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A B S T R A C T   

Pseudomonas aeruginosa is an opportunistic bacterium in patients with cystic fibrosis and hospital acquired in
fections. It presents a plethora of virulence factors and antioxidant enzymes that help to subvert the immune 
system. In this study, we identified the 2-Cys peroxiredoxin, alkyl-hydroperoxide reductase C1 (AhpC1), as a 
relevant scavenger of oxidants generated during inflammatory oxidative burst and a mechanism of P. aeruginosa 
(PA14) escaping from killing. Deletion of AhpC1 led to a higher sensitivity to hypochlorous acid (HOCl, IC50 3.2 
± 0.3 versus 19.1 ± 0.2 μM), hydrogen peroxide (IC50 91.2 ± 0.3 versus 496.5 ± 6.4 μM) and the organic peroxide 
urate hydroperoxide. ΔahpC1 strain was more sensitive to the killing by isolated neutrophils and less virulent in a 
mice model of infection. All mice intranasally instilled with ΔahpC1 survived as long as they were monitored (15 
days), whereas 100% wild-type and ΔahpC1 complemented with ahpC1 gene (ΔahpC1 attB:ahpC1) died within 3 
days. A significantly lower number of colonies was detected in the lung and spleen of ΔahpC1-infected mice. 
Total leucocytes, neutrophils, myeloperoxidase activity, pro-inflammatory cytokines, nitrite production and lipid 
peroxidation were much lower in lungs or bronchoalveolar liquid of mice infected with ΔahpC1. Purified AhpC 
neutralized the inflammatory organic peroxide, urate hydroperoxide, at a rate constant of 2.3 ± 0.1 × 106 

M− 1s− 1, and only the ΔahpC1 strain was sensitive to this oxidant. Incubation of neutrophils with uric acid, the 
urate hydroperoxide precursor, impaired neutrophil killing of wild-type but improved the killing of ΔahpC1. 
Hyperuricemic mice presented higher levels of serum cytokines and succumbed much faster to PA14 infection 
when compared to normouricemic mice. In summary, ΔahpC1 PA14 presented a lower virulence, which was 
attributed to a poorer ability to neutralize the oxidants generated by inflammatory oxidative burst, leading to a 
more efficient killing by the host. The enzyme is particularly relevant in detoxifying the newly reported in
flammatory organic peroxide, urate hydroperoxide.   

1. Introduction 

The microbial ability to subvert host defense and to develop anti
biotic resistance are the main causes of persistent infection and 

septicemia. Inhibition of phagocytosis, evasion from phagosome, pro
duction of resisting antimicrobial peptides, degradation of neutrophil 
extracellular traps (NETs) and detoxification of the oxidants produced 
during inflammatory oxidative burst are well recognized mechanisms 
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for subverting neutrophil killing [1] [–] [6]. Therefore, bacteria survival 
will be proportional to the ability of combining the above mechanisms. 

These subversion mechanisms are intimately associated with viru
lence and, in the case of Pseudomonas aeruginosa, it is less relevant in 
healthy individuals though a major cause of acute, hospital-acquired 
infections, microbial keratitis, as well as chronic lung infections in 
cystic fibrosis patients [7] [–] [9]. Indeed, P. aeruginosa is responsible for 
~10% of all hospital-acquired infections worldwide leading to a high 
mortality rate [10,11]. The bacteria present a plethora of virulence 
factors including the secretion of cytotoxic and adherence molecules. 
The effector proteins ExoU, ExoS and ExoT, which are ejected through 
type III secretion system (T3SS) into the host cell cytosol after phago
cytosis, suppress neutrophil response [5,12–14]. ExoS and ExoT sup
press immune response mainly through ADP-ribosylation of host 
proteins. For instance, ExoS ADP-ribosylates Ras, disrupting PI3K 
signaling, decreasing superoxide production by NADPH oxidase [5,14]. 

In addition to inhibit superoxide production by the host, 
P. aeruginosa possesses an extraordinary number of antioxidant en
zymes. The PA14 strain contains two superoxide dismutase (SodM and 
SodB); five heme-peroxidases (chloroperoxidase, cytochrome c peroxi
dase and the catalases, KatA, KatB and KatE); eleven thiol peroxidases 
(thiol peroxidase - Tpx, cytoplasmic glutathione peroxidase - GPx, 
periplasmic GPx2 and GPx3, osmotically inducible protein C – OsmC, 
organic hydroperoxide resistance protein – Ohr, bacterioferritin comi
gratory protein – Bcp, 1-Cys-peroxiredoxin LsfA and the 2-Cys-peroxire
doxins alkyl hydroperoxide reductases AhpA, AhpB and AhpC) (https:// 
www.pseudomonas.com). Despite the vast repertoire presented to 
counteract oxidants, few studies have focused on the function of these 
enzymes in P. aeruginosa virulence and pathogenicity. 

Deletion of KatA decreased PA14 virulence in a model of acute 
infection in Drosophila [15] and peritonitis in mice [16]. Among the thiol 
peroxidases, only LsfA and Ohr PA14 mutants have been challenged for 
virulence using models of infection. Knockout of LsfA protein or 
replacement of the catalytic cysteine by alanine decreased virulence in 
an acute model of pneumonia in mice [17], whereas knocking out Ohr 
brought about as much virulence as the wild-type PA14 in C. elegans 
[18]. In vitro studies have already demonstrated the role of AhpC, AhpB, 
Tpx, LsfA and Ohr in the neutralization of hydroperoxides and perox
ynitrite [19–23] and a bunch of studies have investigated the role of 
thiol-peroxidases in the virulence of different microorganisms [19, 
24–27]. 

Considering the unique antioxidant protection system of 
P. aeruginosa, one could assume that inhibition of a single antioxidant 
protein would not affect bacterial survival or virulence. However, each 
one of these proteins may have a particular effect against different ox
idants and the understanding of this effect would open up a new 
perspective for antibiotic therapy in such resistant bacterium. In this 
study, we first evaluated the sensitivity of thiol-peroxidases PA14 mu
tants to hypochlorous acid (HOCl). We observed a significant sensitivity 
of the AhpC1 mutant strain (ΔahpC1) and selected it for further viru
lence studies. ΔahpC1 mutant was more susceptible to the killing by 
isolated peripheral blood neutrophils. Wild-type PA14 killed 100% mice 
infected up to 3 days but no death occurred in ΔahpC1 PA14 infected 
mice up to 15 days. A much lower number of bacteria (CFU) was found 
in lung and spleen 24 h after mice infection with ΔahpC1 compared to 
those infected with wild-type PA14. Likewise, a much lower number of 
total leukocytes and neutrophils was found in bronchoalveolar lavage 
(BAL) and lung tissue of ΔahpC1 infected mice, with lower IL-1β and 
TNF-α release. Overall oxidative stress was also lower in ΔahpC1 than 
wild-type infected mice. 

We had previously demonstrated that incubation of neutrophils with 
uric acid decreased their microbicide activity against PA14 [28]. Uric 
acid is the end product of purine metabolism in humans, accumulates in 
plasma at 50–400 μM range, reaching millimolar concentration in hy
peruricemia [29]. Uric acid is also abundant in other extracellular fluids 
and acts as a substrate for the neutrophil enzyme myeloperoxidase to 

produce the oxidants urate free radical and urate hydroperoxide. As a 
consequence, oxidation of uric acid favors a pro-oxidant environment 
and might have a causal role in vascular diseases [30] [–] [32]. In 
infection, the oxidation of uric acid by myeloperoxidase and prevention 
of HOCl formation is a putative cause of the lower ability of neutrophils 
to kill P. aeruginosa [28]. In fact, uric acid oxidation was correlated with 
a worse prognosis in cystic fibrosis by P. aeruginosa [33]. Because urate 
hydroperoxide is a weaker oxidant than HOCl, the antioxidant arsenal of 
P. may easily neutralize this organic peroxide, explaining why the pro
duction of urate hydroperoxide to detriment of HOCl favors bacterial 
survival. In the present study, we further investigated this effect and 
found that PA14 lacking AhpC1, but not the wild-type, was significantly 
sensitive to urate hydroperoxide. ΔahpC1 was also more sensitive to 
neutrophil killing in presence of uric acid. Hyperuricemic mice were 
much more sensitive to pulmonary infection by either wild-type or 
ΔahpC1 strains. These findings open up a new insight on the effect of uric 
acid in infection conditions since clinical studies have demonstrated a 
positive correlation between uric acid levels, uric acid oxidation and a 
worse prognosis in cystic fibrosis and sepsis [33] [–] [37]. The lower 
virulence of ΔahpC1 strain raises a perspective for adjuvant antibiotic 
therapy. 

2. Materials and methods 

Sodium chloride, calcium chloride, magnesium chloride, sodium 
phosphate monobasic, sodium phosphate dibasic, monopotassium 
phosphate, ammonium sulfate, dethylenetriaminepentaacetic acid 
(DTPA), uric acid, ammonium acetate, acetonitrile, riboflavin, Chelex- 
100, Luria-Bertani medium (LB), Müeller Hinton agar (MH), ampi
cillin, Triton X-100, 3,3′,5,5′-tetramethylbenzidine (TMB), H2O2, 4-ami
nobenzoic acid hydrazide (ABAH), apocynin, fetal bovine serum 
albumin, 4,4′-dithiodipyridine, butylated hydroxytoluene (BHT), so
dium carboxymethylcellulose medium viscosity, cetyl
trimethylammonium bromide (CTAB), dimethyl sulfoxide (DMSO), 
protease inhibitor cocktail (S8820), EDTA-free protease inhibitor cock
tail (11873580001), tryptone, yeast extract, glycerol, anhydrous 
glucose, tetracycline nalidixic acid, Histopaque-1077 and Histopaque- 
1119 were purchased from Sigma-Aldrich. Hypochlorous acid was ob
tained from commercial sodium hypochlorite. Stock solutions of hypo
chlorous acid were prepared immediately before use, and the 
concentrations were determined spectrophotometrically in NaOH (0.01 
M) (λ290nm = 3.5 × 102 M− 1 cm− 1) [86]. The solutions of H2O2 were 
prepared before use, and the concentrations were determined spectro
photometrically by reaction with horseradish peroxidase to produce 
compound I (λ403 = 5.4 × 104 M− 1 cm− 1) [38]. Minimal medium was 
made of monobasic sodium phosphate (31 mM), dibasic sodium phos
phate (39 mM), ammonium sulfate (18 mM), calcium chloride (100 μM), 
magnesium chloride (2 mM), DTPA (100 μM), anhydrous glucose (2%), 
pH 7.4. PBS-glucose contained dibasic sodium phosphate (10 mM), 
monopotassium phosphate (1.8 mM), sodium chloride (137 mM), po
tassium chloride (2.7 mM), anhydrous glucose (1%), pH 7.4. All solu
tions were prepared in ultrapure water. All buffers were treated with 
Chelex-100 to remove trace amounts of metal ion contaminants prior 
to use. 

2.1. Synthesis and quantification of urate hydroperoxide 

The urate hydroperoxide was synthesized as previously described 
[39,40]. Briefly, 20 mM uric acid (dissolved in 40 mM NaOH), riboflavin 
(500 μM), phosphate buffer (20 mM, pH 6.0) were incubated in a 6-well 
plate (3.4 cm well diameter) and irradiated at 365 nm for 10 min at 20◦C 
under continuous agitation (UVA light source was equipped with six 
UVA lamps, 15 mW and 2.2 mW/cm2, GE Novatecnica, 
Campinas-Brazil). The reaction mixture was 4-fold diluted in acetoni
trile and the products were separated in a Shimadzu HPLC system 
(Tokyo, Japan) with two pumps LC-6AD, manual injector CTO-10A, UV 
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detector UV SPD-20A, system controller CBM-20A connected with a 
computer with LC solution software. The stationary phase was a pre
parative TSK-Gel Amide column (10 μm; 21.5 mm × 30 cm, TOSOH 
Bioscience, Tokyo, Japan). The mobile phase consisted of 40% 10 mM 
ammonium acetate (pH 6.8) and 60% acetonitrile, with a constant flux 
of 4 mL/min in an isocratic mode for 30 min. Excess of acetonitrile from 
urate hydroperoxide sample was evaporated with inert gas. To guar
antee the maximal removal of the organic solvent, a system equipped 
with a kitasato flask connected to a vacuum bomb was used. The 
remaining acetonitrile was quantified by gas chromatography and 
showed a maximum of 0.07%. Vehicle samples were performed in the 
presence of mobile phase submitted to acetonitrile evaporation or 
ammonium acetate. All solutions were stirred with Chelex® 100 Resin 
(Sigma-Aldrich) for at least 1 h to remove any trace metals. The con
centration of urate hydroperoxide was measured by its absorbance at 
308 nm (Ɛ308nm = 6540 M− 1 cm− 1) and compared with the concentra
tion determined by Ferrous Oxidation Xylenol Orange (FOX) as previ
ously described [40]. 

2.2. Bacterial strain and culture 

P. aeruginosa UCBPP-PA14 (PA14) wild-type (WT) [41] and ΔlsfA 
[17] and MAR2xT7 mutants, ΔahpC1, ΔahpC2, Δohr, Δgpx and ΔohrR 
[42] were kindly provided by Prof Dr Regina Baldini, Institute of 
Chemistry, University of São Paulo, São Paulo, Brazil. Otherwise stated, 
all strains were grown in Luria-Bertani medium (LB) under shaking at 
350 rpm and 37 ◦C. After ~18 h, cells were diluted in fresh LB to OD625 

nm = 0.1 and incubated until reaching the OD625 nm=1.2 (1 × 106 

CFU/mL) for late exponential growth phase. Bacterial suspension was 
then centrifuged at 1700g for 10 min and suspended in an equal volume 
of either minimal medium or PBS-glucose according to the experiment. 

For a single copy ahpC1 complementation, the fragment of 1172 pb 
corresponding to ahpC1 with its native promoter was PCR amplified 
from genomic DNA of PA14 strain using primers ahpC1_
compl_F_–ATGCGGATCCTACCTGTCGCTGGCCTACAC and ahpC1_
compl_R_ ATGCAAGCTTGAAATTCGGGCAAACGTATC, cloned into 
BamHI/HindII restrictions sites of integrative mini-CTX2 vector and 
sequenced, originating mini-CTX2-pahpC construct. Integration at the 
attB site of P. aeruginosa PA14 ahpC:MAR2xT7 strain was done by 
conjugation with E.coli S17.1 λpir donor strain harboring mini-CTX2- 
pahpC construct. P. aeruginosa PA14 ahpC:MAR2xT7 transconjugants 
were selected by plating the bacterial conjugation in LB supplemented 
with tetracycline (100 μg/mL) and nalidixic acid (20 μg/mL). The 
integration was confirmed by PCR (ahpC_conf_L – 
CATCCTGGTGCTGGTCCT and ahpC_conf_R – AAATTCGGGCAAACG
TATC), originating strain PA14 ahpC:MAR2xT7 attB:ctx2-pahpC [43]. 

2.3. Bactericidal activity of oxidants 

PA14 strains (1 × 106 CFU/mL) were incubated with HOCl (5–50 
μM), H2O2 (0.01–4 mM) or urate hydroperoxide (5–100 μM) in minimal 
medium at 37◦C. After 30 min, bacterial suspension was 200-fold diluted 
in LB, and 10 μL were plated onto Muller Hinton (MH) agar plates. Plates 
were maintained at 30◦C for 18–20 h and bactericidal activity was 
estimated by counting CFU [28]. The IC50 values were calculated using 
GraphPad Prism. The dose-response curve using the logarithmic con
centrations of the oxidants was fitted to a sigmoid. 

2.4. Purification of human neutrophils 

Human neutrophils were isolated from fresh peripheral blood of 
healthy donors (25 ± 5 years old) by gradient centrifugation [44] with 
minor modifications. Blood was harvested in a sterile sodium heparin 
vacutainer, and homogenized by slow inversion. Next, 3 mL of Histo
paque 1119 was placed in a 15 mL conical tube, carefully overlaid with 
2 mL of Histopaque 1077, and 4 mL of blood. After 30 min centrifugation 

at 700g, room temperature, neutrophil layer was obtained from the 
interface between both gradients. Erythrocytes were discarded by hy
potonic hemolysis in ice-cold ultrapure water with 10 min centrifuga
tion at 300g. The resulting pellet was suspended in 2 mL PBS-glucose, 
cells were counted in a Neubauer chamber (Sigma-Aldrich, MA, EUA) 
using trypan blue (0.2%) exclusion method [45]. The protocol was 
approved by Human Research Ethics Committee from Universidade 
Estadual do Sudoeste da Bahia (#46135315.4.0000.0055). 

2.5. Bactericidal activity of neutrophils 

WT, ΔahpC1 or ΔahpC1 complemented with ahpC1 gene (1 × 107 

CFU/mL) were first opsonized in PBS-glucose containing inactivated 
autologous human serum (10%) for 20 min at 37◦C. Human neutrophils 
(1 × 106 cells/mL) were incubated with each strain (MOI = 1:10) in 
presence or absence of uric acid (200 and 400 μM), 4-aminobenzoic acid 
hydrazide (50 μM, ABAH, a myeloperoxidase inhibitor), or apocynin (1 
mM, APO, a NADPH oxidase inhibitor). After 1 h, Triton X-100 (10%) 
was added for neutrophil lysis. Cell lysate was serial diluted 104-fold in 
PBS-glucose, and 10 μL were spread onto MH agar plates for 18–20 h at 
30◦C for CFU counting [28,46]. 

2.6. Expression and purification of AhpC 

The ahpC gene was PCR-amplified from the 07B05 cosmid used in the 
Xyllela fastidiosa Genome Project. The PCR product was cloned into the 
NdeI and BamHI restrictions sites of pET15b vector. Subsequently, E. coli 
BL21(DE3) strain was transformed by heat shock method to allow 
expression of pET15b-ahpc and cultured overnight at 37 ◦C in 50 mL of 
LB-ampicillin, transferred to 1 L of fresh LB-ampicillin and incubated 
until reaching OD600nm = 0.6. Isopropyl-beta-D-thiogalactopyranoside 
(IPTG) was added to a final concentration of 1 mM. After 3 h of incu
bation, cells were harvested by centrifugation. The pellet was washed 
and suspended in 20 mL lysis buffer (Tris-HCl 50 mM, NaCl 100 mM, 
lysozyme 1 mg/mL, glycerol 10%, 1 tablet EDTA-free protease inhibitor 
cocktail, pH 7.4). After incubation on ice for 10 min, cells were sub
mitted to sonication at 30% amplitude for 5 min on ice, 20 s on and 40 s 
off. The suspension was centrifuged at 31,500g for 30 min at 4◦C and the 
supernatant was loaded onto a nickel affinity column (HiTrap™, GE 
Healthcare). The conditions of protein purification were optimized 
using the manual gradient of imidazole as described by the manufac
turer. SDS-PAGE was used to check the purification quality, and all 
fractions containing bands with MW ~23 kDa were combined, 
concentrated through Amicon Ultra 10 kDa ultrafiltration (Millipore 
Corporate, Germany). Protein concentration was measured spectro
photometrically (ε280nm = 27,055 M− 1 cm− 1) [47]. 

Basic Local Alignment Search Tool (BLAST) was used to compare the 
sequence of AhpC1 and AhpC2 from PA14 (A0A072ZH89 and 
A0A071KYB2, respectively) with AhpC from Xylella fastidiosa 
(Q87DE0). AhpC1 from PA14 and AhpC from X. fastidiosa share 61% 
identity, 78% homology, with both peroxidatic Cys47 and resolving 
Cys165 conserved among the two species (Supplem Fig. 1). 

2.7. Pre-reduction of AhpC and quantification of protein thiols 

Immediately before the experiments, AhpC was reduced with DTT 
(in a 5-fold molar excess of thiols) for 2 h at 37◦C under an argon at
mosphere. The remaining DTT was removed by filtration through an 
Amicon Ultra-15 10K filter (Millipore) against 50 mM phosphate buffer 
pH 7.4 containing DTPA (100 μM). For all experiments related to AhpC, 
phosphate buffer was previously treated with bovine catalase (10 μg/ 
mL) before filtration through an Amicon Ultra-15 10K filter (Millipore). 
Protein thiols were determined by incubating 5 μL samples with 95 μL 
0.25 mM 4,4′− dithiodipyridine, 1% SDS for 10 min in the dark and read 
at 324 nm (ε324nm = 21,400 M− 1 cm− 1). 
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2.8. Stopped-flow experiment 

AhpC oxidation to sulfenic acid was followed by monitoring intrinsic 
fluorescence decay [48] [–] [51]. Pre-reduced AhpC (0.5 μM or 1 μM 
with ~1.5 μmol SH/μmol protein) was mixed with increasing concen
trations of H2O2 or urate hydroperoxide in a stopped-flow instrument 
(Applied Photophysics SX20MV, Leatherhead, United Kingdom), exci
tation ʎ280nm, emission above ʎ340nm. The reactions were performed at 
25◦C in 50 mM sodium phosphate buffer pH 7.4 containing 
diethylenetriaminepenta-acetic acid (100 μM, DTPA). Buffer solutions 
were pre-treated with 10 μg/mL catalase to remove any trace of H2O2 
[52]. After that, catalase was removed through filtration using an 
Amicon Ultra-15 10K filter (Millipore). A slight excess of H2O2 was used 
that approximates pseudo-first order condition. A proper 10-fold excess 
of H2O2 is not possible to monitor because the reaction occurs before the 
dead time of the equipment (~2 ms). A much larger excess of urate 
hydroperoxide was used to allow pseudo-first order conditions. 
Observed rate constants (kobs) for fluorescence decrease were deter
mined by fitting data to single exponential equations. The fittings were 
set from 2 ms. The values of kobs obtained from the decreasing fluores
cence were plotted against H2O2 or urate hydroperoxide concentrations 
and the corresponding second order rate constants were determined 
from the slope of these linear fittings. 

2.9. Animals 

Male C57BL/6 mice (8 weeks old, 25 ± 1 g) were obtained from 
Anilab (Paulinia, São Paulo, Brazil). Mice were maintained under 12/12 
h light/dark cycle with free access to water and commercial standard 
feed (Pragsoluções, São Paulo) under pathogen-free conditions and 
controlled temperature (23 ± 3 ◦C). The procedures were approved by 
the Ethics Committee for experiments with animals from the Uni
versidade Estadual do Sudoeste da Bahia (#171/2018). 

2.10. Intranasal infection, mice survival and tissue collection 

WT, ΔahpC1 and ΔahpC1 complemented with ahpC1 were grown as 
described above. After overnight incubation, bacteria were diluted into 
fresh LB to OD625nm=0.6, centrifuged at 4500g for 8 min, and the pellet 
was suspended at 6.7 × 107 CFU/mL in sterile saline. Mice (n = 8/group) 
were first anesthetized with ketamine (50 mg/kg) and xylazine (16 mg/ 
kg), before nasal instillation of 30 μL bacterial suspension (2 × 106, each 
strain) or sterile saline [53]. Mice were observed twice daily for survival 
up to 15 days. To avoid excessive suffering, mice were systematically 
euthanized by cervical dislocation when they were found in a moribund 
state with at least four of the following distress criteria: inability to 
maintain upright, associated or not with labored breathing and cyanosis, 
anorexia and weight loss (>20%), hunching, prostration, impaired 
motility, ruffled haircoat and dehydration [54]. Mice were intranasally 
inoculated with WT, ΔahpC1, ΔahpC1attB::ahpC1 or sterile saline, as 
described above. Twenty-four hours later, they were anesthetized by i.p. 
administration of a mix of ketamine (50 mg/kg) and xylazine (16 
mg/kg) for bronchoalveolar lavage harvesting, followed by cervical 
dislocation [55] for tissue collection as described below. 

2.11. Bronchoalveolar lavage 

Immediately after anesthesia, mice underwent tracheostomy for 
tracheal cannulation with infusion catheter (G22) and the lungs were 
washed three times with 0.5 mL PBS glucose for BAL collection. Cells 
were diluted in Turk’s solution (NewProv) and total leukocyte count was 
performed in a Neubauer chamber. Then, 50 μL of BAL were centrifuged 
at 4,500g for 7 min onto a glass lamina and stained with Rapid Panotic 
Kit (NewProv). A total of 100 cells per lamina were assessed by double- 
blind counting, following standard morphological criteria [56]. The 
remaining BAL was centrifuged at 1500g for 10 min at 4 ◦C, and the 

supernatant was kept at − 80 ◦C until nitrite determination. 

2.12. Tissue harvesting 

The euthanized animals underwent mid-thoracotomy for lung har
vesting after BAL harvesting. The right lung was first divided longitu
dinally in two: one half was used for CFU counting; the other half was 
snap-frozen in liquid nitrogen and stored at − 80 ◦C for biochemical 
analysis. One half of the left lung was immersed in Methacarn fixative 
solution (60% methanol, 30% chloroform and 10% acetic acid) for 24 h, 
followed by ethanol (70%) washing for histological analyses and the 
other half was snap-frozen in liquid nitrogen and stored at − 80 ◦C for 
cytokines levels assessment. 

2.13. Survival curve in hyperuricemic mice 

Mice were intraperitoneally injected with potassium oxonate (300 
mg/kg) to induce hyperuricemia [57]. Potassium oxonate was freshly 
dissolved in 0.5% sodium carboxymethylcellulose and daily injected for 
6 days. After 22 h from the first potassium oxonate administration, mice 
were randomly divided into three groups that were nasally instilled with 
sterile saline (sham, n = 6), WT (n = 7) or Δaphc1 (n = 7) PA14 as 
described above. Mice were observed twice daily for survival up to 5 
days after bacteria instillation and excessive suffering was avoided as 
described above and described elsewhere [54] Concomitantly, a sepa
rate group of mice (n = 6) received only 0.5% sodium carboxymethyl
cellulose for 6 days as vehicle control. On the 7th day following 
potassium oxonate or vehicle treatment, the sterile saline instilled mice, 
the only survival ones, were anesthetized with xylazine/ketamine as 
above and decapitated for blood harvesting to assess serum cytokines 
and uric acid. Blood samples were centrifuged at 1,500g for 10 min at 
room temperature and then stored at − 80 ◦C. Serum uric acid was 
assessed by a mono-reagent kit (Bioclin, Brazil) following the manu
facturer’s specification. 

2.14. Cytokine levels 

IL-1β and TNF-α from serum or lung homogenate were determined 
using the enzyme-linked immunosorbent assay (ELISA) kits (DY401-05 
and DY410-05, respectively) according to the manufacturer’s in
structions (R&D System), except by incubation of the samples with the 
pre-coated microplates for 16 h at 4–8 ◦C. Lung homogenate was diluted 
two-fold in diluent reagent before running the ELISA. The cytokine 
concentrations were expressed as pg/mL or pg/mg of protein for serum 
or lung homogenate, respectively. 

2.15. Determination of nitrite in BAL 

Nitrite was measured by the Griess method [58]. BAL supernatant 
(50 μL) was incubated with 50 μL naphthylethylenediamine solution 
(0.1%) and 50 μL sulfanilamide 209 solution (1%) for 10 min at 25◦C. 
Sample absorbance was determined at 540 nm and interpolated against 
a standard curve of nitrite (1.65–100 μM). 

2.16. Tissue CFU counting 

Immediately after euthanasia, organs (100 mg/mL) were homoge
nized in cold PBS buffer using a TissueRuptor system (Qiagen, USA) 
[59]. Ten microliters homogenate were spread onto MH agar plates and 
incubated for 18–20 h at 30 ◦C [17]. The bacterial colonies were counted 
and the CFU was expressed by g of wet tissue. 

2.17. Histological analyses 

Fixed and dehydrated lungs were soaked in paraffin, cut longitudi
nally in 4 μm-thick microtome sections (Leica RM2125RTS, CN) and 
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stained with hematoxylin and eosin (H&E). Neutrophils were counted in 
30 random fields using a digital camera (Kontron Electronic KS-300, 
Eching, GE) coupled to a light microscope (BX51, Olympus, JP) under 
400 × magnification. Neutrophil numbers per field were quantified 
using Image J 1.44P software (National Institutes of Health, US). 

2.18. Peroxidase activity 

Lung tissue (100 mg/mL) was homogenized in potassium phosphate 
buffer (50 mM), pH 6.0 and centrifuged at 4◦C, 10,000g for 10 min. 
Cetyltrimethylammonium bromide (CTAB, 0.5%) was added to the su
pernatant to prevent MPO adhesion to tube walls. The homogenate (10 
μL) was mixed with 110 μL working solution containing 3,3′, 5,5′-tet
ramethylbenzidine (TMB, 2.9 mM dissolved in 14% dimethylsulfoxide 
and 86% 150 mM sodium phosphate buffer, pH 5.4). Reaction was 
initiated by adding 80 μL H2O2 (0.75 mM). TMB oxidation was moni
tored every 30 s at 450 nm (Thermoplate, Tp-reader, US) for 5 min at 
25◦C (ε450nm = 5.9 × 104 M− 1 cm− 1). The MPO inhibitor, 4-Aminoben
zoic acid hydrazide (ABAH, 50 μM) was added to a lung sample from 
WT-infected mice to evaluate MPO contribution to the peroxidase ac
tivity. Results were expressed as specific activity (U/mg protein), where 
one unit of peroxidase activity was defined as the amount of enzyme that 
produced 1 μmol of oxidized TMB per min at 25 ◦C [60]. 

2.19. Quantification of thiobarbituric acid reactive products 

Lipid peroxidation was estimated by thiobarbituric acid reactive 
substances (TBARS) assay [61]. Right lung tissue (100 mg/mL) was 
homogenized in 50 mM Tris-HCl buffer, pH 8.0, containing butylated 
hydroxytoluene (BHT, 0.02%) to prevent spurious oxidation. The ho
mogenate was centrifuged at 1,600g for 10 min at 4◦C. The supernatant 
was then diluted (1:2) in 100 μL TrisHCl and incubated with 100 μL 
trichloroacetic acid (10%) and 800 μL thiobarbituric acid (0.53%, dis
solved in 20% acetic acid) for 1 h at 95◦C. After cooling on ice for 10 
min, samples were again centrifuged at 1,600g for 10 min at 4◦C, and 
absorbance was recorded at 535 nm. TBARs levels were estimated by 
interpolating sample absorbance on a standard curve of malondialde
hyde (Cayman Chemical, US) (0–50 μM), normalized by protein con
centration and expressed as μmol of MDA/g of protein. 

2.20. Determination of total protein concentration 

Total protein concentration in lung homogenates was determined by 
Bradford colorimetric assay at 595 nm [62] employing serum bovine 
albumin (Sigma-Aldrich, US) (0–1.4 mg/mL) as standard. 

2.21. Statistical analyses 

All analyses were performed in GraphPad Prism (v. 5.0). Data are 
expressed as mean ± standard error of the mean. Statistical significance 
was calculated with one-way ANOVA and Newman-Keuls as post-test, 
when appropriate. Kaplan-Meier survival curves were plotted and the 
significance was calculated using the log-rank test. Differences were 
considered significant when p < 0.05. Data reproducibility is demon
strated by the number of independent experiments in each figure legend. 

3. Results 

Initially, we tested the sensitivity of different PA14 mutants to HOCl 
and among all the strains analyzed ΔahpC1 was the most sensitive 
(Table 1). A dose-response curve for HOCl inhibiting wild-type and 
ΔahpC1 survival is demonstrated in Fig. 1A. As depicted in Fig. 1B–C, 
ΔahpC1 was also more sensitive to H2O2 (IC50 91.2 ± 0.3 μM) than wild- 
type (IC50 496.5 ± 6.4 μM). By reinserting the ahpC1 gene to ΔahpC1, the 
bacterial resistance was restored to wild type level, the IC50 for H2O2 
was 660.3 ± 2.9 μM for this strain (Fig. 1D). 

We then compared the sensitivity of wild-type and ΔahpC1 strains to 
neutrophils, ΔahpC1 was slightly but significantly more sensitive to 
neutrophil killing than wild-type. The inhibition of NADPH oxidase by 
apocynin or myeloperoxidase by ABAH significantly prevented the 
killing activity of neutrophils (Fig. 2A). The complementation of the 
ΔahpC1 mutant with ahpC1 again reverted the resistance to the wild- 
type level (Fig. 2B). 

When wild-type and ΔahpC1 mutant strains were instilled via intra
nasal into mice, an enormous difference in the virulence between both 
strains was observed. Whereas wild-type PA14 killed 100% mice 
infected up to 3 days, no death occurred in ΔahpC1 PA14 infected mice 
up to 15 days. The reinsertion of ahpC1 into the ΔahpC1 PA14 (ΔahpC1 
attB:ahpC1) completely restored the virulence, as this strain also killed 
100% mice up to 3 days of infection (Fig. 3A). In accordance with a 
lower virulence of ΔahpC1 PA14, a much lower number of bacteria 
(CFU) was found in lung and spleen 24 h after infection with ΔahpC1 
compared to wild-type PA14 (Fig. 3B). 

As a consequence, a much lower number of total leukocytes and 
neutrophils was found in bronchoalveolar lavage (BAL) of ΔahpC1 
infected mice compared to wild-type (Fig. 4). Total neutrophil was also 
lower in the lung parenchyma of ΔahpC1 than wild-type infected mice, 
as confirmed by quantitative hematoxylin-eosin histological counting 
and peroxidase activity (Fig. 5A and B). The peroxidase activity was 
likely due to MPO because ABAH completely abrogated the TMB 
(Fig. 5B). Pro-inflammatory cytokines IL-1β and TNF-α were signifi
cantly higher in lungs of wild-type than ΔahpC1 infected mice (Fig. 5C). 
Overall oxidative stress was also lower in ΔahpC1 than wild-type 
infected mice, as observed by lipoperoxidation in lung (Fig. 6A) and 
nitrite production (Fig. 6B). Together, these results suggested that the 
absence of AhpC1 in PA14 increases the susceptibility of the bacteria to 
the killing by the immune system, shortening the bacteria clearance 
from lung and decreasing tissue inflammation. The lower virulence of 
ΔahpC1 strains is likely due to a lower ability to neutralize the oxidants 
generated during the inflammatory oxidative burst leading to a more 
efficient killing. 

Previously, we had demonstrated that PA14 was more resistant to 
the killing by neutrophils in presence of uric acid. We found that the 
oxidation of uric acid by the neutrophil heme-peroxidase, myeloperox
idase, decreased HOCl formation and, consequently, the microbicide 
activity of these cells [28]. Because the oxidation of uric acid by mye
loperoxidase generates the oxidants urate free radical and urate hy
droperoxide, we asked whether AhpC1 could neutralize urate 
hydroperoxide and contribute to bacteria resistance against this oxidant. 
Here, we reproduced those previous findings as physiological concen
trations of uric acid (200 and 400 μM) significantly protected PA14 from 
killing by neutrophils (Fig. 7, white bars). Interestingly, uric acid had the 
opposite effect to ΔahpC1 mutant since it increased even more the killing 
capability of neutrophils against this strain (Fig. 7, grey bars). This result 
suggests that AhpC1 is indeed important for protecting bacteria from 
alternative oxidants, such as the organic peroxide, urate hydroperoxide. 
Because urate hydroperoxide is a weaker oxidant than HOCl, it is not as 
efficient as the latter to kill PA14. However, in the absence of AhpC1, 
which likely neutralizes urate hydroperoxide, it becomes an efficient 
microbicide. 

Table 1 
Inhibition of HOCl on bacterial growth.  

Strain IC50 HOCl (μM) 

WT 19.1 ± 0.2 
ΔahpC1 3.2 ± 0.3 
ΔahpC2 10.0 ± 0.1 
Δohr 13.7 ± 0.4 
ΔlsfA 10.4 ± 0.4 
Δgpx 6.7 ± 0.2 

Data are expressed as mean ± SEM of two inde
pendent experiments performed in triplicate. 
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To look further in this direction, we incubated purified urate hy
droperoxide with wild-type, ΔahpC1 and ΔahpC1 attB:ahpC1. Urate 
hydroperoxide was unable to kill wild-type and the complemented 
ΔahpC1 attB:ahpC1 (Fig. 7B and D), but it reduced ΔahpC1 strain 
counting at low concentrations (Fig. 7C). 

To prove that AhpC1 can indeed neutralize urate hydroperoxide, we 
calculated the rate constant for the reduction of urate hydroperoxide by 
the recombinant AhpC from Xylella fastidiosa. AhpC1 from PA14 and 
AhpC from X. fastidiosa share 61% identity, 78% homology, with both 
peroxidatic Cys47 and resolving Cys165 conserved among the two 
species (Supplem Fig. 1). By mixing AhpC with crescent concentrations 
of urate hydroperoxide or H2O2 a fast drop in the intrinsic fluorescence 
was observed, which is consistent with the oxidation of the enzyme [48] 
[–] [50] (Fig. 8A and C). The plot of kobs versus urate hydroperoxide 

(Fig. 8B) or H2O2 (Fig. 8D) concentrations gave a second-order rate 
constant of 2.3 ± 0.09 × 106 and 1.5 ± 0.07 × 108 M− 1s− 1, respectively. 
These values are much in agreement with those calculated by the re
action of urate hydroperoxide with human 2-Cys Prx2 [49] and by H2O2 
with human 2-Cys Prx2 and AhpC from Salmonella typhimurium [50, 
63–65]. AhpC also seems to react faster with HOCl, however, we could 
not determine the rate constant by fluorescence since HOCl also oxidizes 
the tryptophan residues altering protein fluorescence (data not shown). 

We next evaluate the effect of uric acid upon wild-type and ΔahpC1 
PA14 infection in vivo using a pharmacological model of mouse hyper
uricemia. In this model, mice were daily treated with potassium oxo
nate, an inhibitor of uricase, suspended in carboxymethylcellulose for 
slow release. A single injection of oxonate is enough to maintain hy
peruricemia for at least 24 h [57]. Indeed, the concentration of uric acid 

Fig. 1. Microbicide activity of oxidants to PA14. (A) 
Microbicide activity of HOCl to wild-type (WT) and 
ΔahpC1 strains. Microbicide activity of H2O2 to (B) 
wild-type, (C) ΔahpC1 and (D) ΔahpC1 expressing 
ahpC1 by gene reinsertion (ΔahpC1 attB:ahpC1). 
Bacteria (1 × 106 CFU/mL) were incubated with 
HOCl or H2O2 at 37◦C in minimal medium for 30 min, 
then diluted 200-fold in LB medium and spread onto 
MH agar for 18–20 h at 30 ◦C. Data are representative 
of 3–4 independent experiments. A logarithmic dose- 
response curve was fitted to a sigmoid and IC50 values 
were calculated using GraphPad Prism.   

Fig. 2. Bacterial survival after incubation with neu
trophils. (A) Opsonized wild-type or ΔahpC1 (1 × 107 

CFU/mL) were incubated with neutrophils (1 × 106 

cells/mL) for 1 h, with or without ABAH (50 μM) or 
apocynin (1 mM). (B) Opsonized wild-type, ΔahpC1 
or ΔahpC1 attB:ahpC1 (1 × 107 CFU/mL) were incu
bated with neutrophils (1 × 106 cells/mL) for 1 h. 
Neutrophils were lysed, samples were diluted 10,000- 
fold in PBS-glucose. Ten microliters were spread onto 
MH agar plates, grown for 18–20 h at 30◦C and then 
submitted to CFU counting. Data are plotted as mean 
± SEM (n = 2 to 3 per group). Statistical analyses 
were performed by one-way ANOVA analysis of 
variance followed by Neuman-kels. *p < 0.05 in
dicates a significant difference from wild-type (WT) 
and #p < 0.05 indicates a significant difference from 
wild-type or ΔahpC1 control groups.   
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was nearly 3-fold higher in mice treated with oxonate (5.25 ± 0.12 
mg/dL) versus those treated with vehicle (1.73 ± 0.01 mg/dL) on the 7th 
day following oxonate injection (Fig. 9B). Hyperuricemia highly 
enhanced infection-induced mortality. All mice died 24 h after intra
nasal instillation of wild-type PA14 (Fig. 9A), twice faster than the 

mortality caused by this same strain in non-hyperuricemic mice 
(Fig. 3A). In addition, nasal instillation with ΔahpC1 PA14 killed nearly 
40% mice up to 48 h and 100% within 72 h (Fig. 9A), being extensively 
more aggressive than in non-hyperuricemic mice, which had 100% 
survival within the 15 days of evaluation (Fig. 3A). No death occurred in 

Fig. 3. (A) C57BL/6 mice survival after intranasally 
instillation of sterile saline (non-infected), WT, 
ΔahpC1 or ΔahpC1 attB:ahpC1 strains (2 × 106 CFU/ 
mL). Mice were observed twice a day for survival or 
any other distress up to 15 days. (B) C57BL/6 mice 
were intranasally instilled with sterile saline (Con
trol), WT or ΔahpC1 strains (2 × 106 CFU/mL) and 
euthanized after 24 h. Tissues were harvested, 
macerated in PBS-glucose and the supernatant was 
diluted and spread onto MH agar plates. CFU was 
counted after growth for 18–20 h at 30◦C. Each bar 
represents mean ± SEM of 8 mice in the infected 
group and 3 mice in the control group. Statistical 
analyses were performed by one-way ANOVA anal
ysis of variance followed by Newman-Keuls. *p <
0.05 indicates a significant difference from control 
(non-infected) and #p < 0.05 indicates a significant 
difference to ΔahpC1 group.   

Fig. 4. Total leukocytes (A) and neutrophils (B) in broncho-alveolar lavage (BAL) after intranasal infection with wild-type or ΔahpC1 (2 × 106 CFU/mL) strains. After 
24 h of bacterial nasal instillation, BAL was collected and the cells were diluted in Turk’s liquid and counted in a Neubauer chamber. Differential leukocyte count was 
performed after centrifugation of 50 μL of sample, staining with rapid Panotic method and counting of a total of 100 cells. Representative photomicrographs of the 
cell count in the BAL of mice C57BL/6 control (C), inoculated with WT (D) or ΔahpC1 strains (E). Data are expressed as mean ± SEM of 8 animals for the infected 
groups and 3 animals for the control group. Statistical analyses were performed by one-way ANOVA analysis of variance followed by Newman-Keuls. *p < 0.05 
indicates a significant difference from control (non-infected) and #p < 0.05 indicates a significant difference from the ΔahpC1 group. 
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hyperuricemic mice instilled with sterile saline. Since all infected mice 
died within three days, we decided to evaluate how this increase in 
plasma uric acid was affecting cytokine production and release in this 
initial period of hyperuricemia. The pro-inflammatory cytokines TNF-α 
and IL-1β were significantly higher in hyperuricemic than normour
icemic mice on the 7th day following oxonate injection (Fig. 9C). These 
results corroborate the above and previous findings [28] by showing 
that uric acid promotes PA14 survival and infection severity likely by 
disrupting HOCl production, increasing inflammatory status and tissue 
damage. ΔahpC1 PA14 enhanced virulence in hyperuricemic mice re
veals that, despite the fact this strain is more sensitive to the product of 
uric acid oxidation, urate hydroperoxide, the overall decrease in HOCl 
and increase in inflammatory status by uric acid are dominant to sustain 
bacterial virulence in vivo. 

4. Discussion 

The 2-Cys peroxiredoxin AhpC has proven to be an important 
peroxide detoxifying enzyme [50]. It was described to confer Francisella 
tularensis resistance against superoxide, organic peroxides, H2O2 and 
nitric oxide donors [66]. In contrast, another study revealed that dele
tion of AphC in Francisella tularensis did not render a higher suscepti
bility to H2O2, only to paraquat (a superoxide generating compound) 
and to the peroxynitrite generator, SIN-1 [67]. Such difference in H2O2 
susceptibility was related to a compensatory effect by catalase that oc
curs in some Francisella tularensis subspecies. Interestingly, the most 
resistant Francisella tularensis SCHU S4 strain was the most sensitive to 
deletion of AhpC [66,67]. This compensatory effect was also detected in 
Helicobacter cinaedi and Staphylococcus aureus, since ΔahpC strain had 
greater catalase activity [26,27]. An increase in catalase (kat) expression 
occurred by a relief in PerR repression in AhpC mutants [26]. We did not 
detect this compensatory mechanism in ΔahpC1 PA14 since it was much 

Fig. 5. Total neutrophils (A) peroxidase activity (B) and cytokines (C) in lung tissues after 24 h of infection. Representative photomicrography of lung stained with 
H&E from an animal in the control group (D), inoculated with the WT (E) or ΔahpC1 (F) at 400 × magnification. Arrows are pointing to neutrophils. C57BL/6 mice 
were intranasally infected with 2 × 106 CFU/mL PA14. Data are expressed as mean ± SEM of 8 animals for the infected groups and 3 animals for the control group. 
Statistical analyses were performed by one-way ANOVA analysis of variance followed by Newman-Keuls. *p < 0.05 indicates a significant difference from control 
(non-infected) and WT+ABAH groups; #p < 0.05 indicates a significant difference from ΔahpC1 group. 

Fig. 6. TBARS (thiobarbituric acid-reactive sub
stances) in lung tissue (A) and nitrite in BAL (B) after 
24 h of infection. C57BL/6 mice were intranasally 
infected with 2 × 106 CFU/mL wild-type (WT) or 
ΔahpC1 strains. TBARs concentration in the lung was 
obtained by plotting the absorbance in a malondial
dehyde (MDA) standard curve and expressed as μmol 
of MDA equivalents/g protein. Data are expressed as 
mean ± SEM of 8 animals for the infected groups and 
3 animals for the control group. Statistical analyses 
were performed by one-way ANOVA analysis of 
variance followed by Newman-Keuls. *p < 0.05 in
dicates a significant difference from control (non- 
infected) group #p < 0.05 indicates a significant 
difference from ΔahpC1 group.   
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Fig. 7. (A) Bacterial survival after incubation with 
neutrophils in presence or absence of uric acid. 
Opsonized wild-type or ΔahpC1 (1 × 107 CFU/mL) 
were incubated with neutrophil (1 × 106 cells/mL) 
for 1 h in the presence or absence of uric acid. Neu
trophils were lysed, samples were diluted 10,000-fold 
in PBS-glucose. Ten microliters were spread onto MH 
agar plates and grown for 18–20 h at 30 ◦C before 
CFU counting. PA14 survival to urate hydroperoxide 
in wild-type (B), ΔahpC1 (C) and ΔahpC1 attB:ahpC1 
(D). Data were plotted as means ± SEM (n = 4). 
Statistical analyses were performed by one-way 
ANOVA analysis of variance followed by Newman- 
Keuls post-test. *p < 0.05 indicates a significant dif
ference from the group without uric acid in (A) or 
urate hydroperoxide (B–D). MM: minimal medium; 
V: urate hydroperoxide vehicle (evaporated mobile 
phase from HPLC, see methods).   

Fig. 8. Kinetics for the reduction of urate hydroper
oxide (A, B) and hydrogen peroxide (C, D) by AhpC. 
(A) Pre-reduced AhpC (1 μM) was mixed with 60 μM 
urate hydroperoxide (C) Pre-reduced AhpC (0.5 μM) 
was mixed with 1 μM H2O2 in 50 mM sodium phos
phate buffer (pH 7.4, 25 ◦C) and monitored over time 
(λex = 280 nm, λem > 340 nm) in a stopped-flow de
vice. Data were fitted as a single exponential to obtain 
the rate constant (kobs) for each peroxide concentra
tion. kobs were plotted against varying urate hydro
peroxide (B) or H2O2 (D) concentrations to calculate 
the second order rate constant from the slope of the 
linear fitting. V: voltage.   
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more sensitive to H2O2 than the wild-type and the complemented 
AhpC1. Therefore, despite the antioxidant arsenal present in Pseudo
monas aeruginosa, no redundancy for AhpC1 was evidenced. 

The compensatory mechanism described in those previous studies 
was detected using very high concentrations of H2O2 (0.25–1 M) in the 
halo assay. Noteworthy, catalase is likely to be much more relevant in 
such high H2O2 concentrations, whereas peroxiredoxins, as AhpC, 
reduce H2O2 at lower, baseline, concentrations [68]. Indeed, AhpC was 
the primary detoxifier of endogenous H2O2 generated by aerobic 
metabolism, whilst KatE played a major role in scavenging exogenous 
and supraphysiologic levels of H2O2 in Brucella abortus [69]. 

There is a consensus, however, in the protection afforded by AhpC to 
organic peroxides [26,27,66]. These previous studies revealed a higher 
sensitivity of ΔahpC strains against tert-butyl and cumene hydroperox
ide. In the present study we demonstrated, for the first time, the higher 
sensitivity of an AhpC mutant against a physiological organic peroxide, 
urate hydroperoxide, which is produced at significant amounts in the 
inflammatory oxidative burst [30]. 

We had previously demonstrated that uric acid protected 
P. aeruginosa against the killing activity of neutrophil-like cells. Uric acid 
is a substrate for myeloperoxidase and dislocates the production of HOCl 
[28]. Additionally, uric acid can directly scavenger HOCl [70] [–] [72]. 
The decrease in HOCl was the main cause for the enhanced P. aeruginosa 
survival [28]. If on the one hand uric acid decreased HOCl, on the other 
hand it increased the oxidative status during the inflammatory oxidative 
burst. Therefore, the protection afforded by uric acid against bacterial 
killing was not due to a global antioxidant activity. Urate free radical is 
the first product from the oxidation of uric acid by myeloperoxidase and 
it can directly dismutate and hydrate to a more stable product, the 
hydroxyisourate. In presence of superoxide, as in the inflammatory 
oxidative burst, the combination of urate free radical with superoxide 
generates the more stable, but strong oxidant, urate hydroperoxide. Our 
previous findings suggested that urate hydroperoxide was not as effi
cient as HOCl to kill P. aeruginosa [28]. Here we proved that 
P. aeruginosa is much more sensitive to HOCl (IC50 19.1 ± 0.2 μM) than 
to urate hydroperoxide (no killing up to 100 μM) and that this resistance 
is partially attributed to AhpC1. Noteworthy, deletion of AhpC1 
increased the sensitivity to all isolated oxidants: HOCl, urate hydro
peroxide and H2O2. AhpC rapidly reduces urate hydroperoxide and 
H2O2. The rate constants obtained in this study were much similar to 
that found for the reduction of urate hydroperoxide and H2O2 by the 
human 2-Cys peroxiredoxin Prx2 and the Salmonella typhimurium AhpC 
[49,50,64,65]. We could not calculate the rate constant for the reaction 
of AhpC with HOCl since the latter also oxidizes tryptophan, interfering 

in the intrinsic protein fluorescence. However, the assessment of AhpC 
dimer formation under incubation with HOCl suggested that this reac
tion is also very fast (data not shown). 

The key role of AhpC1 in urate hydroperoxide detoxification was 
confirmed by the distinct effect when neutrophils incubated with uric 
acid were challenged with wild-type or ΔahpC1 strains. Whereas uric 
acid protected wild-type PA14 from neutrophil killing, it increased the 
killing activity against ΔahpC1 PA14. Altogether, these data corroborate 
the relevance of AhpC1 as a protection mechanism to inflammatory 
organic peroxides and as a non-redundant factor for P. aeruginosa sub
version from the innate immune system. 

Deletion of AhpC1 highly attenuated P. aeruginosa virulence to mice. 
All survived the 15 days of observation when intranasally infected with 
ΔahpC1, whereas 100% died before the third day of infection when 
instilled with wild-type or the complemented ΔahpC1 attB:ahpC1. 
Similarly, all mice infected with ΔahpC Francisella tularensis survived the 
21 days of observation but those infected with wild-type strain died 
within 8 days of infection [66]. Another study also revealed a prolonged 
time to death in mice infected with ΔahpC Francisella tularensis [73]. 

Likewise, a much lower number of ΔahpC1 P. aeruginosa colonized 
lung and spleen compared to wild-type. As a consequence, a lower 
number of inflammatory cells was found in bronchoalveolar lavage and 
lung with lower release of the inflammatory cytokines IL-1β and TNF-α 
and oxidative stress. Therefore, the absence of AhpC1 in P. aeruginosa 
attenuated the infection capability, shortening bacteria clearance from 
lung and decreasing tissue inflammation, which increased host survival. 

In agreement, deletion of AhpC impaired Francisella tularensis repli
cation in bone marrow-derived macrophages and in mice organs [67]. 
The Helicobacter cinaedi ahpC mutant was more susceptible to killing by 
macrophages than the wild-type strain and the cecal colonizing ability of 
the ahpC mutant was significantly reduced in mice [27]. Mycobacterium 
tuberculosis mutant for catalase, which also had less AhpC, had a 
diminished bacterial growth, lower induction of pro-inflammatory cy
tokines and significantly reduced pathology scores in infected mice [74]. 
In contrast, an attenuation in virulence of a double katA ahpC mutant 
was not verified in Staphylococcus aureus, but bacterial environmental 
persistence and nasal colonization were strictly dependent on the pres
ence of these enzymes [26]. 

Brucella abortus ahpC katE double mutant had an extremely attenu
ated virulence and this effect was not attenuated in mice lacking NADPH 
oxidase or inducible nitric oxide synthase activities, suggesting that host 
baseline endogenous H2O2 production represents a relevant stress to this 
strain [69]. However, deletion of NADPH oxidase was equally lethal to 
wild-type and ΔahpC Francisella tularensis strains, contrasting the 

Fig. 9. (A) Hyperuricemic C57BL/6 mice survival after intranasal instillation of sterile saline (non-infected), WT or ΔahpC1 (2 × 106 CFU/mL). Mice were observed 
twice a day for survival or any other distress up to 5 days after bacterial instillation. On the 7th day following oxonate treatment, non-infected mice were euthanized 
for serum uric acid (B) and cytokines (C) measurements. Statistical analyses were performed by one-way ANOVA analysis of variance followed by Newman-Keuls. *p 
< 0.05 indicates a significant difference from vehicle. 
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decreased virulence of ΔahpC to wild-type mice [66]. In our hands, in
hibition of neutrophils NADPH oxidase or myeloperoxidase significantly 
increased wild-type and ΔahpC PA14 survival in a similar fashion 
revealing that neutrophil oxidative burst is crucial to PA14 killing 
despite the presence of AhpC1. 

ΔahpC1 was also less virulent than wild-type PA14 to hyperuricemic 
mice, contrasting the effect observed in isolated neutrophils, where in
cubation with uric acid protected wild-type but increased ΔahpC1 death. 
Although it seems contrasting, the establishment of hyperuricemia in 
mice induces a pronounced systemic inflammation [57,75], as 
confirmed by a significant increase in serum IL-1β and TNF-α. Uric acid 
is a well-known DAMP (danger-associated molecular pattern) and it 
primes and/or activates immune cells even in absence of crystals and 
symptomatic gout [76] [–] [78]. Despite the fact that an immune 
priming could prepare the immune system to respond faster against 
pathogens [79], uncontrolled and systemic inflammation can affect 
organ function and can be related to a worse prognosis in sepsis [80–82]. 
Although hyperinflammation and sepsis prognosis is a controversial 
issue [83], an unbalanced inflammatory response and acute renal failure 
[32,84,85], frequently present in hyperuricemia, is related to a worse 
prognosis in sepsis [37,83]. In agreement to our experimental data, 
previous clinical studies have demonstrated that higher levels of serum 
uric acid are associated with a worse prognosis in sepsis [34] [–] [37]. 
These clinical studies attributed a worse prognosis to the antioxidant 
effect of uric acid. Although it may not be the only mechanism, 
impairment of HOCl production and HOCl neutralization by uric acid is 
relevant in bacterial survival [28]. Accordingly, oxidation of uric acid is 
strictly correlated with a worse prognosis in cystic fibrosis by 
P. aeruginosa [33]. 

In conclusion, this study found that the antioxidant 2-Cys peroxir
edoxin AhpC1 is essential for P. aeruginosa virulence. AhpC1 efficiently 
reduced the oxidants H2O2, urate hydroperoxide and HOCl, which likely 
contributed to bacterial resistance to the inflammatory oxidative burst. 
The deletion of the enzyme conferred a much lower virulence to 
P. aeruginosa in vivo, as detected through the PA14 intranasal instillation 
in mice. Peripheral blood neutrophils were more efficient to kill ΔahpC1 
than wild-type and, therefore, bacterial clearance was facilitated in 
ΔahpC1 infected mice, decreasing overall inflammatory response and 
increasing mice survival. In addition, this study demonstrated the key 
role of this 2-Cys peroxiredoxin in detoxifying organic peroxides, 
including the novel pro-oxidant urate hydroperoxide, which can be 
formed in an inflammatory environment in presence of uric acid [30]. 
Uric acid levels have been associated with an unfavorable prognostic in 
sepsis [34] [–] [37]and its oxidation was correlated with infection by 
P. aeruginosa in children suffering from cystic fibrosis [33], as well as a 
higher P. aeruginosa survival in vitro [28]. Therefore, this study opens up 
a new insight for the role of antioxidants enzymes in the protection of 
P. aeruginosa and reveals AhpC1 as a promising target to adjuvant 
antibiotic therapy in persistent infection. 
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