozone and xenobiotics [1], [3], [5]. 

 

Figure 1. Reactive oxygen (ROS) and nitrogen (RNS) species in living 
organisms. O2

•-: superoxide anion radical; H2O2: hydrogen peroxide; OH•: 
hydroxyl radical; 1O2: singlet oxygen; NO•: nitric oxide; ONOO-: peroxynitrite. 
The oxygen is represented with red ball, the hydrogen with white and the 
nitrogen with blue ball. 
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Table 1. Main ROS and RNS and their characteristics. [331] 
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1.2. Reactive oxygen species 
 

The free radicals of oxygen are notably produced in cells during the electron 

transport in the inner mitochondrial membrane, where the failure of the 

cytochrome oxidases to reduce O2 to H2O leads to the formation of the 

superoxide radical (O2
•-) [1]. Other proteins, enzymes and different 

molecules, like NADPH oxidases, xanthine oxidase, cytochrome P450 

oxidases and haem proteins, glyceraldehyde, FMNH2, FADH2, adrenalin, 

noradrenalin and thiol compounds produce also O2
•- [6]. The O2

•- is a free 

radical but it cannot react directly with the different biomolecules in the cells. 

Its lifespan is really short in a cell. However, it is a precursor of more reactive 

oxygen molecules, such as hydrogen peroxide (H2O2) and hydroxyl radical 

(OH•) [7], and it can combine to •NO to form very reactive ONOO- [8].  

Hydrogen peroxide (H2O2) is a non-radical molecule that is able to attack the 

main biomolecules of the cells, like the lipids, the DNA and the proteins, but 

also to inactivate different enzymes, like phosphatases and caspases. It is a 

middle product between the O2
•- and water (H2O) during antioxidant enzyme 

reactions in cells (see section 2.1). Several other enzymes were also shown 

to contribute to the formation of H2O2, such as xanthine, urate, glucose and 

lysyl oxidases. It is a weak one-electron oxidant agent, and this fact allows it 
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to play a role in signal transduction [1], [7], [9], [10] (see below the section 

Redox signaling). 

The hydroxyl radical (OH•) is a very reactive ROS in cells, generated by H2O2 

through reaction with transition metals or by its UV-induced homolytic 

fission of the O-O bond. Ozone and peroxynitrite are also able to produce 

OH•. The OH• is the most reactive free oxygen radical and is an extremely 

powerful oxidizing agent that reacts almost instantaneously with any type of 

biomolecules being near its site of formation [1]. 

 

1.3. Fenton and Haber-Weiss reactions 
 

The Fenton reaction was first proposed in 1876. Through this reaction, the 

generation of hydroxyl radical and other oxygen-radical species from 

hydrogen peroxide is possible in cells, with the implication of a transition 

metal, usually iron [1], [3], [9].  

 

Fe2+ + H2O2 → Fe3+ + OH• + OH−                             (1) (Fenton reaction) 
Fe3+ + H2O2 → Fe2+ + HOO• + H+                             (2) 

2 H2O2 → OH• + HOO• + OH− + H+                          (3) 

Table 2. Oxidation (Fenton reaction) and reduction of Fe in cells.  
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Iron(II) (Fe2+) is oxidized by H2O2 to iron(III) (Fe3+), forming a hydroxyl radical 

(HO•) and a hydroxide ion (OH−) in the process (Reaction 1, called also as 

Fenton reaction). Fe3+ is then reduced back to Fe2+ by another molecule of 

H2O2, forming a hydroperoxyl radical (HOO•) and a proton (H+) (Reaction 2). 

The net effect is a disproportionation of H2O2 to create two different oxygen-

radical species, with water (H+ + OH−) as a byproduct (Reaction 3). 

 

The Haber–Weiss reaction generates OH• from H2O2 and O2
•− (Reaction 5). 

This reaction can occur in cells and is therefore a possible source for oxidative 

stress. The reaction is very slow, but it is catalyzed also by iron. Iron(II) (Fe2+) 

is oxidized by H2O2 to iron(III) (Fe3+), forming a hydroxyl radical (HO•) and a 

hydroxide ion (OH−) in the process (Reaction 1). Fe3+ is then reduced back to 

Fe2+ by superoxide radical (O2
•-), forming an oxygen molecule (O2) (Reaction 

4). The net effect is a hydrogen peroxide reacting with a superoxide radical 

to form hydroxyl radical, with oxygen and hydroxide ion (OH−) as byproducts 

(Reaction 5). 

 

Fe2+ + H2O2 → Fe3+ + OH• + OH−                          (1) (Fenton reaction) 
Fe3+ + O2

•- → Fe2+ + O2                                          (4) 

H2O2 + O2
•- → OH• + OH− + O2                                              (5) (Haber-Weiss reaction) 

 (3) 

Table 3. Fenton and Haber-Weiss reaction 
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1.4. Reactive nitrogen species 
 

As mentioned before, among reactive nitrogen species (RNS) there are also 

free radicals that are produced in the cells, mainly through nitric oxidase 

synthases (NOS) that generate the radical nitric oxide (•NO) from L-arginine 

[1], [11], [12]. •NO has a fundamental role in cell signaling and immune 

responses [11]–[15]. •NO activates pathways controlling gene expression, 

through the conversion of GTP to cGMP, inhibits the cytochrome c oxidase 

activity in mitochondria and causes posttranslational modifications, as S-

nitrosylation, S-glutathionylation and tyrosine nitration [12]. •NO reacts with 

O2
•- to form peroxynitrite (ONOO-) or with OH• to form HNO2. In general, 

because of these reactions, the •NO acts more as a free radical scavenger in 

the cells, becoming a powerful inhibitor of lipid peroxidation [16], [17].  

The peroxynitrite (ONOO-) is a non-radical RNS, which can react with lipids, 

DNA and proteins, causing damages to cells. The most known damage in 

proteins caused by ONOO- is the conversion of tyrosine to 3-nitrotyrosine 

which is used as a biomarker of nitrooxidative stress [18], [19]. The nitration 

of the tyrosine often leads to enzyme inactivation [12], [20]. It was shown 

that S-nitrosylation of Prdx2 can inactivate the enzyme by inhibiting its 

peroxynitrite reductase activity and increase the tyrosine protein nitration 

caused by the ONOO- [20]. On the other hand, it is reported that tyrosine 
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nitration of plant Prdx2 in an non-catalytic residue, can increase Prdx2 

peroxidase activity and protect the enzyme from overoxidation, proposing 

another mechanism of modulation for Prdx enzymes [21].  

 

1.5. Oxidative stress damage 
 

Oxidative stress, an imbalance between the production of ROS/RNS and the 

ability of a cell to detoxify them, is responsible for causing a variety of 

damages in the cells, causing changes in macromolecules (Fig.2). One of the 

important components of the cell are nucleic acids (DNA and RNA), which 

can undergo oxidative changes in their bases (e.g. addition of OH•, 

deamination, removal of H) and ribose, leading to fragmentation and nicks, 

mutations, deletions or translocations or DNA-protein cross-links [1], [5], 

[22]–[25]. The most known DNA damage is the formation of the oxidized 

derivative of deoxyguanosine, the 8-hydroxy-2-deoxyguanosine (8-OH-dG), 

that is widely used as a biomarker for DNA oxidation [5], [26]. The 8-OH-dG 

formation in transcription factor binding sites can cause the change of 
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expression of many genes and can lead to disease development and 

carcinogenesis [5]. 

 

Additionally, cellular lipid components are among the most important targets 

of ROS/RNS [1], [3]. Lipid peroxidation, especially in polyunsaturated fatty 

acids (PUFAs), involves two stages. The initiation stage, which begins when a 

highly reactive ROS molecule (e.g., OH•) cleaves a hydrogen atom from a 

methylene (CH2) group. This intersection leads to the creation of a carbon-

centered radical (L•) with an unconnected electron, which usually undergoes 

Figure 2. Oxidative stress damage in the main biomolecules of cells. ROS and 
RNS cause damages to nucleic acids, lipids and proteins. [25] 
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an intramolecular rearrangement and converts to a conjugated diene. In the 

propagation step, the carbon radical is linked to an O2 molecule and produces 

a peroxyl radical (LOO•). The free peroxyl radical is very reactive and can 

extract a hydrogen atom from a neighboring PUFA molecule, converting it to 

the corresponding hydroperoxide (LOOH) [3], [25]. The most known products 

of lipid peroxidation are the malondialdehyde (MDA) and the 4-Hydroxy-2-

nonenal (4-HNE).  They are used as a biomarker of lipid peroxidation and can 

be quantitated in cell extracts [5], [27]. MDA inactivates many proteins by 

forming protein cross-linkage, while 4-HNE causes depletion of intracellular 

GSH, activates epidermal growth factor receptor and induces fibronectin 

production [5]. The LOOH levels can be also measured by direct reaction of 

LOOH with thiobarbituric acid (TBA) [27]. 

Finally, oxidative damage in proteins is common, such as the formation of 

superoxides in the peptide chain or the amino acid side groups, oxidation of 

-SH groups, protein carbonyl formation and deamination, which result in 

changes in structure and function of proteins [1], [25], [28], [29]. Addition of 

OH• in proteins leads to OH•-dependent abstraction of a hydrogen atom from 

the α-carbon of amino acids and the protein polypeptide backbone, and also 

from the aliphatic side chains of hydrophobic amino acid residues. This 

corresponds to the initial stage of the attack and the formation of a carbon-

centered radical (R•), which, in the presence of oxygen, is rapidly converted 
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to the peroxyl radical (ROO•). The ROO• reacts with the HO2
• to form alkyl 

peroxide (ROOH) [28]. ROS/RNS can also cause the cleavage of peptide 

bonds, nitration and chlorination [28], [29]. Protein carbonylation in amino 

acids residues (such as serine, lysine, arginine, threonine, proline, histidine 

and cysteine) is a well-established marker of protein damage caused by 

oxidative stress, through the reaction of the carbonyls with the 2,4-

dinitrophenylhydrazine (DNPH) or the rhodamine B hydrazide (RBH) [30], 

[31].  

 

1.6. Redox Signaling 
 

With the term redox signaling, we refer to a cellular response to an oxidant 

or to an alteration in redox status of a cellular component, which can lead to 

a variety of downstream effects on cell functions. Usually the molecules that 

could serve as messengers in the redox signaling are oxidants themselves, 

such as H2O2 and •NO, or organic peroxides [5], [7], [9], [10], [13], [32], [33].  

As it was mentioned previously, H2O2 is a ROS that can oxidize a wide range 

of molecules. However, H2O2 reacts with a few cellular biomolecules, and is 

more prone to react with thiols. Many regulatory proteins, including protein 

tyrosine phosphatases (PTPs), phosphatases, kinases and transcription 

factors, contain critical cysteine residues that can be oxidized by H2O2, 
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causing a change of their biological activity [34]–[36]. H2O2 can react very fast 

with cysteine- or selenocysteine-dependent antioxidant enzymes, such as 

Prdxs and Gpxs. When facing high concentrations of H2O2, these enzymes can 

be over- or hyperoxidized and inactivated. Moreover, a cascade of molecular 

events follows. Prdx inactivation through over- or hyperoxidation and 

accumulation of H2O2 have led to the floodgate theory (see below). 

Alternatively, several Prdxs can be also inactivated by phosphorylation and 

this can lead again to H2O2 accumulation [35] (Fig.3).  

 These mechanisms make H2O2 an ideal molecule to transmit signals by 

oxidizing thiol proteins [13], [35]. However, the rate constants of reactions 

of the H2O2 with regulatory thiol proteins is much lower than the rate 

constants of reactions of the H2O2 with the antioxidant enzymes. The 

consequence is that signaling molecules cannot compete with known protein 

antioxidant systems that remove H2O2. It was shown also that different H2O2 

Figure 3. Localized increase of H2O2 levels mediated through inhibition of peroxiredoxin 
activity by phosphorylation. Peroxiredoxins (Prdxs) transmit the signal to a signaling 
molecule (SM). A kinase phosphorylates the peroxiredoxin that leads to its inactivation 
and H2O2 accumulation around membranes. This promotes the direct oxidation of SM by 
the H2O2. [35] 
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concentrations could lead to different responses of signaling pathways, 

impairing or enhancing it, such the Akt signaling pathway [37].  

H2O2 regulates different transcription factors, which are mostly involved in 

the regulation of cell damage response, cell proliferation, differentiation and 

apoptosis in different ways. Transcription factor deregulation can lead to 

different pathophysiological situations such as tumorigenesis [35]. More 

specifically, H2O2 regulates several transcription factors at the transcriptional 

(AP-1, TP53, HIF-1α) [38]–[41], post-transcriptional (TP53) [42], [43] and 

translational levels (Nrf2, SP1) [44]–[48]. On the other hand, H2O2 is also able 

to modulate the degradation of key modulators of transcription factor 

function, such as the E3 ubiquitin ligase complex, in the case of NRF2 and 

TP53 transcription factors [49]–[54] or to cause post-translational 

modifications of the transcription factors that increase or decrease their 

association with the E3 ubiquitin ligase complex [55]–[58]. It has been shown 

also that H2O2 can control the cytoplasm-nuclear trafficking of transcription 

factors by activation mediated either by post-translational modification in 

the transcription factor [59], [60], either by association/dissociation from 

partners [61], [62], or through release from membrane by proteolytic 

processing [63], [64]. Finally, transcription factors can sense directly H2O2, 

and change their conformation and their affinity for DNA. This modulation of 

DNA binding could be done by oxidation or reduction of the transcription 
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factor [65]–[69], by post-translational modifications [70]–[72], by binding to 

a co-activator [73], by release from an inhibitor [74], [75] or by affecting the 

chromatin state [76].  

•NO is also involved in redox signaling, participating in different signaling 

pathways [12]. In the case of the classical signaling, •NO forms a complex with  

soluble guanylyl cyclase (sGC), causing a conformational change of this 

enzyme and increasing its activity in the conversion of GTP to cGMP [15]. The 

generation of the cGMP triggers pathways related to gene expression, by 

activating cGMP-dependent protein kinases [77]. Additionally, •NO competes 

with O2 for binding to cytochrome c oxidases (CcO), the terminal enzyme of 

the mitochondrial electron transport chain, which catalyzes the oxidation of 

cytochrome c and the reduction of O2 to water. This competition suggests 

that •NO can act as a physiological regulator of the O2 sensitivity of 

respiration in tissues, by inhibiting cytochrome oxidase [78]–[80]. Finally, 

•NO participates in non-classical signaling pathways, mainly by causing post-

translational modifications of target proteins, in their cysteine and tyrosine 

residues [12]. The most known post-translational modifications are S-

nitrosylation, S-glutathionylation, and tyrosine nitration. S-nitrosylation is a 

reversible post-translational modification that refers to the incorporation of 

a nitroso group to a cysteine thiol, forming a nitrosothiol (R–S–N=O) [81], 

[82]. S-glutathionylation (or S-thiolation) is the binding of a low-molecular-
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mass (LMM) thiol, usually GSH, to a protein via formation of a mixed disulfide 

bridge between a cysteine residue and the LMM thiol [83], [84]. The tyrosine 

nitration involves the incorporation of a nitro group (−NO2) to the phenolic 

ring of tyrosine residues to form a 3-nitrotyrosine residue [18], [19].  
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2. Redox enzymes 
 

Aerobic organisms have developed enough defensive mechanisms to survive 

severe oxidative stress conditions. It is important that they maintain 

intracellular concentrations of O2 at levels below atmosphere level (21%) and 

the ability of the respiratory chain to function effectively at these low levels 

of O2. The ROS/RNS generated in these conditions is dealt with by the 

antioxidant defenses of organisms present on three basic defense levels [1]: 

(i) limiting the availability of transition metals and other pre-oxidizing 

substances which promote oxidative destruction of biomolecules by 

Figure 4. The main antioxidant enzymes in cells and their reactions to eliminate ROS.  
Cells generate aerobic energy by reducing molecular oxygen (O2) to water. During the 
metabolism of oxygen, superoxide anion (O2

•-) is formed in presence of NADPH P450 
reductase. After superoxide dismutase (SOD) is added to the system, superoxide 
undergoes dismutation to hydrogen peroxide (H2O2), which is converted by glutathione 
peroxidases, peroxiredoxins or catalase to H2O. MPD (myeloperoxidase) converts H2O2 
in neutrophils to hypochlorous acid (HOCl), a strong oxidant that acts as a bactericidal 
agent in phagocytic cells. During a Fenton reaction, Fe2+ is oxidized to Fe3+ and H2O2 is 
converted in the highly reactive hydroxyl radical OH•. This radical is involved in lipid 
peroxidation, DNA and protein oxidation. [332] 
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ROS/RNS or other oxidative stress products. In this group, there are proteins 

called metalloproteins that bind transition metals and therefore reduce their 

availability. The most known metalloproteins are  transferrin and ferritin 

[85]–[87]; (ii) scavenging  ROS/RNS and other reactive molecules before they 

attack biomolecules. This step is achieved with the help of enzymes with 

antioxidant activity, such as superoxide dismutases (SODs), catalase (CAT), 

GPxs (with or without selenium) and Prdxs (Fig.4). Different low molecular 

weight organic compounds can also act as free radical scavengers such as 

glutathione, bilirubin, lipoic acid, uric acid, ubiquinone, melanins, ascorbic 

acid (vitamin C), tocopherols, tocotrienols, carotenoids, butylated 

hydroxytoluene (BHT) and butylated hydroxyanisole (BHA) [5], [23]; (iii) 

repairing affected molecules and repairing damages, using DNA repair 

mechanisms (DNA glycosylases, DNA methylases, endonucleases, 

exonucleases), reducing oxidized sulfhydryl groups of proteins and repairing 

lipid peroxides [23], [24]. Without these mechanisms, living organisms would 

accumulate oxidative damage to a degree that would not allow their survival. 

 

2.1. Non-cysteine-based enzymes 
 

The non-cysteine enzymes that participate in antioxidant cell defense are 

superoxide dismutases (SODs) and catalase (CAT) [1], [5], [23]. 
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2.1.1. Superoxide dismutases 
 

Superoxide dismutases are enzymes that catalyze dismutation of O2
•- to H2O2 

(Table 4, Reactions 6-8). All SODs use a transition metal in their active site, 

such as Cu, Mn, Fe or Zn. In bacteria, there exist only Fe-SOD and a Mn-SOD. 

In mammals, there are two Cu/Zn-SOD, a cytoplasmic (SOD1) and an 

extracellular form (SOD3), but the cytoplasmic Cu/Zn-SOD is also present in 

lysosomes, peroxisomes and nucleus. The Mn-SOD (SOD2) is mitochondrial 

[88], [89].  

 

The cytoplasmic Cu/Zn-SOD uses the copper ions to catalyze the dismutation 

of O2
•-, while the zinc ions are more involved in enzyme stabilization. The 

mitochondrial Mn-SOD assumes the largest load of O2
•- clearance, which 

leaks from the respiratory chain. A different type of Cu/Zn-SOD is 

extracellular (EC-SOD or SOD3) and minimizes interaction of O2
•- and • NO to 

form ONOO- [89].  

X(n+1)+-SOD + O2
•- → Xn+-SOD + O2                   (6)                       

Xn+-SOD + O2
•- + 2H+ → X(n+1)+-SOD + H2O2   (7) 

2 O2
•- + 2H+ → H2O2 + O2                                  (8) 

Table 4. Dismutation of O2
•- to H2O2 catalyzed by SODs.  X= Cu, Mn, 

Fe. The n represents the number of oxidations. For Cu, n=1 and for Mn 
and Fe, n=2. 
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Deletions or mutations of SOD genes have been shown to be lethal in lower 

organisms or causes severe diseases in higher organisms, underpinning the 

essential importance of this enzyme family. Mutations in SOD1 can cause 

familial amyotrophic lateral sclerosis (ALS) [90]. Mice lacking SOD1 are more 

sensitive to ethanol and paraquat exposure. SOD1 knockout mice present 

muscle wasting, neurological damage and cancers [1]. Complete inactivation 

of SOD2 in mice causes perinatal lethality [91]. 

 

2.1.2. Catalase 
 

Catalase (CAT) is an antioxidant enzyme that catalyzes the reduction of the 

H2O2 to H2O and O2 (Table 5, Reactions 9-11). This enzyme forms a 

homotetramer with one heme group bound in the active site of each 

monomer. Each subunit has usually one molecule of NADPH bound to it, as a 

reducing equivalent to prevent oxidative inactivation of the enzyme by H2O2 

[92]. CAT is very often considered as the main antioxidant enzyme localized 

in peroxisomes although other peroxidases such as Prdx5 are also present in 

these organelles. CAT removes H2O2 generated by β-oxidation of long-chain 

fatty acids and H2O2 produced by the activity of SODs [1], [5], [23].  
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CAT could be inactivated by azide, cyanide, ONOO-, HOCl and aminotriazole 

by inhibiting Compound 1 [1]. CAT can also catalyze other reactions, such as 

the oxidation of methanol and ethanol to their corresponding aldehydes.  

 

Additionally, CAT can use H2O2 to oxidize •NO to NO2
- and NO3

- [14]. 

Mutations of CAT gene in humans results in acatalasemia, condition that is 

linked to increased incidence of gum disease (Takahara’s disease) [93]. In 

general, CAT deficiency does not cause severe phenotypes, like the SOD 

deficiencies, probably because of the present of other antioxidant enzymes 

that eliminate H2O2 in peroxisomes. 

 

2.2. Cysteine-based enzymes 
 

Additionally to non-cysteine enzymes, cells have evolved a number of 

peroxidase cysteine-based enzymes to reduce peroxides. These enzymes are 

Catalase-Fe3+ + H2O2 → Compound I + H2O               (9) 

Compound I + H2O2 → Catalase-Fe3+ + H2O + O2     (10) 

2H2O2 → 2H2O + O2                                                        (11) 

Table 5. Reduction of H2O2 to H2O and O2 catalyzed by CAT.  
Compound I = Fe-O 
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classified in different families including the glutathione peroxidase family, 

the glutathione reductase family, the peroxiredoxin family and the 

thioredoxin family. 

 

2.2.1. Glutathione peroxidase family (GPxs) 
 

The most representative enzymes of this family are the glutathione 

peroxidases (GPxs), which catalyze the reduction of H2O2 to H2O through the 

oxidation of two reduced glutathione (GSH), a thiol-containing tripeptide 

(Table 6, Reactions 12 and 13) [94]. GPxs catalyze the same reaction in the 

presence of fatty acid hydroperoxides and simple organic hydroperoxides 

(LOOH and ROOH, respectively) to reduce them to an alcohol. The oxidized 

GSH is then reduced back by the glutathione reductase (GR), using the 

NADPH as an electron donor [7], [94].  

 

In mammals, there are eight different GPxs identified and characterized [95]. 

The first four GPxs (GPx1-4, also called classical GPxs) have been more 

studied in depth, while the other GPxs (GPx5-8) have been less investigated 

H2O2 + 2GSH → GSSG + 2H2O                     (12) 

ROOH + 2GSH → GSSG + H2O + ROH         (13) 

Table 6. Reduction of the H2O2 to H2O catalyzed by the GPxs.   
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so far. The classical GPxs and the GPx6 contain a selenocysteine (Sec) in their 

active site. They are reduced by GSH following their oxidation by peroxides. 

GPx5, GPx7 and GPx8 contain a cysteine in their catalytic site and they are 

reduced by thioredoxins [95], [96].  

Only GPx1 and GPx4 are expressed in all mammalian tissues. GPx1 is mainly 

cytosolic but also mitochondrial, while GPx4 is cytosolic, mitochondrial, 

nucleic and present in membrane fractions [97]. GPx2 is gastrointestinal-

specific, GPx3 is present in plasma and GPx6 is expressed in olfactory 

epithelium and embryonic tissues. GPx1-3 are homo-tetramers and reduce 

H2O2 and ROOH, although GPx4 is monomeric and reduces mainly ROOH [96], 

[98]–[100].  

GPx1 KO mice are healthy, fertile and not sensitive to hyperoxia. However, 

GPx1 KO mice are sensitive to oxidative stress caused by paraquat, H2O2 and 

MPTP [101]–[104]. Additionally, GPx1 and GPx2 double KO mice are more 

prone to inflammation and cancer development [105]. Interestingly, it was 

also reported recently that GPx3 suppresses proliferation of lung cancer cells 

by modulating redox-mediated signals [106]. GPx4 KO mice present prenatal 

lethality, caused by triggering apoptosis-inducing factor (AIF)-mediated cell 

death [95], [96], [107], [108]. Additionally, it was shown that GPx4 is a key 

regulator of ferroptosis, a non-apoptotic form of cell death due to lipid 

peroxidation [109], [110]. Moreover, conditional GPx4 deletion in 
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dopaminergic neurons induces anxiety behavior, while double mutant mice 

for GPx4 and DJ-1, a Parkinson Disease related protein, present diminished 

spontaneous locomotor activity [111].  

 

2.2.2. Glutathione reductase family  
 

Glutathione reductases (GRs) catalyze the reaction of the oxidized 

glutathione (GSSG) to the reduced form (GSH) (Table 7, Reaction 14) [112], 

[113]. Functionally, GR is an NADPH:GSSG oxidoreductase. The GRs consist in 

two subunits with a FAD-binding site in each active site, which are reduced 

by the NADPH to FADH. The 2FADH then reduce the GSSG to 2GSH. The main 

source of NADPH for this reaction is the pentose phosphate pathway [113]–

[115]. Different GR isoforms are found in  the cytosol, but also in 

mitochondria and chloroplasts [115].  

 

The importance of GRs in cells has been studied by using knockout models. 

Yeast GR knockout strains are viable with higher GSSG levels, while the E.coli 

GR knockout have no clear phenotype and normal levels of GSSG [115]. Up-

regulation of mitochondrial GR increases the resistance of lung cells to 

GSSG + NADPH + H+ → 2GSH + NADP+         (14) 

Table 7. Reduction of the GSSG to 2 GSH catalyzed by the GRs. 
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exogenous hydroperoxides and hyperoxia in vitro in cell culture but not in 

mice [116], [117]. 

 

2.2.3. Thioredoxin family 
 

Thioredoxins (Trxs) are ubiquitous enzymes, present in all living organisms, 

with three isoforms in human [118]. The reduced Trx contains two cysteines 

in their active site that form a disulfide bond in the oxidized Trx. Trxs bind to 

target oxidized proteins, such as peroxiredoxins (Prdxs) and transcription 

factors, reduce their disulfide bridge, while they oxidize themselves (Table 8, 

Reaction 15) [118], [119]. The oxidized Trxs are reduced back by the Trx 

reductase (TrxR), using the NADPH as an electron donor (Table 8, Reaction 

16). The TrxR contains two selenocysteines with a FAD in each active site, 

which are reduced by the NADPH to FADH. The two FADH then reduce the 

oxidized Trx to its reduced form [115], [118], [119]. 

 

Trx - - - (SH)2 + Protein - - - S2 → Trx - - - S2 + Protein - - - (SH)2       (15) 

Trx - - - S2 + NADPH + H+ → Trx - - - (SH)2 + NADP+                          (16) 

Table 8. Reduction of oxidized proteins by the Trxs and reduction of 
the Trxs. 
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In vertebrates, there are mainly two Trxs, the Trx1 which is cytosolic, nuclear 

and also extracellular in some situations [120] and the Trx2 which is only 

mitochondrial [121]. There is a third Trx (SpTrx), which is a variant highly 

expressed in spermatozoa [122]. In mice, the homozygous mutation of the 

Trx1 and Trx2 causes early embryonic lethality [123], [124]. In human, 

homozygous mutation of Trx2 causes early-onset neurodegeneration [125]. 

 

2.2.4. Glutaredoxin family 
 

Glutaredoxins (Grxs) are small redox enzymes of approximately one hundred 

amino-acid residues that use GSH as a cofactor and reduce back the oxidized 

proteins (Table 9, Reaction 17) [126]. In contrast to thioredoxins, which are 

reduced by TrxR, Grxs are reduced by the oxidation of GSH (Table 9, Reaction 

18). Oxidized glutathione is then regenerated by GR with the help of NADPH+ 

(Table 7, Reaction 14). Based on the number of cysteines in their active site, 

Grxs are divided in dithiol Grxs containing the characteristic Cys-Pro-Tyr-Cys 

active site motif, and in monothiol Grxs lacking the C-terminal active site thiol 

Grx - - - (SH)2 + Protein - - - S2 → Grx - - - S2 + Protein - - - (SH)2      (17) 

Grx - - - S2 + 2GSH → Grx - - - (SH)2 +GSSG                                      (18) 

Table 9. Reduction of oxidized proteins by Grxs and reduction of 
Grxs. 
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in its Cys-Gly-Phe-Ser active site [115], [119], [126]. In mammals, there are 4 

isoforms: dithiol Grx1 and Grx2 and monothiol Grx3 and Grx5.  Grx1 is 

localized in the cytosol, nucleus and mitochondria but is also extracellular. 

Grx2 is mainly present in mitochondria, but also in cytosol. Grx3 is localized 

in cytosol and nuclear. Grx5 is targeted to mitochondria [126]. 

   

2.2.5. Sulfiredoxin 
 

The sulfiredoxin (Srx) is a cysteine sulfinic acid reductase that catalyzes the 

reduction of Prdx hyperoxidized forms in presence of ATP [127]. Among the 

Prdxs, only the sulfinic forms of 2-Cys Prdxs (Prdx 1–4) were found to be 

reduced by Srx but not atypical 2-Cys or 1-Cys Prdxs (Prdx5 and 6).. The 

conserved cysteine of Srx serves as a phosphate carrier from ATP to sulfinic 

Prdx. The resulting Prdx sulfinic phosphoryl ester is converted to a disulfide-

S-monoxide by a thiol in solution. The disulfide-S-monoxide reacts with three 

thiols sequentially to yield reduced Prdx. [127]–[129]. 
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3. Peroxiredoxins 
 

Peroxiredoxins (Prdxs or Prxs) are a family of highly conserved thiol-

dependent peroxidases [130]–[132]. Prdxs are able to reduce hydrogen 

peroxide, alkyl hydroperoxydes and the peroxynitrite with different catalytic 

efficiency between 105 and 107 M-1 s-1 [131], [133], [134]. Prdxs represent 1% 

of total soluble proteins in yeast [135] and they are present in bacteria,  

archaea and eukaryotes [132]. The first Prdx was identified in yeast and was 

named thiol-specific antioxidant (TSA) [136], [137].  In E.coli the first Prdx to 

be characterized was named alkyl hydroperoxide reductase (AhpC) [138]. 

The name peroxiredoxin was proposed by Chae et al. in 1994 [139]. In 

mammals, the Prdx family is represented by six members (Prdx1-6) encoded 

by six different genes [131], [132].  

Prdxs are localized in all subcellular compartments but with different 

subcellular distributions depending on the isoform [36]. Prdx1, Prdx2, Prdx5 

and Prdx6 are cytosolic, while the Prdx1, Prdx2 and Prdx5 can be also present 

in the nucleus [140]–[145]. Prdx4 is localized in the endoplasmic reticulum 

and it could be also extracellular, as it possesses a N-terminal domain signal 

sequence for secretion [146]. Prdx3 and Prdx5 are addressed to 

mitochondria, thanks to their N-terminal mitochondrial targeting sequence 
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[147], [148]. Additionally, Prdx5 can be addressed to peroxisomes [36]. Prdx6 

was also reported to be localized in lysosomes and the lamellar bodies [149]. 

Based on their catalytic mechanism and the number of the active cysteines, 

Prdxs have been classified in three different subgroups [141]: the typical 2-

Cys Prdxs (Prdx1-4 in mammals), the atypical 2-Cys Prdxs (Prdx5 in mammals) 

or the 1-Cys Prdxs (Prdx6 in mammals). One catalytic cysteine is necessary 

for the attack of the O-O bound of peroxides by all Prdxs, the peroxidatic (Cp) 

in the N-terminal domain of the enzyme. When the Cp attacks the peroxide, 

a sulfenic acid (R-SOH) is formed [128], [150]. The sulfenic acid can form a 

disulfide bond with a second cysteine (R-S-S-R), the resolving cysteine (Cr), 

which is localized in the C-terminal domain of the enzyme in typical and 

atypical 2-Cys Prdxs (Prdx1-5) (Fig.5) [131], [133], [141], [151].  In the typical 

2-Cys Prdxs, the disulfide bond is intermolecular as it is formed between the 

sulfenic acid of one subunit with the Cr of a second subunit of the protein 

(Fig.5a). However, in atypical 2-Cys Prdxs, the disulfide bond is 

intramolecular, with the Cr localized in the same molecule (Fig.5b). The 

disulfide can be then reduced by a thiol-dependent enzyme, like thioredoxins 

or glutaredoxins [131], [152].  In Contrast, in the 1-Cys Prdxs, the sulfenic acid 

interacts with the π isoform of glutathione S-transferase (πGST) to form the 

disulfide bond [133], which is reduced afterwards by a glutathione (GSH) 
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(Fig.5c) [131], [133], [141].  

 

Figure 5. Reaction mechanisms of peroxiredoxin (Prdx) enzymes. The reaction 
mechanisms of (a) 2-Cys Prdx, (b) atypical 2-Cys Prdx, and (c) 1-Cys Prdx enzymes 
are shown. All three types of Prdx enzymes share a common first step, in which 
the peroxidatic Cys (Cp) attacks the peroxide substrate and is oxidized to sulfenic 
acid (Cp–SOH). The next resolving step (disulfide formation) for Cp–SOH 
distinguishes the three Prdx types. (a) For Prdx1 to Prdx4, the Cp–SOH in the NH2-
terminal region of one subunit of the homodimer is attacked by the resolving Cys 
(Cr) located in the COOH-terminal region of the second subunit, resulting in the 
formation of an intermolecular disulfide bond that is subsequently reduced by 
thioredoxin (Trx). (b) In Prdx5, both Cp and Cr are present in the same polypeptide 
and therefore form an intramolecular disulfide bond, which is also reduced by Trx. 
(c) Given that Prdx6 lacks a Cr residue, the Cp–SOH is resolved by a cysteine thiol 
(Cr–SH) provided by the π isoform of glutathione S-transferase (πGST). The 
heterodimeric disulfide formed between the 1-Cys Prdx and πGST is reduced by 
the successive action of two glutathione (GSH) molecules that are converted to 
oxidized glutathione (GSSG). Whereas 2-Cys Prdxs and 1-Cys Prdxs form 
antiparallel homodimers, Prdx5 forms a non-antiparallel homodimer. Both 1-Cys 
Prdx and atypical 2-Cys Prdx enzymes are indicated by a single chain because they 
both function as monomers. [133]  
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Based on sequence alignment of Prdxs from all biological kingdoms, six major 

clusters or subfamilies can be distinguished among Prdxs [128], [153]–[155].  

 

 

Figure 6. Model for the catalytic cycle and reversible hyperoxidation of 2-Cys 
Prdx. The Cp thiolate of 2-Cys Prdx, which is located at the bottom of the active 
site pocket in the FF conformation, is oxidized by H2O2 to Cp–SOH, which in turn 
enters two competitive pathways either to form a disulfide with Cr–SH or to 
undergo further oxidation to Cp–SO2H. For the former pathway, a structural 
rearrangement must occur to generate an LU conformation in which the Cp–SOH 
is exposed and reacts with Cr–SH. The resulting disulfide is reduced by Trx to 
restore the Cp–SH in the FF state, completing the catalytic cycle. The Cp–SOH in 
the FF state can enter the second pathway to undergo further oxidation by H2O2 
to Cp–SO2H, resulting in catalytic inactivation. The inactivated, hyperoxidized 
Prdx is reactivated through a reduction reaction catalyzed by the ATP-dependent 
activity of Srx. Rate constants: kSOH, the second-order rate constant for the 
reaction of Cp–SH with H2O2; kSS, the first-order rate constant for disulfide 
formation between Cp–SOH and Cr–SH; and kSOOH, the second-order rate 
constant for the further oxidation of Cp–SOH to Cp–SO2H. Abbreviations: ATP, 
adenosine triphosphate; Cp, peroxidatic cysteine; Cr, resolving cysteine; Cys, 
cysteine; FF, fully folded; GSH, glutathione; H2O2, hydrogen peroxide; LU, locally 
unfolded; Prdx, peroxiredoxin; Srx, sulfiredoxin; Trx, thioredoxin. [133] 
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The Prdx1 subfamily comprises the mammalian Prdx1-4, some of the plant 

peroxiredoxins, thioredoxin peroxidases of yeast, the tryparedoxin 

peroxidases of kinetoplastida and bacterial AhpCs. The Prdx5 subfamily is 

also seen in bacteria, lower fungi and higher plants. The Prdx6 subfamily 

appears prominent in archaea. This subfamily includes the mammalian 

Prdx6. The TPX subfamily stands for bacterial periplasmic “thiol peroxidases”. 

The BCP subfamily includes 1-Cys Prdxs of ill-defined function originally 

described as “bacterioferritin-comigratory-protein”. The AhpE subfamily 

includes all 1-Cys Prdxs found in mycobacterial and closely related bacterial 

species [128], [154], [155].  

 

 

Figure 7. The floodgate model. Prxs are represented as tall barriers made up of 
gray rectangles—vertical for active, horizontal for overoxidized and inactive. The 
multiple barriers on the right reflect the cell-wide Prx distribution; Prxs that are 
close to the peroxide generation site (marked by an arrow) are overwhelmed and 
inactivated, whereas those at increasing distances away are not. This creates a 
steep peroxide gradient and allows for localized peroxide build-up after 
endogenous peroxide generation. The level of hydrogen peroxide is represented 
by both color gradient and height. [333] 



 
 

52 
 

Under high oxidative stress conditions, the typical 2-Cys Prdxs can be 

inactivated by overoxidation or even hyperoxidation [131] (Fig.6). Typical 2-

Cys Prdxs carry a C-terminal domain YF motif that interacts with a GGLG motif 

in a loop neighboring the Cp, resulting a kinetic pause in the formation of the 

disulfide bond which can lead to over- or hyperoxidation of the Cp [151], 

[156]. Indeed, the sulfenic acid (R-SOH) of one Prdx can react with one or two 

molecules of H2O2 and a sulfinic (R-SO2H) or sulfonic (R-SO3H) acid is formed, 

respectively (Fig.6). The sulfinic acid formation of typical 2-Cys Prdxs is 

reversible, thanks to the sulfiredoxin reduction using ATP [157]. On the other 

hand, the sulfonic form is irreversible [158]. This inactivation of Prdxs is 

linked to H2O2-mediated redox signaling, as  part of the “floodgate 

hypothesis” mechanism (Fig.7) [33], [35], [131], [156], [159], [160]. The 

floodgate theory proposes that when H2O2 accumulates at high levels, the CP 

of Prdxs is hyperoxidized to sulfinic or sulfonic states. This allows 

accumulation of H2O2, which could then attack other targets and cause direct 

oxidation of other critical cysteine residues in redox-sensitive signaling 

proteins, permitting its function as intracellular messenger. In that manner, 

Prdxs have been proposed to play the role of redox sensors. The slow rate of 

Prdx reactivation via Srx-dependent reduction would be a built-in mechanism 

that would allow sufficient time for H2O2 to accumulate and propagate its 

signal [159]. It must be noted that the atypical 2-Cys Prdx5 and the 1-Cys 
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Prdx6 are overoxidized with very slow rate, thanks to their different C-

terminal domain [131], [161].  

There are many other post-translational modifications in Prdxs, except the 

hyperoxidation. These modifications play a role in cell signaling, regulating 

their peroxidatic activity [36], [162]. Tyrosine nitration has been reported as 

a post-translational modification of non-catalytic residues of Prdxs, which 

increases the peroxidatic activity of the enzyme [21]. Phosphorylation of a 

Thr90 in Prdx1 reduces the peroxidatic activity and inactivates the enzyme, 

while phosphorylation of a Ser32 residue increases it [163], [164]. 

Acetylation of Prdx1 and Prdx2 increases their activity in reducing H2O2 and 

increases their resistance to hyperoxidation [165], [166]. Additionally, C-

terminal truncation has been shown to modulate Prdx activity, by eliminating 

the YF motif and making Prdxs more resistant to hyperoxidation [167], [168]. 

S-nitrosylation of Prdx2 inhibits both its enzymatic activity and protective 

function from oxidative stress [20], [169]. Finally, glutathionylation of Prdxs 

has been shown to support their peroxidase activity but also to protect them 

from irreversible hyperoxidation [170]–[172]. 

A major function of Prdxs would be to act as antioxidant enzymes to protect 

the cells from oxidative damages caused by high levels of reactive oxygen 

(ROS) and nitrogen (RNS) species, as it is well documented in the literature 

[141], [142], [173]–[180]. Additionally, as also discussed before, Prdxs could 
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have an essential role in redox signaling notably thanks to their over-

/hyperoxidation and the subsequent local accumulation of H2O2 [10], [133], 

[156], [160], [162], [181]–[183]. Modulation of Prdx activity and expression 

by •NO could contribute also to the antioxidant response and control of H2O2-

mediated signal transduction [183]. Moreover, it was proposed that the local 

inactivation of Prdx1 by phosphorylation could allow the transient 

accumulation of H2O2 around membranes of cells and play a role in local 

redox signaling [181]. Also, the expression of different Prdxs is dramatically 

increased in mouse and murine bone marrow-derived macrophages (BMMs) 

upon stimulation with IFN-γ and lipopolysaccharide (LPS), suggesting that 

Prdxs should play important roles in defense mechanisms or in redox-

dependent signaling during inflammation [183]–[185].  

Also, more recently, a novel role for Prdxs has emerged  as pathogen-

associated molecular patterns (PAMPs) and damage-associated molecular 

patterns (DAMPs) triggering inflammation via TLR2-TLR4 binding and 

signaling [186]–[194].  

The Table 10 summarizes the different roles of Prdxs in cancer and the Table 

11 in inflammation (end of the chapter). 
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3.1. Prdx1  
 

As mentioned previously, Prdx1 is mainly localized in the cytosol of 

mammalian cells. Prdx1 exhibits a conserved Cys51 in the N-terminal domain 

and a conserved Cys172 in the C-terminal domain [195]. Prdx1 can appear in 

a pentameric arrangement of dimers to form a decamer or even form higher 

molecular complexes when exposed to high levels of H2O2 [131], [195].  

Prdx1 expression is under the control of Ets and HMGB1 transcription factors 

during oxidative stress conditions [196]. Loss of Prdx1 expression in mouse T 

cells and fibroblasts results to high level of ROS and may promote mutations 

[197]. It was shown also that Prdx1 protects the telomeres from ROS and 

preserves their elongation during the S phase [198]. Prdx1 interacts with the 

six-transmembrane protein GDE2 to drive motor neuron differentiation, 

while the loss of Prdx1 causes motor neuron deficits [199]. 

Prdx1 KO mice are viable and fertile but they have reduced life span, they 

develop haemolytic anaemia and several malignant cancers [200]. Prdx1 

protects the redox-sensitive PTEN from oxidation-induced inactivation, 

which appears to be essential for its tumor suppressive function [201]. Under 

high oxidative stress conditions, Prdx1 is oxidized and this leads to MAPK 

phosphatase inactivation, acting as a sensor in redox-regulated senescence 

in breast cancer [202]. Prdx1 was also shown to modulate the activity of the 
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p38 MAPK and to promote pancreatic cancer cell invasion [203]. Prdx1 can 

promote tumor metastasis and angiogenesis through the MMP and VEGF 

signaling pathway in colorectal cancer [204]. Prdx1 was reported to modulate 

respiratory syncytial virus (RSV)-induced ROS signaling, functioning as non-

redundant inhibitor of basal NF-κB-dependent gene expression [205]. Prdx1 

KO mice are also sensitive to bleomycin-induced pulmonary inflammation 

and fibrosis, caused by increased ROS levels [206]. Prdx1 KO mouse 

embryonic fibroblasts are more susceptible to Ras transformation and DNA 

damage is higher [207].   

It was shown that Prdx1 and other Prdxs are released from necrotic brain 

cells in post-ischemic inflammation in the brain to act as DAMPs, inducing 

the expression and release of inflammatory cytokines by macrophages [186]. 

Also, extracellular Prdx1 increases the production of proinflammatory 

mediators under hypoxia in cardiogenic shock patients  or after exposure to 

LPS and TNF-α [188], [208], [209].  

 

3.2. Prdx2 
 

Prdx2 is a 2-Cys typical Prdx localized in the cytosol, carrying a conserved 

Cys51 in the N-terminal domain and a conserved Cys172 in its C-terminal 

domain [210]. Prdx2 uses H2O2 or peroxynitrite as substrates. The minimal 
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functional unit of Prdx2 is a dimer, but well-resolved crystal structures of 

erythrocyte Prdx2 show that the protein is organized in a decamer formed 

by a doughnut arrange of 5 dimers [210], [211]. 

Prdx2 KO mice are also viable and fertile. However, Prdx2 KO mice present 

hemolytic anemia with decreased hematocrit levels and splenomegaly. 

Moreover, the lack of Prdx2 leads to carcinogenesis [212], [213]. In another 

study, it was reported that Prdx2 is upregulated in B cell tumors, while the 

knockdown of Prdx1 and Prdx2 decreases the growth rate of lymphoma cells 

[214]. It was shown also that Prdx2 (and Prdx4) inhibits the binding of the 

hypoxia-inducible factors (HIFs) to the hypoxia response elements of target 

genes (SLC2A3, GPI, and PDK3), inhibiting their transcription. These genes are 

crucial for the pathogenesis of cancer and other human diseases in 

prolonged hypoxia environment. Therefore, Prdx2 is involved in a new 

mechanism for gene feedback inhibition [215].  

The role of Prdx2 in central nervous system has been studied using transgenic 

mouse model overexpressing Prdx2. These mice present reduced brain injury 

and improved neurological recovery up to three weeks after transient focal 

cerebral ischemia compared to wildtype littermates [216]. The role of Prdx2 

in the central nervous system is also revealed by the protection that Prdx2 

offers to hippocampal synaptic plasticity against age-related oxidative 

damage [217]. Prdx2 expression levels are higher in astrocytes in white 
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matter multiple sclerosis lesions, suggesting that Prdx2 could be upregulated 

to provide resistance against oxidative stress in brain [218].  

Prdx2 is also involved in inflammation in different ways. Prdx2 can inhibit the 

immune cell responsiveness of T lymphocytes and dendritic cells, through 

regulation of the scavenging of low amount of ROS [219]. Prdx2 expression 

is increased in naive CD8+ T cells after T cell receptor stimulation by phorbol 

myristate acetate (PMA) and ionomycin (ION), the number of effector CD8+ 

T cells in Prdx2-deficient mice was increased, suggesting that Prdx2 

modulation could increase recruitment and expansion of CD8+ T cells during 

chronic infection [220]. Additionally, LPS causes lethal shock in Prdx2 KO mice 

compared to their wildtype littermates, because of greater ROS generation 

and activation of NADPH oxidases, while the Prdx2-deficient macrophages 

produce higher levels of pro-inflammatory cytokines and present lower 

activation of NF-κB and MAPK signaling pathways, suggesting an important 

role for Prdx2 in the prevention of excessive host responses to microbial 

products [221]. Prdx2 decreases the activation of JNK and p38 but increases 

that of Erk, during TNF-α activation in HeLa cells, showing that Prdx2 is an 

important regulator of TNF signaling pathways [222]. Prdx2 deficiency 

decreases the colonic inflammation in vivo, through the increase in Foxp3+ 

Treg cells [223].  
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The role of Prdx2 in inflammation is also linked to its function as a DAMP. 

Intracellular but also extracellular levels of Prdx2 are increased in 

lymphocytes and serum of rheumatoid arthritis patients, suggesting that 

Prdx2 may be involved in the activation of the pro-inflammatory cells [224]. 

Extracellular Prdx2 acts as a DAMP, by triggering macrophages to produce 

and release TNF-α and other inflammatory cytokines [192], [208], [225]. 

Additionally, extracellular Prdx2 activates microglia via TLR4/MyD88/NF-κB 

pathway and leads to neuronal apoptosis in subarachnoid hemorrhage (SAH) 

patients [191]. 

 

3.3. Prdx3 
 

Prdx3 is addressed to mitochondria [174]. Prdx3 exhibits a peroxidatic Cys47 

in its N-terminal domain and a resolving Cys168 in the C-terminal domain of 

the protein [226]. The enzyme can form a decamer or a dodecamer [226], 

[227].  

Prdx3 KO mice are viable, fertile but they present higher DNA damage, higher 

protein carbonylation and higher ROS levels [228] compared to wildtype 

animals. They are also more sensitive to lung inflammation induced by LPS 

with more severe inflammatory cell infiltration and airway wall thickening as 

well as increased oxidative stress damages [228].  
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Prdx3 is linked to the protection of cells from apoptosis in many cases. Prdx3 

depletion in HeLa cells results in increased intracellular levels of H2O2 and 

sensitizes cells to induction of apoptosis by staurosporine or TNF-α [174]. 

Prdx3 overexpression protects cells against apoptosis caused by H2O2, t-

butylhydroperoxide (TBH), and the anticancer drug imexon [173]. 

Overexpression of Prdx3 attenuates lactate dehydrogenase (LDH) release 

and neuronal apoptosis after traumatic neuronal injury, by preserving 

mitochondrial function and mitochondrial biogenesis [229]. On the other 

hand, silencing of Prdx3 in human neuroblastoma SH-SY5Y cells makes the 

cells more sensitive to oxidative stress and apoptosis induced by MPP+ [230]. 

Additionally, Prdx3 suppression leads to decreased MCF-7 cell survival in the 

absence of doxorubicin and increases the doxorubicin-induced toxicity 

leading to apoptosis [231]. 

Prdx3 is also linked to age-related diseases, such as osteoarthritis and 

Alzheimer’s disease [232], [233]. Chondrocytes from old human adults 

presents higher basal levels of hyperoxidized Prdx3 and under conditions of 

oxidative stress, which is associated with inhibition of pro-survival Akt 

signaling and stimulation of pro-death p38 signaling [232]. H2O2 scavenging 

function of Prdx3 is associated also to Alzheimer’s disease. Indeed, aged 

double transgenic mice overexpressing amyloid precursor protein (APP) and 

Prdx3 have improved cognition, reduced brain amyloid beta levels and 
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decreased amyloid beta production, compared to aged APP transgenic mice 

[233]. The double transgenic mice APP/Prdx3 present also reduced 

mitochondrial oxidative stress damage and increased mitochondrial 

function, while the CREB signaling, which is important for cognition, is 

enhanced.  

There are a few data in the literature suggesting a link between Prdx3 and 

carcinogenesis. As it is mentioned above, Prdx3 KO mice are viable and they 

do not develop cancer, as it happens in the Prdx1 and Prdx2 KO mice [228]. 

Prdx3, among the other Prdxs, is highly expressed in endometrial cancer 

tissues. Prdx3 is associated with advanced stage and poor prognosis of 

endometrial cancer, suggesting that it could be used as a prognostic marker 

for endometrial cancer [234].   

Recombinant Prdx3 from Toxoplasma gondii partially protects mice against 

lethal infections with T. gondii, by promoting IL-12 release by macrophages, 

establishing a new role of Prdx3 as a PAMP [235]. The role of Prdx3 as a DAMP 

was tested in macrophages treated with exogenous recombinant Prdx3 but 

it was shown that Prdx3 causes mainly increased cytotoxicity [225].  
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3.4. Prdx4 
 

As a member of the typical 2-Cys Prdx subgroup, Prdx4 forms homodimers 

with the two subunits in a head-to-tail manner [236]. Five dimers of Prdx4 

can be organized also as homodecamers. Prdx4 exhibits a conserved 

peroxidatic Cys52 in its N-terminal domain and a conserved Cys173 in the C-

terminal domain [175], [237]. The localization of Prdx4 is mainly in the 

endoplasmic reticulum (ER) [237]. It was shown that Prdx4 can be secreted, 

thanks to a signal peptide at the N-terminus, that is responsible for 

translocation across the ER membrane into the luminal space [236]. This 

sequence is cleaved, allowing the Prdx4 being extracellularly released.  

The antioxidant role of Prdx4 in apoptosis has been studied in relation with 

different diseases. It appears that Prdx4 could be found as a membrane-

associated form, playing a role in the acrosome formation during 

spermiogenesis in rats [146]. In accordance with this study, Prdx4 KO mice 

are viable, fertile but present testicular atrophy caused by an abnormally 

high incidence of spermatogenic cell death associated to increased ROS 

levels [238]. Also, overexpression of Prdx4 can suppress the progress of the 

atherosclerosis in Apolipoprotein E KO mice, by reducing oxidative damage 

and apoptosis [239]. It was also shown that Prdx4 overexpression prevents 

ROS generation stimulated by EGF and p53 in A431 and NIH-3T3 cells [175]. 
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Prdx4 expression and Akt phosphorylation are increased in oligodendrocytes 

that are co-incubated with human umbilical cord blood cells (HUCB) [240], 

[241]. These studies show that secreted Prdx4 mediates the protective 

effects of HUCB cells, either through its antioxidant properties, either with 

activation of survival signaling, or both. Prdx4 is also upregulated in dorsal 

root ganglia (DRGs) during sciatic nerve injury which suggests its role as an 

endogenous HIF1α-dependent, transcriptionally regulated cytoprotective 

antioxidant enzyme in nerve injury that may be important for neuronal 

survival and regeneration [242].  

Prdx4 is also linked to immune response in different situations. Indeed, Prdx4 

modulates respiratory syncytial virus (RSV)-induced NF-κB signaling, 

reducing the virus-inducible ROS and protein carbonylation [205]. 

Additionally, Prdx4 negatively regulates the activity of the NF-κB in large 

yellow croaker, while in the same study, in zebrafish, suppression of Prdx4 

expression by siRNA significantly increases animal mortality after mixed 

bacterial infection, proposing a novel antibacterial mechanism in fish [243]. 

Prdx4 localized in the ER plays a critical role in controlling inflammatory 

response in Drosophila [244]. The extracellular form of Prdx4, acting as a 

DAMP, activates the JAK/STAT pathway and upregulates the downstream 

response genes. On the other hand,  the cytosolic form of Prdx4 promotes 

apoptotic cell death due to interaction with the inhibitor of apoptosis protein 
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1 (IAP1) in Drosophila [244]. From this study, it was shown that the 

inflammatory and pro-apoptotic effects of Prdx4 in response to sterile stimuli 

are mediated via the NF-κB analog Relish by the activation of the ER/Relish 

signaling branch. Prdx4 was also reported to act as an inflammatory DAMP, 

inducing TLR4 activation and inflammatory response in macrophages, 

contributing to post-ischemic neuroinflammation and brain injury [225]. 

The role of Prdx4 in carcinogenesis has been briefly studied. Prdx4 interacts 

with Srx and the disruption/enhancement of this Srx–Prdx4 axis reduces or 

accelerates respectively the formation of tumor metastases in a mouse 

model of lung tumor metastasis [245]. This Srx–Prdx4 axis is required for the 

activation of specific intracellular phosphokinase signaling including the AP-

1/MMP9 axis and MAPK signaling. [245].  

 

3.5. Prdx6 
 

Prdx6 is the only 1-Cys Prdx in mammals. It exhibits only a peroxidatic Cys47 

in its N-terminal domain and Prdx6 lacks a resolving Cys [182]. After the 

sulfenic acid is formed on the Cys47, the π isoform of glutathione S-

transferase (πGST) interacts with Prdx6 to form a disulfide bond. The 

resulting heterodimeric disulfide is reduced by glutathione (GSH) [133], 

[246]. The GSH is bound to πGST, resulting in glutathionylation of Prdx6 Cp 
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and πGST release. A second molecule of GSH is used that results in Prdx6 

deglutathionylation, completing the cycle [133], [246]. Prdx6 does not form 

decamers as typical 2-Cys Prdxs [247].  

Prdx6 is a bifunctional protein with both GSH peroxidase and phospholipase 

A2 (PLA2) activities, which allow it to play a role in the recycling and the 

synthesis of the phospholipids [149], [248]–[250]. The PLA2 activity of Prdx6 

has been implicated in dipalmitoyl phosphatidyl-choline (DPPC) turnover, a 

major phospholipid component of lung surfactant, a secretion that stabilizes 

lung alveoli during respiration [250]. Indeed, Prdx6 KO mice present reduced 

degradation of internalized DPPC in the lung epithelium and a decreased rate 

in DPPC synthesis  [251].  

Prdx6 expression can be regulated in different ways in different cell types. 

The B cell-specific activator protein, Pax5 binds to Prdx6 promoter region, 

regulating the transcription of Prdx6 in mouse cells [252]. Additionally, Prdx6 

upregulation in reactive astrocytes inhibits microglial activation, MMP9 

expression and experimental autoimmune encephalomyelitis (EAE) via 

reduction of ROS and •NO [253]. Prdx6 expression is upregulated through 

growth differentiation factor-9 (GDF-9) in oocytes and cumulus cells during 

in vitro maturation, regulated by both cell types at the same time [254].  
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The pro-inflammatory cytokines IFN-γ and TNF-α downregulate Prdx6 

expression in insulin-producing RINm5F cells, while the anti-inflammatory 

cytokine IL-4 is able to counteract this downregulation, suggesting that Prdx6 

modulation could be important for β-cells protection against oxidative stress 

[255]. Additionally, upregulation of Prdx6 by LPS and IFNγ was associated 

with the activation of multiple protein kinases, most notably JAK2, PI3K, and 

p38 MAPK and also in an NO-independent manner by cyclooxygenases and 

prostaglandin E2, suggesting a possible role of Prdx6 in defense mechanisms 

in activated macrophages against oxidative stress during inflammation or 

infection [185]. Prdx6 can be phosphorylated by MAPKs (ERK2, p38), 

increasing its PLA2 activity and affinity for the membrane that leads to the 

activation of NOX2, regulating the prostaglandin D2 and E2 production in 

acute inflammation in macrophages [256]. 

Prdx6 is implicated in diseases’ development, through the inactivation of its 

two activities. Overexpression of Prdx6 could accelerate the development of 

Alzheimer’s disease through independent PLA2 activation and nuclear 

respiratory factor 2 (Nrf2) transcription, causing the increase of 

amyloidogenesis [257]. Prdx6 expression is decreased in patients with 

childhood cortical dysplasia (CCD), probably as a result of enhanced oxidative 

stress that is associated with developmental brain disorders and 

epileptogenesis [258]. Prdx6 expression is increased in satellite glial cells 
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after sciatic nerve injury, as a result of activation of endogenous defense 

against ROS imbalance caused by upregulations of pro-oxidative enzymes in 

injured neurons [242]. On the other hand, Prdx6 overexpression is not 

associated with significant protection against ethanol-mediated liver injury, 

suggesting that antioxidant function of Prdx6 would not be involved in the 

initiation and/or progression of alcoholic liver disease (ALD) [259]. It is worth 

to mention that both peroxidase and phospholipase A2 activities of Prdx6 are 

required to promote the invasion and the metastasis of lung cancer cells, by 

promoting the accumulation of arachidonic acid and inducing the invasive 

pathway involving p38 kinase, phosphoinositide 3-kinase, Akt, and 

urokinase-type plasminogen activator [260]. 

Prdx6 KO mice are viable, fertile but they are sensitive to oxidative stress 

caused by paraquat treatment [179], [261]. It was also shown that Prdx6 

protects ARPE-19 cells from oxidative damage caused by H2O2 and blue light 

via PI3K/AKT signaling pathway, while the Prdx6 knockdown enhances 

oxidative stress damage [262]. Additionally, Prdx6 overexpression in mice 

makes them more resistant to lung injury in hyperoxia, with less epithelial 

cell necrosis, perivascular edema, and inflammatory cell recruitment [263].  

Prdx6 is also acting as a DAMP. Indeed  Prdx6 released from ischemic cells is 

an endogenous ligand for TLR2 as well as TLR4, and initiates destructive 

immune responses in ischemic brain, by upregulating pro-inflammatory 
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cytokines (TNF-α, Il-1β, Il-23, Il-17) [186], [187]. Ligustilide (LIG) may provide 

an early and direct neuroprotection by inhibiting TLR4/Prx6 signaling and 

subsequent immunity and neuroinflammation after cerebral ischemia, 

proposing that the blocking of this signaling could be used as a treatment for 

ischemic stroke [187]. 

Table 10. Prdxs involvement in cancer  

Prdx1

Prdx1 KO mice present 

hemolytic anaemia 

and malignant tumors 

[190]

Prdx1 

prevents ROS-

induced 

senescence 

in breast 

cancer cells 

[192]

Prdx1 interaction with 

p38 MAPK promotes 

pancreatic cancer cell 

invasion [193]

Prdx1 promotes 

tumor metastasis 

and angiogenesis 

in colorectal 

cancer [194]

Prdx2

Prdx2 KO mice present 

hemolytic anemia 

with decreased 

hematocrit levels and 

splenomegaly [202], 

[203]

Prdx2 is 

upregulated 

in B cell 

tumors while 

Prdx2 

knockdown 

decreases the 

growth rate 

of lymphoma 

cells [204]

Prdx2 inhibits the 

transcription of genes 

related to the 

pathogenesis of cancer 

under hypoxia [205]

Prdx3

Prdx3 is highly 

expressed in 

endometrial cancer 

tissues [224]

Prdx4

The dissruption of 

Prdx4-Srx interaction 

reduces the formation 

of tumor metastasis in 

lung tumor mouse 

model [235]

Prdx6

Prdx6 peroxidase and 

PLA2 activities are 

required to promote 

invasion and 

metastasis of lung 

cancer cells [250]
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Table 11. Prdxs involvement in inflammation 

Prdx1 Prdx2 Prdx3 Prdx4 Prdx6

Prdx2 inhibits T 

lymphocytes and 

dendritic cells 

resposiveness through 

its ROS scavenging 

activity [209]

Prdx6 is 

downregulated in β 

cells by IFN-γ, TNF-α 

and Il-4 [245]

Prdx1 KO mice are 

more sensitive to 

bleomycin-induced 

pulmonary 

inflammation and 

fibrosis, caused by 

increased ROS levels 

[196]

Prdx2 expression is 

increased in naïve CD8+ 

T lymphocytes, while in 

Prdx2 KO mice the 

number of the effector 

CD8+ T lymphocytes is 

increased [210]

Prdx3 KO mice are 

sensitive to lung 

inflammation induced 

by LPS [218]

Prdx4 modulates NF-κB 

signaling by reducing 

ROS levels and protein 

carbonylation [195]

Prdx6 is upregulated in 

macrophages by IFN-γ 

and LPS [175]

Prdx2 KO mice are 

more sensitive to 

inflammation caused 

by LPS, while Prdx2 KO 

macrophages produce 

high levels of pro-

inflammatory cytokines 

[211]

Prdx4 negatively 

regulates NF-κB activity 

and Prdx4 suppression 

increases animal 

mortality after bacterial 

infection [233]

Prdx6 is 

phosphorylated by 

MAPKs, increasing its 

PLA2 activity and 

regulating the 

prostaglandin D2 and 

E2 production during 

acute inflammation in 

macrophages [246] 

Extracellular Prdx1 acts 

as a DAMP, increasing 

the expression and 

release of 

inflammatory cytokines 

in macrophages [176]

Prdx2 decreases the 

activation of JNK and 

p38, and increases Erk 

during TNF-α activation 

in HeLa cells [212]

Recombinant Prdx3 

acts as a PAMP, 

protecting mice from 

lethal infections caused 

by T. gondii , by 

promoting Il-12 release 

[225]

Extracellular Prdx4 acts 

as a DAMP, activating 

JAK/Stat and TLR4 

pathways [215], [234] 

Overexpressed Prdx6 

in mice makes them 

more resistant to lung 

injury caused by 

hyperoxia, associated 

with inflammatory cell 

recruitment [253]

Prdx2 deficiency 

decreases colonic 

inflammation in vivo 

[213]

Extracellular Prdx6 acts 

as a DAMP, 

upregulating pro-

inflammatory cytokines 

[176], [177]

Extracellular Prdx2 acts 

as a DAMP, activating 

the expression of 

inflammatory cytokines 

in macrophages [182], 

[198], [215]
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4. Peroxiredoxin-5 
 

Peroxiredoxin-5 was the last Prdx isoform to be characterized [141], [143], 

[148], [264]–[266]. It is a peroxidase that reduces peroxynitrite and  alkyl 

hydroperoxides with high rate constants (respectively 107 M-1 s-1 and 106 M-

1 s-1)  but also H2O2 although with more modest rate constant (105 M-1 s-1) 

[161], [267], [268]. The amino-acid sequence of Prdx5  diverges from the 

other members of the family, sharing only 28-30% amino-acid sequence 

identity [269].  Prdx5 protein is conserved from bacteria to mammals, with 

notable exceptions in birds, while dog and pig have lost the mitochondrial 

Prdx5 form [270]–[273].  

Prdx5 protein is localized in different subcellular compartments in most living 

organisms depending on different transcriptional and translational start sites 

[148], [269], [270], [274], [275]. Indeed, human Prdx5 mRNA for example 

possesses two AUGs in the same reading frame and several transcription 

start sites have been identified [270]. The translation from the first AUG leads 

to the production of a 214-amino acid protein that corresponds to the long 

mitochondrial form of Prdx5. The translation from the second AUG produces 

a 162-amino acid protein, which is the cytosolic/peroxisomal/nuclear short 

form of Prdx5 (Fig.7). Thus, the long form (L-Prdx5) is addressed to 

mitochondria, thanks to the 52 extra amino acids that form the 
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mitochondrial targeting sequence (MTS) in the N-terminal domain of the 

enzyme. When addressed to mitochondria, the MTS is cleaved and the 

processed active Prdx5 protein exhibits the same size as the short form of 

Prdx5 (S-Prdx5) [148]. The S-Prdx5 which is localized in the cytosol, and 

addressed to peroxisomes and the nucleus, lacks the MTS [140], [141], [143], 

[145], [148], [270], [274]. Both the L-Prdx5 and S-Prdx5 contain a peroxisomal 

targeting sequence 1 (PTS1) SQL tripeptide in their C-terminal domain [148], 

[264] (Fig.8). Although L-Prdx5 has both targeting sequences (MTS and PTS1), 

the enzyme is targeted only to mitochondria [142], [180]. It must be noted 

that only a short Prdx5 is detected in human and mouse cell lines and tissues 

by Western blotting, suggesting that L-Prdx5 is, upon mitochondrial 

Figure 8. Representation of the long (L-PRDX5) and short (S-PRDX5) forms of 
human Prdx5. They are both produced by alternative use of two translation-
initiation sites. The L-PRDX5 possesses a mitochondrial targeting sequence (MTS) 
that is cleaved upon translocation into mitochondria. Both mature forms have the 
same molecular mass and exhibit a peroxisomal targeting sequence type 1 (PTS1) at 
their C-terminus. The peroxidatic (Cp) and resolving (Cr) cysteines are indicated in 
yellow. [161] 
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internalization, rapidly converted to a short Prdx5 which is the active form of 

the enzyme [141], [142].  

As it was mentioned previously, Prdx5 is an atypical 2-Cys Prdx that forms an 

intramolecular disulfide bond upon oxidation. The peroxidatic Cys47 reduces 

hydrogen peroxide, organic peroxides or the peroxynitrite to form a sulfenic 

acid. Then, the sulfenic acid is attacked by the resolving Cys151 to form an 

intramolecular disulfide bond. Trx1 in the cytosol and the nucleus or Trx2 in 

the mitochondria are able to reduce the disulfide bond to recycle the enzyme 

[161], [247], [276], [277]. Structurally, Prdx5 form a different type of dimers 

(A dimers) compared to typical 2-Cys or 1-Cys Prdxs (B dimers). In A dimers, 

alpha3 helix of one monomer comes in close contact with the alpha5 helix of 

the other monomer [161]. Overoxidized Prdx5 is not reduced by sulfiredoxin 

as the typical 2-Cys Prdxs. Moreover, Prdx5 lacks GGLG motif in the C-

Figure 9. Prdx1/5 regualtion by Ets/HMGB1 transcription system. Oxidative stress 
induces the expression of Ets transcription factors. Then, Ets transcription factors 
induce both Prdx1 and Prdx5 expression via binding to Ets binding site. HMG 
proteins enhance the DNA binding ability of Ets transcription factors and function 
as a coactivator. Increased Prdxs lead to resistance against oxidative stress. [196] 
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terminal domain, making the enzyme more resistant to over- or 

hyperoxidation [157], [161]. A few reports show other Prdx5 post-

translational modifications. Prdx5 can undergo glutathionylation in rat 

hepatocytes and human hepatoma cells [278]. There are no data in the 

literature for other Prdx5 modifications. 

Prdx5 gene expression can be controlled by the Ets transcription factors and 

the high-mobility group protein B1 (HMGB1) [196]. Under oxidation stress 

conditions, the expression of Ets transcription factor is induced and then they 

bind in the Ets binding site upstream the Prdx5 gene region, using HMGB1 as 

a coactivator (Fig.9). Prdx5 expression is constitutive in almost all cell types 

but can also be upregulated to provide protection against oxidative stress, to 

modulate redox-dependent signaling pathways and pro-inflammatory 

responses [196]. Additionally, Prdx5 gene is negatively regulated by the 

transcription factor GATA1, which leads to protection loss against apoptosis 

(Fig.10) [279]. Moreover under oxidative stress, it was shown that c-Myc 

oncoprotein is able to increase Prdx5 expression in the absence of Prdx1, by 

direct transcriptional activation, although when Prdx1 is present, it serves to 

dampen this upregulation [280]. It was also reported that human Prdx5 

promoter exhibits binding sites for nuclear respiratory factor 1 (Nrf1) and 2 

(Nrf2), which regulate the biogenesis of mitochondria at basal levels activity 

in the absence of oxidative stress [274].  
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In a very recent study, it was reported that Prdx5 KO in Xenopus leads to 

reduced expression levels of pyruvate kinase (PK) and is associated with 

excessive production of ROS in epithelial cells, resulting in mitochondrial 

dysfunction and abnormal ciliogenesis in Xenopus embryos [281]. In a study 

published in 2018 increased fat mass, adipocyte hypertrophy, severe fatty 

liver disease and high levels of triglyceride in serum was reported in a Prdx5 

KO mouse [282]. Moreover, in a previous proteomic analysis of mouse kidney 

under hypoxia in Prdx5 knockdown mice, it was shown that  proteins related 

to oxidative stress, fatty acid metabolism and mitochondrial dysfunction 

were both significantly up- and down-regulated [283]. 

 

The cytoprotective role of Prdx5 against oxidative stress damages has been 

extensively studied in the literature. Overexpression of Prdx5 protects 

Figure 10. Regulation of Prdx5 gene expression via GATA1 in breast cancer cells. The 
transcription factor binds to its binding site in the Prdx5 promoter region and 
negatively regulates Prdx5 expression. GATA1 binding to promoter region leads to 
reduction of Prdx5 transcription and Prdx5 protein expression. Cells under oxidative 
stress may undergo apoptosis due to loss of Prdx5-mediated protection against 
apoptosis. [279] 
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chinese hamster ovary (CHO) cells from peroxidation, thus reducing cell 

death and DNA damages [142], [180]. Moreover, yeast cells are protected 

from cell death and lipid peroxidation induced by paraquat, thanks to 

mitochondrial and cytosolic expression of human Prdx5 [284]. Additionally, 

peroxisomal Prdx5 protects 158N oligodendrocytes from lipid peroxidation 

which is induced by Killer-Red phototoxicity and H2O2 [285]. 

Prdx5 is highly expressed in osteoarthritic cartilage, while knockdown of 

Prdx5 in the osteoarthritic chondrocytes increases apoptosis caused by the 

decreased ROS scavenging, via activation of Wnt/β-catenin signaling [286], 

[287]. Additionally, Prdx5 is upregulated in degenerative human tendon, 

protecting human tendon cells against apoptosis, suggesting also that 

oxidative stress is involved in the pathogenesis of the disease [288], [289].  

Prdx5 is also reported to be involved in intracellular redox signaling, 

preventing p53-dependent generation of ROS, and resulting in apoptosis 

inhibition [290]. Additionally, Prdx5 overexpression in 3T3L1 cells 

significantly reduced adipogenesis by suppressing the expression of the 

adipogenic genes C/EBPa, PPARγ, aP2 and GLUT4 and decreasing the 

phosphorylation levels of Akt [282]. In the same study, Prdx5 decreases 

insulin-induced intracellular and mitochondrial ROS generation which is 

linked closely to adipogenesis [282]. 
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As a DAMP, Prdx5 was shown to induce the expression and release of Il-23, 

II-12β and TNF-α after post-ischemic inflammation in the brain, via binding 

to TLR2 and TLR4 receptors [186]. In the same study, Prdx5 was reported to 

activate the NF-κB pathway through TLR4. Also, it was recently shown by 

atomic force microscopy (AFM) that extracellular Prdx5 specifically binds to 

TLR4 receptors on macrophage-differentiated THP-1 cells, and on human 

TLR4-transfected CHO cells, triggering a proinflammatory response [190].  

 

4.1. Prdx5 in the Central Nervous System 
 

Several studies on Prdx5 have been carried out, in order to understand the 

role of this enzyme in the central nervous system. In a systematic histological 

study, it was shown that Prdx5 is highly expressed in the mouse brain, mainly 

in neurons but also in choroid plexus and in ependymal layer [291]. In the 

peripheral nervous system, Prdx5 expression levels are higher in dorsal root 

ganglia (DRGs) neurons after sciatic nerve injury, while its expression is 

reduced in deficient mice for the hypoxia inducible factor 1 alpha (HIF-1), 

suggesting that Prdx5 could be an endogenous HIF1-dependent 

cytoprotective antioxidant enzyme during nerve injury [242]. The most 

representative studies of Prdx5 in CNS are listed in table 12. 
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The cytoprotective role of Prdx5 in central nervous system is linked to the 

development of different diseases. Mitochondrial Prdx5 silencing in human 

neuroblastoma SH-SY5Y cells causes increased oxidative damages and 

apoptosis induced by 1-methyl-4-phenylpyridinium ion (MPP+), a complex I 

inhibitor which provides an experimental paradigm of Parkinson’s disease 

[230]. On the opposite, overexpression of mitochondrial Prdx5 in the same 

cell model exposed to MPP+ prevents Ca+-dependent apoptosis by removal 

of mitochondrial ROS/RNS, which are necessary to induce redox activation of 

IP3R and subsequent Ca2+ release in the cytosol to pursue apoptosis [292]. 

Altogether, these data suggest that Prdx5 could be a molecular link between 

ROS/RNS generation and Ca2+ dysregulation in some neurodegenerative 

processes. Additionally, the neuroprotective effects of Prdx5 against 

neonatal ibotenate-induced excitotoxic challenge was shown by the 

administration of recombinant Prdx5 in newborn mice resulting in the 

elimination of ROS and providing protection in brain lesions [293]. 

More recently, it was shown that Prdx5 expression is induced by LPS in 

activated microglia cells. Prdx5 would act as a negative regulator of excessive 

mitochondrial fission and a modulator of pro-inflammatory responses by 

inhibiting ROS-dependent Ca2+/calcineurin but also de-phosphorylation of 

Drp1(Ser637) [294]. In addition, it was reported that Prdx5 can prevent ERK–

Drp1-mediated mitochondrial fragmentation and neuronal cell death caused 
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by amyloid-beta oligomers (AβO)-induced oxidative stress by decreasing ROS 

levels [295]. Taking together these data, it was proposed that regulation of 

Prdx5 expression could be a useful therapeutic target for preventing 

neuroinflammation, and neuronal cell death.  

 

4.2. Prdx5 in inflammation 
 

Prdx5 gene expression has been reported to be regulated by two main 

signaling pathways in immunostimulated primary macrophages [184]. In the 

first pathway, LPS stimulates Prdx5 gene expression by a TLR4- and TRIF-

dependent signaling. The second pathway is activated by IFN-γ, MyD88 and 

TNF. In both cases, MAPK signaling pathway is activated downstream, 

leading to Prdx5 gene expression [184]. It was confirmed in another study 

that Prdx5 expression is induced by both LPS and IFN-γ but Prdx5 induction 

is independent of NO production, as it happens for other Prdxs [185]. PI3K, 

p38 MAPK and JAK2 take part in the signaling pathway leading to 

upregulation of Prdx5 transcripts [185]. Prdx5 is induced by cooperative 

action among the ROS, RNS, and JNK signaling cascades in LPS- stimulated 

microglia [296]. In contrast, it was shown recently that phagocyte NO 

production induces a Keap1-Nrf2-mediated antioxidant response leading to 

Prdx5 expression [297]. Prdx5 then is able to reduce the NO production and 
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the Toll-like receptor (TLR)-induced cytokine production, acting as a negative 

regulator of inflammation. In the same study, Prdx5 KO dendritic cells 

present elevated NO production and oxidative stress. This oxidative stress 

can be ameliorated by the iNOS inhibition, suggesting an important role of 

Prdx5 in the regulation of ROS and RNS during inflammation [297]. Prdx5 also 

interacts with Jak2 via its catalytic Cys48 residue, inhibiting the sequential 

phosphorylation of Jak2 and Stat5 induced by LPS,  in turn diminishing IL-6 

production [298].  

The role of Prdx5 in inflammation has been also studied in other organisms 

such as invertebrates. Interestingly in insects, Prdx5 damps activation of the 

immune response, acting as a negative regulator of the Tak1-JNK signaling 

pathway in Drosophila [299]. Overexpression of drosophila Prdx5 increases 

resistance of flies to oxidative stress and extends their life span by up to 30% 

[300], while its inactivation decreases life span and induces apoptosis in 

muscle and digestive system tissues [301]. Table 12 summarizes the 

implication of Prdx5 in inflammation. 

 

4.3. Prdx5 in Cancer 
 

Most of Prdxs have been associated to several types of cancers [302]–[305] 

but the role of each Prdx in the development and the progression of  
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carcinogenesis is not always clear.  Loss of Prdx expression in mice leads to 

an increased incidence of carcinogenesis, while many human tumors display 

increased levels of Prdxs [304], [305]. Increased mitochondrial ROS 

generation and disturbance of Prdx production in cancer cells may lead the 

cells to oxidative stress conditions and induction of apoptosis. However, Prdx 

expression in cancer cells able to scavenge ROS/RNS supports the survival 

and tumor maintenance by protecting cells from oxidative stress-induced 

apoptosis [305]. The specific role of Prdx5 in carcinogenesis is not clear 

either, due to few data of mechanistical studies. Some of these studies are 

presented below and in the Table 12. 

Prdx5 overexpression was reported to significantly enhance cell 

proliferation, migration and invasion, promoting colon [306] and gastric 

cancer [307]. Prdx5 would enhance epithelial-to-mesenchymal transition 

(EMT), a procedure very critical for tumorigenesis and metastasis. It was 

reported that Prdx5 regulates the expression of two hallmark EMT proteins 

and two EMT-inducing transcription factors. Prdx5 would downregulate E-

cadherin and upregulate Vimentin. Additionally Prdx5 upregulates the EMT-

inducing transcription factors Snail and Slug, inducing the cell invasion. In 

addition, Prdx5 suppression was shown to markedly inhibit these EMT 

properties [306], [307]. In C26-injected mice with colon cancer and 

melanoma B16-bearing mice, the treatment with human Prdx5 decreases 
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tumor growth in a dose-dependent manner [308]. In the same study, 

programmed death ligand 1 (PD-L1) is proposed as one target of Prdx5 to 

inhibit the tumorigenesis [308].  

Cytoplasmic Prdx5 is highly expressed in patients with endometrial cancer, 

suggesting that Prdx5 is associated with advanced-stage endometrial cancer 

and lymph node metastasis. Therefore, it was proposed that Prdx5 could be 

used as a prognostic marker in patients with endometrial cancer [234]. In the 

same manner, Prdx5 is highly expressed in human thyroid gland, suggesting 

that it could play a role in regulating intracellular levels of ROS/RNS, acting 

as antioxidant [144]. In hyperthyroid tissues such as Graves’ disease, hot 

nodules, multinodular goiters (MNG) and Hürthle cell adenoma, Prdx5 

expression is upregulated [144]. This upregulation supports that when the 

thyroid hormone synthesis is turned on, antioxidant defenses are also 

strengthened to face increased amounts of ROS/RNS [144]. Additionally, 

Prdx5 is expressed in malignant mesothelioma [140]. Prdx5 is mostly 

expressed in mitochondria of these tumors and is associated with longer 

survival of patients.  This study points out the importance of further 

investigation for the implication of this enzyme in the mechanisms of tumor 

progression and primary drug resistance of malignant cells. All these cases 

emphasize a positive correlation between Prdx5 expression and 
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carcinogenesis in different cell types although further mechanistic 

investigation would be necessary. 

Prdx5 was significantly downregulated in tumors obtained from Sudanese 

breast cancer patients, suggesting that the loss of Prdx5 affects the ability of 

ROS scavenging and apoptosis during tumorigenesis [309]. In the same study, 

Prdx5 mRNA was found to be overexpressed in tumors obtained from 

Chinese breast cancer patients. Prdx5 downregulation correlated with the 

development of breast cancer only in Sudanese patients, suggesting that 

Prdx5 could be a prognostic marker of population specifically for breast 

cancer [309]. As it was mentioned before, GATA-binding protein 1 (GATA1) 

is proposed as a negative transcription regulator of Prdx5 in human breast 

cancer cells [279]. GATA1 binds to the GATA1 binding sites of Prdx5 promoter 

region, decreasing Prdx5 expression and reducing the protection against 

apoptosis [279]. In another study the results were contradictory, showing 

that Prdx5 is increased in breast malignancy [310]. This  increased expression 

is associated to a larger tumor size, positive lymph node status and shorter 

survival [310]. Prdx5 has been also implicated in the resistance against 

doxorubicin treatment in MCF-7 breast cancer cells, while Prdx5 inactivation 

makes MCF-7 breast cancer cells more sensitive in doxorubicin-induced 

toxicity [231]. As a matter of fact, the role of Prdx5 in the breast cancer 
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development is not clear, possibly because of the potential biphasic/dual or 

even pleiotropic role Prdx5 may play during carcinogenesis. 

Prdx5 was also reported to protect human lung carcinoma cells from 

apoptosis that is induced by the anticancer drugs etoposide and adriamycin 

[311]. Prdx5 downregulation makes these cells more sensitive to apoptosis 

[311]. ROS production did not play a significant role in the adriamycin-

induced cell death, so it was proposed that Prdx5 peroxidase activity was not 

responsible for the protection against adriamycin-induced apoptosis. These 

peroxidase-independent activities may include Prdx5 involvement in DNA 

protection against alkylation and supercoiling, which would require further 

investigation. 

 

Table 12. Prdx5 involvement in cancer, inflammation and CNS 

Cancer Inflammation CNS

Prdx5 overexpression enhances cell 

proliferation, migration and invasion, 

promoting colon and gastric cancer 

[295], [296]

Human Prdx5 decreases tumor 

growth in mice with colon cancer and 

melanoma [297]

Prdx5 is upregulated by LPS, IFN-γ, 

MYD88 and TNF-α pathways in 

macrophages [174], [175]

Silencing/overexpression of mtPrdx5 

increases/prevents oxidative damage 

and apoptosis induced by MPP+ in SH-

SY5Y neuroblastoma cells [220], [281]

Prdx5 is highly expressed in 

endometrial cancer [224], 

hyperthyroid tissues [144], malignant 

mesothelioma [140] and in breast 

malignancies [299]

Prdx5 is upregulated by LPS in 

microglia [285]

Recombinant Prdx5 eliminates ROS in 

newborn mice, providing protection 

in brain lesions [282]

Prdx5 is downregulated in sudanese 

but overexpressed in chinese breast 

cancer patients [298]

Prdx5 expression is induced by NO 

production and this induction leads to 

reduced NO and cytokine production 

[286]

Prdx5 acts as negative regulator of 

excessive mitochondrial fission in 

microglial cells [283]

Prdx5 inactivation makes MCF-7 

breast cancer cells more sensitive to 

doxorubicin-induced toxicity [221]

Prdx5 inhibits Jak2 and Stat5 

phosphorylation induced by LPS and 

diminishes Il-6 production [287]

Prdx5 prevents ERK-Drp1-mediated 

mitochondrial fragmentation and 

neuronal cell death caused by ABO-

induced oxidative stress [284]

Prdx5 downregulation makes human 

lung carcinoma cells more sensitive to 

apoptosis [300]
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PART II: Aim of the 

study 
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Prdx5 has a central role in the antioxidant system as well in the regulation of 

redox signaling in mammalian cells.  Several studies on Prdx5 have been 

carried out, in order to understand the role of this enzyme in the central 

nervous system. Prdx5 is highly expressed in the mouse brain, mainly in 

neurons but also in choroid plexus and in ependymal layer. Additionally, 

Prdx5 gene expression is induced by two main signaling pathways in primary 

macrophages stimulated by LPS and IFN-γ. Finally, Prdx5 has been reported 

to be upregulated or downregulated in several cancers, suggesting a role of 

this enzyme during the tumorigenesis. 

Therefore, the aim of this study is to figure out the exact role of Prdx5 in the 

different cell procedures and evolution of diseases in vivo. For this purpose, 

a Prdx5 KO (Prdx5-/-) mouse model was obtained. 

In the chapter 5, we provide a description of the procedure to obtain the 

Prdx5-/- mouse and a complete histological analysis of it. Markers of oxidative 

stress were measured in Prdx5-/- and Prdx5+/+ mice, as well as a 

transcriptomic analysis of the model was carried out. Finally, Prdx5-/- and 

Prdx5+/+ mice were challenged with LPS, in order to study the effect of the 

Prdx5 gene during inflammation.  

In the chapter 6, we report the implication of Prdx5 in cancer development. 

Several Prdx5-/- mice (41.18 %) developed tumors after the age of 12 months. 
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The tumors of the Prdx5-/- mice were fixed and stained with specific markers, 

in order to identify the type of the tumors. Continuously, the PI3K/Akt/PTEN 

and MAPK signaling pathways were studies in Prdx5-/- and Prdx5+/+ MEF cells, 

as well as in the Prdx5-/- tumors, to better understand the role of Prdx5 during 

the tumorigenesis.  

In the chapter 7, we studied the role of Prdx5 in the CNS. Behavioral tests 

and immunostaining with specific markers of neurons and glial cells in 

different brain areas of young and old adult Prdx5-/- and Prdx5+/+ mice were 

carried out.  
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PART III: Results 
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5.1 Abstract 
 

Aims: Peroxiredoxins (Prdxs) are a superfamily of peroxidases widely 

distributed among prokaryotes and eukaryotes. Prdx5 is ubiquitously 

expressed in tissues and its roles as cytoprotective antioxidant enzyme, 

redox modulator and damage-associated molecular pattern (DAMP) have 

been reported mainly in vitro. The purpose of this work was to study Prdx5 

function in vivo using transgenic mice in which Prdx5 gene was inactivated 

with a gene-trap strategy.  

Results: Prdx5 knockout (Prdx5-/-) mice are viable and fertile. The complete 

histological analysis of the Prdx5-/- mice was performed and did not reveal 

major tissue abnormalities. Measurements of oxidative stress markers for 

DNA, lipid and protein in Prdx5-/- tissues under normal conditions, revealed 

that lipid peroxidation is significantly higher in skeletal muscles and protein 

carbonylation is higher in brain. Additionally, lung and spleen of Prdx5-/- mice 

have shown a tendency in higher DNA oxidation. Transcriptomic analysis in 

Prdx5-/- liver and brain showed that several CYP450 genes are upregulated in 

mailto:bernard.knoops@uclouvain.be
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both organs. Also, the vulnerability of Prdx5-/- mice to intraperitoneal 

injection of proinflammatory lipopolysaccharide (LPS) was tested. Prdx5-/- 

mice were more sensitive to LPS compared to wild type animals. Finally, 

proteomic analysis of Prdx5-/- peritoneal phagocytes exposed to 1 μg/ml of 

LPS for 24 hours showed that different pathways related to immune system, 

apoptosis, metabolism and cell cycle regulation were significantly affected, 

pointing to a more complex role of Prdx5 in inflammation than anticipated.  

Innovation/Conclusion: Prdx5-/- mice are more prone to LPS-induced 

endotoxic shock, suggesting that Prdx5 protein may play a major role in 

inflammation.  

 

5.2 Introduction 

 

Peroxiredoxins (Prxs or Prdxs) are a superfamily of peroxidases well 

conserved from prokaryotes to eukaryotes throughout evolution [1], [2]. 

Prdxs, with superoxide dismutases (SODs), the catalase (CAT) and 

glutathione peroxidases (GPXs), constitute the major enzymatic antioxidant 

defense system in mammals against peroxides [3]. Prdxs are able to reduce 

H2O2, alkyl hydroperoxides and peroxynitrite with high rate constants [4]. 

There exist 6 isoforms of Prdxs in mammals [5]. In most Prdxs, two catalytic 
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cysteines (Cys) are involved in the catalytic mechanism, the peroxidatic Cys 

(Cp) localized in the N-terminal region and the resolving Cys (Cr) in the C-

terminal region. The Cp attacks the peroxide and a sulfenic acid (R-SOH) is 

formed [6]. Afterwards, the sulfenic acid forms a disulfide bond with the 

resolving cysteine (R-S-S-R) [7]. Finally, the disulfide bond is reduced (R-SH) 

by a thiol-containing reductant such as thioredoxin (Trx) [1]. Based on their 

catalytic mechanism and the number of active Cys in their molecule, 

mammalian Prdxs are classified in three subgroups. Prdx1-4 are classified 

among the typical 2-Cys Prdxs, in which the Cp of the first Prdx forms an 

intermolecular disulfide bond with the Cr from the second molecule of Prdx. 

Prdx5 is the only atypical 2-Cys Prdx in which the Cp forms an intramolecular 

disulfide bond with the Cr in the same molecule. Finally, Prdx6 is the 1-Cys 

Prdx that carries only the Cp [7], [1]. In this case, the sulfenic acid can be 

reduced by glutathione (GSH) in presence of glutathione S-transferase pi [8]. 

Mammalian Prdxs are distributed in all subcellular compartments but with 

different or common localizations depending on the cell type and the Prdx 

isoform  [1]. Prdx1 and Prdx2 are localized in the cytosol and the nucleus, 

Prdx3 in the mitochondria, Prdx4 in the endoplasmic reticulum and is also 

extracellular, Prdx5 in the cytosol, the nucleus, the mitochondria and the 

peroxisomes and Prdx6 in the cytosol [1], [3], [9].  Moreover, several Prdxs 
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have been reported to play the role of damage-associated molecular pattern 

(DAMP) in inflammation after their release in the extracellular milieu [10].  

Prdx5 reduces alkyl hydroperoxides and peroxynitrite with high rate 

constants but less efficiently H2O2 compared to typical 2-Cys Prdxs [11]. 

Prdx5 was the last isoform of the mammalian Prdxs to be characterized [12]–

[14]. As it was mentioned previously, Prdx5 is an atypical 2-Cys Prdx that 

forms an intramolecular disulfide bond. Τhioredoxin-1 (Trx1) reduces the 

intramolecular disulfide bond of Prdx5 in the cytosol and the nucleus and 

thioredoxin-2 (Trx2) in mitochondria. The amino-acid sequence of Prdx5 

diverges from the sequence of the other members of the mammalian family, 

sharing only 28-30 % amino-acid sequence identity [15].  Human Prdx5 can 

be expressed as a  long form (L-Prdx5) which is targeted to mitochondria, 

thanks to the mitochondrial targeting sequence (MTS) [12], [16]. Once 

imported into mitochondria, L-Prdx5 is cleaved into a short form which is 

identical to the short form (S-Prdx5) localized in the cytosol, peroxisomes and 

nucleus, that lacks the MTS. S-Prdx5 like L-Prdx5 contains a weak peroxisomal 

targeting sequence 1 (PTS1) SQL tripeptide at the C-terminus of the protein 

[11], [14].  

Several studies investigated Prdx5 functions in different cell types and living 

organisms [11], [17], [18]. As mentioned previously, Prdx5 was reported to 

be an antioxidant enzyme with cytoprotective role against oxidative attacks, 
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like other members of this family of peroxidases. Indeed, Prdx5 

overexpression in different subcellular compartments of chinese hamster 

ovary (CHO) cells protects them against exposure to extracellular peroxides 

[19], [20]. Prdx5 also prevents MPP+-mediated apoptosis in SH-SY5Y 

neuroblastoma cells and in this context it was proposed that Prdx5 may act 

as a modulator of mitochondria–ER crosstalk [21], [22].  It was also reported 

that peroxisomal Prdx5 protects 158N oligodendrocytes against peroxisomal 

and mitochondrial oxidative stress [23]. Moreover, Prdx5 plays a protective 

role in human tendon cells against oxidative stress by reducing apoptosis and 

maintaining collagen synthesis [24], [25]. Prdx5 expression was shown to be 

higher in the thyroid gland of patients with Graves’ disease, an autoimmune 

disease that affects the thyroid and causes hyperthyroidism, suggesting that 

Prdx5 could act as antioxidant [26]. Prdx5 knockdown (KD) in mouse using 

RNA interference has been reported in vivo [27]. Although Prdx5 expression 

has been decreased by ~70 % in liver and kidneys, these transgenic mice 

appear physiologically normal, with survival and fertility similar to wild type 

mice. A proteomic analysis has been performed on the hypoxic kidneys to 

identify genes with altered expression in Prdx5 KD mice. Proteins with 

modified expression were mainly involved in oxidative stress, fatty acid 

metabolism and mitochondrial dysfunction [27]. More recently, it was shown 

in Prdx5 KO mice that Prdx5 could act as an inhibitor of adipogenesis, through 
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its ability to scavenge insulin-induced ROS [17]. It is worth mentioning that 

the cytoprotective role of Prdx5 was also shown in invertebrates [28]. 

Indeed, Prdx5 KO Drosophila melanogaster flies are more susceptible to 

oxidative stress and show a higher incidence of apoptosis [29]. 

As for other pleiotropic enzymes, it was proposed that Prdxs may act as 

modulators of peroxide signaling notably during inflammation [30]–[32]. The 

expression of different Prdxs, including Prdx5, is dramatically increased in 

mouse and murine bone marrow-derived macrophages (BMMs) upon 

exposure to IFN-γ and LPS [33]–[35]. Specifically, it was shown that Prdx5 

expression is upregulated via LPS/TLR4, the Th1 cytokine IFN-γ and the TRIF-

dependent/INF-γ-independent pathways [34]. Prdx5 expression can be also 

induced in microglia under the control of ROS/RNS and JNK signaling 

cascades [36]. Another study showed that Prdx5 is able to interact with jak2 

via its Cp. This interaction causes the inhibition of the phosphorylation of jak2 

and stat5, resulting in the reduction of IL-6 production [37].  Induced 

expression of Prdx5 by LPS in activated microglia can act as a negative 

regulator of excessive mitochondrial fission and a modulator of pro-

inflammatory responses by inhibiting ROS-dependent Ca2+/calcineurin and 

de-phosphorylation of dynamin-related protein 1 (Drp1) [38]. 

As mentioned before, it was also shown that several Prdxs can act as DAMPs 

but also pathogen-associated molecular patterns (PAMPs) [39], [40]. In post-
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ischemic inflammation in the brain, Prdx1, Prdx2, Prdx5 and Prdx6 are 

released from the necrotic brain cells and may act as DAMPs, inducing the 

expression and the release of pro-inflammatory cytokines by macrophages 

[41]. In another study, Prdx1 and Prdx2 dimeric forms were reported to 

trigger the production of inflammatory cytokines by macrophages, after 

exposure to LPS and TNF-α [42], [43]. Finally, our group showed, using atomic 

force microscopy (AFM), that extracellular Prdx5 binds to purified TLR4 

receptors, on macrophage-differentiated THP-1 cells, and on human TLR4-

transfected CHO cells, triggering a pro-inflammatory response [44]. 

So far, all Prdx knockout (KO) mice reported in the literature are viable and 

fertile but develop different phenotypes related to enhanced levels of 

ROS/RNS. Prdx1 and Prdx2 KO mice acquire severe haemolytic anemia [45], 

[46] and several malignant tumors. Prdx3 and Prdx6 KO mice are more 

susceptible to oxidative stress induced by LPS, paraquat and hyperoxia [47]–

[49]. Analysis of the Prdx4 KO mice has revealed atrophy of testes and 

enhanced oxidative damage in spermatogenic cells [50]. In the literature, 

only very recent papers report on the in vivo functions of Prdx5 with 

generation of KO mice models. The analysis of Prdx5 KO models showed that 

Prdx5 KO mice are more sensitive to high fat diet-induced obesity [17], that 

Prdx5 modulates cytokine production [18] and controls ciliogenesis via 

mitochondrial ROS reduction [51].  
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Thus, the purpose of this work was to provide a general phenotypic analysis 

of a Prdx5 KO mouse model with emphasis on Prdx5 role in inflammation. 

 

5.3 Results 

 

5.3.1 General features of the Prdx5 knockout mice 

 

The confirmation of the genotype for each mouse was performed by PCR on 

genomic DNA from tail and ear biopsies (Fig.1A-B). Three different primers 

were used (Intron1afw, Intron1arv and K7a1fw, Fig.1A, and see materials and 

methods) in the same PCR mix, to amplify the different DNA sequences that 

correspond to the different alleles/genotypes. The PCR product for the wt 

allele is 854 bp long and the amplicon for the gt allele is 675 bp long (Fig.1B). 

The presence of both PCR products corresponds to heterozygous Prdx5+/- 

mice. 

Western blotting analysis with total proteins from tail lysates confirmed the 

lack of Prdx5 expression at the protein level in the Prdx5-/-mice and a half 

decrease in Prdx5+/- mice (Fig.1C and 1D).  

Prdx5 mRNA expression was also examined by RT-PCR in seven different 

organs (Fig.1E). A 131bp RT-PCR product corresponding to wt Prdx5 mRNA 
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was detected in all the Prdx5+/+ tissues, as expected. A weak Prdx5 RT-PCR 

product of 131bp was detected in Prdx5-/- heart, muscle and spleen. A second 

RT-PCR product of 246 bp was detected in the Prdx5-/- tissues. These PCR 

products were cloned and sequenced and corresponded to mRNA splicing 

products depicted in green and yellow in supplementary data (SFig.1). 

However, Western blotting analyses of proteins for the same organs (Fig.1F) 

confirmed that Prdx5 protein was not expressed in Prdx5-/- mice.  

The distribution of the three different genotypes among animals obtained 

from the crossing of heterozygotes followed the Mendel’s 2nd law. In a total 

of 735 offspring, we obtained 181 Prdx5+/+ (25%), 355 Prdx5+/- (48%) and 199 

Prdx5-/- (27%) mice, that is very close to the expected distribution of 25% for 

Prdx5+/+, 50% for Prdx5+/- and 25% of Prdx5-/- mice. The distribution of the 
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Figure 1. Prdx5 KO mice characterization. (A) Schematic representation of the Prdx5 wild-type (WT) and 
the gene-trap Prdx5 (gt) alleles. The gene-trap knockout construct (gt allele) consists of the lacZ gene as 
a reporter and the neomycin phosphotransferase gene. Exons (E) 1 to 6, FRT and LoxP recombination 
sites are depicted. Intron1afw, Intron1arv and K7a1fw are the primers used for genotyping mice. 
Trmt112 gene is located upstream the Prdx5 gene. It consists from 2 exons (E1 and E2) but its expression 
is not affected from the gt construct (data not shown). (B) PCR was performed using primers indicated 
before. The PCR amplification gives a product of 854bp on Prdx5+/+ allele and a product of 675bp on 
mutant allele. (C) Western blotting analysis (Prdx5 and β-actin) of tail lysates from Prdx5+/+ and 
transgenic mice (Prdx5+/- and Prdx5-/-). (D) Prdx5 protein levels were normalized to β-actin and were 
expressed in arbitrary units. Values represented the mean ± S.E.M. from triplicates. Significant is 
designed by * (p<0.05), ** (p<0.01), *** (p<0.005). (E) RT-PCR in 7 different organs shows that Prdx5 
mRNA Prdx5 in the Prdx5-/- mice decreased compare to Prdx5+/+ animals. The 2 weak RT-PCR products 
are coming from alternative splicing but there are not translating into proteins. GAPDH was used as a 
reference gene in this experiment. (F) Western blotting in the same organs shows that indeed the Prdx5 
protein is not existed in the Prdx5-/- mice, compare with the Prdx5+/+. The GAPDH protein is used as a 
marker of the expression. 
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gender was also normal with 382 females and 353 males. The Prdx5-/- mice 

are viable and grow without any obvious problems. The crossing of 5 

different couples of Prdx5-/- mice revealed that they are also fertile (3-8 

newborns/littermate).  

 

Figure 2. Histological examination and growth evolution of Prdx5+/+ and Prdx5-/- mice. (A) A 
classical hematoxylin-eosin staining in the slides of the tissues from a Prdx5+/+ and Prdx5-/- 3-
month old female mouse was performed. Brain, liver, kidney, heart, lung, muscle, spleen, 
adrenal gland, ovary, fat, intestine, salivary gland, skin, spinal cord, stomach, trachea-
esophagus. We do not observe any difference between the 2 genotypes. (B-C) The weight was 
measured between the 3rd and the 15th week of male and female Prdx5+/+ and Prdx5-/- mice. 
There was no statistically significant differences for both genders. 
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A complete and systematic histological examination of different tissues of 

the Prdx5+/+ and Prdx5-/- young female mice (3 month-old) was performed. 

Hemalun-eosin staining was performed for a variety of organs and tissues 

(Fig.2A). No clear abnormalities nor dysplasia were observed in the Prdx5-/- 

tissues compared to Prdx5+/+ tissues at this age. In all the tissues examined, 

the morphology of the tissue or the cells did not appear affected.  

The growth of 21 Prx5+/+ and 20 Prdx5-/- male and 20 Prdx5+/+ and 21 Prdx5-/- 

female mice was measured between the 3rd and the 15th week (Fig.2B-C). No 

statistically significant difference between the two genotypes was detected 

in any gender. 

 

5.3.2 Oxidative stress damage in the Prdx5-/- mice 

 

The DNA oxidation damages were evaluated in the liver, brain, kidney, lung, 

skeletal muscle and spleen of young Prdx5+/+ and Prdx5-/- mice (3 month-old), 

by measuring the level of 8-OHdG/mg of total protein (Fig.3A). We observed 

a higher DNA oxidation in the lung and spleen of the Prdx5-/- mice. However 

these differences were not statistically significant. Protein carbonylation was 

measured in the liver, brain, kidney, and lung of young Prdx5+/+ and Prdx5-/- 

mice (3 month-old) (Fig.3B). We observed a significant higher level of protein 
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carbonylation (nmoles of carbonyls/mg total protein) in the brain of the 

Prdx5-/- mice. The level of lipid peroxidation was estimated in the liver, brain, 

kidney, lung, heart, skeletal muscle and spleen of young Prdx5+/+ and Prdx5-/- 

mice (6 month-old) (Fig.3C). We observed a significant higher lipid 

peroxidation (nmoles LOOH/mg of total protein) in skeletal muscles of the 

Prdx5-/- mice. The expression of the other antioxidant enzymes Prdx1, Prdx2, 

Prdx3, Prdx4, Prdx6, Catalase, SOD2 and the overoxidized forms of the Prdx1-

4 (Prdx-SOx), were analyzed by Western blotting in Prdx5+/+ and Prdx5-/- liver, 

brain, kidney, lung, heart and muscle (Fig.3D-E). The expression of the Prdx1, 

Prdx6, SOD2 and catalase are decreased in the Prdx5-/- lung. On the other 

hand, Prdx6 is increased in the Prdx5-/- liver, Prdx-SOx is increased in Prdx5-/- 

liver and heart and SOD2 is increased in Prdx5-/- heart. 
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Figure 3.  Oxidative stress damage in Prdx5+/+ and Prdx5-/- mice. (A) DNA oxidation was 
measured in liver, brain, kidney, lung, muscle and spleen homogenates of Prdx5+/+ and Prdx5-/- 
mice, using the 8-OHdG ELISA kit. (B) The protein oxidation was measured in liver, brain, kidney 
and lung homogenates of Prdx5+/+ and Prdx5-/- mice, using the DNPH marker. Higher protein 
carbonylation is detected in Prdx5-/- brain compare to the Prdx5+/+ brain. (C) The lipid 
peroxidation was measured in liver, brain, kidney, lung, heart, muscle and spleen homogenates 
of Prdx5+/+ and Prdx5-/- mice, using the LOOH marker. We observed higher lipid peroxidation in 
Prdx5-/- muscle compare to the Prdx5+/+ muscle. (D) Expression of the antioxidant enzymes and 
oxidized forms of Prdxs in liver, brain, kidney, lung, heart and muscle of Prdx5+/+ and Prdx5-/- 
mice. (E) Antioxidant protein levels were normalized to β-actin and were expressed in arbitrary 
units. Values represented the mean ± S.E.M. from triplicates. Significant is designed by * 
(p<0.05), ** (p<0.01), *** (p<0.005). 
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5.3.3 Gene expression analysis using microarrays 

 

In order to investigate the effects of the Prdx5 absence in the mouse model 

on gene expression, we performed microarray analysis of mRNA extracted 

from liver and brain of Prdx5+/+ and Prdx5-/- young female mice (3 month-old). 

Several genes were significantly up- and down-regulated in the Prdx5-/- liver 

and brain (Fig.4, suppl. table 1-4). As expected, Prdx5 gene expression was 

dramatically decreased in both liver and brain of Prdx5-/- mice (70 and 23 fold 

change respectively, Fig.4A-B). Genes coding for proteins involved in the 

immune system, like serum amyloid A1 and A2 (Saa1 and Saa2), lipocalin 2 

(Lcn2) and orosomucoid 2 (Orm2) were significantly downregulated in Prdx5-

/- liver (Fig.4A).  In Prdx5-/- brain, several genes were also significantly 

downregulated, such as genes coding for glutamate decarboxylase-like 1 

(Gadl1), visual system homeobox 1 homolog (Vsx1), hydrolethalus syndrome 

1 (Hysl1) and dystrotelin (Dytn) (Fig.4B). Several genes coding for proteins of 

the same family were up- or downregulated. For example, the gene coding 

for collagen type XVI alpha1 (Col16a1) was upregulated but the transcripts 

coding for collagen type VI alpha5 (Col6a5) and collagen type IV alpha3 

(Col4a3) were downregulated in the Prdx5-/- liver (suppl. table 1-2). The most 

striking result in this transcriptional analysis was the significant upregulation 

of genes coding for different isoforms of cytochrome P450 in both Prdx5-/- 
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liver and Prdx5-/- brain (Fig.4A-B, suppl. table 1 and 3). Genes coding for four 

isoforms (Cyp4a32, Cyp2g1, Cyp2a4, Cyp7b1) in liver (suppl. table 1) and 16 

isoforms (Cyp2c39, Cyp2c54, Cyp2c37, Cyp2f2, Cyp2c54, Cyp2c67, Cyp2c29, 

Cyp8b1, Cyp2c68, Cyp2a4, Cyp2c50, Cyp4a10, Cyp2a12, Cyp1a2, Cyp3a44, 

Cyp2e1) of cytochrome P450 in brain (suppl. table 3) were significantly 

upregulated in the Prdx5-/- mouse. We also observed that genes coding for 

members of the apolipoprotein (Apoa2, Apoc3, Apoc1, Apoh and Apob) and 

the aldo-keto reductase family (Akr1c12, Akr1c20, Akr1c6 and Akr1d1) were 

upregulated in the Prdx5-/- brain (suppl. table 3). No significant differences of 

expression were observed for genes coding for antioxidant enzymes, except 

for the gene coding for the extracellular SOD3 that was significantly 

upregulated in Prdx5-/- brain (suppl. table 3). 
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Figure 4. Up- and Down-regulated genes between Prdx5+/+ and Prdx5-/- liver and brain. 

Volcano plot of the quantification of transcripts identified between Prdx5+/+ and Prdx5-/- liver 

(A) and brain (B). Y-axis indicates −log10 (p value) while the horizontal axis indicates base 2 

logarithmic value of mean peptide abundance ratio (Prdx5+/+ vs. Prdx5-/-). The horizontal black 

line represents the threshold of significance assigned for subsequent analysis of transcripts. The 

two vertical black lines represent the threshold of fold change 2. Transcripts significantly 

decreased in Prdx5-/- are indicated in blue, those significantly increased in abundance are 

indicated in red. 
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5.3.4 Prdx5 knockout mice are more vulnerable in LPS-

induced inflammation 

 

The vulnerability of Prdx5-/- mice to LPS-induced endotoxic shock was 

examined. Prdx5+/+ and Prdx5-/- male mice were intraperitoneally injected 

with two concentrations of LPS (20 mg/kg or 10 mg/kg) or vehicle. Animal 

survival was monitored every 3 hours after injection. 72 hours after injection 

all Prdx5-/- mice exposed to a high dose of LPS (20 mg/kg) died and 40 % of 

Prdx5+/+ mice survived (Fig.5A). For the groups of mice that received 10 

mg/kg of LPS, 100 % survival of Prdx5+/+ and 80 % survival of Prdx5-/- animals 

was observed.  

Peritoneal cells collected from Prdx5+/+ mice and cultured in vitro were 

characterized by immunofluorescence, using anti-CD11b and anti-F4/80 

antibodies as markers of phagocytes and macrophages respectively, and 

anti-Prdx5 antibody to examine Prdx5 expression in Prdx5+/+ cells. More than 

90% of these cells expressed CD11b identified as phagocytes (suppl. Fig.2a-

c), while 50% of cells expressed F4/80, identified as macrophages (suppl. 

Fig.2d-f). In both cases, these cells co-express Prdx5 (suppl. Fig.3). The level 

of Prdx5 expression in Prdx5+/+ phagocytes stimulated with 1 μg/ml LPS for 

different time points was measured by Western blotting (Fig.5B). These 

results confirm that Prdx5 expression is increased in peritoneal phagocytes 
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exposed to LPS as reported before [37]. The release of the pro-inflammatory 

cytokines Il-1β and TNF-α from the Prdx5+/+ and Prdx5-/- phagocytes exposed 

to 1μg/ml LPS or PBS (vehicle) for 24 hours, was measured by ELISA (Fig.5C-

D). The release of the two pro-inflammatory cytokines is higher for both 

genotypes, although not statistically significant for IL-1, under LPS 

stimulation after 24 hours compared to the control conditions. Notably, TNF-

α release is significantly higher (p-value 0.0066) from Prdx5-/- phagocytes 

than from Prdx5+/+ cells exposed to 1μg/ml LPS although the difference is not 

dramatic (Fig. 5D). 

 

5.3.5 Oxidative stress damage in Prdx5-/- mice upon 

intraperitoneal LPS exposure 

 

Prdx5+/+ and Prdx5-/- mice (5 month-old) were intraperitoneally exposed to 

20 mg/kg LPS for 18 hours and their liver, brain, kidney, lung and spleen were 

collected to measure oxidative damage of DNA, proteins and lipids. The DNA 

oxidation damage was measured (8-OHdG/mg total protein) (Fig.5E) and no 

significant difference was observed between the two genotypes. Protein 

carbonylation 
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Figure 5. LPS challenge in Prdx5 KO mice in vivo and in vitro. (A) Mice were exposed to different concentrations 

of LPS (20, 10 and 0 mg/kg, i.p.). There is 100% mortality of the Prdx5-/- mice for the LPS 20 mg/kg condition 

after 72h and 60% of the Prdx5+/+ mice. Moreover, there is 20% mortality for the Prdx5-/- mice with the 10 

mg/kg of LPS and 0% of the Prdx5+/+ mice. (B) The Prdx5+/+ peritoneal cells were stimulated by 1μg/ml LPS for 0 

to 48 hours and the Prdx5 expression was measured by Western blotting. Il-1beta (C) and Tnf-alpha (D) release 

from Prdx5+/+ and Prdx5-/- macrophages stimulated by 1μg/ml LPS or PBS (control). (E) DNA oxidation was 

measured in liver, brain, kidney, lung and spleen homogenates of Prdx5+/+ and Prdx5-/- mice stressed by LPS 

during 18 hours, using the 8-OHdG ELISA kit. (F) The protein oxidation was measured in liver, brain, kidney, 

lung and spleen homogenates of Prdx5+/+ and Prdx5-/- mice stressed by LPS during 18 hours, using the DNPH 

marker. Higher protein carbonylation is detected in Prdx5+/+ kidney compare to the Prdx5-/- kidney. (G) The lipid 

peroxidation was measured in liver, brain, kidney, lung and spleen homogenates of Prdx5+/+ and Prdx5-/- mice, 

using the LOOH marker.  
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(carbonyls/mg total protein) and lipid peroxidation (LOOH/mg total protein) 

were also measured (Fig.5F-G). Only significant slightly lower protein 

carbonylation was measured in kidneys of Prdx5-/- mice (Fig.5F). On the other 

hand, the Prdx5-/- brain showed non-significant lower protein carbonylation. 

For lipid peroxidation, all the tissues presented lower levels of LOOH/mg 

total protein compared to Prdx5+/+ mice although these results were not 

statistically significant (Fig.5G).  
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Figure 6. Heatmap showing the significantly downregulated (red) and upregulated 
(green) proteins (p-value <0.05) in the Prdx5+/+ and Prdx5-/- macrophages in LPS or 
PBS conditions. See supplementary tables for complete list of proteins. (Continue in the 
next page) 
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Figure 6. Heatmap showing the significantly downregulated (red) and 
upregulated (green) proteins (p-value <0.05) in the Prdx5+/+ and Prdx5-/- 
macrophages in LPS or PBS conditions. See supplementary tables for complete 
list of proteins. 
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5.3.6 Proteomic analysis of Prdx5+/+ and Prdx5-/- peritoneal 

phagocytes exposed to LPS  

 

The protein content of the Prdx5+/+ and Prdx5-/- peritoneal phagocytes was 

examined after 24 hours with or without exposure to 1 μg/ml LPS using 

nanoUPLC HDMSE analysis. The proteomic analysis revealed that several 

proteins are up- and down-regulated significantly in Prdx5+/+ and Prdx5-/- 

peritoneal phagocytes without or with LPS exposure (Fig.6). Specific filters 

for p-value were applied (see materials and methods and Fig.7) and proteins 

were compared by condition (suppl. Tables 5-12). Also, proteins which 

expression was significantly regulated were analyzed with PANTHER 

software, in order to identify signaling pathways that were altered.  
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In a first comparison, Prdx5+/+ peritoneal phagocytes were exposed for 24 

hours to 1 μg/ml LPS or vehicle. Prdx5 was only slightly upregulated (but the 

p-value is 0.52) in the LPS condition compared to the control (Fig.7A) and this 

upregulation was confirmed by Western blotting (Fig.5B). Also, CD40 was 

highly and significantly upregulated in the Prdx5+/+ phagocytes exposed to 

LPS (Fig.7A). CD40 is a member of the TNF family receptors that is expressed 

in antigen presenting cells and induced upon exposure to LPS [52]. 

Additionally, we observed that Bak1, a pro-apoptotic protein from the Bcl-2 

family is slightly upregulated in the Prdx5+/+ phagocytes exposed to LPS 

(suppl. table 5). Several pathways involved in the metabolism of different 

macromolecules, such as nucleotides, fatty acids, organic compounds, but 

Figure 7. Up- and Down-regulated proteins under LPS and PBS conditions in Prdx5+/+ or 
Prdx5-/- macrophages. (A) Volcano plot of the quantification of peptides identified between 
LPS or PBS stimulated Prdx5+/+ peritoneal macrophages. Y-axis indicates −log10 (p value) while 
the horizontal axis indicates base 2 logarithmic value of mean peptide abundance ratio (LPS 
vs. PBS). The horizontal black line represents the threshold of significance assigned for 
subsequent analysis of peptides. The two vertical black lines represent the threshold of fold 
change 2. Peptides significantly decreased in Prdx5+/+ macrophages following LPS treatment 
are indicated in red, those significantly increased in abundance are indicated in blue. (B) 
Upregulated signaling pathways in Prdx5+/+ macrophages treated with LPS compared to PBS 
analyzed by Panther. The number of genes for each pathway in indicated on the right. (C) 
Downregulated signaling pathways in Prdx5+/+ macrophages treated with LPS compared to 
PBS analyzed by Panther. The number of genes for each pathway in indicated on the right. (D) 
Volcano plot of the quantification of peptides identified between LPS or PBS stimulated Prdx5-

/- peritoneal macrophages. Y-axis indicates −log10 (p value) while the horizontal axis indicates 
base 2 logarithmic value of mean peptide abundance ratio (LPS vs. PBS). The horizontal black 
line represents the threshold of significance assigned for subsequent analysis of peptides. The 
two vertical black lines represent the threshold of fold change 2. Peptides significantly 
decreased in Prdx5-/- macrophages following LPS treatment are indicated in red, those 
significantly increased in abundance are indicated in blue. (E) Upregulated signaling pathways 
in Prdx5-/- macrophages treated with LPS compared to PBS analyzed by Panther. The number 
of genes for each pathway in indicated on the right. (F) Downregulated signaling pathways in 
Prdx5-/- macrophages treated with LPS compared to PBS analyzed by Panther. The number of 
genes for each pathway in indicated on the right. 
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also pathways involved in apoptosis were upregulated in the Prdx5+/+ 

macrophages exposed to LPS (Fig.7B). Fewer pathways with a lower number 

of involved proteins were downregulated in the Prdx5+/+ phagocytes exposed 

to LPS (Fig.7C). Among these pathways we can point out pathways related to 

inflammation and apoptosis, such as the MHC class II antigen presentation, 

death receptor signaling and TNFR1-induced NF-kappaB signaling, but also 

pathways involved in ROS and RNS production in phagocytes. 

Prdx5-/- phagocytes were also exposed to 1 μg/ml LPS or vehicle for 24 hours. 

In Prdx5-/- phagocytes, the number of proteins which expression was 

significantly altered upon LPS exposure, was higher compared to Prdx5+/+ 

phagocytes (Fig.7D). Several proteins with different functions were 

significantly upregulated in Prdx5-/- peritoneal phagocytes upon LPS 

exposure. Among those, Cnot10, Timm13, Cyb5b, Mboat7, Rnf220 and 

Arhgap5 are the proteins for which their expression was the most 

upregulated (Fig.7D). All these proteins and others are involved in the 

immune system and inflammation, in the metabolism of macromolecules, in 

cell cycle and mitosis, in apoptosis, in cell expression and transport (Fig.7E). 

Interestingly, Jak1, an important tyrosine kinase essential for cytokine 

signaling was highly upregulated in the Prdx5-/- phagocytes after LPS 

exposure. Among the proteins which expression was downregulated in 

Prdx5-/- phagocytes under LPS exposure, we identified Cd82, Casp3, Kcnj5, 
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Tpr, Skap1 and Golgb1 (Fig.7D). Most of downregulated proteins are involved 

in metabolism, in innate immune system, in apoptosis, in MAPK signaling and 

in cell cycle (Fig.7F).  

Proteomic comparison of Prdx5+/+ and Prdx5-/- peritoneal phagocytes not 

exposed to LPS, revealed that expression of fewer proteins is altered (Fig.8A). 

Among these proteins, Kcnj5, Ccdc178, Synm and Mybbp1a are highly 

upregulated in the Prdx5-/- phagocytes. Most of upregulated proteins in 

Prdx5-/- phagocytes are involved in apoptosis, p53 signaling pathway, MAPK 

signaling pathway, regulation of the cell cycle and immune system (Fig.8B). 

It must be noted that among downregulated proteins in the Prdx5-/- 

phagocytes Prdx5 is highly and significantly decreased but surprisingly still 

detectable (Fig.8A). Moreover, Pdcd6, Wdr66 and Rnf220 among other 

proteins were also significantly downregulated in Prdx5-/- phagocytes.  These 

proteins are mainly involved in immune system and apoptosis signaling 

pathways (Fig.8C).  

Finally, the comparison between Prdx5+/+ and Prdx5-/- peritoneal phagocytes 

exposed to LPS, showed that altered proteins are less abundant (Fig.8D). 

However, Sash1 and Hbbt2 were significantly upregulated in the Prdx5-/- 

phagocytes. The few proteins which expression was upregulated inPrdx5-/- 

macrophages are members of metabolic, immune system and cell cycle 

pathways (Fig.8E). In this comparison, as expected, Prdx5 is indeed strongly 
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decreased in Prdx5-/- phagocytes. Cd82 is also downregulated in the Prdx5-/- 

phagocytes as well as the Skap1, Ilf3 and Hebp1 (Fig.8D). Pathways that are 

downregulated in Prdx5-/- macrophages upon LPS exposure are mainly 

related to SUMOylation, metabolism of macromolecules and detoxification 

of ROS (Fig.8F).  
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5.4 Discussion 

 

In this study, we report the generation of Prdx5-/- mice using a gene-trap 

strategy to examine the consequences of non-conditional Prdx5 inactivation 

in vivo in a mouse model. Indeed, when this study started, no mouse line 

with inactivated Prdx5 gene was reported in the literature. In the meantime, 

two papers were published reporting generation and analysis of two 

different Prdx5-/- mouse lines [17], [18]. In the mouse model of Prdx5 

inactivation generated in our study, a gene-trap cassette was inserted in 

intron 1 of the mouse Prdx5 gene. WT Prdx5 gene inactivation was confirmed 

Figure 8. Up- and Down-regulated proteins between Prdx5+/+ and Prdx5-/- macrophages 
under LPS or PBS conditions. (A) Volcano plot of the quantification of peptides identified 
between Prdx5+/+ and Prdx5-/- peritoneal macrophages treated by PBS. Y-axis indicates 
−log10 (p value) while the horizontal axis indicates base 2 logarithmic value of mean 
peptide abundance ratio (Prdx5+/+ vs. Prdx5-/-). The horizontal black line represents the 
threshold of significance assigned for subsequent analysis of peptides. The two vertical 
black lines represent the threshold of fold change 2. Peptides significantly decreased in 
Prdx5-/- macrophages following PBS treatment are indicated in red, those significantly 
increased in abundance are indicated in blue. (B) Upregulated signaling pathways in Prdx5-

/- macrophages treated with PBS compared to Prdx5+/+ macrophages analyzed by Panther. 
The number of genes for each pathway in indicated on the right. (C) Downregulated 
signaling pathways in Prdx5-/- macrophages treated with PBS compared to Prdx5+/+ 
macrophages analyzed by Panther. The number of genes for each pathway in indicated on 
the right. (D) Volcano plot of the quantification of peptides identified between Prdx5+/+ and 
Prdx5-/- peritoneal macrophages treated by LPS. Y-axis indicates −log10 (p value) while the 
horizontal axis indicates base 2 logarithmic value of mean peptide abundance ratio 
(Prdx5+/+ vs. Prdx5-/-). The horizontal black line represents the threshold of significance 
assigned for subsequent analysis of peptides. The two vertical black lines represent the 
threshold of fold change 2. Peptides significantly decreased in Prdx5-/- macrophages 
following LPS treatment are indicated in red, those significantly increased in abundance 
are indicated in blue. (E) Upregulated signaling pathways in Prdx5-/- macrophages treated 
with LPS compared to Prdx5+/+ macrophages analyzed by Panther. The number of genes for 
each pathway in indicated on the right. (F) Downregulated signaling pathways in Prdx5-/- 
macrophages treated with LPS compared to Prdx5+/+ macrophages analyzed by Panther. 
The number of genes for each pathway in indicated on the right. 
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at mRNA level by RT-PCR and at the protein level by Western blotting. 

However, it must be noted that in the RT-PCR analyses, weak bands of 246bp 

and of 131bp were detected, products of alternative splicing of the gt allele 

during the post-transcriptional modifications as determined by the 

sequencing of cloned RT-PCR products. Based on Western blotting analyses 

of different tissues, it appeared that these mRNAs were not translated into 

detectable Prdx5 proteins although very low levels of peptides 

corresponding to fragments of Prdx5 were detected in Prdx5-/- phagocytes by 

mass spectrometry (see discussion below). The ratio between the two 

genders is 1:1 and the distribution of the three genotypes (Prdx5+/+, Prdx5+/-, 

Prdx5-/-) follows the 1:2:1 ratio as expected from the Mendelian inheritance. 

Prdx5-/- embryos developed normally. It must be noted that all the knockout 

models for the other Prdxs are also viable [47], [48], [53]–[55].  

LPS triggers a massive inflammation and oxidative stress [47], [69]. LPS 

inflammation is initiated when LPS binds to TLR4 on monocyte cells, leading 

to an increase of ROS produced by the membrane NADPH oxidase [70]. The 

immune response triggered by LPS-TLR4 signaling is primarily regulated by 

NF-κB [71]. It was also shown previously that LPS up-regulates Prdx5 

expression in macrophages and microglia [34]. Based on these studies, 

Prdx5+/+ and Prdx5-/- mice were injected intraperitoneally with LPS to induce 

endotoxic shock. LPS injection induced a significant increase in the mortality 
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in the Prdx5-/- mice compared to the Prdx5+/+ mice for both LPS 

concentrations used. These results suggest that Prdx5 protects mice from 

lethality caused by an endotoxic shock. These results are in agreement with 

other data from the literature. For instance, Srxn-/- mice are hypersensitive 

to LPS-induced endotoxic shock [72]. A high mortality of Nrf2-/- mice is also 

reported after LPS injection at different concentrations [73]. A complete 

proteomic analysis was performed in Prdx5+/+ and Prdx5-/- macrophages, in 

order to examine major differences of the absence of Prdx5 during 

inflammation. Among the proteins that were upregulated in the Prdx5-/- 

macrophages under LPS exposure, proteins related to the inflammatory 

response were affected differently. Previously, it was shown that Prdx5 is a 

negative regulator of excessive mitochondrial fission and a modulator of pro-

inflammatory responses in activated microglia cells by LPS [38]. Prdx5 inhibits 

the ROS-dependent Ca2+/calcineurin and de-phosphorylation of dynamin-

related protein 1 (Drp1). It is also reported that Prdx5 is implicated in the 

regulation of LPS/TLR4-induced IL-6 production in mouse macrophages, by 

modulating the jak-stat5 signaling pathway [37]. In a KO study of Prdx5 in 

vitro, microglia was shown to be activated with high increase of ROS/RNS 

levels through the JNK-dependent NO production, suggesting that Prdx5 

modulates a ROS-dependent signaling cascade [36]. However, other proteins 

related to inflammation process are downregulated in the Prdx5-/- 
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macrophages, such as the CD82 antigen and the Interleukin enhancer-

binding factor 3, while the TNF-α release measured by ELISA is higher. Prdx5 

knockdown dendritic cells resulted in increased cytokine expression relative 

to control knockdown, suggesting an increase in inflammatory cytokine and 

chemokine production [18]. The programmed cell death protein 6 was also 

downregulated in Prdx5-/- macrophages control conditions, suggesting that 

Prdx5 may be implicated in apoptosis as well, but the mechanism is not clear. 

Overexpression of Prdx5 was reported to protect tendon cells against H2O2-

induced apoptosis [25]. This role of Prdx5 could be linked to the 

downregulation of the programmed cell death protein 6. 

In the transcriptomic analysis in the Prdx5-/- liver and brain, we noticed a 

number of genes with altered expression between the Prdx5+/+ and the 

Prdx5-/- mice. Genes related to the immune system, such as the serum 

amyloid protein 1 and 2 (Saa1 and Saa2), were significantly downregulated 

in the Prdx5-/- liver. Saa1 and Saa2 genes are involved in activation of MAPKs 

activity, in macrophages and neutrophils chemotaxis, platelet activation and 

they are regulated in liver cells by the proinflammatory cytokines IL-1, IL-6, 

and TNF-α. They are both induced up to a 1000-fold in mice under acute 

inflammatory conditions following exposure to LPS [57]. Lipocalin 2 was also 

downregulated in Prdx5-/- liver. The binding of lipocalin 2 to bacterial 

siderophores is important in the innate immune response to bacterial 
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infection. The toll-like receptors on immune cells stimulate the synthesis and 

secretion of lipocalin 2. Secreted lipocalin 2 then limits bacterial growth by 

sequestering iron-containing siderophores [58]. The orosomucoid 2 (orm2) 

is an acute-phase protein that belongs to the immunocalin subfamily, a group 

of small-molecule-binding proteins with immunomodulatory functions, that 

is also downregulated in Prdx5-/- liver. Expression of Orm2 is highly induced 

in the mouse brain after systemic injection of LPS [59]. Prdx5 could be 

implicated in the decreased expression of these proteins, since its absence 

affected them. Additionally, a number of proteins are downregulated in the 

Prdx5-/- brain. Visual system homeobox 1 may regulate expression of the 

cone opsin genes early in development [60]. Mutations in this gene can cause 

posterior polymorphous corneal dystrophy (PPCD) and keratoconus [61]. The 

hydrolethalus syndrome 1 protein (hyls1) plays an essential role in the 

formation of the primary cilium [62]. The p.Asp211Gly homozygous HYLS1 

mutation is so far known to cause only hydrolethalus syndrome, a lethal 

malformation syndrome. Dystrotelin, an entirely novel branch of the 

Dystrophin superfamily, present in most vertebrates examined. Dystrotelin 

is expressed in the central nervous system, and is a possible orthologue of 

Drosophila DAH [63]. It is known that Prdx5 is highly expressed in the brain 

[64], so its absence could cause the downregulation of these proteins in the 
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brain. Based partly on these observations, the role of Prdx5 in the brain has 

been studied also in the framework of this thesis (see chapter 7).  

Interestingly, members of the Aldo-keto reductases, apolipoproteins and 

Cytochrome P450 families were significantly upregulated in the Prdx5-/- brain 

and liver at the transcriptional level. The Aldo-keto reductases (AKRs) are a 

major superfamily of NAD(P)H-dependent oxidoreductases. There are 15 

human AKRs of these AKR1B1, AKR1C1–1C3, AKR1D1, and AKR1B10 have 

been implicated in diabetic complications, steroid hormone dependent 

malignancies, bile acid deficiency and defects in retinoic acid signaling, 

respectively [65]. Exchangeable apolipoproteins function in lipid transport as 

structural components of lipoprotein particles, cofactors for enzymes and 

ligands for cell-surface receptors [66]. Type I collagen is the most abundant 

protein in humans, and it helps to maintain the integrity of many tissues via 

its interactions with cell surfaces, other extracellular matrix molecules, and 

growth and differentiation factors [67]. Additionally, most of the genes in the 

CYP1, CYP2, CYP3 and CYP4 families encode enzymes involved in eicosanoid 

metabolism [68]. Upregulation of all these families in the Prdx5-/- brain and 

liver suggests that Prdx5 plays a role in lipid metabolism and transportation. 

More data will be necessary to confirm this hypothesis. 

In order to determine whether there is a compensation of Prdx5 absence, 

the expression of the other antioxidants enzymes was examined. It appeared 
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that Prdx5 inactivation, did not affect dramatically the expression of the 

antioxidant enzymes. Prdx1, Prdx6, SOD2 and catalase were decreased in the 

Prdx5-/- lung, while Prdx6 is increased in the Prdx5-/- liver, Prdx-SOx was 

increased in Prdx5-/- liver and heart and SOD2 is increased in Prdx5-/- heart. 

The Prdx6 increase in the Prdx5-/- liver was not confirmed at the mRNA level 

in the transcriptomic analysis. Interestingly, in Prdx6-/- mice also, no 

significant differences in the expression of the other antioxidant enzymes 

was observed [48].  

The development of the Prdx5-/- young adults mice appeared as normal 

compared to the Prdx5+/+ mice. The growth of the mice was not significantly 

different between the Prdx5+/+ and Prdx5-/- in the two genders, suggesting 

that at this stage, the absence of Prdx5 protein does not play a major role in 

the development and the growth of the mice under normal diet. Similar 

analyses were made for Prdx1 [53], Prdx3 [47] and Prdx6 [48] knockout 

mouse lines. However, recently, for another Prdx5-/- mouse model, it was 

reported that high fat diet-induced obesity was more often present in these 

Prdx5-/- mice, with increased fat mass and adipocyte hypertrophy [17]. The 

authors of this study proposed that Prdx5 inhibits adipogenesis by 

modulating ROS generation and adipogenic gene expression.  

However, in our study, the complete histological analysis of the young Prdx5-

/- and Prdx5+/+ mice did not reveal any significant difference in the tissues due 
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to the absence of Prdx5 protein. As Prdx5 protein is ubiquitously expressed 

in all the tissues in mammals and highly expressed in organs exposed 

metabolically to ROS/RNS [12], it was expected that the absence of this 

protein could affect organs such as the liver, kidneys or the brain. This was 

not observed for Prdx5-/- young adults under normoxia. Although histological 

examinations did not reveal any significant differences, higher lipid 

peroxidation was measured in the Prdx5-/- muscles compared to the Prdx5+/+ 

mice in normal conditions. Higher lipid peroxidation has also been shown in 

lungs of Prdx6 KO mice challenged with paraquat [49] and in neurons of 

Prdx2 KO mice during aging [56]. In our mouse model, higher protein 

oxidation in Prdx5-/- brain was measured but no significant differences were 

observed in DNA oxidation. It must be pointed out that Prdx3 KO mice 

present higher DNA oxidation and protein carbonylation in lungs after LPS 

exposure [47], Prdx2 KO higher protein carbonylation in neurons during aging 

[56] and Prdx6 KO mice higher protein carbonylation in liver after paraquat 

exposure [48]. It appears that oxidative damages are mainly detected in 

young Prdx KO mice when animals are challenged by pro-oxidative 

compounds.    

To conclude, Prdx5-/- mice generated in this study were viable, fertile and 

grow normally. They did not exhibit any abnormality in young age at tissue 
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level. However, Prdx5-/- mice were more vulnerable to LPS-induced endotoxic 

shock, suggesting that Prdx5 protein may play a major role in inflammation. 

 

5.5 Innovation 

 

To fully understand the role of the antioxidant enzyme Prdx5 during 

inflammation, a new Prdx5-/- mouse model was generated and studied. 

Within this study, we showed that Prdx5 is protecting the mice from LPS-

induced endotoxic shock, while its absence make the mice more prone to 

inflammation and lethality.  
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5.6 Materials and Methods 

 

5.6.1 Prdx5 knockout mouse generation 

 

The plasmid with the gene-trap (gt) Prdx5 construct (Fig. 1A) was obtained 

from the EUCOMM consortium and used for homologous recombination in 

ES cells (129 Sv cells, XY caryotype and A/A agouti phenotype). ES cells were 

microinjected into C57BL6cBrd/cBrd blastocysts. The blastocysts were 

hosted by CBA;C57BL6/J F1 hybrid females and male chimeras were 

produced. Four generated chimeric males were then intercrossed with 

C57BL/6N (a/a, Tyr+/+, black phenotype) or C57BL/6-Tyrc-Brd (a/a, Tyrc/c, 

albino phenotype) females to generate F1 offspring. Once the germline of 

the chimera was transmitted, all the F1 offsprings were Prdx5+/- agouti (A/a 

genotype, Tyr+/+ or Tyrc/c), carrying one wt allele (+) and one gt allele (-).  

Heterozygous mice Prdx5+/- were crossed in our animal facility to obtain 

homozygous Prdx5-/- mice. The F2 offspring was Prdx5+/+, Prdx5+/- or Prdx5-/-, 

with all three colors independently of the Prdx5 genotype. All animal 

experiments were performed in accordance with the Belgian national 

guidelines and in agreement with the European directive 2010/63/UE. The 

protocols used in this study were approved by the animal ethic committee of 

UClouvain (approval 122801). 
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5.6.2 DNA extraction  

 

The DNA extraction was performed from pieces of ear or tail, using a Hotshot 

solution (EDTA 20mM, NaOH 2.5M, pH 11.9). Each sample was incubated 

with 100μl of the Hotshot solution for 1 hour in 95oC, vortexed every 15min. 

100μl of neutralizing buffer (Tris 40mM, pH 5) were added continuously to 

the samples that were centrifuged at 5000 rpm for 2min at 4oC. Supernatant 

was collected after centrifugation and stored at -20oC. 

 

5.6.3 Genotyping by PCR 

 

PCR was performed to genotype the offspring obtained from each crossing 

and detect the presence of the wt Prdx5 (+) allele and/or the gt Prdx5 (-) 

allele. 0.5μl of total DNA was used for the reaction, in a total volume of 20μl. 

The Go Taq® G2 Hot Start Green Master Mix (Promega, M742A) was used for 

the reaction. Three primers were used in the same PCR reaction to detect 

simultaneously wt and gt alleles (Fig. 1A): Intron1afw (5’-

CCCCACCATTTTCAAGCGACCGAATGC-3’), Intron1arv (5’-

TTGGGGTTGAGAAACCGCCTGGTAAC-3’) and K7a1fw (5’-

TCTGGGGTTCGAAATGACCGACCAAG-3’). Intron1afw2 and Intron1arv2 

primers hybridize on the wt allele, and Intron1afw and K7a1fw on the gt 
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allele (Fig. 1A). The PCR reactions were performed on a GeneAmp machine 

(PCR System 9700) for 40 cycles. Each cycle included denaturation at 94oC for 

45sec, annealing at 60oC for 45sec, and elongation at 72oC for 1min. The size 

of the PCR products was determined by 1.5% agarose gel electrophoresis 

with visualization by ethidium bromide staining. The wt allele PCR product of 

this amplification corresponds to 854bp and the gt allele PCR product to 

675bp (Fig. 1A and 1B). 

 

5.6.4 RNA extraction 

 

Trizol Reagent (Invitrogen, 15596-026) was used to isolate total RNA from 

mouse tissues. Specifically, 100 mg of tissue was homogenized in 1.1 ml of 

Trizol Reagent in an Eppendorf tube and power homogenizer. After 

incubation for 5 min at room temperature, 0.2 ml of chloroform was added 

in each sample and the solution was vortexed and incubated 2-3min at room 

temperature. The aqueous phase (~0.6ml) was separated after 

centrifugation for 15min at 14000rpm at 4oC and total RNA was precipitated 

by mixing with 0.5 ml of isopropanol. After washing with 75% ethanol, the 

RNA pellet was dissolved in 20μl RNase-free H2O and OD of 1μl was measured 

in the Nanodrop ND-1000 (Isogen Life Science, De Meern, The Netherlands). 
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5.6.5 RT-PCR 

 

RT-PCR was performed to detect the mRNA expression of Prdx5 in Prdx5+/+ 

and Prdx5-/- tissues. RT-PCR GAPDH mRNA expression was used as positive 

control and the complete procedure without reverse transcription was used 

as negative control. 1μg of total RNA was used for the reverse transcription 

with the Quantitect Reverse Transcription Kit (Qiagen, 205311). The primers 

used for the RT-PCR were 5’-AGTTCACCTTCTTTCCCGGT-3’ and 5’-

AGAAGCAGGTTGGGAGTGTG-3’ for Prdx5 wt allele, and 5’-

TTGAGGTCAATGAAGGGGTC-3’ and 5’-TCGTCCCGTAGACAAAATGG-3’ for 

GAPDH. RT-PCR was performed on a GeneAmp machine (PCR System 9700) 

for 35 cycles. Each cycle included denaturation at 94oC for 30sec, annealing 

at 65oC for 30sec, and elongation at 72oC for 2min. The size of the RT-PCR 

products was determined by 2% agarose gel electrophoresis with 

visualization by ethidium bromide staining. The Prdx5 wt allele product of 

PCR amplification corresponds to 131bp and the GAPDH product to 132bp. 

 

5.6.6 Western blotting 

 

Mouse tissues were homogenized in lysis buffer (Tris 10mM, NaCl 150mM, 

EDTA 1mM, Triton X-100 1%) containing protease inhibitors cocktail (Roche, 
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1836170). Protein concentrations were measured using the Pierce BCA 

protein assay kit (Thermo-Scientific, 23225) and using bovine serum albumin 

(BSA) as the standard. Protein samples in loading buffer (Tris 45mM pH 6.8, 

Glycerol 10%, SDS 1%, BPP 0.25%, DTT 0.5M) were subjected to 

electrophoresis on 12% Mini-Protean SF TGX gels (Bio-Rad) using 

electrophoresis buffer (Tris 50mM, Glycine 150mM, SDS 0.1%) and 

transferred to nitrocellulose membranes (Amersham Protran 0.45 µM NC GE 

Healthcare, 10.600.002). Membranes were first incubated for 1h at room 

temperature in blocking solution (0.1% Tween 20 - TBS buffer containing 5% 

non-fat dry milk). After washing with 0.1% Tween 20 - TBS buffer, the 

membranes were probed with rabbit anti-Prdx1 polyclonal antibody 

(Hormonology Laboratory of Marloie, UC232) 1:4000, rabbit anti-Prdx2 

polyclonal antibody (Hormonology Laboratory of Marloie, UC198) 1:2000,  

rabbit anti-Prdx3 polyclonal antibody (AbFrontier, LF-PA0030) 1:2000, rabbit 

anti-Prdx4 polyclonal antibody (Hormonology Laboratory of Marloie, UC194) 

1:5000, rabbit anti-Prdx5 polyclonal antibody (Hormonology Laboratory of 

Marloie, G234) 1:5000, rabbit anti-Prdx6 polyclonal antibody (AbFrontier, LF-

PA0011) 1:2000, rabbit anti-Prdx-SO3 polyclonal antibody (AbFrontier LF-

PA0004) 1:2000, rabbit anti-Prdx6-SO3 polyclonal antibody (AbFrontier LF-

PA0005) 1:2000, mouse anti-Catalase polyclonal antibody (Sigma, C0979) 

1:2000,  rabbit anti-Mn-SOD polyclonal antibody (Merck Millipore, 06-984) 
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1:2000, rabbit anti-β-actin polyclonal antibody (Sigma, A2066) 1:1500, 

followed by horseradish peroxidase-conjugated anti-rabbit secondary 

antibody (DAKO, p0448) 1:2000 and anti-mouse secondary antibody (DAKO, 

p0447) 1:2000. The reaction was detected by chemiluminescence using ECL 

Western Lightning Chemiluminescence Reagent Plus (Perkin Elmer Life 

Sciences, NEL104) and exposed to film (Amersham Hyperfilm™ ECL, 28-9068-

37). The ImageJ software was used for Western blot quantifications. 

 

5.6.7 cDNA cloning and sequence analysis 

 

The PCR products of ~250bp and 131bp were gel purified with the Nucleospin 

gel and PCR Clean-up extraction kit (Macherey-Nagel, 740609) and cloned 

into the pcr2.1 TOPO vector with the TOPO TA Cloning kit (Invitrogen, 45-

0641), following the manufacturer’s instructions. Cloned PCR products were 

sequenced using primers Univ5’ 5’-TTGTGAGCGGATAACAATTTC-3’ and 

Univ3’ 5’-GTTTTCCCAGTCACGACGTTGTA-3’. 
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5.6.8 Histological analysis  

 

For histological analysis, brain, liver, kidney, heart, lung, muscle, spleen, 

adrenal gland, ovary, fat, intestine, salivary gland, skin, spinal cord, stomach, 

trachea and esophagus of Prdx5+/+ and Prdx5-/- young mouse females (3 

month-old) were fixed in 10% buffered neutral formalin. Fixed tissues were 

embedded in paraffin and 7μm sections were cut. The sections were 

mounted on polylysine slides (VWR, 631-0107) and stained with hemalun-

eosin as following: the sections were deparaffinized in xylol, rehydrated in 

decreasing ethanol solutions (100-30%), stained with Mayer’s hemalun (Carl 

Roth, Karlsruhe, Germany) for 5 min, washed again, and stained with 1% 

eosin (Carl Roth, Karlsruhe, Germany) for 2 minutes. Continuously, the 

sections were washed in tab water, dehydrated in increasing ethanol 

solutions (30-100%), treated with xylol, and mounted with Eukitt Quick-

hardening mounting medium (Sigma-Aldrich, 03989). The slides were 

observed with the Polyvar Reichter-Jung microscope.  

 

5.6.9 DNA oxidation assay 

 

The DNA oxidation damage was measured in different tissue homogenates 

of Prdx5+/+ and Prdx5-/- mice, using ELISA kit against 8-OHdG (E03H0007, Blue 
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Gene, Amsbio), according to the manufacturer’s protocols. Tissue 

homogenates were incubated with the HRP conjugated 8-OHdG antibody for 

1 hour. Then, the wells were washed and incubated with a substrate for HRP 

enzyme. The reaction was stopped after 15 minutes and the intensity of the 

color was measured spectrophotometrically at 450nm in a microplate 

reader. A standard curve was plotted and the 8-OHdG concentration in each 

sample was interpolated from this curve. 

 

5.6.10 Protein carbonylation assay 

 

Protein oxidation was determined by the presence of carbonylated proteins, 

which contain oxidative derivatives of amino acid residues after direct 

oxidation or indirect modification by reactive aldehydes derived from lipid 

peroxides, as it described previously [74]. Since carbonylated proteins could 

bind DNPH, tissue homogenates were incubated with 10mM 2,4-

dinitrophenylhydrazine (DNPH) in 2.5M hydrogen chloride for 1 hour. Then 

the proteins were precipitated in 10% TCA for 5 min, centrifuged and the 

pellets were washed 3 times with EtOH:Ethyl Acetate (1:1). After the final 

wash, the pellets were suspend in 6M Guanidine hydrochloride and their 

optical density was measured spectrophotometrically at 370nm in a 

microplate reader. The concentration of the protein carbonyls was 
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determined using the extinction coefficient 22.000 M-1 cm-1 for the DNPH at 

370nm. 

 

5.6.11 Lipid peroxidation assay 

 

Tissue lipid peroxidation was determined by measuring the total 

hydroperoxides (LOOH) in different tissue homogenates of Prdx5+/+ and 

Prdx5-/- mice, using the xylenol orange assay, as described previously [75]. 

The lipid fraction of the homogenates was separated with 

chloroform:methanol mix (2:1) and was concentrated by vacuum 

evaporation. Continuously, the lipid pellet was dissolved in methanol and the 

samples were incubated with the FOX reagent (2mM xylenol orange in 0.25M 

H2SO4) and 8mM Fe2+ for 30 min. The optical density of the samples was 

measured spectrophotometrically at 650nm in a microplate reader. A 

standard curve was plotted relating the optical density to the concentrations 

of the cumene standards. The LOOH concentration in each sample was 

interpolated from this standard curve. 
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5.6.12 Immunohistochemistry 

 

Immunohistochemistry was performed to analyze lipid peroxidation in 

tissues slides. Antibody against 4-hydroxy-2-nonenal (4-HNE) was used for 

detection of lipid oxidation and staining procedure was referred to that 

described. All the sections were deparaffinized in xylol, rehydrated in 

decreasing ethanol solutions (100-30%) and heated for 20 min in a 

microwave with 10mM sodium citrate – 0.05% Tween 20 pH 6.0 and 

incubated with peroxidase blocking solution (DakoCytomation, Heverlee, 

Belgium) for 5 min at RT. Then, sections were washed with PBS and incubated 

with PBS containing 25% non-immune fetal bovine serum and 10% non-fat 

dry milk for 45 min at RT. The sections were incubated for 1 hour at RT with 

the monoclonal anti-4-HNE antibody (Merck, 393207) 1:300, washed with 

PBS for 10 min, incubated with Envision Flex rabbit LINKER (DakoCytomation) 

for 15 min at RT, and then incubated with an Envision-labeled polymer-HRP 

anti-rabbit secondary antibody (DakoCytomation) for 30 min at RT. The 

peroxidase reaction was visualized by incubating the sections for 5 min with 

diaminobenzidine (DAB, DakoCytomation) and then stained with 

hematoxylin as described before. The slides were observed using a Polyvar 

Reichter-Jung microscope. 



 
 

151 
 

5.6.13 Microarray analysis 

 

The Mouse Gene Expression Microarray 4x44K plates (Agilent Technologies, 

Santa Clara, CA, USA) containing 43.803 mouse probes was used to identify 

expressed and differently regulated genes in the Prdx5+/+ and Prdx5-/- liver 

and brain homogenate samples (2 females per genotype). The RNA labelling 

and the microarray hybridization and scanning were performed at the 

transcriptomic platform of the Louvain Institute of Biomolecular Science. In 

brief, total RNA was extracted using the TRIZOL/Chlorofom extraction 

protocol (Invitrogen, 15596-026). The concentration and the quality of RNA 

were checked using a NanoDrop ND-1000 (Isogen Life Science, De Meern, 

The Netherlands) and the Bioanalyzer Agilent 2100 (Agilent Technologies), 

respectively, with the Agilent 6000 RNA Nano kit (Agilent Technologies). 

Fluorescently labeled cDNA was synthesized from 10μg of total RNA using 

the SuperScript Plus Indirect cDNA Labeling System (Invitrogen, Paisley, UK) 

according to manufacturer’s instructions. Gene expression analyses were 

carried out using GeneSpring GX v11.0 software (Agilent Technologies). Data 

were filtered for outliers, negative and positive controls. To identify 

statistically significant differentially expressed genes, combined criteria of a 

two-fold change ratio or greater and a p-value < 0.05 in the t-tests were 

adopted. Only common probe sets that were present in both experiments 
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were considered significant. Gene ontology analysis was carried out using 

PANTHER14.0 Classification System software. 

 

5.6.14 LPS injection 

 

Endotoxic shock was induced by intraperitoneal (IP) injection of LPS 

(Escherichia coli, serotype 0111:B4, Sigma, L2630) at a dosage of 10 mg/kg of 

body weight in 5 Prdx5+/+ and 5 Prdx5-/- mice that were matched for age (7 

month-old) and gender (male) and 20 mg/kg of body weight in 13 Prdx5+/+ 

and 14 Prdx5-/- mice that were matched for age (7 month-old) and were of 

both genders. PBS was injected in control animals. Survival was monitored 

every 3 h for 4 days.  

 

5.6.15 Primary culture of peritoneal cells 

 

Peritoneal cells were collected from the peritoneal cavity of 8 Prdx5+/+ and 

Prdx5-/- 4 month-old mice in 0.09% NaCl. The cells from the 8 mice were 

pulled together and centrifuged at 1500rpm for 10 min at 4oC. The cell pellet 

was suspended in 1ml of DMEM [Dulbecco’s Modified Eagle Medium (+) 

4.5g/L D-glucose, (+) L-glutamine, (+) pyruvate (Gibco, 41966052)]. 
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Approximately, 400.000 cells were plated in 24-well plates (BectonDickinson 

Labware, 353047) on cover-slips and 2 millions of cells in 6-well plates 

(Becton Dickinson Labware, 353046) and they were cultivated with DMEM 

with 10% fetal bovine serum and 1% penicillin/streptomycin at 37oC with 5% 

CO2 overnight. Next day, the non-adherent cells were removed and fresh 

medium was added to the cells.  

 

5.6.16 Characterization of the peritoneal cells by 

immunofluorescence 

 

Peritoneal cells in 24-well plates on cover-slips were fixed with 4% PFA for 20 

minutes at RT. Cover-slips were washed with PBS for 3 times and 0.05M TBS-

0.1% Triton X-100 (TBS-T) for 3 times. The cells were blocked with TBS-T + 

10% non-fat dry milk for 30 minutes in RT. Then, the cells were incubated 

overnight at 4oC with rabbit anti-Prdx5 polyclonal antibody (Hormonology 

Laboratory of Marloie, G234) 1:750, rat anti-F4/80 monoclonal antibody 

(BioRad, MCA497GA) 1:200, rat anti-CD11b monoclonal antibody (DSHB, 

M1/70.15.11.5.2-c) 1:200, followed by the Fluorophore-labeled secondary 

antibodies, Alexa Fluor 488 donkey anti-rabbit (ThermoFisher, A21206) 1:500 

and Alexa Fluor 546 goat anti-rat (ThermoFisher, A11081) 1:500. 

Continuously, the cells were rinsed in buffer and exposed 10 min to 4′,6-
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diamidino-2-phenylindole (DAPI) (Roche, 10236276001). The cover-slips 

were mounted in Fluorescent mounting medium (DAKO, S3023) on 

microscope slides. The fixed cells were observed with a Polyvar Reichter-Jung 

fluorescence microscope with dedicated filters. 

 

5.6.17 LPS exposure 

 

The peritoneal cells in 6-well plates were stimulated by 1μg/ml of LPS or PBS 

(controls) for 0, 8, 24 and 48 hours. The cells were harvested at the specific 

time points and proteins were extracted, using PBS-1% Triton X-100 with 

protease inhibitor cocktail (Roche, 1836170). Cell culture medium of each 

well was also collected. 

 

5.6.18 Enzyme-linked immunosorbent assay (ELISA) 

 

ELISA kits for TNF-α (R&D Systems, MTA00B) and IL-1β measurements (R&D 

Systems, MLB00C) were used, and inflammatory cytokine levels in cell 

culture medium were quantitated according to the manufacturer’s 

protocols. 
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5.6.19 Peptide separation using nanoUPLC 

 

Peptide mixture in 0.1% (v/v) formic acid was separated by reverse phase 

chromatography on a NanoACQUITY UPLC MClass system (Waters, Milford, 

MA, USA) working with masslynx V4.1 (Waters) software. Digested proteins 

were injected into a trap C18, 100Å 5 μm, 180 μm × 20 mm column (Waters) 

and desalted using isocratic conditions with at a flow rate of 15 μL/min using 

a 99% formic acid and 1% (v/v) acetonitrile (ACN) buffer for 3 min. Peptide 

mixture was subjected to reverse phase chromatography on a C18, 100Å 1.8 

μm, 75 μm × 150 mm column (Waters) PepMap for 120 min at 35°C at flow 

rate of 300 nL·min−1 using a two part linear gradient from 1% (v/v) ACN, 0.1% 

formic acid to 35% (v/v)) ACN, 0.1% formic acid and from 35% (v/v) ACN, 0.1% 

formic acid to 85% (v/v)) ACN, 0.1% formic acid. 

 

5.6.20 HDMSE analysis 

 

The IMS-HDMSE (Ion Mobilty Separation-High Definition Enhanced) analysis 

was performed on an SYNAPT G2-Si high definition mass spectrometer 

(Waters). The mass spectrometer was equipped with a NanoLockSpray dual 

electrospray ion source (Waters). The data were collected from 15 min after 

injection to 106 min using the HDMSE method in resolution mode. This 
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method acquires MSE in positive and resolution mode over the m/z range 

from 50 to 2000. Doubly charged monoisotopic ion of [Glu 1]-fibrinopeptide 

B was used for the postacquisition lock mass correction of the data. 

 

5.6.21 LC-qTOF data processing 

 

HDMSE data were processed with PROGENESIS QI (Nonlinear DYNAMICS, 

Waters) software using the relative quantitation using Hi-N3 method and 

UniProt database containing protein of interest sequence. To identify 

statistically significant differentially expressed proteins, combined criteria of 

a two-fold change ratio or greater, a p-value < 0.05 in the t-tests, correlation 

of peptides > 0.9 and number of unique peptides > 2 were adopted. Protein 

ontology analysis was carried out using PANTHER14.0 Classification System 

software. 

 

5.6.22 Statistical analysis 

 

All statistical analyses were performed with JMP 12.1 by SAS. Statistical 

comparison of differences between groups was performed using a mixed 

model on the normalized data sets. For both analyses, a probability value of 
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p < 0.05 was considered as statistically significant. Values were expressed as 

means ± confidence intervals. 
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5.8 Abbreviations 

 

ACN: acetonitrile  

AFM: atomic force microscope  

Akr: Aldo-keto reductase 

Apo: Apolipoprotein 

Arhgap5: Rho GTPase-activating protein 5 
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BCA: Bicinchoninic acid assay 

BMM: Bone marrow-derived macrophages 

Casp3: Caspase 3 

CAT: Catalase 

Ccdc178: Coiled-coil domain containing 178 

Cd11b: Cluster of differentiation 11b 

Cd40: Cluster of differentiation 40 

Cd82: Cluster of differentiation 82 

CHO: Chinese hamster ovary cells 

Cnot10: CCR4-NOT transcription complex subunit 10 

Col16a1: collagen type XVI alpha1 

Col6a5: collagen type VI alpha5 

Col4a3: collagen type IV alpha3 

CYP450: cytochrome P450 

DAMP: damage-associated molecular pattern 

DAPI: 4′,6-diamidino-2-phenylindole 



 
 

159 
 

DMEM: Dulbecco's Modified Eagle Medium 

DNPH: 2,4-Dinitrophénylhydrazine 

Drp1: dynamin-related protein 1 

Dytn: dystrotelin 

EDTA: Ethylene-diamine-tetra-acetic acid 

ER: Endoplasmic reticulum 

EtOH: Ethanol 

F4/80: Macrophage receptor 

Gadl1: glutamate decarboxylase-like 1 

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase 

Golgb1: Golgin subfamily B member 1 

GPx: Glutathione peroxidase 

GSH: Glutathione  

gt: gene trap  

H2O2: Hydrogen peroxide 

Hbbt2: Beta-globin 
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HEBP1: Heme binding protein 1 

HRP: horseradish peroxidase  

Hysl1: hydrolethalus syndrome 1 

IFN-γ: interferon gamma 

Il-1β: Interleukin 1 beta 

Il-6: Interleukin 6 

Ilf3: Interleukin Enhancer Binding Factor 3 

Jak2: Janus kinase 2 

JNK: c-Jun N-terminal kinases 

KD: knockdown 

Kcnj5: G protein-activated inward rectifier potassium channel 4 

KO: knockout 

Lcn2: lipocalin 2 

LPS: lipopolysaccharide 

LOOH: lipid hydroperoxides 

MAPK: Mitogen-activated protein kinases 
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Mboat7: Membrane bound O-acyltransferase domain containing 7 

MHC class II: Major histocompatibility complex class II 

MPP+: 1-methyl-4-phenylpyridinium 

MTS: Mitochondria targeting sequence 

Mybbp1a: MYB binding protein 1a 

NADPH: nicotinamide adenine dinucleotide phosphate 

NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells 

NO: Nitrogen oxide 

Nrf2: nuclear factor erythroid-2-related factor 2 

Orm2: orosomucoid 2 

p53: Tumor protein 53 

PAMP: pathogen-associated molecular pattern 

PCR: polymerase chain reaction 

Pdcd6: Programmed cell death 6 

Prdx: Peroxiredoxin 

PTS1: Peroxisome targeting signal 1 
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Rnf220: Ring finger protein 220 

RNS: Reactive nitrogen species 

ROS: Reactive oxygen species 

RT-PCR: Reverse transcription polymerase chain reaction 

Saa1: serum amyloid A1  

Saa2: serum amyloid A2 

Sash1: SAM and SH3 domain containing 1 

SDS: Sodium dodecyl sulfate 

Skap1: Src kinase-associated phosphoprotein 1 

SOD: Superoxide dismutase 

Srxn: Sulfiredoxin 

Stat5: Signal transducer and activator of transcription 5 

SUMO: Small ubiquitin-like modifier  

Synm: Synemin 

TBS: Tris-Buffered saline 

Timm13: Translocase of inner mitochondrial membrane 13 
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TLR4: Toll-like receptor 4 

TNF-α: Tumor necrosis factor alpha 

Tpr: Translocated promoter region protein 

TRIF: TIR-domain-containing adapter-inducing interferon-β 

Trx: Thioredoxin 

Vsx1: visual system homeobox 1 homolog 

Wdr66: WD Repeat Domain 66 

WT: Wild type 

4-HNE: 4-hydroxy-2-nonenal 

8-OHdG: 8-hydroxy-2' –deoxyguanosine 
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5.10 Supplementary data

Suppl.Figure 1. Schematic representations of wild type (WT) Prdx5 and the gene-
trap (gt) Prdx5 alleles with the three alternative splicing of the gt allele. The gene-
trap knockout construct (gt allele) consists of the lacZ gene as a reporter and the 
neomycin phosphotransferase gene. Exons (E) 1 to 6, FRT and LoxP recombination 
sites are depicted. The mRNA splicing sites are indicated in green and yellow. 

Suppl.Figure 2. Characterization of primary peritoneal cell culture. The peritoneal 

cells were fixed with PFA 4% and incubated with CD11b and F4/80 antibodies, using 

immunofluorescence. (a) DAPI staining, (b) CD11b, (c) merge, (d) DAPI staining, (e) 

F4/80, (f) merge. 
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Suppl.Figure 3. Co-expression Prdx5 with CD11b and F4/80 in primary peritoneal 

cell culture. Peritoneal cells co-express CD11b or F4/80 with Prdx5.  (a) DAPI staining, 

(b) CD11b, (c) Prdx5, (d) merge, (e) DAPI staining, (f) F4/80, (g) Prdx5, (h) merge. 

Suppl.Figure 4. Immunodetection of the 4-HNE protein in liver, brain, kidney, lung, 
heart, muscle, spleen slides of Prdx5+/+ and Prdx5-/- mice. We do not observe any 
difference between the 2 genotypes. 
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Supplementary Table 9. Upregulated genes in Prdx5-/- liver. The most affected 

upregulated genes in liver are listed with the fold change expression, the p values and the 

Genbank Accesion number. 

Supplementary Table 2. Downregulated genes in Prdx5-/- liver. The most affected 

downregulated genes in liver are listed with the fold change expression, the p values 

and the Genbank Accesion number. 
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Supplementary Table 3. Upregulated genes in Prdx5-/- brain. The most affected 
upregulated genes in brain are listed with the fold change expression, the p values and 
the Genbank Accesion number. (Continue in the next page) 
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Supplementary Table 3. Upregulated genes in Prdx5-/- brain. The most affected 
upregulated genes in brain are listed with the fold change expression, the p values 
and the Genbank Accesion number. (Continue in the next page) 
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Supplementary Table 3. Upregulated genes in Prdx5-/- brain. The most affected upregulated 
genes in brain are listed with the fold change expression, the p values and the Genbank 
Accesion number. 



 
 

183 
 

 

  

Supplementary Table 3. Upregulated genes in Prdx5-/- brain. The most affected upregulated 
genes in brain are listed with the fold change expression, the p values and the Genbank 
Accesion number. 
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  Supplementary Table 4. Downregulated genes in Prdx5-/- brain. 

The most affected downregulated genes in brain are listed with 

the fold change expression, the p values and the Genbank 

Accesion number. 
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Supplementary Table 5. Upregulated proteins in Prdx5+/+ primary 

macrophages stressed by LPS compared to PBS. The most affected 

upregulated proteins in macrophages are listed with the fold change 

expression, the p values, the Accession number, the peptide counts, 

the unique peptides and the confidence scores. 
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  Supplementary Table 6. Downregulated proteins in Prdx5+/+ primary 

macrophages stressed by LPS compared to PBS. The most affected 

upregulated proteins in macrophages are listed with the fold change 

expression, the p values, the Accession number, the peptide counts, the 

unique peptides and the confidence scores. 
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Supplementary Table 7. Upregulated proteins in 

Prdx5-/- primary macrophages stressed by LPS 

compared to PBS. The most affected upregulated 

proteins in macrophages are listed with the fold 

change expression, the p values, the Accession 

number, the peptide counts, the unique peptides 

and the confidence scores. (Continue in the next 

page) 
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  Supplementary Table 7. Upregulated proteins in 

Prdx5-/- primary macrophages stressed by LPS 

compared to PBS. The most affected upregulated 

proteins in macrophages are listed with the fold 

change expression, the p values, the Accession 

number, the peptide counts, the unique peptides 

and the confidence scores. (Continue in the next 

page) 
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Supplementary Table 7. Upregulated proteins 
in Prdx5-/- primary macrophages stressed by 
LPS compared to PBS. The most affected 
upregulated proteins in macrophages are 
listed with the fold change expression, the p 
values, the Accession number, the peptide 
counts, the unique peptides and the 
confidence scores. (Continue in the next page) 
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  Supplementary Table 7. Upregulated proteins 
in Prdx5-/- primary macrophages stressed by 
LPS compared to PBS. The most affected 
upregulated proteins in macrophages are 
listed with the fold change expression, the p 
values, the Accession number, the peptide 
counts, the unique peptides and the 
confidence scores.  
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Supplementary Table 8. Downregulated proteins in Prdx5-/- primary macrophages 
stressed by LPS compared to PBS. The most affected upregulated proteins in macrophages 
are listed with the fold change expression, the p values, the Accession number, the peptide 
counts, the unique peptides and the confidence scores. (Continue in the next page) 
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Supplementary Table 8. Downregulated proteins in Prdx5-/- primary macrophages 
stressed by LPS compared to PBS. The most affected upregulated proteins in macrophages 
are listed with the fold change expression, the p values, the Accession number, the peptide 
counts, the unique peptides and the confidence scores. (Continue in the next page) 
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Supplementary Table 8. Downregulated proteins in Prdx5-/- primary macrophages 
stressed by LPS compared to PBS. The most affected upregulated proteins in 
macrophages are listed with the fold change expression, the p values, the Accession 
number, the peptide counts, the unique peptides and the confidence scores. (Continue in 
the next page) 
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Supplementary Table 8. Downregulated proteins in Prdx5-/- primary macrophages 
stressed by LPS compared to PBS. The most affected upregulated proteins in 
macrophages are listed with the fold change expression, the p values, the Accession 
number, the peptide counts, the unique peptides and the confidence scores. 
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  Supplementary Table 9. Upregulated proteins in Prdx5-/- 

primary macrophages compared to Prdx5+/+ stressed by PBS. 

The most affected upregulated proteins in macrophages are 

listed with the fold change expression, the p values, the 

Accession number, the peptide counts, the unique peptides 

and the confidence scores. (Continue in the next page) 
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Supplementary Table 9. Upregulated proteins in Prdx5-/- 

primary macrophages compared to Prdx5+/+ stressed by PBS. 

The most affected upregulated proteins in macrophages are 

listed with the fold change expression, the p values, the 

Accession number, the peptide counts, the unique peptides 

and the confidence scores. 
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  Supplementary Table 10. Downregulated proteins in Prdx5-/- 

primary macrophages compared to Prdx5+/+ stressed by PBS. 

The most affected upregulated proteins in macrophages are 

listed with the fold change expression, the p values, the 

Accession number, the peptide counts, the unique peptides and 

the confidence scores. (Continue in the next page) 
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  Supplementary Table 10. Downregulated 

proteins in Prdx5-/- primary macrophages 

compared to Prdx5+/+ stressed by PBS. The 

most affected upregulated proteins in 

macrophages are listed with the fold change 

expression, the p values, the Accession 

number, the peptide counts, the unique 

peptides and the confidence scores. (Continue 

in the next page) 
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Supplementary Table 10. Downregulated 

proteins in Prdx5-/- primary macrophages 

compared to Prdx5+/+ stressed by PBS. The 

most affected upregulated proteins in 

macrophages are listed with the fold change 

expression, the p values, the Accession 

number, the peptide counts, the unique 

peptides and the confidence scores. 



 
 

200 
 

 

 

Supplementary Table 11. Upregulated proteins in Prdx5-/- primary macrophages 
compared to Prdx5+/+ stressed by LPS. The most affected upregulated proteins in 
macrophages are listed with the fold change expression, the p values, the Accession 
number, the peptide counts, the unique peptides and the confidence scores. 

Supplementary Table 12. Downregulated proteins in Prdx5-/- primary macrophages 
compared to Prdx5+/+ stressed by LPS. The most affected upregulated proteins in 
macrophages are listed with the fold change expression, the p values, the Accession number, 
the peptide counts, the unique peptides and the confidence scores. 
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6.1 Abstract 

 

Peroxiredoxin-5 (Prdx5) is a well-conserved member of peroxiredoxins which 

is expressed virtually in all tissues of mammals. The main goal of this work 

was to examine in vivo the possible role of Prdx5 as tumor suppressor. Prdx5 

knockout mice (Prdx5-/-) are viable and fertile but 41% of aging Prdx5-/- mice 

(between 12 and 30 month-old) developed significantly more malignant 

cancers compared to 16% of aging Prdx5+/+ animals, suggesting that Prdx5 

protein is involved in tumor suppression. Most of the cancers have been 

histologically analyzed and characterized as lymphoma and 

hepatocarcinoma. Also, the Akt/PTEN signaling pathway was examined in 

Prdx5-/- mouse embryonic fibroblasts (MEF) by exposing the cells to H2O2, 

LPS, tBHP and SIN-1. Our results showed that phosphorylation of Akt is 

significantly higher in Prdx5-/- MEF cells exposed to H2O2. Moreover, Western 

mailto:bernard.knoops@uclouvain.be
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blotting analyses of Akt/PTEN and MAPK signaling pathways in tumor 

samples showed that Akt phosphorylation of Akt (Thr308) and p44 was 

higher in several tumors, while PTEN expression was decreased. These data, 

but also proteomic observations of the downregulation of proteins related 

to apoptosis and cell survival in Prdx5-/- macrophages, such as the caspase-3, 

caspase-8 and septin-7, lead us to hypothesize that Prdx5 may play important 

role in tumor suppression.  

 

6.2 Introduction 

 

Peroxiredoxins (Prdxs or Prxs) are a superfamily of thiol-dependent 

peroxidases now recognized as major antioxidant enzymes like glutathione 

peroxidases [1]–[3]. Prdxs reduce  hydrogen peroxide, alkyl hydroperoxydes 

and peroxynitrite in prokaryotic and eukaryotic cells [2], [4], [5]. They are 

present in all living organisms [3] and more specifically in mammals, the Prdx 

family is represented by six members (Prdx1-6) [2], [3]. In mammals, Prdxs 

are localized in different subcellular compartments [6]. Prdxs can be 

classified in three different subgroups, based mainly on their catalytic 

mechanism and the number of catalytic cysteines in their molecules [7]. The 

typical 2-Cys Prdxs (Prdx1-4) have two active cysteines in their molecules and 
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form an intramolecular disulfide bond upon oxidation. The atypical 2-Cys 

Prdx (Prdx5) exhibits two active cysteines too but the disulfide bond is 

intermolecular. Finally the 1-Cys Prdx (Prdx6) has only one catalytic cysteine 

in its molecule. Prdx5 is the last isoform that has been identified and 

characterized in mammals. In human and murine cells, Prdx5 can be localized 

in cytoplasm, nucleus, peroxisomes and mitochondria [7]–[16]. 

Recently, several studies have revealed different roles for Prdxs in 

carcinogenesis and tumorigenesis. Indeed, it was reported that Prdxs could 

inhibit apoptosis and favor cancer cell proliferation but on the other hand it 

was also shown that Prdxs  can act as tumor suppressors [17]. Only a few 

studies focused on mechanisms implicating Prdxs as tumor suppressors. The 

most characteristic example is the case of Prdx1, where Prdx1-/- mice present 

hemolytic anaemia and lymphoma [18]. The implication of Prdx1 in the 

PI3K/Akt/PTEN signaling pathway, a well-studied pathway leading to cell 

proliferation and tumorigenesis, was investigated. Prdx1 is able to bind to 

PTEN, a tumor suppressor protein, protecting in this way the PTEN lipid 

phosphatase activity from inactivation under oxidative stress conditions [19]. 

When Prdx1 is absent, PTEN is highly oxidized, resulting in Akt high 

phosphorylation [19]. There are two major sites of phophorylation on Akt 

that are targeted by two different kinases. Indeed, Pyruvate dehydrogenase 

kinase 1 (PDK1) phosphorylates Akt on Thr308,while mTOR-Rictor complex 
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(mTORC2) is responsible for the phosphorylation of Ser473 [37].The 

phosphorylation of Akt plays a central role in Ras and ErbB-2-induced 

transformation. Additionally, Prdx1 has been shown to interact with p38 

MAPK to promote the mobility and invasion of pancreatic cancer cells [20], 

while in another study Prdx1 was shown to suppresses the phosphorylation 

of p38 MAPK and JNK in mouse embryonic fibroblasts (MEFs), acting as anti-

apoptotic protein and reducing the oxidative stress damage [21].  

A few studies have examined the possible role of Prdx5 in carcinogenesis and 

tumorigenesis although Prdx5 was shown to be highly expressed in different 

cancers, such as in colon, gastric, endometrial, breast and lung cancer and 

also aggressive Hodgkin’s lymphomas.  These studies suggest that Prdx5 may 

be involved in cell protection against apoptosis and promote tumorigenesis 

[22]–[29]. Indeed, it was shown that Prdx5 transcription mediated by E-

twenty-six transcription factor 1 and 2 (Ets1/2) and high-mobility-group 

protein B1 (HMGB1), is induced in human prostate and epidermoid cancer 

cells exposed to H2O2 or hypoxia, leading to cell resistance against oxidative 

stress [30]. On the other hand, it has been also proposed that Prdx5 has a 

tumor suppressor role in adrenocortical carcinoma and in breast cancer [31], 

[32], since its expression is downregulated in these cancers.  

In this study, we report that in aging Prdx5-deficient mice malignant cancers 

develop significantly more frequently than in aging wild type animals.  
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Additionally, we investigated the possible implication of Prdx5 in 

PI3K/Akt/PTEN and MAPK signaling pathways related to tumorigenesis. 

 

6.3 Results 

 

6.3.1 Histological analysis of tissues and tumors 

 

All Prdx5-/- and Prdx5+/+ mice were followed daily in the animal facility. 21 

Prdx5-/- mice out of 51 (41.18%) presented spontaneously tumors after the 

age of 12 months, while only 10 Prdx5+/+ mice out of 62 (16.13%) developed 

tumors after the age of 12 months (Fig.1A). Tumors in Prdx5-/- mice were 

present mainly in the abdomen and the neck (Fig.1B). Complete examination 

Prdx5 -/- Mouse Analysis

281 Hematoxylin-eosin/IHC

483 Hematoxylin-eosin/IHC

323 Hematoxylin-eosin/IHC

498 Hematoxylin-eosin/IHC

573 Hematoxylin-eosin/IHC/WB

601 Hematoxylin-eosin/IHC/WB

591 Hematoxylin-eosin/IHC

423 Hematoxylin-eosin/IHC

615 Hematoxylin-eosin/WB

911 Hematoxylin-eosin/WB

Prdx5+/+ Mouse Analysis

544 Hematoxylin-eosin/IHC

607 Hematoxylin-eosin/IHC/WB

345 Hematoxylin-eosin/IHC

166 (chimera) Hematoxylin-eosin/IHC

1027 (control) Hematoxylin-eosin/WB

Table 1. Prdx5+/+ and Prdx5-/- mice used for the 
experiments. Hematoxylin-eosin staining; IHC: 
Immunohistochemistry; WB: Western Blotting 
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of these mice revealed different metastases in other organs, such as lungs, 

liver, kidneys, stomach, salivary glands and spleen (Fig.1C-F). It is worth to 

mention that the majority of mice with tumors presented splenomegaly 

(Fig.1C). The main tumors were formed near organs and they consisted in a 

solid mass. Tumors were large (2-5 cm) and of red-brown color. It must but 

noted also that tumors of Prdx5+/+ mice were mainly present next to the paw, 

they were smaller (1-2cm) and appeared more white. The number of the 

mice used for these experiments are summarized in the Table 1.  

 

Figure 1. Malignant tumor development in Prdx5-/- and Prdx5+/+ mice. (A) Pie representation 
of the % of Prdx5-/- and Prdx5+/+ mice in which malignant tumors developed. In total 62 Prdx5+/+ 
and 51 Prdx5-/- mice, only the 10 (16.13%) and 21 (41.18%) developed tumors, respectively. 
Significant is designed by * (p<0.05), ** (p<0.01), *** (p<0.005). (B) Prdx5-/- mouse with tumor 
in the neck. (C-F) Tumors observed in tissues or organs of Prdx5-/- mice at 15 months of age 
compared to the same tissue or organ in Prdx5+/- and Prdx5+/+ mice of the same littermate. 
Illustrations of tumors associated to the spleen (C), the stomach (D), the liver (E) or salivary 
glands (F). 
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Sections of all tumors were examined with hemalun-eosine staining (Fig. 2). 

Some tumors were almost completely composed of small cells, typical 

lymphocytes, as the two tumors of the 281 Prdx5-/- mouse (Fig.2A-B). These 

tumors appeared to be lymphomas or a type of non-lymphoid hematopoietic 

tumor. Note that the 281 Prdx5-/- mouse presented infiltrations of these cell 

types in most of its organs except heart and brain. Tumors of 601 Prdx5-/- and 

607 Prdx5+/+ mice presented larger cells, similar to hepatocytes, suggesting 

that these tumors were hepatocarcinomas (Fig.2E-F). The abdominal tumor 

of 601 Prdx5-/- mouse presented also infiltrated lymphocyte-like cells (Fig.2E).  

 

At high magnification tumor cells of 281 Prdx5-/- mouse (Fig.2A-B) presented 

round nuclei, with chromatin in small scattered heaps but also small and 

Figure 2. Hematoxylin-eosin-stained sections of different tumors in Prdx5-/- and Prdx5+/+ 
mice. The 281 Prdx5-/- tumors in the abdomen (A) and in the neck (B) present a large 
amount of small cells, typical for lymph node. The 544 Prdx5+/+ (C) and 591 Prdx5-/- (D) 
sections are tumors in the paws.  The 601 Prdx5-/- (E) and 607 Prdx5+/+ (F) sections are 
presenting tumors from liver. 
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multiple nucleoli. These cells appeared to be proliferating but with apoptosis 

as well. The tumor of 323 and 483 Prdx5-/- mice, with similar cells, also 

showed important proliferation associated with a strong apoptosis (data not 

shown). Tumor of 483 Prdx5-/- mouse was composed of medium to large cells 

with a round nucleus with one or more nucleoli (data not shown). The tumor 

of 544 Prdx5+/+ mouse (Fig.2C) showed connective tissue-like structures with 

somewhat oblong cells surrounded by fibers. Nucleolus was not visible in the 

nuclei. The tumor of 498 Prdx5-/- mouse showed lymphocyte-like cell 

infiltrations between glandular cells (data not shown). Cells appeared in 

mitosis, with the chromatin well separated, the nuclei were more or less 

round. The tumor of 591 Prdx5-/- mouse (Fig.2D) is a heterogeneous tissue, 

comprising lymphocyte-like cells of medium size, as well as other cell types. 

Lymphocytes have a more or less round nucleus with one or more nucleoli. 

The tumor of 423 Prdx5-/- mouse is particular because it exhibits very few 

cells (data not shown). A high concentration of red blood cells is observable, 

and the rest of the tissue is much disorganized, showing a connective tissue 

structure. The tumor of 345 Prdx5+/+ mouse showed very few cells that can 

resemble monocytes or granulocytes, due to the apparent shape of their 

nucleus (data not shown). Finally, the tumors of the 573 Prdx5-/- mouse 

exhibited medium-sized cells, with somewhat oblong nuclei and chromatin 

in small scattered heaps (data not shown).  
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6.3.2 Prdx5-/- mice develop different types of lymphoma and 

hepatocarcinoma 

 

To complete tumor characterization, immunohistochemical analyses of the 

tumors were performed. Antibodies used were directed to cell markers 

allowing cell and tumor characterization (Table 2). CD3 is a receptor for T 

lymphocytes while CD4 and CD8α are specific for some T-cell types. Indeed, 

CD4 is a glycoprotein found on the surface of T-helper lymphocytes and CD8α 

is found on the surface of cytotoxic T lymphocytes and Natural Killer cells. 

CD11, CD31 and CD34 are expressed by neutrophils, myeloid cells, and finally 

hematopoietic stem cells and megakaryocytes, respectively. F4/80 is also a 

marker of mouse macrophages. Myeloperoxidase (MPO) is an enzyme highly 

expressed by neutrophilic granulocytes for the production of halogenated 

acids that have antimicrobial activity. MPO immunoreactivity allows the 

Table 2. Antigens and their target cells or proteins used as markers for tumor 
immunohistochemistry analysis. The first column presents the antigens recognized by 
the antibodies. The second column gives the target cell or protein of the antibodies. The 
source of the antibodies are presenting in the third column and their dilution for the 
Immunohistochemistry in the fourth column. 
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detection of cells originating from the myeloid line, such as basophils, 

neutrophils, eosinophils, monocytes, macrophages and consequently the 

detection of leukemia or sarcomas. Ki-67 marker is detectable exclusively in 

the nuclei of the interphase cells and on the chromosomes in the cells in 

mitosis. Finally, cytokeratins 8/18 and 19 are part of the family of keratins, 

components of intermediate filaments, which are specific to particular 

tissues and organs. Cytokeratin 8/18 is present in significant amounts in 

hepatocarcinoma and adenocarcinoma type 1 although cytokeratin 19 is 

present in the adenocarcinomas. All tumors were analyzed in 

immunohistochemistry using the same antibodies in order to characterize 

and identify the type of cancer in Prdx5-/- and Prdx5+/+ mice. Table 2 

summarizes immunohistochemistry results for each marker used in this 

study and the type of tumors based on cancer classification in mice [33], [34]. 
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Two representative tumors, one with hepatocyte-like cells derived from 601 

Prdx5-/- mouse and one with lymphocyte-like cells from the 323 Prdx5-/- 

mouse are presented (Fig.3). Immunostaining control is a β-actin 

immunodetection and the negative control was achieved by omitting the 

primary antibody. The tumor of 601 Prdx5-/- mouse (Fig.3I-L) was labeled with 

antibodies against cytokeratins, assuming that cells examined using 

hemalun-eosin staining were indeed hepatocytes. The significant 

immunostaining with anti-cytokeratin 8/18 but not with anti-cytokeratin 19 

suggests that this tumor is a hepatocarcinoma. The liver of the 607 Prdx5+/+ 

mouse, and the liver and abdominal tumor of the 601 Prdx5-/- mouse showed 

the same staining, which classified the cancer as hepatocarcinoma too (Table 

Figure 3. Immunohistochemistry of Prdx5-/- lymphoma and hepatocarcinoma. 
Immunostaining was performed with antibodies directed to different markers (see table 
1) on sections of lymphoma tumor of 323 Prdx5-/- mouse and hepatocarcinoma tumor of 
601 Prdx5-/- mouse. (A) 323 Prdx5-/- CD3, (B) 323 Prdx5-/- CD4, (C) 323 Prdx5-/- CD19, (D) 
323 Prdx5-/- CD34, (E) 323 Prdx5-/- MPO, (F) 323 Prdx5-/- Ki-67, (G) 323 Prdx5-/- β-actin 
(positive control), (H) 323 Prdx5-/- negative control, (I) 601 Prdx5-/- Cyt8/18, (J) 601 Prdx5-

/- Cyt19, (K) 601 Prdx5-/- β-actin (positive control), (L) 601 Prdx5-/- negative control. 
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3). The tumor of 323 Prdx5-/- mouse (Fig.3A-H) was labeled with antibodies 

directed to hematopoietic tumor-related markers, which were selected after 

observation of small cells detected with hemalun-eosin staining. This tumor 

is representative of hematopoietic tumors and is stained for all lymphocyte 

markers (CD3, CD4, CD19) and other myeloid cell markers (CD34, MPO), as 

well as the proliferation marker Ki-67. The tumor exhibited a strong staining 

for CD3 and CD4, indicating the presence of T cells, especially T-helpers 

(Fig.3A-B).  

 

The CD19 staining was less strong and it can thus be concluded that the 

tumor is composed mainly of T lymphocytes and not of B lymphocytes 

(Fig.3C). A strong CD34 staining indicated also the presence of 

megakaryocytes or hematopoietic stem cells (Fig.3D). Immunodetection of 

Table 3. Summary of mice, tissues and markers used to characterize tumors collected 
from Prdx5-/- and Prdx5+/+ mice. The level of marker immunoreactivity is indicated. (-) non-
detectable, (+/-) weak staining (close to background), (+) positive staining in this cell type, 
(++) stronger positive staining compared to other cell types, (+++) intense staining. The 
number and the genotype of the mouse are indicated in the first column. 
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CD8α, CD11b, CD31 and F4/80 was negative for this tumor. A few cells were 

labeled for MPO, indicating that the tumor was composed mainly of 

lymphocytes and not non-lymphoid hematopoietic cells (Fig.3E). The cells 

were also strongly labeled with anti-Ki-67, indicating that they were under 

proliferation (Fig.3F). This cancer was thus classified as precursor T-

lymphoblastic lymphoma (T-LBL). The cervical tumor of the mouse 483 Prdx5-

/- was composed of similar cells as the tumor of the 323 Prdx5-/- mouse and 

this cancer was thus also classified as precursor T-LBL (Table 3). The 

abdominal tumor of the 281 Prdx5-/- mouse was composed of B lymphocytes 

(CD19 positive cells) while the cervical tumor was composed of non-

lymphoid hematopoietic cells (CD34, MPO positive cells). Also, the cells were 

actively dividing as they were Ki-67 positive. The abdominal tumor 

corresponded to a Burkitt's lymphoma, while the cervical tumor is closer to 

a myeloid sarcoma due to absence of mature lymphocyte markers. The 544 

Prdx5+/+ mouse had a tumor in the right hind paw. This neoplastic tissue did 

not appear to be a lymphoma or a non-lymphoid hematopoietic tumor. The 

loose structure of the tissue suggests a lipoma or edema, thus a benign tumor 

of the mesenchyme. The cervical tumor of the 498 Prdx5-/- mouse was 

composed of highly proliferating cells but positive for both T (CD3, CD4) and 

B (CD19) lymphocytes markers. The presence of T and B cell markers made 

characterization more complicated, assuming that the tumor is B-cell 
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lymphoma. The abdominal tumor of the 423 Prdx5-/- mouse presented the 

same features. The presence of infiltrated cells in the lungs and spleen, as 

well as MPO and CD34 labeling, in addition to the large number of 

erythrocytes could indicate that the cancer corresponded to erythroid 

leukemia. However, the presence of mature T and B lymphocytes suggested 

that it could correspond to lymphoma rather than leukemia and complicated 

the diagnosis. The 591 Prdx5-/- mouse presented a tumor in the right front 

paw, composed of highly proliferative cells with marker for helper T cells and 

myeloid cells (CD34). Due to the presence of large cells, with low cytoplasm, 

large and irregular nuclei as well as high proliferation, and the presence of 

predominantly T cells, the cancer could be classified as anaplastic large cell 

lymphoma. However, as this type of cancer is rare, its immunohistological 

phenotype is not known, and the tumor examined here appeared to include 

other cell types like B lymphocytes, no clear conclusion can be drawn on the 

characterization of this cancer. The testicular tumor of 345 Prdx5+/+ mouse 

was composed of few non-lymphocytic but myeloid and highly proliferative 

cells. A close-up of the hemalun-eosin stained cells, as well as a more 

accurate cell observation in the MPO- and Ki-67-labeled sections, showed 

that the nuclei of these cells are deformed, suggesting the presence of 

monocytes or granulocytes. This cancer appeared to be a myeloid leukemia. 

Finally, the 573 Prdx5-/- mouse presented a tumor in the paw composed of T 
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lymphocytes (CD3 positive), poorly differentiated (weak CD4 labeling) and 

strongly proliferative (Ki-67 positive). This cancer appeared to be precursor 

T-lymphoblastic lymphoma. On the other hand, the abdominal tumor cells of 

the same mouse were mostly myeloid (MPO, high CD34, CD3, weak CD19 

positive) suggesting that it could correspond to a sarcoma.  

 

6.3.3 Loss of Prdx5 promotes Akt activation by H2O2 in MEF cells 

 

Because Akt/PTEN pathway is known to be involved in carcinogenesis and 

Prdxs have been reported to modulate this pathway [18], [19], we 

investigated whether Prdx5 may also regulate Akt/PTEN pathway. Treatment 

of MEFs with H2O2 (0-50-100-200μM) for 10 min enhanced Akt 

phosphorylation of Ser473 (pAkt Ser473) and Thr308 (pAkt Thr308) at a 

higher levels in Prdx5-/- MEF cells compared to Prdx5+/+ MEF cells (Fig.4A). We 

do not observe any differences in the phosphorylation of Akt during 100 

ng/ml LPS exposure between 0 and 16 hours (Fig.4B). For the MEF cells 

exposed to 100μM tBHP, the phosphorylation level of the Thr308 residue 

took off and declined gradually over time, for both Prdx5+/+ and Prdx5-/- 

conditions (Fig.4C). Finally, exposure to 1 mM SIN-1 did not induce Akt 

phosphorylation in Prdx5+/+ nor in Prdx5-/- MEF cells (Fig.4D). It must be 
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pointed out here that only exposure of MEF cells to H2O2 induced 

significantly Akt phosphorylation under our experimental conditions.  

  

Figure 4. Western blotting analysis of Akt proteins in MEF cells. (A) Western blotting 
analysis of MEF cell proteins from Prdx5+/+ and Prdx5-/- mice exposed to 0-200μM H2O2 
for 10 minutes with antibodies anti-phospho-Akt Ser473, anti-phospho-Akt Thr308 and 
anti-Akt pan. (B) Western blotting analysis of MEF cell proteins from Prdx5+/+ and Prdx5-

/- mice exposed to 100ng/ml LPS for 0-16 hours labeled with antibodies anti-phospho-
Akt Ser473, anti-phospho-Akt Thr308 and anti-Akt pan. (C) Western blotting analysis of 
MEF cell protein from Prdx5+/+ and Prdx5-/- mice exposed to 100μM tBHP for 0-120 
minutes with antibodies anti-phospho-Akt Ser473, anti-phospho-Akt Thr308 and anti-
Akt pan. (C) Western blotting analysis of MEF cell proteins from Prdx5+/+ and Prdx5-/- 
mice exposed to 1mM SIN-1 for 0-120 minutes with antibodies anti-phospho-Akt 
Ser473, anti-phospho-Akt Thr308 and anti-Akt pan. (E-F) Quantification by 
immunoblotting of the phosphorylation of p-Akt (Ser473 and Thr308) expressed as a 
ratio of the amount of the phosphorylated form on total phosphorylated and non-
phosphorylated forms, in MEF cells exposed to 0-200μM H2O2. (G-H) Western blotting 
quantification of the phosphorylation of p-Akt (Ser473 and Thr308) expressed as a ratio 
of the amount of the phosphorylated form on total of phosphorylated and non-
phosphorylated forms, in MEF cells exposed to 100ng/ml LPS. (I-J) Western blotting 
quantification of the phosphorylation of p-Akt (Ser473 and Thr308) expressed as a ratio 
of the amount of the phosphorylated form on total phosphorylated and non-
phosphorylated forms, in MEF cells exposed to 100μM tBHP. (K-L). Western 
blottingquantification of the phosphorylation of p-Akt (Ser473 and Thr308) expressed 
as a ratio of the amount of the phosphorylated form on total phosphorylated and non-
phosphorylated forms, in MEF cells exposed to 1mM SIN-1. 
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6.3.4 Akt/PTEN and MAPK signaling pathways in Prdx5-/- tumors 

 

To examine further whether Akt/PTEN but also MAPK signaling pathways 

were affected in Prdx5-/- tumors, Western blotting analyses were carried out 

to compare tumors and hypertrophied tissues of Prdx5+/+ and Prdx5-/- mice. 

Expression and phosphorylation level analyses were first performed for Akt 

and its phosphorylated forms as well as for PTEN in tumors of Prdx5-/- mice 

by immunohistochemistry (Fig.5). Tumor cells were strongly labeled for Akt-

pan and PTEN, whereas the labeling for the phosphorylated forms of Akt 

(Ser473 and Thr308 residues) were much less intense (Fig.5).  

 

Activation of Akt/PTEN pathway in tumors of Prdx5-/- mice was also examined 

by Western blotting (Fig.6A). Western blotting analyses showed that Akt 

Figure 5. Akt and PTEN immunohistochemistry of Prdx5-/- lymphoma. Immunostaining with 
antibodies directed to Akt and PTEN in sections of the abdomen tumor of the 281 Prdx5-/- 
mouse. (A) p-Akt (Ser473), (B) p-Akt (Thr308), (C) Akt pan, (D) PTEN, (E) negative control. 
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phosphorylation  of Thr308 was higher in certain tumors, such as the tumor 

in the paw and the abdominal tumor of 573 Prdx5-/- mouse, and the liver of 

607 Prdx5+/+ mouse (hepatocarcinoma), in comparison with control tissues. 

The other tumors that were examined showed quite similar phosphorylation 

levels to those of control tissues. The Akt and PTEN levels were not quantified 

for protein samples of seminal glands because proteins of the seminal gland 

of 607 Prdx5+/+ and 615 Prdx5-/- mice were very weakly detected. 

Additionally, only the two tumors of the 573 Prdx5-/- mouse appeared to 

show a weakened concentration of PTEN, compared to the control (Fig.6A). 

On the other hand, all the samples of neoplasms examined exhibited lower 

PTEN levels than control liver.   

Phosphorylation of SAPK/JNK, p44/42 and p38 proteins were examined for 

MAPK pathway (Fig.6B-D). Phospho-SAPK/JNK was very poorly detected in all 

tissues examined, even the controls (Fig.6D). The low levels did not allow 

quantification. Phospho-p38 was less detected in all tumors compared to 

liver control (Figure 6B). On the other hand, phospho-p38 was undetectable 

in control spleen and present at low levels in tumors. Phospho-p44/42 was 

detected but at low levels in most tissues except in 573 Prdx5-/- mouse 

abdominal tumor in which p-p44/42 was even more detected than in the 

control liver (Fig.6C). 
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The two tumors of the 573 Prdx5-/- mouse showed similar expression levels 

of the proteins of interest except for the phospho-p44/42, which was more 

detected in the abdominal tumor. Overall, the levels of the phosphorylated 

form in Akt (Thr308) was higher in these two tumors, whereas PTEN 

appeared to be under-expressed (Fig.6A). Phospho-p38 was present at a 

moderate level, compared to the levels measured in the other samples, while 

the phospho-SAPK/JNK was almost non-detectable. The two tumors of the 

601 Prdx5-/- mouse exhibited the same low level for both phospho-Akt with 

the liver control, while in the abdominal tumor PTEN level was higher. The 

tumor of 607 Prdx5+/+ mouse also exhibited low level of phospho-Akt, high 

PTEN level, an average phospho-p38 level and low level of phospho-p44/42 

compared to the levels in other tumors. Finally, the tumor of 911 Prdx5-/- 

mouse showed low levels of phosphorylated forms of Akt, an average level 

of PTEN and phospho-p38, as well as a slightly low level of phospho-p44/42. 

  Figure 6. Western blotting analysis of PTEN, Akt, SAPK/JNK, p44/42 and p38 proteins 
expressed in tumors. (A) Western blotting analysis of proteins from tumors mice 573 Prdx5-/-, 
911 Prdx5-/-, 607 Prdx5+/+, 601 Prdx5-/-, 615 Prdx5-/-  was performed with anti-PTEN antibodies, 
as well as antibodies directed to Akt and its two phosphorylated forms, the phospho-Akt 
(Thr308) and phospho-Akt (Ser473). Two control tissue samples, from kidney and from liver of 
Prdx5+/+ mice were used. Two samples of treated Jurkat cells were used for positive and 
negative controls of antibodies. Actin immunodetection was used as loading control. (B) 
Western blotting analysis of proteins from tumors of mice 573 Prdx5-/-, 911 Prdx5-/-, 607 
Prdx5+/+, 601 Prdx5-/-, 615 Prdx5-/- labeled with anti-p38 antibodies and its phosphorylated 
form. The last two lanes have been loaded with proteins of C6 cells treated or not treated with 
anisomycin which serves as control for antibody specificity. Proteins from two control tissue 
samples which corresponded to healthy spleen and liver from two Prdx5+/+ mice, are also 
labeled. (C) Western blotting analysis of proteins from tumors of mice 573 Prdx5-/-, 911 Prdx5-

/-, 607 Prdx5+/+, 601 Prdx5-/-, 615 Prdx5-/-, were performed with antibodies anti-p44 / 42 and 
its phosphorylated form. The last two lanes were loaded with proteins from Jurkat cells and 
serve as control for antibody specificity.  
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 (D) Western blotting analysis of proteins of tumors from mice 573 Prdx5-/-, 911 Prdx5-/-, 607 
Prdx5+/+, 601 Prdx5-/-, 615 Prdx5-/- labeled with anti-SAPK antibodies, anti-JNK and its 
phosphorylated form. The last two lanes have been loaded with proteins from 293 cells 
exposed or not to UVs are controls of antibody specificity. (E-F) Western blot densitometry 
quantification of phosphorylation of Akt, expressed as a ratio of the amount of phosphorylated 
form on the total of cellular Akt. Ser473 phosphorylated form of is represented by purple bars 
and Thr308 phosphorylated form by orange bars. (G) Western blot quantification of PTEN, 
normalized with loading control. (H) Western blot quantification of phosphorylated p38, (I) 
p44 / 42 and (J) SAPK/JNK expressed as the ratio of the phosphorylated form on total of 
phosphorylated and non-phosphorylated form. 
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6.4 Discussion 

 

In this study, we report that in aging Prdx5-/- mice, the development of 

several malignant cancers such as lymphomas and hepatocarcinoma 

occurred significantly more frequently than in wild type animals. Indeed in 

Prdx5+/+ mice, tumor developing range was lower (16 %) compared to their 

Prdx5-/- counterpart (41 %). As Prdx5 is virtually expressed in all tissues and 

cell types in mammals, and considering that Prdx5 has been involved in 

antioxidant cytoprotective mechanisms, modulation of redox signaling and 

inflammation, it could be postulated that gene inactivation could be 

implicated in the development of different malignant cancers. Tumor 

characterization in this study revealed that most of cancers detected in 

Prdx5-/- mice were lymphomas, divided in sub-categories, such as T-cell 

lymphoma, B-cell lymphoma, Burkitt’s lymphoma and even myeloid 

leukemia. There are also cases of hepatocarcinoma in Prdx5-/- mice. On the 

other hand, in several Prdx5+/+ mice the development hepatocarcinoma and 

myeloid leukemia was also noted. However, carcinogenesis was significantly 

more frequent in the Prdx5 deficient mice and lymphomas were the main 

detected malignant cancer. These findings suggest that Prdx5 could have a 

tumor suppressor role as other Prdx mammalian members. Indeed, it has 

been reported that Prdx1 inactivation is associated with the development of 



 
 

224 
 

lymphoma in Prdx1-/- mice [18]. Other reports are more contradictory about 

Prdx involvement in lymphoma. For example, Prdx3-5 were shown to be 

induced in Hodgkin lymphomas [29] while Prdx1-2 are highly expressed in 

Burkitt’s lymphoma [35], suggesting a tumor enhancer role of Prdxs in  the 

development of such lymphoma.  

As mentioned previously, Prdx1-/- mice were shown to develop hemolytic 

anemia, lymphoma and several malignant cancers after the age of 9 months 

[18]. Due to its peroxidase activity, it was postulated that Prdx1 would 

prevent tumor generation by reducing ROS levels and oxidative DNA damage. 

But more specifically, it was shown also that Prdx1 binds to tumor suppressor 

PTEN to protect its lipid phosphatase activity from inactivation under mild 

oxidative stress [19]. In the case of Prdx1 inactivation, Akt is highly 

phosphorylated, while Prdx1 inhibits Ras-induced transformation through its 

peroxidase activity [19].  It is also proposed that activation of PI3K-Akt 

signaling pathway following loss of PTEN function induces stabilization of c-

Myc protein in pancreatic cancer cells [36]. Altogether, these data suggest 

that Prdx1-deficient mice are more susceptible to transformation through 

PTEN activity reduction and c-Myc activity enhancement. In accordance with 

these mechanisms, in the present study, some tumors of Prdx5-deficient 

mice in which lymphoma was detected, present higher Akt phosphorylation 

and low levels of PTEN. Our study shows also that in Prdx5-/- MEF cells, Akt 
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phosphorylation is higher for both residues Ser473 and Thr308, while the 

cells are exposed to H2O2. Additionally, we observed higher phosphorylation 

of Akt only for Thr38 and not for Ser473, after 30 minutes exposure to tBHP. 

Thus, we could hypothesize that tBHP is implicated in the PDK1 

phosphorylation process. These findings lead us to hypothesize that Prdx5 

could protect the tumor suppressor PTEN from oxidation and keep Akt 

phosphorylation at low levels. Prdx5 can be localized in cytoplasm. It is very 

likely that cytoplasmic form of Prdx5 interacts in with the PTEN at the 

membrane and protect it from oxidation as the Prdx1 does [19].  Moreover 

Prdx1 and Prdx5 are activated by the same Ets transcription factors [30], 

suggesting that Prdx1 and Prdx5 share common transcription regulation 

mechanisms. This hypothetic mechanism of Prdx5 should be tested further. 

Especially, the possible direct interaction between Prdx5 and PTEN, as well 

as activation of Akt/PTEN downstream targets should be investigated.  

It has been shown also that Prdx1 may play a role in the phosphorylation of 

p38 of the MAPK pathway, involving the formation of a Prdx1-phospho-p38 

complex [20]. The suppression of Prdx1, or the decrease of p38 activity, 

inhibits the formation of cellular protrusions in pancreatic cancer, and thus 

decreases the mobility and invasion of these cells, showing that Prdx1 

promotes pancreatic cancer cell invasion [20]. It was shown earlier that Prdx1 

is induced through activation of the ROS/p38 MAPK signal pathway during 
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LPS exposure and that leads to decrease microglia activation and generation 

of nitric oxide [38]. In addition, Prdx1 deficiency increased the nuclear 

translocation of NF-κB mediated-iNOS induction and subsequent NO 

secretion in LPS-stimulated microglia [38]. In another study, cisplatin 

treatment enhanced the phosphorylation of p38, MAPK, and JNK, and 

suppressed the phosphorylation of Erk1/2 in Prdx1-deficient embryonic 

fibroblasts (MEFs) [21]. Prdx1 modulates apoptosis signal negatively via JNK 

and positively via ERK, but that p38 MAPK activation may not be modulated 

by Prdx1 in cisplatin-induced apoptotic signaling. These studies suggest that 

Prdx1 plays an anti-apoptotic role by reducing cisplatin-induced damage in 

MEFs [21]. In our study, p38 levels are too low to assume any association 

between Prdx5 and p38 phosphorylation. Moreover, SAPK/JNK 

phosphorylation was not detected in tumor samples while p44 

phosphorylation was observed only in few tumor samples. These data 

suggest that there is not a direct link between Prdx5 and the MAPK signaling 

pathways either because of the very low detection or because the MAPK 

pathways are not affected in the late stages of carcinogenesis. Therefore, it 

would be important to examine Prdx5 roles at the different stages of 

tumorigenesis.  

It is known that Prdxs, as antioxidant enzymes, decrease ROS/RNS levels 

which cause oxidative damages to cells and are involved in different 
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pathologies, such as cancer. On the other hand, Prdxs may also scavenge 

H2O2, organic peroxides and peroxynitrite in cancer cells, resulting in cancer 

cell protection against cell death [17], [39]. It has been shown that Prdx5 is 

upregulated or downregulated in different cancers [22]–[29], [31], [32]. Thus, 

we can hypothesize that the absence of Prdx5 in our knockout model affects 

the Akt/PTEN signaling pathway in MEF cells, at embryonic stage, but not at 

the same level in cancer, when the tumor is already formed. In the same 

manner, MAPK signaling pathways did not appear to be affected in tumors. 

How MAPK signaling pathways are affected in Prdx5-/- MEF cells should be 

investigated further by Western blotting, since there are not data for this 

stage but only for the tumors. Therefore, the role of Prdx5 as a tumor 

enhancer or suppressor is not completely clear and further mechanistic 

studies should be performed.  

It is worth to mention that in our proteomic analysis of Prdx5-deficient mice, 

expression of several proteins related to apoptosis were significantly altered 

compared to wild type animals [40]. For example, caspase-3, a key player in 

apoptosis, was shown to be downregulated with a fold change of 21.32 in 

the Prdx5-/- phagocytes [40]. Activated caspase-3 catalyzes specific cleavage 

of many key cellular proteins and is indispensable for apoptotic chromatin 

condensation and DNA fragmentation [41]. Cells lacking caspase-3 show 

increased proliferation in vivo and hyperproliferation after mitogenic 
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stimulation in vitro [42]. In absence of Prdx5, caspase-3 expression is strongly 

downregulated.  Consequently, cells should not proceed to normal apoptosis 

and tumor development should be favored. In contrast, in Prdx2-deficient 

mice, levels of cleaved caspase-3 and other pro-apoptotic proteins are 

increased, leading to early apoptosis [43]. It appears that interactions 

between Prdxs and caspase-3 could be different. Additionally, our proteomic 

analysis revealed also a weaker downregulation of the caspase-8 expression 

with a fold change of 1.62 in the Prdx5-/- phagocytes [40]. Caspase-8 initiates 

apoptosis directly by cleaving and thereby activating executioner caspases (-

3, -6, -7) [44]. We can hypothesize that this weak downregulation of the 

caspase-8 in the Prdx5-/- phagocytes could lead to a stronger downregulation 

of the caspase-3, which would result in apoptosis inhibition and increase of 

cell survival. In the same manner, septin-7, a cytoskeletal GTPase that plays 

essential roles in cell proliferation, cytokinesis and tumorigenesis, is strongly 

downregulated in Prdx5-/- phagocytes with a fold change of  5.29 [40]. It was 

shown previously that septin-7 inhibits the growth and invasion of glioma 

and the proliferation in hepatocarcinoma, while its depletion can improve 

glioblastoma cell migration and invasion [45].  

Altogether, these data suggest more complex mechanisms between the 

pleiotropic antioxidant enzyme Prdx5 and the different signaling pathways 

related to cell survival, proliferation, apoptosis and carcinogenesis. A deeper 
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and more detailed investigation should be conducted to clarify the exact and 

the potential dual role of Prdx5 in the activation or inactivation of these 

pathways. 

 

6.5 Materials and Methods 

 

6.5.1 Prdx5 knockout mouse generation 

 

Prdx5-/- mice were obtained using a gene-trap strategy, as described 

previously [40]. 

 

6.5.2 Histological analyses of tumors 

 

For histological analyses, tissues and tumors of Prdx5+/+ and Prdx5-/- mice 

were fixed in 10% buffered neutral formalin. Then, the tissues and tumors 

were embedded in paraffin and 7μm sections were cut. The sections were 

mounted on polylysine slides (VWR, 631-0107) and stained with classical 

hemalun-eosin coloration as following. The sections were deparaffinized in 

xylol, rehydrated in decreasing ethanol solutions (100-30%), stained with 

Mayer’s hemalun (Carl Roth, Karlsruhe, Germany) for 5 min, washed again, 
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and stained with 1% eosin (Carl Roth, Karlsruhe, Germany) for 2 minutes. 

Continuously, the sections were washed in tab water, dehydrated in 

increasing ethanol solutions (30-100%), treated with xylol, and mounted with 

Eukitt Quick-hardening mounting medium (Sigma-Aldrich, 03989).  

 

6.5.3 Immunohistochemistry 

 

Immunohistochemistry using different antibodies directed to specific 

markers was performed to characterize tumors in each mouse. All the 

sections were deparaffinized in xylol, rehydrated in decreasing ethanol 

solutions (100-30%) and heated for 20 min in a microwave with 10mM Tris 

base, 1mM EDTA solution, 0.05% Tween 20 pH 9.0 and blocked with 0.6% 

H2O2 – 50mM TBS for 15 min at RT. Then, they were washed with 50mM TBS 

– 0.1% TritonX-100 (TTBS) and incubated with TTBS containing 10% non-fat 

dry milk for 1 hour at RT. The sections were incubated overnight at 4oC with 

primary antibodies. Incubation with primary antibodies was follwed by 

washing with TTBS three times for 5 min and incubated with secondary 

biotinylated antibodies for two hours at RT. Then, sections were washed 

again three times for 5 min with TBS and incubated for 1 hour with the 

ABComplex (Complex Avidin-Biotin coupled with peroxidase, Vector, PK-

6100). The peroxidase reaction was visualized by incubating sections for 2-
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10 min with diaminobenzidine (DAB, Vector, SK-4100) and then stained with 

hemalun as described previously. The sections were observed with a Polyvar 

Reichter-Jung microscope. Sections were incubated overnight with the 

primary antibodies indicated in Table 1. Sections were then incubated with 

biotinylated anti-rabbit antibody (Vector, BA-1000) 1:500, biotinylated anti-

rat antibody (Vector, BA-4001) 1:500 or anti-armenian hamster antibody 

(Santa Cruz, sc-2789) 1:500 for 2 hours. 

 

6.5.4 Primary culture of mouse embryonic fibroblasts (MEF) 

 

Embryos from Prdx5+/+ and Prdx5-/- mice were collected on 13.5 dpi, as 

described previously [46]. Prdx5+/+ and Prdx5-/- MEF cells were cultured in 6-

well plates for 24 hours in DMEM – GlutaMAX+glucose 4.5g/L (Lonza, 61965-

026) with 10% FBS (Lonza, DE14-802F) and 1% streptomycin-penicillin 

(Gibco, 15140-122). MEF cells were exposed to increasing concentrations of 

H2O2 (0, 50, 100 and 200 μM) for 10 min, to 100ng/ml LPS for 0 to 16 hours, 

to 100μM tBHP for 0 to 120 min and 1mM SIN-1 for 0 to 120 min, at 37oC. 

After exposure, cells were collected and their proteins were extracted in lysis 

buffer PBS-Triton X-100 1% containing protease inhibitor cocktail (Roche, 

1836170). Protein concentrations were estimated using Pierce BCA protein 
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assay kit (Thermo-Scientific, 23225) with bovine serum albumin (BSA) as 

standard. 

 

6.5.5 Western blotting 

 

Protein samples in loading buffer (Tris 45mM pH 6.8, Glycerol 10%, SDS 1%, 

BPP 0.25%, DTT 0.5M) were subjected to electrophoresis on 12% Mini-

Protean SF TGX gels (Bio-rad) using electrophoresis buffer (Tris 50mM, 

Glycine 150mM, SDS 0.1%) and transferred to nitrocellulose membranes 

(Amersham Protran 0,45 µM NC GE Healthcare 300mm x 4m, 10.600.002). 

For blocking, membranes were incubated for 1h at room temperature in 

blocking solution, 0.1% Tween 20 - TBS buffer (TTBS), containing 5% non-fat 

dry milk. After blocking, membranes were probed overnight with rabbit anti-

phospho-AKT (Ser473) (D9E) monoclonal antibody (Cell Signaling, 4060) 

1:2000, rabbit anti-phospho-AKT (Thr473) (D25E6) monoclonal antibody (Cell 

Signaling, 13038) 1:1000, rabbit anti-AKT (pan) (C67E7) monoclonal antibody 

(Cell Signaling, 4691) 1:1000, rabbit anti-PTEN (D4.3) monoclonal antibody 

(Cell Signaling, 9188) 1:1000, rabbit anti-phospho-p38 MAPK 

(Thr180/Tyr182) polyclonal antibody (Cell Signaling, 9211) 1:1000, rabbit 

anti-p38 MAPK polyclonal antibody (Cell Signaling, 9212) 1:1000, rabbit anti-

phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) polyclonal antibody (Cell 
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Signaling, 9101) 1:1000, rabbit anti- p44/42 MAPK (Erk1/2) polyclonal 

antibody (Cell Signaling, 9102) 1:1000, rabbit anti-phospho-SAPK/JNK 

(Thr183/Tyr185) polyclonal antibody (Cell Signaling, 9251) 1:1000, rabbit 

anti-SAPK/JNK polyclonal antibody (Cell Signaling, 9252) 1:1000, rabbit anti-

Prdx5 polyclonal antibody (Hormonology Laboratory of Marloie, G234) 

1:5000, rabbit anti-β-actin polyclonal antibody (Sigma, A2066) 1:1500, 

followed by horseradish peroxidase-conjugated anti-rabbit secondary 

antibody (DAKO, p0448) 1:2000 for 1 hour. The reaction was detected by 

chemiluminescence using ECL Western Lightning Chemiluminescence 

Reagent Plus (Perkin Elmer Life Sciences, NEL104) and exposed to film 

(Amersham Hyperfilm™ ECL, 28-9068-37). 

 

6.5.6 Statistical analysis 

 

All statistical analyses were performed with JMP 12.1 by SAS. Statistical 

comparison of differences between groups was performed using t-test and 

Fisher's exact test models on the normalized data sets. For all the analyses, a 

probability value of p < 0.05 was considered as statistically significant. Values 

were expressed as means ± confidence intervals. 
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6.7 Abbreviations 

 

Akt: Protein kinase B 

BCA: Bicinchoninic acid assay 
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BSA: Bovine serum albumine 

DMEM: Dulbecco's Modified Eagle Medium 

DTT: Dithiothréitol 

EDTA: Ethylene-diamine-tetra-acetic acid 

Erk1/2: extracellular signal–regulated kinases 1 and 2 

Ets1/2: E-twenty-six transcription factor 1 and 2 

FBS: Fetal bovine serum 

H2O2: Hydrogen peroxide 

HMGB1: high–mobility group box 1 

iNOS: Nitric oxide synthase 

JNK: c-Jun N-terminal kinases 

LPS: lipopolysaccharide 

MAPK: Mitogen-activated protein kinases 

MEF: Mouse embryonic fibroblast 

MPO: Myeloperoxidase 

Myc: Myelocytomatosis 
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NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells 

PTEN: Phosphatase and Tensin homolog 

Prdx: Peroxiredoxin 

p38: p38 mitogen-activated protein kinases 

p44/42: p44/42 mitogen-activated protein kinases 

RNS: Reactive nitrogen species 

ROS: Reactive oxygen species 

SAPK: Stress-activated protein kinases 

SDS: Sodium dodecyl sulfate 

SIN-1: 3-morpholinosydnonimine-N-ethylcarbamide 

tBHP: tert-Butyl hydroperoxide 

TBS: Tris-Buffered saline 
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7.1 Abstract 

 

Peroxiredoxins (Prdxs) are a superfamily of thiol-dependent peroxidases 

expressed in prokaryotes and eukaryotes. In mammals, among the six Prdxs, 

Prdx5 is expressed in neurons of the central nervous system. In this study, 

we used transgenic mice in which Prdx5 gene was inactivated using a gene-

trap strategy to examine the consequences of Prdx5 inactivation in the 

central nervous system. Our results show that Prdx5 deficiency in mice 

caused less motor coordination and a tendency of higher anxiety, compared 

to wild type animals of the same littermates. Moreover, histological analyses 

suggest that astrocytes and microglia are activated in young Prdx5-/- 

hippocampus area although this activation was not confirmed in aging Prdx5-

/- mice. These results suggest that Prdx5 could be implicated in motor 

functions, in behavior and in neuroinflammation in the mouse central 

nervous system although Prdx5 inactivation appeared to have weak 

consequences likely compensated by redundant activities of other Prdxs.  
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7.2 Introduction 

 

Peroxiredoxins (Prdxs) are a family of thiol-dependent peroxidases [1]–[3], 

that are able to reduce hydrogen peroxide, peroxynitrite as well as alkyl 

hydroperoxydes in cells [2], [4], [5]. These enzymes are very well conserved 

from bacteria to mammals [2], [3]. According to their catalytic mechanism 

and the number of the active cysteines in their molecules, the mammalian 

Prdxs are divided in three different subgroups [2], [6]. The first group, called 

the typical 2-Cys Prdxs, is composed of four members (Prdx1-4). The typical 

2-Cys Prdxs exhibit two active cysteines in their molecules and they form an 

intermolecular disulfide bond upon oxidation [2]. Prdx5 is the only atypical 

2-Cys Prdx in mammals. Atypical 2-Cys Prdxs which exhibit also two active 

cysteines but the disulfide bond is intramolecular, formed in the same 

molecule [2], [6]. Finally, the Prdx6 is the only 1-Cys Prdx in mammals and it 

carries only one active cysteine [2]. Prdxs are distributed in almost all 

subcellular compartments in mammalian cells [7]. Prdx subcellular 

distribution in human and mouse tissues show different profiles between the 

six members of the family [8]–[10]. More specifically, the atypical 2-Cys Prdx5 

is the last isoform tha has been characterized. In human and murine cells, 

Prdx5 can be localized in cytoplasm, nucleus, peroxisomes and mitochondria 
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[6], [11]–[19]. Prdx5 is virtually expressed in all tissues but at different levels 

depending on the cell type [6], [11], [17].  

Because Prdxs may act as cytoprotective antioxidant enzymes against 

oxidative damage in the brain, several groups have investigated their 

distribution and expression in healthy mouse brain [9], [10], [20]. Prdx1 is 

expressedt in Purkinje cells of the cerebellum, in the motoneurons of the 

spinal cord and in the outer cell layer of the olfactory and respiratory 

epithelium of the nose [9], [10]. Prdx2 is highly expressed in the meninges, in 

glial cells of the spinal cord, in neurons of the gray matter in the 

hippocampus, cerebral cortex, and thalamus [9], [10]. It was shown that 

Prdx2 is upregulated in the residual motor neurons of amyotrophic lateral 

sclerosis (ALS) patients [21]. Both Prdx1 and Prdx2 are also upregulated in 

Alzheimer’s disease (AD) brains [22]. Moreover, it was shown that enhanced 

neuronal expression and activity of Prdx2 protect against ischemic neuronal 

injury [23]. Prdx3 is detected in glial cells in hippocampus, substantia nigra, 

cerebral cortex, striatum, white matter of cerebellum and spinal cord [9], 

[10]. Prdx3 is also present in the ependymal cell layer and the choroid plexus 

as well as in the basal cell layer of olfactory epithelium. Prdx4 is expressed in 

the substantia nigra, in the meninges and in the olfactory nerve bundles of 

the nose [9], [10]. Prdx6 is detected in the ependymal cell layer of the 

cerebellum, in the corneal epithelium, indifferent layers of the retina, in the 
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non-pigmented ciliary epithelium and zonular fibers, in the olfactory and 

respiratory epithelium of the nose, in the olfactory nerve bundles and 

connective tissue of the nose [9], [10]. Prdx6 is upregulated in astrocytes of 

G93A mice (animal model of ALS) [24]. Overexpression of Prdx6 accelerates 

the development of AD through increased amyloidogenesis [25]. Prdxs and 

Trxs are strongly expressed in embryonic mouse spinal cord and present 

different patterns in contrast with those observed in the adult mouse spinal 

cord [26]. Additionally, in a knockout mouse model for the antioxidant 

enzyme glutathione peroxidase 4 (GPx4), the GPx4 deficiency in 

dopaminergic neurons present prodromal symptoms of Parkinson’s disease 

like anxiety and decreased locomotion [27].  

Even though Prdx5 is mainly expressed in neurons, the enzyme is expressed 

at low levels in dopaminergic neurons of substantia nigra pars compacta  and 

in a few neurons only [9]. This weak expression could be linked to the fact 

that these neurons are more vulnerable to oxidative stress and why they 

undergo degeneration faster in Parkinson’s disease [9]. Prdx5 is also highly 

expressed in choroid plexus, reticular thalamic nucleus, motoneurons of the 

spinal cord and at lower levels in ependymal layers [10]. It should also be 

noted that Prdx5 is weakly or not detected by immunohistochemistry in 

neuroglia (oligodendrocytes, astrocytes and microglia) of mouse healthy 

brain [9], [10], [20]. Prdx5 shows nuclear staining in the granular cells of the 
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dentate gyrus of hippocampus and in the molecular layer of the cerebellum, 

most likely in basket cells [10]. Prdx5 expression is upregulated by amyloid-

beta oligomers-induced oxidative stress and it decreases ERK–Drp1-

mediated mitochondrial fragmentation and apoptosis of HT-22 neuronal 

cells [28]. Prdx5 is highly expressed in human SH-SY5Y neuroblastoma cells 

and its silencing makes these cells more vulnerable to oxidative damages and 

apoptosis induced by MPP+, a complex I inhibitor which provides an 

experimental paradigm of Parkinson’s disease [29], [30]. Additionally, Prdx5 

is upregulated in dorsal root ganglia (DRGs) after sciatic nerve injury [31].  

Recently, , an homozygous nonsense mutation (c.361C>T, p.Gln121X) in 

Prdx5 gene was found in two children (sisters), suffering from severe motor 

and mental retardation, cerebral atrophy and epilepsy, suggesting that Prdx5 

plays an important role in human central nervous system (personal 

communication, Drs. Cyril Mignot, Eric Le Guern, Bénédicte Héron and Anne 

Lombès, La Pitié-Salpêtrière and Cochin Hospital, Paris). Whether such 

nonsense mutation in human generates a truncated protein or whether the 

transcript is degraded by the non-sense mediated decay (NMD) is examined 

in the framework of a collaboration with our group and the French group in 

Paris. Moreover, the human mutation study is in progress in our lab, using 

the CRISPR-Cas9 genome engineer system to generate Prdx5Q121X/Q121X and 

Prdx5-/- cell lines, by Marine Delsaute.  
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Regarding Prdx5 expression in the CNS and the consequences of gene 

inactivation in vitro but also in vivo in the two children, an in vivo study of the 

consequences of Prdx5 inactivation in a mouse model was conducted to 

examine the functions of the enzyme. In the present study, Prdx5-/- and 

Prdx5+/+ mice which were generated previously (see chapter 1), were used to 

perform behavioral, motor, anxiety and memory tests. Moreover, a 

complete histological analysis of the central nervous system of Prdx5-/- mice 

was performed. 

 

7.3 Results 

 

7.3.1 Neurobehavioral testing 

 

To start this study, a series of behavioral tests were conducted in young adult 

male Prdx5+/+ and Prdx5-/- mice. Firstly, in the modified SHIRPA test, a series 

of observations of the mice took place in order to examine spontaneous and 

provoked behaviors. We did not observe any special behavior in the Prdx5-/- 

mice compared to Prdx5+/+ mice (data are not shown). Continuously, for the 

physiocage test, 11 Prdx5+/+ mice and 10 Prdx5-/- mice were examined for 

their food and water consumption, for their activity in the cages and for the 
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rearing. Prdx5-/- mice appeared to act the same way as control Prdx5+/+ mice 

(Fig.1). The rotarod test was performed using 22 Prdx5+/+ and 17 Prdx5-/- mice 

for 5 days. In the first day of the test, we measured the motor coordination 

of the mice that was significantly lower in Prdx5-/- mice (Fig.2). In the same 

test, the next 4 days, we measured the learning ability, which was also lower 

in Prdx5-/- mice. In the forced swim test, 22 Prdx5+/+ and 17 Prdx5-/- mice were 

used to measure the time of swimming and rest during 360s. There was a 

tendency of Prdx5-/- mice for being more anxious but the results were not 

statistically significant (Fig.3). In the open field test, 14 Prdx5+/+ and 10 Prdx5-

/- mice were tested for the ability to discover a new environment. No 

significant difference was measured for this test (Fig.4). The memory of 14 

Prdx5+/+ and 10 Prdx5-/- mice was tested also by Y maze test and no difference 

was measured between them (Fig.5). In the elevated plus maze test, 22 

Prdx5+/+ and 18 Prdx5-/- mice were examined for the time they spent in the 

close and open arms, to assess their anxiety. The test revealed that there is 

a tendency of Prdx5-/- mice to be more anxious too. However, the difference 

was not statistically significant (Fig.6). In the grip strength test, the muscle 

strength of 14 Prdx5+/+ and 9 Prdx5-/- mice was measured but there was no 

difference between the two genotypes (Fig.7). To assess spatial learning and 

memory, the water maze test was performed using 14 Prdx5+/+ and 10 Prdx5-

/- mice. No significance difference was measured on the escape time of the 
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mice, neither in the 4 trials with the platform, nor during the probe test 

without the platform (Fig.8).  

  

Fig.1. Physiocage test of Prdx5+/+ and Prdx5-/- young male mice. There is no significant 
difference between the Prdx5-/- and Prdx5+/+ mice for the consumption of food (A) and 
water (B), the activity (C) and the rearing (D).  

 

Figure 2. Rotarod test of Prdx5+/+ and Prdx5-/- young male mice. There is 
significant less coordination in the Prdx5-/- compared to Prdx5+/+ mice.  
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Figure 4. Open field test of Prdx5+/+ and Prdx5-/- young 
male mice. There is no significant difference between the 
Prdx5-/- and Prdx5+/+ mice for the % alternance.  

Figure 3. Forced swim test of Prdx5+/+ and Prdx5-/- young 
male mice. There is no significant difference between the 
Prdx5-/- and Prdx5+/+ mice for the time of swimming (A) and 
the time of rest (B).  
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Figure 5. Y maze test of Prdx5+/+ and Prdx5-/- young male mice. 
There is no significant difference between the Prdx5-/- and 
Prdx5+/+ mice for the % alternance.  

Figure 6. Elevated plus maze test of Prdx5+/+ and Prdx5-/- young 
male mice. There is no significant difference between the Prdx5-/- 

and Prdx5+/+ mice for the time spent in both open and close arms.  

Figure 7. Grip strength test of Prdx5+/+ and Prdx5-/- young 
male mice. There is no significant difference between the 
Prdx5-/- and Prdx5+/+ mice for the grip/gr of bodyweight for 
both forelimb and fore and hind limb.  
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Figure 8. Water maze test of Prdx5+/+ and Prdx5-/- young male 
mice. There is no significant difference between the Prdx5-/- and 
Prdx5+/+ mice for the escape time (A) and the time to find the 
orientation of the probe (B).  
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7.3.2 Histological analysis 

 

Based on the results from the behavioral tests, different regions of the brain 

were chosen to be examined more in-depth by immunohistochemistry. The 

basal ganglia and the cerebellum were selected for the impairment regarding 

the motor behavior, the hippocampus and the amygdala for the anxiety and 

the vestibular nuclei for the fear of heights.  

To study the neuronal cell populations, a classical Nissl staining was 

performed on sections of cerebellum, basal ganglia, hippocampus, amygdala 

and vestibular nuclei from young and old mice. No obvious alterations were 

detected for the shape, distribution or density of neurons in Prdx5-/- mice 

compared to the Prdx5+/+ mice (Fig. 9 and 10).  

Figure 9. Histological analysis of different brain areas of Prdx5+/+ and Prdx5-/- young 
male mice (Nissl staining). (A-B) Cerebellum (Layer), (C-D) Cerebellum (Vestibular 
nuclei), (E-F) Basal ganglia, (G-H) Hippocampus, (I-J) Amygdala 
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Figure 11. Prdx5 immunostaining of different brain areas of 
Prdx5+/+ and Prdx5-/- young male mice. (A-B) Cerebellum 
(Layer), (C-D) Basal ganglia, (E-F) Hippocampus 

Figure 10. Histological analysis of different brain areas of Prdx5+/+ and Prdx5-/- old 
male mice (Nissl staining). (A-B) Cerebellum (Layer), (C-D) Cerebellum (Vestibular 
nuclei), (E-F) Basal ganglia, (G-H) Hippocampus, (I-J) Amygdala 
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Figure 12. Prdx5 immunostaining of different brain areas of Prdx5+/+ and Prdx5-/- old 
male mice. (A-B) Cerebellum (Layer), (C-D) Cerebellum (Vestibular nuclei), (E-F) Basal 
ganglia, (G-H) Hippocampus, (I-J) Amygdala 

Figure 13. GFAP immunostaining of different brain areas of 
Prdx5+/+ and Prdx5-/- young male mice. (A-B) Cerebellum 
(Layer), (C-D) Basal ganglia, (E-F) Hippocampus 
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Figure 14. GFAP immunostaining of different brain areas of Prdx5+/+ and Prdx5-/- old 
male mice. (A-B) Cerebellum (Layer), (C-D) Cerebellum (Vestibular nuclei), (E-F) Basal 
ganglia, (G-H) Hippocampus, (I-J) Amygdala 

Figure 15. IBA-1 immunostaining of different brain areas of Prdx5+/+ and Prdx5-/- 

young male mice. (A-B) Cerebellum (Layer), (C-D) Basal ganglia, (E-F) Hippocampus, 
(G-H) Western blotting analysis and quantification of microglia (IBA-1 marker) in the 
brain of young adult Prdx5+/+ and Prdx5-/- mice. 
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Figure 16. IBA-1 immunostaining of different brain areas of Prdx5+/+ and Prdx5-/- old 
male mice. (A-B) Cerebellum (Layer), (C-D) Cerebellum (Vestibular nuclei), (E-F) Basal 
ganglia, (G-H) Hippocampus, (I-J) Amygdala 

Figure 17. NeuN immunostaining of different brain areas of Prdx5+/+ 

and Prdx5-/- young male mice. (A-B) Cerebellum (Layer), (C-D) Basal 
ganglia, (E-F) Hippocampus 
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Figure 18. NeuN immunostaining of different brain areas of Prdx5+/+ and Prdx5-/- old 
male mice. (A-B) Cerebellum (Layer), (C-D) Cerebellum (Vestibular nuclei), (E-F) Basal 
ganglia, (G-H) Hippocampus, (I-J) Amygdala 

Figure 19. PARV-19 immunostaining of different brain areas of 
Prdx5+/+ and Prdx5-/- young male mice. (A-B) Cerebellum (Layer), (C-D) 
Basal ganglia, (E-F) Hippocampus 
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Next, to further characterize the different brain cell types, we carried out 

immunohistochemistry for the same brain regions of young and old Prdx5+/+ 

and Prdx5-/- mice. These experiments were performed on three mice per 

immunodetection, genotype and age.  

First, Prdx5 protein was examined in the two genotypes, to confirm that 

there is no expression of the enzyme in the brain of Prdx5-/- mice. (Fig.11 and 

12). The glial fibrillary acidic protein (GFAP) is expressed by astrocytes in the 

central nervous system and was used as a marker of activated astrocytes. 

Figure 20. PARV-19 immunostaining of different brain areas of 
Prdx5+/+ and Prdx5-/- old male mice. (A) Cerebellum (Layer), (B) 
Basal ganglia, (C) Hippocampus 



 
 

264 
 

Immunostaining of sections suggests that GFAP is decreased in Prdx5-/- young 

mice in cerebellum and increased in hippocampus (Fig.13). On the other 

hand, in Prdx5-/- old mice, GFAP immunostaining appeared to be decreased 

in hippocampus (Fig.14). However, these differences were mild. IBA-1 

immunostaining was used to detect activated microglia in brain sections. In 

hippocampus of Prdx5-/- young mice, IBA-1 immunostaining appeared to be 

slightly higher compared to the hippocampus of Prdx5+/+ young mice (Fig.15). 

This observation was confirmed by Western blotting analysis in brain 

samples of Prdx5-/- and Prdx5+/+ young mice (Fig. 15G-H). However, in Prdx5-

/- old mice the IBA-1 staining appeared to be lower in all different brain 

regions examined (Fig.16). NeuN was used to stain specifically neurons. No 

difference was observed between Prdx5+/+ and Prdx5-/- mice, as already 

shown using Nissl staining previously (Fig.17 and 18). Parvalbumin (PARV-19) 

is a calcium-binding albumin protein, present in GABAergic interneurons in 

the nervous system, predominantly expressed by chandelier and basket cells 

in the cortex. In Prdx5-/- young mice, expression of PARV-19 was low 

compared to Prdx5+/+ animals, especially in the cerebellum (Fig.19). 

However, no difference was noted in Prdx5-/- old mice (Fig.20). 
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7.4 Discussion 

 

In this study, we examined the functional and histological consequences of 

Prdx5 inactivation in the mouse central nervous system. Altogether, our 

results show that the absence of the functional Prdx5 enzyme in the central 

nervous system, did not alter dramatically mice behaviors and different 

markers of central nervous system integrity. However, Prdx5-/- mice 

presented significant less motor coordination and a tendency of higher 

anxiety as measured using rotarod and elevated plus maze tests, 

respectively. Although the elevated plus maze test revealed a tendency to 

anxiety in the Prdx5-/- mice, the other tests used to assess the anxiety, like 

the forced swim and the open field tests did not show a significant difference 

between Prdx5-/- and Prdx5+/+ mice. It is worth to mention that inactivation 

of other peroxidases in the central nervous system may affect anxiety in 

mice. Indeed, it was shown using the open field test that inactivation of GPx4 

in mouse dopaminergic neurons causes higher anxiety and disturbed motor 

function compared to their wild type littermates [27]. Also, the memory and 

spatial learning ability of Prdx5-/- mice appeared to be unaffected, as 

measured with Y maze and Water maze tests. However, in a  study on Prdx2, 

it was reported that the 6, 12 and 24 month-old Prdx2-/- mice needed more 

time to find the hidden platform in the Water maze test, suggesting an age-
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associated defect in spatial learning [32]. Our behavioral study was 

conducted with 4-5 month-old Prdx5-/- and Prdx5+/+ mice. It is possible that 

during aging, spatial learning of Prdx5-/-mice could become more affected. A 

more detailed analysis would be needed, with older mice and with more 

specific behavioral tests. It must also be noted that in other Prdx study, aged 

Prdx3 overexpressing mice showed improved cognition that was correlated 

with reduced brain amyloid beta levels and decreased amyloid beta 

production, compared to wild type mice [33]. Additionally, in Prdx6 

overexpressing mice, it was shown that Prdx6 could accelerate the 

development of AD through increased amyloidogenesis [25].  On the other 

hand, none of the Prdx knockout models, except for Prdx2, exhibited a severe 

phenotype related to defect in the central nervous system [34]–[36], [32], 

[37]–[39].  

Although it was demonstrated that several populations of neurons express 

high levels of Prdx5 [9] and that humans carrying a nonsense mutation in 

Prdx5 gene were suffering from neuronal degeneration as mentioned 

previously, no significant loss of neurons was detected in brain areas that 

have been studied in young or aging Prdx5-/- mice. We observed some mild 

differences in the presence of activated astrocytes and microglia in the Prdx5-

/- mice, more activated astrocytes and microglia in the hippocampus of young 

Prdx5-/- mice and less in old Prdx5-/- mice. Light elevation of microglia in the 
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hippocampus of young Prdx5-/- mice was confirmed by Western blot but 

these results should be confirmed by additional quantifications.  Also, the 

young Prdx5-/- mice present lower expression of PARV-19, a marker for 

interneurons. However, these differences were not dramatic and should be 

quantified. These findings were thus quite surprising and unexpected. 

Indeed,  as it was mentioned earlier, a recent study suggests that Prdx5 is 

implicated in the neuroprotection in Alzheimer’s disease [28]. This study 

reports that accumulation of amyloid-beta oligomers led to upregulation of 

cellular Prdx5 and that overexpression was crucial to prevent neuronal cell 

death [28]. Taken together, these data, and those mentioned previously, 

suggest that Prdx5 is an important neuronal cytoprotective enzyme, 

especially in human.  

In order to explain this apparent discrepancy between the function of Prdx5 

in mice and humans, we can draw several hypotheses. The first hypothesis is 

related to the fact that the mutations affecting Prdx5 gene in human 

(c.361C>T, p.Gln121X) and in our mouse model (Prdx5-/-) are different and 

thus affect differently the Prdx5 gene. The single point mutation 

(homozygous mutation) in human could lead to a presumably truncated form 

of Prdx5 protein that would be not functional, whereas in Prdx5-/- mice the 

enzyme is not expressed at all. Nevertheless, if the truncated protein is 

expressed in human tissues, it how its expression could have an impact on 
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neuronal cells is still to be elucidated, either by forming aggregates, by 

affecting signaling cascades among different possible cytotoxic mechanisms, 

by “fishing” Prdxs, or by inducing oxidative stress due to the loss of the 

peroxidase activity [40], [41]. For example, it could enhance neuronal cell 

death by stimulating apoptotic pathway or it could affect the PTEN pathway. 

As a matter of fact, it has been shown that the loss of a single copy of PTEN 

leads to mental retardation and epilepsy [42]. Moreover, those symptoms 

are similar to those depicted for children carrying the Prdx5 homozygous 

mutation (Drs. C. Mignot and E. le Guern, personal communication). Further 

investigations are clearly needed to understand action mechanism of both 

Prdx5 and its putative truncated form in the brain (PhD project of Marine 

Delsaute). We could also hypothesize that the severe phenotype can be 

observed only when the cells lacking Prdx5 expression are stressed or 

challenged. Indeed, several studies have reported an upregulation of Prdx5 

in microglia and macrophages through activation of ROS-sensitive signaling 

cascade when the cells are exposed to LPS [43], [44]. Using our model of 

Prdx5-/- mice, we have also observed an increased sensitivity of knockout 

mice under LPS challenge (Chapter 5). Additionally, it was shown that gene 

expression is dramatically affected between wild type and Prdx5 knockdown 

mice under hypoxia [45]. Finally, upregulation of Prdx5 has been shown in 

astrocytes of SOD1G93A rat model of ALS (Kuznetsova et al., submitted). 
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Therefore, we can speculate that under challenging situations related to 

redox modifications, Prdx5-/- mice devoid of Prdx5 would be thus more 

vulnerable compared to the Prdx5+/+ mice, highlighting the importance of 

Prdx5 under oxidative environments.  

Strikingly, the mild variation between Prdx5-/- and Prdx5+/+ mice is related to 

an increase of activated astrocytes and microglia in hippocampus of Prdx5-/- 

young mice. These results could be related to early neuroinflammation. 

Microglia cells are the major components of the brain immune system [46]. 

They are morphologically dynamic and exhibit various phenotypes. Under 

normal conditions, they present their ramified form whereas under oxidative 

stress they are activated and become enlarged and spherical [46], [47]. 

Besides, it is well established that microglial cell activation is associated with 

neuroinflammation and is a hallmark of neurodegenerative events [47], [48]. 

Why does astrocyte and microglia proliferation/activation take only place in 

hippocampus and cerebellum? In fact, depending on the brain region, brain 

cells are differently sensitive to inflammation [49]–[51]. Even though, 

striatum appears to be more resistant to neuroinflammation compared to 

other brain regions, it has been reported that hippocampus is a sensitive area 

[50], [51]. Furthermore, it has been shown that glial cells are not equally 

distributed within the brain [52]–[54]. Interestingly, in our study, the brain 

regions that showed an increase in microglia and astrocytes are the regions 
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known to be the most densely populated by these cell types among the five 

regions investigated [53], [54]. Therefore our data suggest the elevated 

number of glial cells appears in regions that are densely populated by those 

cell types and that are prone to neuroinflammation (at least for the 

hippocampus). It should also be noted that since we have reported an 

increase in glial cells in these regions (the elevation was more obvious), it 

might be possible that we have missed this glial elevation in the other brain 

regions, leading to a presumably widespread neuroinflammation.  

It is then tempting to speculate that glial activation could be modulated by 

Prdx5. Accordingly, Sun and collaborators [44] have shown that inactivation 

of Prdx5 in microglia induced their activation. Furthermore, it has also been 

reported that Prdx1 is a modulator of microglia activation [55]. Therefore, a 

novel role of Prdx5 as a regulator of microglial cell activation is still to be 

determined. It should be pointed out that these data should be interpreted 

cautiously because these increased concentrations of glial cells were not 

observed in old mice. Nevertheless we observed these elevations in three 

independent experiments and we may not completely exclude the possibility 

that old mice have alleviated the inflammation. 

To conclude, Prdx5-/- mice tend to be more anxious, they present significant 

less motor coordination, mild activation of astrocytes and microglia in 

hippocampus and less signal for a marker of interneurons compared to their 
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wild type littermates. Although these results should be confirmed by further 

quantifications, these findings suggest a role of Prdx5 in the central nervous 

system, implicated mostly in the behavior of the animals under new 

environments (anxiety), the motor function and probably the response to 

neuroinflammation. More experiments in behavioral tests and histology are 

necessary, using mice challenged with inflammatory compounds, such as LPS 

or virus, to understand better the role of Prdx5 in the central nervous system. 

 

7.5 Materials and Methods 

 

7.5.1 Neurobehavioral testing 

 

Young adult male Prdx5-/- and Prdx5+/+ mice (4-5 month-old) were used for a 

series of behavioral tests. The transgenic Prdx5-/- mice were obtained as 

described before (see Chapter 5). 

 

 

 



 
 

272 
 

7.5.1.1 Modified SHIRPA test 

 

The modified SHIRPA test was used as a simple first-line observational 

phenotypic test [56]. Briefly, the mice run through a battery of tests 

consisting in the observation of a variety of spontaneous (viewing jar) and 

provoked behaviors (arena) such as body position, rearing, locomotor 

activity, gait, reflexes, and anxiety. A score sheet was used to record the 

observations.  

 

7.5.1.2 Physiocages test 

 

Physiocages (Panlab-Bioseb, Vitrolles, France) were used to measure 

individual basal activity [57], [58]. Rearing and locomotor activities were 

measured during 48 h, after 24 h of habituation. 

 

7.5.1.3 Grip Strength test 

 

Combined forelimb and hindlimb muscle strength was measured by gently 

lowering a mouse on the top of a grid connected to a sensor (Panlab-Bioseb, 
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Vitrolles France), so that both front paws and hind paws could grip the grid 

[59]. Mice were then pulled back steadily down the complete length of the 

grid until the grip was released. This test consisted of three trials performed 

with 15 min intervals. Results are means of the two highest values of force 

recorded, related to body weight. 

 

7.5.1.4 Rotarod test 

 

Mice were tested for their ability to keep their balance and coordination on 

a rotating rod (Bioseb, Vitrolles, France) [59]. The time (latency) taken to fall 

off the rod rotating under continuous acceleration (e.g. from 4 to 40 rpm) 

was measured. Mice performed three trials per day during 5 days. The 

measured time for each trial was 300s. Animals staying for 300s on the 

rotating rod, were stopped and recorded as 300s in the test. Results are 

presented as the mean of the three trials. 
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7.5.1.5 Open-Field test 

 

This test was used to assess non-forced ambulation in a new environment as 

mice can move freely without any influence of the examiner [58]. Briefly, 

mice were placed twice at one-month interval in a square arena (60 x 60 cm) 

and video-tracked (Ethovision 6.1, Noldus; Wageningen, The Netherlands) 

for 20 min. The total distance covered by the animals was measured. 

 

7.5.1.6 Elevated Plus Maze test 

 

The elevated plus maze test was used to assess anxiety [58], [60]. Mice were 

placed in an elevated plus maze consisting of two opposing open arm 

(exposed place) and two opposing closed arm (safer place). Time spent in 

each arm and distance covered was recorded by a video tracking system 

(Ethovision) for 5 min. 
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7.5.1.7 Y maze test 

 

This test was used to assess working memory [59]. The Y maze was made of 

3 identical opaque arms (35 cm length x 5 cm width x 10 cm height) placed 

at 120° from each other. Mice were placed into a start arm and video-tracked 

with Ethovision 6.1 for 5 min. Total number of arm entries and arm 

alternations were recorded. Alternations (taken as an indicator of short-term 

memory) were determined as successive entries into three different arms. 

 

7.5.1.8 Forced swimming test 

 

The Forced swimming test was carried out according to the literature [61]. 

Briefly, mice were individually placed in beakers instrumented with a sensor, 

which records vibrations due to movements, and with a camera recording 

the displacements in order to quantify activity levels such as swimming 

periods (mobility) or floating periods (immobility). Raw vibrations data from 

the sensors were synchronized with the video images from a camera. 

Automated scoring was performed using the automated FST (Bioseb, 

Vitrolles, France) for 6 min. 
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7.5.1.9 Water maze test 

 

The Morris water maze test was used to assess spatial learning and memory 

[58]–[60]. Water maze was made of a round pool with a diameter of 113 cm, 

virtually divided into four quadrants (North, South, West and East) and filled 

with water (26°C). Several visual cues were placed around the pool. Mice 

were tested on five consecutive days with five consecutive trials per day. 

During the trials of the first four days, the animals were placed in the pool 

facing the sidewall and allowed to swim freely to the platform. The latter was 

placed at the center of the North-West quadrant of the pool and was visible 

on the training day and submerged 1 cm under the water surface on the 

three following days. The initial position in which the animal was left in the 

pool varied among trials. If the animal did not find the platform during a 60 s 

period, it was gently guided to it, allowed to remain on the platform for 5 s, 

and removed from the pool before being placed in the next initial starting 

position in the pool. On the 5th day, the animals were submitted to a probe 

test, which consisted in allowing the mice to swim freely for 60 s in the pool 

from which the escape platform had been removed. During all these tests, 

the mice were video-tracked with Ethovision 6.1. The escape latency time 

(i.e. the time to reach the platform), the swimming speed, the time spent in 

each quadrant and the distance from the platform location were registered. 
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7.5.2 Histological analysis 

 

7.5.2.1 Perfusion and brain extraction 

 

Young (6-7 month-old) and old (18 months-old) Prdx5+/+ and Prdx5-/- mice 

were perfused with 20ml of 4% paraformaldehyde (PFA) and their brains 

were collected. The brains were stored in 4% PFA for 48 hours in 4oC and 

then transferred in 25% sucrose-PBS for 48 hours in 4oC.  

 

7.5.2.2 Fresh-frozen sections 

 

Brains from Prdx5+/+ and Prdx5-/- mice were cut in 25μm sections in 

microtome and mounted on Superfrost+ slides. The slides are dehydrated 

with increasing ethanol solutions (30-100%), and chloroform/ethanol 100% 

(1:1) overnight to delipidate them.  
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7.5.2.3 Nissl staining 

 

The sections were rehydrated in decreasing ethanol solutions (100-30%), 

stained with 0.1% cresyl violet solution for 10 min, washed with Milli-Q H2O 

and dehydrated with increasing ethanol solutions (30-100%) and xylol and 

mounted with Eukitt Quick-hardening mounting medium (Sigma-Aldrich, 

03989). The cresyl violet stains Nissl bodies in the cytoplasm of the neurons 

in purple-blue. 

 

7.5.2.4 Immunohistochemistry 

 

Immunohistochemistry was performed to examine the expression of specific 

proteins in different brain areas. Sections of basal ganglia, hippocampus, 

cerebellum, amygdala and vestibular nuclei were washed with TBS 3 times 

and endogenous peroxidases were inactivated with 0.6% H2O2 – 50mM TBS 

for 10 min at RT. The sections were washed with TBS 3 times for 5 min and 

mounted on the Superfrost+ slides. Once the slides were dry, they were 

washed with 50mM TBS – 0.25% TritonX-100 (TTBS) 2 times for 5 min and 

incubated with TTBS containing 10% non-fat dry milk for 1 hour at RT. The 

sections were incubated overnight at 4oC with the primary antibodies, 
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followed by washing with TTBS 3 times for 5 min and incubated with the 

secondary biotinylated antibodies for 2 hours at RT. Then, the sections were 

washed again 3 times for 5 min with TBS and incubated for 1 hour with the 

ABComplex (Complex Avidin-Biotin coupled with peroxidase, Vector, PK-

6100). The peroxidase reaction was visualized by incubating for 2-10 min 

with diaminobenzidine (DAB, Vector, SK-4100). Finally, the sections were 

mounted with Eukitt Quick-hardening mounting medium (Sigma-Aldrich, 

03989). The slides were observed with a Polyvar Reichter-Jung microscope. 

Sections were incubated with primary antibodies overnight. Primary 

antibodies were: rabbit anti-Prdx5 polyclonal antibody (Hormonoly 

Laboratory-Marloie, G234) 1:2500, mouse anti-NeuN monoclonal antibody 

(Millipore, MAB377) 1:500, mouse anti-GFAP monoclonal antibody (Sigma-

Aldrich, G-3893) 1:200, rabbit anti-IBA1 monoclonal antibody (Wako, 019-

19741) 1:500, mouse anti-PARV19 monoclonal antibody (Sigma-Aldrich, 

P3088) 1:2000. Secondary biotinylated antibodies were incubated for hours 

with sections. Secondary biolylated antibodies were: biotinylated anti-rabbit 

antibody (Vector, BA-1000) 1:500, biotinylated anti-mouse antibody (Vector, 

BA-2000) 1:500. 

 

 



 
 

280 
 

7.5.2.5 Western blotting 

 

Mouse tissues were homogenized in lysis buffer (Tris 10mM, NaCl 150mM, 

EDTA 1mM, Triton X-100 1%) containing protease inhibitors cocktail (Roche, 

1836170). Protein concentrations were measured using the Pierce BCA 

protein assay kit (Thermo-Scientific, 23225) and using bovine serum albumin 

(BSA) as the standard. Protein samples in loading buffer (Tris 45mM pH 6.8, 

Glycerol 10%, SDS 1%, BPP 0.25%, DTT 0.5M) were subjected to 

electrophoresis on 12% Mini-Protean SF TGX gels (Bio-Rad) using 

electrophoresis buffer (Tris 50mM, Glycine 150mM, SDS 0.1%) and 

transferred to nitrocellulose membranes (Amersham Protran 0.45 µM NC GE 

Healthcare, 10.600.002). Membranes were first incubated for 1h at room 

temperature in blocking solution (0.1% Tween 20 - TBS buffer containing 5% 

non-fat dry milk). After washing with 0.1% Tween 20 - TBS buffer, the 

membranes were probed with rabbit anti-IBA1 monoclonal antibody (Wako, 

019-19741) 1:1000, followed by horseradish peroxidase-conjugated anti-

rabbit secondary antibody (DAKO, p0448) 1:2000. The reaction was detected 

by chemiluminescence using ECL Western Lightning Chemiluminescence 

Reagent Plus (Perkin Elmer Life Sciences, NEL104) and exposed to film 

(Amersham Hyperfilm™ ECL, 28-9068-37). The ImageJ software was used for 

Western blot quantifications. 
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8. General discussion 
 

The aim of this work was to study Prdx5 in vivo, in order to investigate its 

functions in different physiological and pathological situations. For this 

purpose, a Prdx5-/- mouse model using the gene-trap (gt) strategy was 

generated by our group in collaboration with Prof. Fadel Tissir (UCLouvain-

IoNS). At the time my study started, no Prdx5-/- mouse model was described 

in the literature. Moreover, several attempts to obtain a Prdx5-/- mouse 

model in our lab failed.  

Once the first Prdx5gt/gt mice were obtained, my research project was 

focused on the characterization of this mouse model, first by general 

observations and, secondly, by examining the impact of Prdx5 inactivation on 

the central nervous system (CNS). Indeed, the initial goal of my work was to 

study Prdx5 functions in the nervous system, based on the observations that 

Prdx5 is highly expressed in the brain and the spinal cord, but also the 

discovery by pediatric neurologists at La Pitié-Salpêtrière in Paris of a 

homozygous mutation in Prdx5 gene in two children, which were exhibiting 

mental retardation and epilepsy [291], [305], [312], [313]. In parallel, our 

interest was also focused on the role of Prdx5 in the immune system and 

inflammation based on several publications suggesting Prdx5 involvement in 

pro-inflammatory mechanisms in phagocytes [305], [314], [315]. Moreover, 

unexpectedly, during the progress of this study, several malignant cancers 

developed in Prdx5-/- mice, suggesting the implication of Prdx5 in 

carcinogenesis [302], [305], [315]. All these different aspects of my study 

were divided in the three chapters in this thesis. 
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8.1 Role of Prdx5 in inflammation 
 

In this study, we showed that Prdx5-/- mice are more sensitive to endotoxic 

shock caused by intraperitoneal injection of LPS. Additionally, a proteomic 

analysis revealed that different proteins related to the inflammatory 

response are up- and down-regulated in Prdx5-/- peritoneal phagocytes 

exposed in vitro to LPS. Among these proteins, CD82 antigen and the 

Interleukin enhancer-binding factor 3 (Ilf3) were strongly downregulated. A 

number of other proteins related to inflammation seem to be downregulated 

in the Prdx5-/- phagocytes, like the CD180 antigen, Ly9 and Irgq. Moreover, 

the release of the TNF-α from Prdx5-/- phagocytes was significantly slightly 

higher. Interestingly, it was also recently shown that Prdx5 knockdown in 

dendritic cells resulted in an increase in inflammatory cytokine and 

chemokine production [297]. Our main hypothesis for the role of Prdx5 in 

inflammatory response is based on Prdx5 cytoprotective activity in the cells. 

It is well known that during inflammation triggered by LPS, the LPS-TLR4 

signaling pathway is activated, leading to the production high levels of 

ROS/RNS and activation of NF-κB [316], [317]. Although macrophages, 

microglia and neutrophils express high levels of antioxidant enzymes, 

constitutive expression of these enzymes would not be able to handle the 

burst of ROS/RNS that are produced during inflammation [318]. Given also 

the fact that Prdx5 is upregulated in microglia and macrophages during LPS 

exposure [184], [296], we could hypothesize that inactivation of Prdx5 gene 

in our mouse model leads to a greater sensitivity regarding the inflammation 

process. This sensitivity in LPS has been shown in other knockout models for 

antioxidant enzymes or for transcription factors which modulate antioxidant 

enzyme expression. Mice lacking Srx1, Prdx2, Prdx3 or Nrf2 are also more 

sensitive to LPS-induced endotoxic shock [221], [228], [319], [320]. All of 
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them cope with oxidative stress within the cell. Therefore, the control of 

cellular levels of ROS/RNS is crucial to prevent lethality by sepsis and Prdx5 

would be an essential scavenger enzyme which affords protection against 

acute oxidative stress [161], [314].  

The second hypothesis relies on the fact that Prdx5 could modulate LPS-TLR4 

signaling pathway. It was shown that Prdx5 is involved in the regulation of 

LPS/TLR4-induced Il-6 production in mouse macrophages, by modulating the 

jak-stat5 signaling pathway [298]. According to this study, Prdx5 could 

prevent the phosphorylation of Jak2 by interacting with it through its Cp and 

hence inhibits partially Il-6 production. In support of this hypothesis, another 

study has shown that when Prdx5 is upregulated, it inhibits the MAPKs p38 

and JNK that are activated by LPS-TLR4 signaling pathway in macrophages 

[184]. It is tempting to propose that this inhibition is abolished in Prdx5-/- 

mice, leading to the activation of MAPK cascade and triggers an 

enhancement of inflammatory processes.  

We cannot eliminate the possibility that the extracellular form of Prdx5, can 

act as a DAMP and activates the TLR4 signaling pathway [186], [190]. Indeed, 

Prdx5, among other Prdxs, has been shown to promote pro-inflammatory 

cytokines production and release by interacting with TLR4 [186], [188]. The 

binding and the interaction of the extracellular Prdx5 with TLR4 was recently 

confirmed by our group in a collaborative project using atomic force 

microscopy (AFM) [190]. Although these studies suggest that inflammation 

enhancement by extracellular Prdxs is likely to induce chronic inflammation, 

the physiological role of the secreted/extracellular Prdx5 is still unknown and 

remains to be clarified. It could be possible that after Prdx5 is binding to TLR4, 

other pathways are activated and play a role in the induction of the 

cytokines. Another possibility is that Prdx5 would be in competition with LPS 
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for the binding to  TLR4 in Prdx5+/+ macrophages, which could explain the 

higher sensitivity of the Prdx5-/- mice to LPS, when Prdx5 is absent. 

  

Figure 11. Prdx5 involvement in inflammation in phagocytes. Prdx5 
expression is upregulated during  inflammation caused by LPS [184], [296]. 
When LPS/TLR4 pathway is activated, MAPKs can lead to upregulation of 
Prdx5 expression in cells. Activation of the JNK-dependent NO pathway leads 
to higher production of ROS/RNS, resulting in upregulation of Prdx5 
expression [296]. Prdx5 scavenges the ROS/RNS as a cytoprotective enzyme. 
Prdx5 inhibits the production of Il-6, by preventing the phosphorylation of 
jak2, and the MAPKs activated by LPS/TLR4 [184], [298]. Prdx5 can also act as 
a DAMP, binding to TLR2/4 receptors and increasing the expression and 
release of Il-6, TNF-α and Il-23 [186], [188], [190]. In the present study, results 
suggest that Prdx5 would enhances CD82 and Ilf3 expression and would 
decrease TNF-α release, by still unkown mechanisms. 
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8.2 Role of Prdx5 in cancer 
 

The role of Prdx5 as a tumor suppressor was investigated, since several aging 

Prdx5-/- mice, representing 41% of the total aging Prdx5-/- mice, developed 

malignant cancers such as lymphomas and hepatocarcinomas. The 

characterization of the tumors was assessed with the use of specific cell 

markers of these types of cancer. It is worth to mention that in Prdx5+/+ mice, 

malignant cancers were also detected but the range of cancers was 

significantly lower (16% of the total Prdx5+/+ mice) and there were different 

types of cancers (hepatocarcinoma and leukemia, but not lymphoma). 

Accordingly, in the literature, several papers report the involvement of 

different Prdxs in lymphomas by suppressing [200] or enhancing [214], [321], 

[322] their development.  

In this study, we attempted to clarify Prdx5 involvement in the signaling 

pathways leading to carcinogenesis. One of the most common signaling 

pathway involved in carcinogenesis is the PI3K/Akt/PTEN pathway, which is 

known for its role in cell cycle regulation and therefore for its implication in 

cellular quiescence, proliferation, cancer, and longevity [323], [324]. 

Lymphoma tumors examined in Prdx5-/- mice showed higher Akt 

phosphorylation and low level of PTEN. Additionally, MEF cells of Prdx5-/- 

mice presented higher Akt phosphorylation upon exposure to H2O2. In our 

hypothesis, Prdx5 would protect PTEN from oxidation during oxidative stress 

conditions, keeping low the levels of phosphorylated Akt. In the absence of 

Prdx5, PTEN would be overoxidized and subsequently degraded and thus 

inactivated, leading to higher phosphorylated Akt levels and overactivation 

of the PI3K/Akt/PTEN pathway, which would lead to cell proliferation and 

carcinogenesis. This hypothesis is supported by data of the literature 

showing that when Prdx1 is silenced, PTEN is also inactivated and Akt 
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phosphorylation is increased upon oxidative stress [201]. Moreover, it must 

be emphasized thatPrdx1 and Prdx5 genes share common transcription 

regulation mechanisms [196].  

The MAPK signaling pathway, which is also linked to carcinogenesis, did not 

appear to be affected in the tumors analyzed in our mouse model. The 

phosphorylation of JNK, p38 and p44/42 were kept low or were even absent 

in Prdx5-/- tumors. However, on the contrary, Prdx1 inactivation decreases 

the mobility and invasion of pancreatic cancer cells, by forming Prdx1-

phospho-p38 complex [203]. On the other hand, in Prdx1-/- MEF cells the 

phosphorylation of p38, MAPK, and JNK was reported to be enhanced while 

the phosphorylation of Erk1/2 is suppressed, suggesting an anti-apoptotic 

role of Prdx1 [325].  

Prdxs decrease ROS/RNS cellular levels that are thought to contribute to the 

development of different diseases, such as cancer but Prdxs are also able to 

scavenge peroxides in cancer cells, potentially protecting cancer cells from 

lethal oxidative damages  [304], [326]. Prdx5 is upregulated or 

downregulated in different cancers [231], [279], [306], [307], [309]–[311], 

[321], [327]. Accordingly, the absence of Prdx5 the PI3K/Akt/PTEN signaling 

pathway is more activated in MEF cells upon hydrogen peroxide exposure, at 

the embryonic stage, while the pathway is less affected in tumor cells for 

which carcinogenesis has already occurred. Thus, it is crucial to examine the 

role of Prdx5 at different stages of carcinogenesis. 

Our results suggest that there is a complex mechanism between Prdx5 and 

the signaling pathways related to cell survival, proliferation, apoptosis and 

tumorigenesis. A deeper and more detailed investigation should be 

conducted to clarify the exact and the potential dual role of Prdx5 in 
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particular and Prdxs in general, in the activation or inactivation of these 

pathways during carcinogenesis. 

 

 

8.3 Role of Prdx5 in the central nervous system 
 

In this part of this thesis, which is presented in the last experimental chapter, 

our goal was to examine the consequences of Prdx5 inactivation in the CNS.  

Behavioral tests showed that Prdx5-/- mice presented significantly less motor 

coordination and a tendency of higher anxiety while their memory and 

Figure 12. Hypothetical Prdx5 involvement in carcinogenesis. Prdx5 expression is 
upregulated upon high levels of ROS/RNS or is expressed constitutively at high level, 
and can act as an antioxidant enzyme to allow cells to cope with ROS/RNS. Prdx5 
may protect PTEN from oxidation, thus keeping PTEN active to inhibit the 
phosphorylation of PIP2 to PIP3. PIP3 recruits Akt, a major protein for activation of 
pathways related to cell survival, apoptosis inhibition and cell proliferation [323], 
[324]. 
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spatial learning ability did not appear to be affected. Accordingly, studies 

performed on other antioxidant enzyme knockout models, such as the GPx4-

/- animals, revealed also that mice presented higher anxiety and disturbed 

motor function [111]. On the contrary, Prdx2-/- mice showed age-associated 

defect in spatial learning [217]. Overall, none of the Prdx knockout mouse 

models, except Prdx2-/- mice, exhibits a severe phenotype linked to CNS 

defects [179], [200], [212], [217], [228], [238], [261]. Accordingly, no 

significant loss of neurons was observed in Prdx5-/- mice (young and old). 

However some results suggest that microglia and astrocytes are activated in 

the hippocampus of young Prdx5-/- mice. More consequences of Prdx5 

inactivation was expected in the central nervous system, based its high 

expression [291] and the severe defects associated to homozygous Prdx5 

mutation in human as mentioned before.  

It could be hypothesized that the different phenotype observed for mice and 

humans is linked to different mutations in the two species as discussed in 

chapter 7. In human, the non-sense mutation potentially allow the 

translation of a truncated Prdx5 protein, while in our Prdx5-/- mouse model 

the protein is not expressed at all. If the truncated protein is expressed in 

human, it could affect neurons either by forming aggregates, by affecting 

signaling cascades among different possible cytotoxic mechanisms, by 

“fishing” peroxiredoxins, or by inducing oxidative stress due to the loss of the 

peroxidase activity [328], [329]. These hypotheses should be tested with 

further experiments. On the other hand, a severe phenotype could be 

observed only when the organism is stressed or challenged. This assumption 

is based on the fact that Prdx5 is upregulated in microglia and macrophages 

during LPS exposure [184], [296]. or under hypoxia [283]. In our CNS analysis, 

Prdx5-/- mice were not challenged by LPS or hypoxia. Our results suggest that 
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Prdx5 silencing could activate microglial and astroglial cells in the 

hippocampus and this could be related to neuroinflammation.  

As a conclusion, in our Prdx5-/- mouse model, the CNS is not dramatically 

affected. Our results suggest that some motor functions could be altered as 

well as the behavior of the animals under new environments (anxiety). 

Moreover, whether inactivation of Prdx5 in the CNS affects 

neuroinflammatory responses is still to be confirmed using challenging 

conditions. 
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9. Conclusion and Perspectives 
 

The antioxidant enzyme Prdx5 seems to present multiple roles in different 

cell procedures. The implication of Prdx5 in inflammation has been 

demonstrated earlier. In this study, we showed that Prdx5-/- mice are more 

prone to inflammation induced by LPS, as well as many proteins related to 

inflammation are up- and down-regulated in Prdx5-/- phagocytes exposed to 

LPS. It would be interesting to measure cell apoptosis and possible necrosis 

in the Prdx5-/- mice compared to the Prdx5+/+.  Additionally, the release of 

inflammatory cytokines should be examined, to determine whether Prdx5-/- 

mice respond differently. The possible Prdx5 role as a DAMP could be tested 

also in peritoneal Prdx5-/- cells, in order to define whether Prdx5 is in 

competition with LPS for the TLR4 binding on phagocytes. 

The absence of Prdx5 didn’t affect the number of neurons in the brain and 

the behavior of the Prdx5-/- mice, but it seems to enhance the proliferation 

of glial cells in hippocampus, a fact that could relate the Prdx5 with the 

neuroinflammation. Further investigation for the role of Prdx5 in 

inflammation and also neuroinflammation is necessary, in order to 

comprehend fully the mechanism through Prdx5 protects the cells. Prdx5-/- 

and Prdx5+/+ mice could be challenged with paraquat, an organic compound 

that produces superoxide anions and that is used experimentally to induce 

Parkinson’s disease symptoms in rodents [330]. New behavioral tests and 

immunohistological analyses could be performed in these animals. Specific 

behavioral tests linked to neuroinflammation should be performed also in 

young but also aged animals. Another possibility is to cross Prdx5-/- mice with 

other mice models for neurodegenerative diseases, like for Parkinson’s 

disease, Alzheimer’s disease and Amyotrophic lateral sclerosis. 
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Moreover, in this study we showed an implication of Prdx5 in tumorigenesis. 

An elevated percentage of Prdx5-/- mice present lymphoma and 

hepatocarcinoma, while Prdx5-/- MEF cells are showing higher Akt 

phosphorylation, a key-protein for the activation of cell survival, proliferation 

and apoptosis inhibition signaling pathways. On the other hand, in tumor 

samples the Akt phosphorylation is not elevated strongly, proposing that 

Prdx5 could have a different role in the activation of the Akt/PTEN signaling 

pathway during the different stages of development. More mechanistical 

studies are mandatory to explore the way that Prdx5 is involved in the 

activation of the pathways leading to tumorigenesis. The tumor samples 

should be tested for DNA mutations, in order to identify mutated genes 

related to the tumorigenesis in the mice. Prdx5-/- mice could be also crossed 

with other mouse models more prone to develop cancers, like Prdx1-/- mice 

that present hemolytic anaemia and malignant tumors. Double mutants for 

Prdx1 and Prdx5 should be examined for their sensitivity to develop cancers. 

Double mutants Prdx5-/- /PTEN-/- could be also obtained to study more 

precisely the role of Prdx5 in the Akt/PTEN signaling pathway. 
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