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RESUMO

Silva, R.P. Investigacdo do Metabolismo Oxidativo do Acido Urico e seu Papel sobre
Processos Redox na Inflamacéo. 2020. 157p — Tese — Programa de Pos-Graduacdo em
Ciéncias Bioldgicas (Bioquimica). Instituto de Quimica — Universidade de S&o Paulo — Sao
Paulo.

Essa tese estuda a oxidagédo do &cido Urico durante a inflamacédo e o seu papel em patologias
associadas ao acido drico. O &cido urico é o produto final do metabolismo de purinas em
humanos e primatas. Sua concentracdo no plasma é mais elevada do que em outros mamiferos,
devido a repressdo do gene da enzima que o decompde, a uricase. Essa repressdo foi
considerada uma vantagem evolutiva, devido ao carater antioxidante do acido Urico. Por outro
lado, niveis aumentados de &cido Urico no plasma tém sido associados a hipertensdo, gota,
aterosclerose e um pior prognéstico em doencas infecciosas. Embora a patogénese destas
doencas seja extremamente complexa e pouco compreendida, estas associa¢fes sugerem um
papel causal do &cido Urico nestas patologias. Entretanto, 0 exato mecanismo do papel do
acido drico nessas patologias ainda ndo estd bem esclarecido. Nosso grupo ja havia
demonstrado que o &cido Urico é um substrato para a mieloperoxidase, uma heme peroxidase
abundante em neutrofilos, e que a combinacdo do produto desta oxidacdo, o radical livre de
urato, com o radical &nion superdxido gera o oxidante hidroperéxido de urato. Uma vez que
o cloreto é o principal substrato a mieloperoxidase, um dos objetivos desta tese foi investigar
se a formacéo do hidroperoxido de urato ocorreria mediante o burst oxidativo de neutrofilos,
uma condicao onde ha varios substratos para a enzima e mais proxima ao fisiologico. Nesse
sentido, através de um metodo sensivel de cromatografia liquida acoplada a espectrometria de
massas, nos demonstramos que mediante a ativacdo de neutrofilos de sangue periférico,
mimetizando um estimulo inflamatério, ha formacéo do hidroperdxido de urato, comprovando
de forma inédita a formacéo deste oxidante na inflamacéo. A presenca do acido urico durante

0 burst oxidativo inflamatorio aumentou a oxidacdo da glutationa e a producédo do radical



anion superoxido, ocasionando um ambiente celular mais oxidativo. Além do hidroperoxido
de urato, a oxidacdo do &cido Urico gera outros intermediarios capazes de formar adutos
covalentes em residuos de lisina da albumina. Nesta tese quantificou-se, através de
espectrometria de massas, 0s niveis destes adutos em plasma, verificando-se um aumento
bastante significativo, jJuntamente com o produto final da oxidacao do acido urico, a alantoina,
em plasmas de paciente com insuficiéncia cardiaca e diabetes. A formacéo destes adutos pode
modificar a funcdo da albumina e estar relacionada a patologia vascular nestes pacientes.
Além disso, os peptideos uratilados da albumina tem potencial uso como biomarcadores
nestas doencas inflamatdrias. A oxidacdo do acido Urico pelos neutréfilos diminui a producgéo
de acido hipocloroso devido a competicédo entre o acido Urico e o cloreto pela mieloperoxidase
e isso atenua a atividade microbicida dessas células contra Pseudomonas aeruginosa, como
demonstrou um trabalho do nosso grupo. No presente trabalho, nds demonstramos que a
oxidacdo do &cido Urico também esta mais acentuada em pacientes com septicemia. Quando
comparado aos individuos saudaveis houve um aumento significativo nos niveis plasmaticos
de alantoina e de um peptideo uratilado da albumina. A infeccdo de neutrofilos isolados de
sangue periférico com Pseudomonas aeruginosa na presenca de acido urico levou a um
aumento nos niveis de alantoina, oxidacdo da glutationa e glutationilacdo de proteinas com
funcdo microbicida como a calprotectina (S100A8). O acido Urico também induziu um
aumento de triacilgliceréis (TAGs) em neutrofilos, incluindo TAGs esterificados ao acido
araquidénico. Desta forma, concluimos que, em processos infecciosos, o acido Urico afeta de
forma diferencial a funcao de algumas proteinas, através da inducéo da glutationilacdo e pode
remodelar a constituicdo lipidica de células inflamatrias. E possivel que estas alteracdes
tenham um papel relevante na patogénese da doenca infecciosa e poderiam explicar, pelo
menos em parte, 0 pior progndstico encontrado entre os niveis plasmaticos de acido Urico na

sepse. Neste sentido, a medida dos niveis de alantoina e peptideos uratilados da albumina



podem ser uma ferramenta Util no monitoramento da progressdo de doencas infecciosas e

inflamatorias.

Palavras-chaves: Acido Urico, Hidroperoxido de urato, Mieloperoxidase, Inflamagéo,

Infeccdo, Pseudomonas aeruginosa.



ABSTRACT

Silva, R.P. Investigation of Oxidative Metabolism of Uric Acid and its Role in Redox
Processes in Inflammation. 2020. 157p. PhD Thesis — Graduate Program in Biochemistry.

Instituto de Quimica — Universidade de Séo Paulo — Séo Paulo.

This thesis studied the oxidation of uric acid during inflammation and its role in uric acid
associated-pathologies. Uric acid is the end product of purine metabolism in humans and
primates. Its concentration in plasma is higher than in other mammals, due to the repression
of uricase gene. This repression was considered an evolutionary advantage since accumulation
of uric acid in plasma increases the total blood antioxidant capacity. On the other hand,
increased plasma uric acid has been associated with hypertension, gout, atherosclerosis and a
worse prognosis in infection. Although the pathogenesis of these diseases is extremely
complex and poorly understood, these associations suggest a causal role for uric acid.
However, the exact mechanism for it is still unclear. Our group showed recently that uric acid
is a substrate for myeloperoxidase, a heme-peroxidase abundant in neutrophils. The oxidation
of uric acid by the enzyme generates urate free radical that combines with the radical anion
superoxide to generate the oxidant urate hydroperoxide. Since chloride is the main substrate
for myeloperoxidase, the present study aimed to investigate whether urate hydroperoxide
would be formed during the oxidative burst in neutrophils. Through the sensitive liquid
chromatography coupled to mass spectrometry method, we demonstrated the formation of
urate hydroperoxide by peripheral blood neutrophils activated with phorbol myristate acetate,
mimicking an inflammatory stimulus. Thus, we confirmed our hypothesis and demonstrated,
for the first time, the formation of this new oxidant in inflammation. The presence of uric acid
during the inflammatory oxidative burst increased the oxidation of glutathione and the
production of the radical anion superoxide, promoting a more oxidative environment. Besides

the urate hydroperoxide, the oxidation of uric acid generates other intermediates that react



with lysine residues to form covalent adducts in albumin, a process named uratylation. These
urate covalent adducts, as well as the end product of uric acid oxidation, allantoin, were
elevated in plasma albumin from patients with heart failure and diabetes. Therefore, allantoin
and uratylated peptides from albumin could be useful biomarkers of inflammatory and
cardiovascular diseases. The oxidation of uric acid by neutrophils decreases the production of
hypochlorous acid due to the competition between uric acid and chloride by myeloperoxidase
and this hinders the microbicide activity of these cells against Pseudomonas aeruginosa, as
previously demonstrated by our group. In the present study we demonstrated that the oxidation
of uric acid is also more pronounced in patients with septicaemia. There was a significant
augment of plasma allantoin and an uratylated peptide from albumin in these patients
compared to health individuals. By incubating peripheral blood neutrophils with uric acid and
Pseudomonas aeruginosa we detected in increase in allantoin, in the oxidation of glutathione
and glutathionylation of the microbicide protein calprotectin (S100A8). Uric acid also
increased total neutrophil triacylglycerols (TAGS), including those sterified with araquidonic
acid. These data suggest that, in infectious processes, uric acid may indirectly affect protein
function through the induction of glutathionylation and can also remodel lipid constitution in
inflammatory cells. These alterations may have a relevant role in the pathogenesis of sepsis
and could explain, at least in part, the worse correlation between sepsis and higher levels of
plasma uric acid. In this context, we propose the assessment of allantoin and uratylated
albumin peptides as useful tools to monitor the progression of infectious and inflammatory

diseases.

Keywords: Uric acid, Urate hydroperoxide, Myeloperoxidase, Inflammation, Infection,

Pseudomonas aeruginosa.
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1. INTRODUCTION

1.1. Uric acid metabolism

Uric acid (UA; 7,9-Dihydro-1H-purine-2,6,8(3H)-trione) is an heterocyclic organic
compound and a final product of purine metabolism in humans and great apes. It is a weak
organic acid with a pKax of 5.4 being present principally (~99%) as monosodium urate at
physiological pH. Normal uric acid levels in serum are around 2.6-6 mg/dL (155-339 uM) in
premenopausal women and 3.5-7.0 mg/dL (208416 uM) in men and postmenopausal women
(Desideri et al. 2014).

In humans, uric acid is formed by the catabolism of purine nucleotides from endogenous
nucleic acid, adenosine triphosphate (ATP) and their derivatives or exogenous purines from
dietary sources (Ndrepepa 2019). After phosphorolysis and deamination of the nucleosides
adenosine and guanosine, the xanthine/hypoxanthine products are oxidized to uric acid by
xanthine oxidoreductase catalysis (Figure 1). Xanthine oxidoreductase (XOR) acts as a
dehydrogenase (XDH) (xanthine dehydrogenase; EC 1.17.1.4) when the final electron acceptor
is nicotinamide adenine dinucleotide (NAD®). Structural changes in this enzyme, as the
reversible oxidation of sulfhydryl groups or irreversible proteolysis in specific sites, converts it
into an oxidase (XO, xanthine oxidase; EC 1.17.3.2) that uses oxygen as final electron acceptor
to generate superoxide (Kuwabara et al. 2003; Doehner and Landmesser 2011; Harris and
Massey 1997). The conversion of XHD to XO occurs predominantly in conditions with a low
O- tension and acidic pH, including hypoxia, ischemia, glutathione depletion and increase of
oxidants such as hydrogen peroxide (Battelli, Polito, and Bolognesi 2014; Saksela, Lapatto, and
Raivio 1999; Cantu-Medellin and Kelley 2013). XO is one important source of superoxide, and

consequently, hydrogen peroxide. Thus, the imbalance towards a pro-oxidant environment
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increases the production of the radical anion superoxide and hydrogen peroxide along with the

oxidation of xanthine/hypoxanthine to uric acid by XO (Kuwabara et al. 2003).
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Figure 1. Synthesis, excretion and reabsorption of uric acid. Purines are can be absorbed from the
diet, synthesized from amino acids or derived from the degradation of endogenous DNA and RNA. They
are further oxidized by xanthine oxidase/xanthine dehydrogenase to produce uric acid in humans. The
majority of uric acid is excreted by the kidney and the remaining by the intestine, although a substantial
amount of uric acid is reabsorbed at the proximal tubule of the kidney. AMP: adenosine monophosphate;
ATP: adenosine triphosphate; GMP: guanosine monophosphate; GTP: guanosine triphosphate; NAD™:

nicotinamide adenine dinucleotide; XO: xanthine oxidase; XDH: xanthine dehydrogenase.

Uric acid does not move freely across the cellular membranes and, therefore, depends on
specific transporters for its homeostasis. It involves a complex array of reabsorptive and

secretory mechanisms in the kidney and gut (Mandal and Mount 2015). Approximately 90—
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95% of the uric acid that is filtered in the kidney is re-absorbed in the proximal tubule. The
small portion that is excreted occurs at 70% by the kidneys and 30% through the
gastrointestinal system (Richette and Bardin 2010).

Uric acid transporters, such as the organic anion transporters OAT4, OAT10 and the OAT-
mimetic, URAT]Y, are localized in the apical membrane of the epithelial cells in the kidney,
being important for reabsorption of urate (Mandal and Mount 2015). This reabsorption occurs
through counter-transport with mono or divalent anions, generally organic acids, that are
reabsorbed in a co-transport with sodium (Figure 2A). The passage of urate through the
basolateral membrane occurs by a member of the glucose transporter family (GLUT9) (Figure
2A) (Mandal and Mount 2015).

For the excretion, the transport across the basolateral membrane occurs through a counter-
transport with alpha-ketoglutarate using OAT1 and OAT3 or with other anions not yet
identified by OAT2. The passage through the apical membrane happens through MRP4,
ABCG2, NPT1, and NPT4 (Figure 2B) (So and Thorens 2010; Hediger et al. 2005). Thus, uric
acid homeostasis in humans depends on the balance between ingestion/degradation of purines,
renal reabsorption, and renal/intestinal excretion. Genome-wide association studies (GWAS)
showed that variants in the loci that contain the genes for the transporters ABCG2, URAT]1,
OAT4, and GLUT9 are associated with increased levels of uric acid, the most strongly

associated is GLUT9 (Mandal and Mount 2015; So and Thorens 2010).
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Figure 2. Urate transporters in cells of the proximal tubule. (A) Urate reabsorption. The transport of
sodium through the anion dependent transporters SLC5A8 and SLC5A12 leads to the intracellular
increase of organic anions that exchange with luminal urate through URAT1/OAT10. Urate also
exchanges with divalent anions by OAT4. GLUT9 acts as the epithelial cell efflux of urate, completing
the reabsorption. (B) Urate secretion. Urate enters in the cell at the basolateral membrane in exchange
with a-ketoglutarate (a-KG), mediated by OAT1 and OATS3, or in exchange with unknown anions via
OAT2; urate is secreted via MRP4, ABCG2, NPT1, and/or NPT4 at the apical membrane. PZA:
pyrazinoate; Glut9: glucose transporter 9; GMP: guanosine monophosphate; MRP4=multidrug
resistance protein 4; OAT=organic anion transporter; URAT=urate transporter; SLC5A8 solute carrier
family 5 member 8; SLC5A12 solute carrier family 5 member 12. Figure adapted from Mandal et al,
2015 (Mandal and Mount 2015).

In most mammals, uric acid is degraded to allantoin by uricase enzyme. Allantoin is more
water-soluble than uric acid and hence, more promptly excreted than uric acid (Johnson et al.
2009; Desideri et al. 2014; Chen, L, and Yao 2016). However, in human and higher primates,
the purine metabolism ends with uric acid due to the absence of uricase. The loss of uricase
activity occured due to mutations in the coding region of uricase gene. Point mutations in the

promoter region has also been indentified as the cause of a lower affinity of transcription factors
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and a consequent loss of gene transcription (Oda et al. 2002; Wu et al. 1989). A series of
evolutionary advantages has been related with the silencing of uricase. For example,
accumulation of uric acid in plasma was associated with the ability to maintain the blood
pressure adequate to postural evolution during lower salt intake due to scarcity of food in the
Miocene Period (Cenozoic Era) (Wu et al. 1989; Johnson and Rideout 2004). Higher levels of
uric acid have also been related to upper intelligence (Orowan 1955; Sofaer and Emery 1981,
Watanabe et al. 2002). Another hypothesis is due to the antioxidant properties of uric acid. The
accumulation of uric acid would compensate for the loss of ascorbate (vitamin C) biosynthesis
due to the mutation of the L-gulonolactone synthase enzyme. The mutation of L-gulonolactone
synthase (~ 55 - 24 million years) preceded uricase mutations (~ 23 - 5 million years) (Proctor
1970; Ames et al. 1981). Therefore, uric acid would provide the antioxidant capacity of plasma
that was compromised by the deficiency in ascorbate synthesis (Ames et al. 1981; Johnson et
al. 2008). This has been discussed as a key event to the survival of our ancestors during the
climate changes in the mid-Miocene.

In spite of the evolutive advantages hypothesized for the accumulation of uric acid in
humans, an imbalance in urate homeostasis and hyperuricemia is associated with several
diseases and suggests deleterious effects due to high concentrations of urate in the circulation
(So and Thorens 2010). A decrease in renal excretion is responsible for hyperuricemia in 90%
of individuals (Terkeltaub, Bushinsky, and Becker 2006; Terkeltaub 2003; Ichida et al. 2012).
Furthermore, purine rich and alcohol dietary, genetic and disease, such as myeloproliferative
disorders and hemolytic anaemia, are associated with enhanced uric acid production and may
contribute to hyperuricemia (Terkeltaub, Bushinsky, and Becker 2006; Richette and Bardin
2010; Terkeltaub 2003).

Changes in the activity of enzymes from purine metabolism pathway are also a factor for

hyperuricemia. The deficiency of hypoxanthine-guanine phosphoribosyl transferase (HGPRT)
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from the purine salvage pathway, an innate error in the metabolism responsible for Lesch-
Nyhan syndrome, is associated with increased levels of uric acid. In the denovo purine
synthesis, the increased activity of 5-phosphoribosyl-1-pyrophosphate (PRPP) synthetase,
responsible for the first step of the pathway and the increase in total ATP degradation are
associated with hyperuricemia and gout (Mandal and Mount 2015; Ahmed et al. 1999).
Hyperuricemia has been described as a risk factor for gout since the mid-20th century along
with an increase in hyperuricemia incidence.Some potential explanations for these findings

include lifestyle changes and increased life expectancy (So and Thorens 2010).

1.2. Uric acid, inflammation, and associated-pathologies

Beside the protective effect attributed to the increase of plasma antioxidant capacity by uric
acid (Ames et al. 1981), some studies have shown that a low concentration of uric acid
isdetrimental in neurodegenerative diseases, whereas a high concentration is neuroprotective
against Parkinson disease, multiple sclerosis, Alzheimer disease and amyotrophic lateral
sclerosis (Alvarez-Lario and Macarron-Vicente 2010; Drulovié et al. 2001; Schwarzschild et
al. 2008; Kutzing and Firestein 2008). Despite these evidences, accumulation of uric acid
exacerbates inflammation and is associated with gout, hypertension, kidney disease, and
atherosclerosis (Feig, Kang, and Johnson 2008; Lotufo et al. 2015; Gur et al. 2013; Gur et al.

2008).

The association between uric acid and cardiovascular diseases or mortality has been
extensively investigated (Li et al. 2016). Some studies have demonstrated that uric acid is
strongly and independently correlated with cardiovascular events, mortality or stroker
(Meisinger et al. 2008; Niskanen et al. 2004; Bos et al. 2006). Other investigations showed that

the increase of uric acid is correlated with diastolic and endothelial dysfunction (Krishnan et al.
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2012; Cicoira et al. 2002), impaired oxidative metabolism and decreased in oxygen
consumption (Leyva et al. 1997). Despite these evidences, other studies failed to demonstrate
an independent association between high uric acid levels and cardiovascular events (Culleton
et al. 1999; Wheeler et al. 2005). Thus, the question whether the hyperuricemia is an
independent risk factor with a causal component, or simply a circumstantial event in
cardiovascular disease remains to be answered. To better understand this matter, it is necessary
to investigate the role of uric acid in vascular pathologies, evaluating a possible causal effect of
this metabolite in the vascular injury.

In this context, studies in cells and animals point to a causal role of uric acid in vascular
pathologies because it increases the activation of circulating platelets (Mustard et al. 1963),
decreases the availability of nitric oxide (Khosla et al. 2005), increases the activity of the renin-
angiotensin system and induces proliferation and migration of arterial smooth muscle cells
(Kanellis et al. 2003; Corry et al. 2008). Besides, an elegant study demonstrated that uric acid
can induce chemokine (C-C motif) ligand 2, CCL2, formation in vascular smooth muscle cells,
and this can explain the elevated CCL2 production found in hyperuricemia with implications
in cardiovascular disease (Grainger et al. 2013; Kanellis et al. 2003; Kang et al. 2005). High
levels of uric acid and CCL2 increase circulating CD14* monocytes, even in absence of site
inflammation and thus, the priming of monocytes induces a faster response to inflammatory
stimulus (Rollins 1996; Serbina and Pamer 2006; Matsukawa et al. 1998). This effect can
facilitate the production of pro-inflammatory cytokines and amplify inflammation (Crisan et al.
2016; Davis, Wen, and Ting 2011). Despite these evidences, the exact mechanism on how
soluble uric acid activates inflammatory cells is still unknown.

The inflammation is an underlying event in several diseases. In physiological situations,
inflammatory response halts as soon as the invader microorganism or the initial stimuli are

swept from the system and so, homeostasis is re-established. However, inflammation becomes
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a pathological event when its resolution is compromised. The basic mechanisms that perpetuate
inflammation can vary and they are not fully understood so far.

During infection the specialised white blood cells neutrophils are recruited to phagocyte and
kill pathogens (Winterbourn, Kettle, and Hampton 2016). The initial recruitment occurs by the
release of chemoattractants produced by resident immune cells, such as macrophages, dendritic
and endothelial cells (Nathan 2006; Rigby and DelLeo 2012). These signals act directing
neutrophils through a chemotactic movement from circulation to the damaged or infected site
(Figure 3) (Rigby and DelLeo 2012).

Neutrophils trigger a potent oxidative and non-oxidative response against the invader
(Nathan 2006). The oxidative mechanism is initiated by the activation of the NADPH oxidase
complex with formation of superoxide anion radical (Figure 3) (Bylund et al. 2010). NADPH
oxidase can be activated by sterile stimuli independent of phagosome formation. The phorbol
myristate acetate (PMA) is a classical activator of NADPH oxidase because it binds and
activates protein kinase C, as does diacylglycerol (Lundqvist et al. 1996). The dismutation of
superoxide to hydrogen peroxide provides the substrate for myeloperoxidase, an abundant
heme-peroxidase in neutrophils. Myeloperoxidase constitutes approximately 5% of total

protein in these cells (Winterbourn, Kettle, and Hampton 2016). (Kettle and Winterbourn 1997).
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Figure 3. Neutrophil migration to the site of infection leading to phagocytosis and oxidants production.
In the presence of invading microorganisms, chemotactic molecules are released recruiting neutrophils
to the site of injury or infection. Endothelial cells are activated and facilitate neutrophils rolling along
the endothelium to the inflammed tissue. Neutrophils recognize the invading pathogens through a range
of surface receptors and thus, the phagocytosis process follows. When the phagosome is formed in the
activated neutrophil, the NADPH oxidase is activated to produce superoxide. Superoxide dimusates
spontaneously or by catalysis of the superoxide dismutase to hydrogen peroxide. The latter is a substrate
for myeloperoxidase along with chloride to form hypochlorous acid, the main microbicide oxidant.
Antimicrobial proteins are released upon granule fusion with the phagosome (degranulation) that also
contribute to the killing of microbes. CR complement, receptor, FcR Fc receptor, MPO

myeloperoxidase. Figure adapted from Rigny et al 2012 (Rigby and DelLeo 2012).

The reaction of hydrogen peroxide with myeloperoxidase triggers the oxidation of a wide
range of substrates to reactive products, which include nonradical oxidants and radicals
generated from organic (Meotti et al. 2011; Ximenes et al. 2010; Marquez and Dunford 1995;
Marquez, Dunford, and Van Wart 1990; Allegra et al. 2001) and inorganic substrates (Figure

4) (Abu-Soud and Hazen 2000; Burner et al. 2000; Kettle et al. 2007; Winterbourn 2016; Meotti
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et al. 2011). Briefly, the ferric form of myeloperoxidase (Fe'") reacts with hydrogen peroxide
to form an oxyferril radical (Fe'VO...Por™). This intermediary denominated Compound I can
react with chloride to yield hypochlorous acid (HOCI) and regenerate the ferric form (Fe'") of
the enzyme. Alternatively, Compound I can react with other substrates, abstracting one electron,
to form the intermediate Compound 11 (Fe'VO). Compound Il abstracts a second electron from
a second substrate to regenerate the ferric form (Fe'"") of the enzyme. The first mechanism, with
HOCI formation, is called chlorinating activity, while the second mechanism is called
peroxidase activity (Davies 2011; Kettle and Winterbourn 1997; Winterbourn 2016). A scheme
of these mechanisms is presented in the Figure 4. Endogenous substrates for myeloperoxidase
include iodide, thiocyanate, bromide, nitrite, superoxide (Kettle et al. 2007; van Dalen et al.
1997; van der Vliet et al. 1997) ascorbate, serotonin, tyrosine, (Ximenes et al. 2010; Marquez
and Dunford 1995; Marquez, Dunford, and Van Wart 1990) and uric acid (Meotti et al. 2011).
Uric acid is oxidized by Compound I and Compound Il producing urate free radical with rate
constants of 4.6 x 10° M1s and 1.7 x 10* M1s, respectively (Meotti et al. 2011). These rate
constants are similar to those calculated for the oxidation of ascorbate, tyrosine, and serotonin
(Marquez and Dunford 1995; Marquez, Dunford, and Van Wart 1990; Ximenes et al. 2010).
However,uric acid is the most abundant organic substrate in plasma and biological fluids
(Becker 1993). Hence, it is can be considered a relevant substrate for the enzyme. In the
inflammatory environment, where there is plenty of superoxide both, urate free radical and
superoxide can combine to form the oxidant urate hydroperoxide (Meotti et al. 2011; Silva et
al. 2018). The formation of urate hydroperoxide would reveal a new reported oxidant in
inflammation. However, the detection of this oxidant in cells and biological fluids is
challenging regarding the high reactivity of the molecule. To identify whether urate
hydroperoxide would be a relevant product in the neutrophil oxidative burst, the first goal of

the thesis was to detect itusing mass spectrometry and to evaluate its effects in these cells.
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Figure 4. Scheme of myeloperoxidase catalytic cycle. Native ferric MPO reacts with hydrogen peroxide
(H202) to form Compound I. Chloride (CI°) is oxidized to form hypochlorous acid (halogenation cycle)
regenerating the native ferric MPO. Alternatively, Compounds I and 11 oxidize urate by abstraction of a
single electron to form urate free radical (Urate’) in the peroxidatic cycle. The redox states of the heme
iron are shown as described in several studies (Winterbourn, Kettle, and Hampton 2016; Kettle and
Winterbourn 1997; Winterbourn and Kettle 2013).

Considering that uric acid and myeloperoxidase are associated with cardiovascular disease
(Anatoliotakis et al. 2013; Cameron et al. 2006; Johnson et al. 2018; Johnson and Rideout 2004)
it is plausible that the reaction and generation of highly reactive intermediates, arising from the
oxidation of uric acid, could be the responsible by endothelial dysfunction, maintenance of
inflammation and vascular tissue damage. This would explain, at least in part, the association
between uric acid and cardiovascular disease (Mineiro et al. 2020). Therefore, the second goal
of this thesis was to evaluate whether the oxidation of uric acid would be more pronounced in
patients suffering from heart failure and would predict death events. As described in the second
manuscript, the reaction of the intermediates generated from uric acid oxidation with albumin

was evaluated. Since albumin is the most abundant protein in plasma, covalent modifications
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in this protein can be an useful biomarker in cardiovascular disease. Such permanent
modifications are also important to assess how harmful an oxidant can be.

Soluble uric acid has long being recognized as a DAMP (damage-associated molecular
pattern), i.e. a danger signal recognized by innate immune cells that induces the production of
cytokines, the priming and activation of inflammatory cells (Medzhitov and Janeway 2000;
Crisan et al. 2015; Crisan et al. 2017; Patel 2018; Shi, Evans, and Rock 2003). However, no
binding of a specific receptor has been demonstrated for uric acid. What we know so far are the
effects of uric acid upon inflammation but not the exact mechanisms behind these effects.
Soluble uric acid activates the inflammasome pathway (Braga et al. 2017), sensitizes immune
cells potentiating the effect of Toll-like receptor ligands (Crisan et al. 2015), induces the
expression of chemokine MCP-1 (Kanellis et al. 2003), recruits neutrophils (Shi 2010; Kono et
al. 2010), increases superoxide production by NADPH oxidase (Thomas 1992; Sautin et al.
2007) and the formation of NETs (neutrophil extracellular traps) (Arai et al. 2014). During
necrosis or any other harmful process cells produce more uric acid than in physiological
conditions by an increase in purine degradation. The release of intracellular uric acid contributes
to inflammation (Shi, Evans, and Rock 2003; Kono et al. 2010). Under infection, uric acid
competes with chloride by myeloperoxidase oxidation disrupting hypochlorous acid production
and thus, affecting microbicide activity (Carvalho et al. 2018). These evidences corroborate the
data showing that uric acid is associated with the progression of sepsis (Akbar et al. 2015;
Chuang et al. 2006), a serious medical condition characterized by a systemic inflammatory
response, that can progrees to multiple organ failure initiated by an infection (Zarjou and
Agarwal 2011).

Together clinical and experimental studies support a role for uric acid in inflammatory and
infectious processes. However, the correlation between the oxidation of uric acid and sepsis or

other infectious diseases has not been investigated so far. Therefore, the third goal of this thesis
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was to investigate the mechanisms by which uric acid propagates redox imbalance and sustain

inflammation in infectious conditions.

1.3. Oxidative metabolism of uric acid: the anti and pro-oxidant paradox

To pursue any putative causal effect of uric acid in inflammatory diseases, it is important to
know the reactions that it participates and which one would be preponderant in the biological
system. Uric acid is an excellent electron donor (one-electron reduction potential = 0.59 V, pH
7.0, HU*, H*/UH> ") (Simic and Jovanovic 1989). Studies that investigate the antioxidant
properties of uric acid have shown that it chelates transition metals, reacts with oxidants such
as hydroxyl radical, nitrogen dioxide radical, carbonate radical, hypochlorous acid, singlet
oxygen, ozone and neutralizes free radicals in proteins (Ames et al. 1981; Kaur and Halliwell
1990; Domazou, Zhu, and Koppenol 2012; Becker 1993; Cross et al. 1992; Squadrito et al.
2000; Ford, Hughes, and Wardman 2002; lida et al. 2017). Uric acid is considered a powerful
plasma antioxidant as it comprises approximately half of the total antioxidant capacity in this
fluid (Ames et al. 1981; Davies et al. 1986). Taking these evidences into account, animal models
and clinical studies suggest that these antioxidant properties could explain the protective effect
of uric acid against neurodegenerative disease (Alvarez-Lario and Macarron-Vicente 2010;
Drulovi¢ et al. 2001; Schwarzschild et al. 2008; Paganoni and Schwarzschild 2017), as already
mentioned.

Despite this apparent beneficial effect, the products of uric acid oxidation are not inert. For
example, the reaction of uric acid with peroxynitrite generates the aminocarbonyl radical,
responsible for amplifying lipid peroxidation in LDL particles (Santos, Anjos, and Augusto
1999). Interestingly, free radical adducts from the oxidation of uric acid by peroxynitrite were
also detected in plasma (Vasquez-Vivar et al. 1996). Other non-radical intermediates produced

in the reaction with peroxynitrite alkylated biomolecules, but the real impact of these
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alkylations in the biological system needs to be better understood (Gersch et al. 2009). Besides,
under aerobic conditions, urate can directly react with nitric oxide (NO) to produce an unstable
nitrosated uric acid that transfers NO to other molecules, as glutathione (Suzuki 2007). Studies
with enzymes sensitive to oxidation, such as alpha-1-antiproteinase, alcohol dehydrogenase,
and glyceraldehyde phosphate dehydrogenase, reveal that reactive intermediates from uric acid
oxidation inactivate these enzymes (Aruoma and Halliwell 1989; Kittridge and Willson 1984;
Turner et al. 2018).

The paradoxical anti and pro-oxidant role of uric acid is most evident when analyzing its
reaction mechanism (Figure 5). For example, the two electrons oxidation of uric acid by
oxidants, such as hypochlorous acid and singlet oxygen, produces the dehydrourate which is
subsequently hydrated to hydroxyisourate (Kaur and Halliwell 1990; Volk, Yost, and Brajter-
Toth 1989; lida et al. 2017). The decomposition the hydroxyisourate follows four reactions until
the final product, allantoin (Figure 5). The breakdown products from uric acid oxidation can
be different depending on the reagents present in the medium. However, allantoin seems to be
the predominant end product in biological environment (Gersch et al. 2009; Volk, Yost, and
Brajter-Toth 1989). There is no free radicals intermediates in this two-electron oxidation and
the main oxidation product, allantoin, is considered inert.

Uric acid can also undergo one electron abstraction in reactions with free radicals, such as
hydroxyl radical, and in the oxidation by heme peroxidases (Maples and Mason 1988; Meotti
et al. 2011). This oxidation generates urate free radical which reacts with biomolecules in a
diffusion-limiting rate. When a high amount of this radical is formed, two of them can dismutate
to generate dehydrourate and uric acid. In the presence of ascorbate, urate free radical can
abstract one electron from ascorbate regenerating uric acid and forming the ascorbyl radical.
The latter dismutates to ascorbate and dehydroascorbate (Halliwell and Gutteridge 2015; Frei,

Stocker, and Ames 1988). The abstraction of one electron from other biomolecules by urate
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free radical can trigger a free radical chain reaction (Figure 5). The one-electron transference
from superoxide to the urate radical has been described to occur at 8 x 10® Ms™. (Santus et
al. 2001). However, the combination of these radicals with the formation of hydroperoxide is
very reasonable. Based on this, we characterized and identified the production of urate

hydroperoxide in cells (Patricio et al. 2015; Silva et al. 2018), as we mentioned earlier.
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Figure 5. Mechanisms of uric acid oxidation. Oxidation by two electrons generates dehydrourate, which
is subsequently hydrated to hydroxyisourate and, after four reactions, it forms allantoin. The one electron
oxidation generates urate free radical. Two urate free radicals can dismutate to yield urate and
dehydrourate. In the presence of ascorbate, urate free radical can be reduced to urate forming the
ascorbyl radical. Alternatively, urate free radical can abstract one electron from other biomolecules
triggering a free radical chain reaction or it can combine with superoxide to generate urate

hydroperoxide.
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Considering that the superoxide anion radical, hydrogen peroxide, myeloperoxidase and uric
acid are present in significant amounts in an inflammatory environment, urate hydroperoxide
would likely be a relevant product from the inflammatory oxidative burst (Silva et al. 2018). In
this context, a study from our group evaluated the reactivity of urate hydroperoxide against
biomolecules. In a comparasion with different amino acids, urate hydroperoxide reacted
specifically with methionine and cysteine but not with histidine, tryptophan, and lysine. It
oxidized glutathione (GSH) at a rate constant of 13.7 Ms, suggesting that it can oxidize GSH
in the biological system independently from enzymatic catalysis (Patricio et al. 2015). In spite
of that, reactive thiol groups from proteins are likely more prone to oxidation by urate
hydroperoxide. In fact, urate hydroperoxide oxidized peroxiredoxin 1 and 2 at rate constants of
4.5 x 10° and 2.6 x 10° M1s?, respectively (Carvalho et al. 2017). Although these values are
around two-orders of magnitude lower than the rate constants of the oxidation of these enzymes
by hydrogen peroxide (Cox et al. 2009; Manta et al. 2009), they are very high and suggest that
these proteins are preferential targets to urate hydroperoxide in the cytosol. Of relevance,
peroxiredoxins work as relay proteins in redox signaling because they can transfer their
oxidizing equivalents to other thiol proteins and modulate cellular response. In this context, the
production of urate hydroperoxide could have an important role in redox signaling in
inflammatory process.

Moreover, urate hydroperoxide selectively oxidizes the catalytic cysteine in protein disulfide
isomerase (PDI), an oxidoreductase and isomerase involved in platelet activation and
aggregation, thrombus formation and vascular remodeling (Cho et al. 2012; Tanaka et al. 2016;
Essex 2004). The rate constant for this oxidation is 6 x 10 Ms, which is much higher than
the oxidation of this protein by hydrogen peroxide and glutathione disulfide (Peixoto A et al.
2018; Mineiro et al. 2020; Ali Khan and Mutus 2014) and slightly lower than by peroxynitrite

(Peixoto A et al. 2018).Therefore, extracellular surface PDI is a putative target to urate
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hydroperoxide. The oxidation of this protein by urate hydroperoxide occasioned alterations in
endothelial cell adherence, pointing out a possible causal role for this oxidant in vascular
disease.

In summary, the inflammatory and oxidative response caused by uric acid indicates that it
has complex chemical and biological effects. The oxidation uric acid by hemeperoxidases and
the formation of reactive intermediates could be a preponderant event during inflammation and
would explain how uric acid causes cell damage and propagates inflammation.Therefore, the
main goal of this thesis was to investigate the oxidative metabolism of uric acid and its
involvement in redox-sensitive mechanisms to better understand the role of uric acid in the
progression of inflammation, bringing new insights to a causal role of uric acid in

inflammatory-related pathologies.
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ARTICLE INFO ABSTRACT

Uric acid is the final product of purine metabolism in humans and is considered to be quantitatively the main

Keywords antioxidant in plasma. In vitro studies showed that the oxidation of uric acid by peroxidases, in presence of
superoxide, generates urate free radical and urate hydroperoxide. Urate hydroperoxide is a strong oxidant and
Uric acid might be a relevant intermediate in inflammatory conditions. However, the identification of urate hydroperoxide

Urate free radical
Urate hydroperoxide

in cells and biological samples has been a challenge due to its high reactivity. By using mass spectrometry, we
undoubtedly demonstrated the formation of urate hydroperoxide and its corresponding alcohol, hydroxyisourate

OXidfmt during the respiratory burst in peripheral blood neutrophils and in human leukemic cells differentiated in
Eesil:atﬁ?’ burst neutrophils (dHL-60). The respiratory burst was induced by phorbol myristate acetate (PMA) and greatly in-
eutrophils

creased oxygen consumption and superoxide production. Both oxygen consumption and superoxide production
were further augmented by incubation with uric acid. Conversely, uric acid significantly decreased the levels of
HOCI, probably because of the competition with chloride by the catalysis of myeloperoxidase. In spite of the
decrease in HOCI, the overall oxidative status, measured by GSH/GSSG ratio, was augmented in the presence of
uric acid. In summary, the present results support the formation of urate hydroperoxide, a novel oxidant in
neutrophils oxidative burst. Urate hydroperoxide is a strong oxidant and alters the redox balance toward a pro-
oxidative environment. The production of urate hydroperoxide in inflammatory conditions could explain, at
least in part, the harmful effect associated to uric acid.

1. Introduction considered to be quantitatively the main antioxidant in this fluid [6].

The antioxidant properties of uric acid are attributed to the ability of

Uric acid is the end product of purine metabolism in humans and
higher primates and occurs predominantly as urate mono-anion under
physiological pH (pKa = 5.4) [1]. The evolutionary loss of uricase, an
enzyme that metabolizes uric acid to the more soluble product allan-
toin, brought about the accumulation of uric acid in plasma and the
ability of these species to maintain the blood pressure whereas standing
up during postural evolution [2]. Speculative advantages of the accu-
mulation of uric acid in plasma include antioxidant protection, de-
creased incidence of cancer, ability to survival under low dietary salt
and increased intelligence [3-5]. Uric acid is an excellent electron
donor (one-electron reduction potential = 0.59V, pH 7.0, HU", H*/
UH,") and because of its high concentration in plasma (50 — 420 uM) is

chelating transition metal ions, scavenging oxidants such as hydroxyl
radical, hypochlorous acid (HOCI), singlet oxygen and free radicals in
proteins [3,7-9]. In agreement to this, low levels of uric acid have been
associated with neurodegenerative disorders such as Parkinson disease,
multiple sclerosis, optic neuritis, and Alzheimer disease [10].

In contrast to these beneficial effects, the increase in serum uric acid
(hyperuricemia) is associated with inflammatory disorders. The de-
position of monosodium urate crystals activates inflammasome [11,12]
and induces the formation of neutrophils extracellular traps (NETs) a
process known as NETosis [13]. The crystals also stimulate NETs ag-
gregation, which is particularly relevant for resolution of inflammation
[13]. Even in the absence of crystals, soluble uric acid can prime
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mononuclear immune cells enhancing the pro-inflammatory effect of
Toll-like receptors ligands [14], increasing the expression of monocyte
chemoattractant protein-1 (MCP-1) [15,16], recruiting neutrophils
[12,17] and inducing NETs [18]. Differently from monosodium urate
crystals, no evidence for NET aggregation has been described for so-
luble uric acid and thus, the resolution of inflammation may be dis-
rupted in this case. Unsurprisingly, serum levels of uric acid are asso-
ciated with kidney disorder, hypertension, endothelial dysfunction and
cardiovascular disease [19,20] and a causal role for uric acid has been
purposed.

Markedly, uric acid has dual anti and pro-oxidant property. In spite
of the antioxidants effects, uric acid can indirectly increase the oxida-
tive status by stimulating NADPH oxidase to produce superoxide
[21-24]. In addition, a direct pro-oxidant effect of uric acid is expected
when it undergoes one-electron oxidation generating free radical in-
termediates that might trigger a free radical chain reaction [25-31]. As
a result, uric acid has been reported to increase oxidative damage and
inactivate enzymes sensitive to oxidative stress [26,32-35]. The reac-
tion of urate free radical intermediate with other free radical species is
expected to terminate the free radical chain reaction but might not
mitigate the oxidative stress. For instance, the fast reaction between
urate free radical and superoxide (8 x 108 M s!) [36] generates the
strong oxidant urate hydroperoxide [27-29,37,38].

The production of urate free radical and urate hydroperoxide is
likely relevant in inflammatory conditions since one-electron oxidation
of uric acid efficiently occurs by the pro-inflammatory enzymes mye-
loperoxidase and lactoperoxidase catalysis [27-29]. In this same in-
flammatory milieu, the activation of the NADPH oxidase provides
substantial amount of superoxide to the formation of urate hydroper-
oxide. Urate free radical is very reactive and reacts indiscriminately
with biomolecules. However, urate hydroperoxide is less reactive and
oxidizes selectively cysteine and methionine [28] and may have a re-
levant role in redox signaling [37]. Since uric acid is widespread in
human fluids, urate hydroperoxide can be formed in any site of in-
flammation and might represent a novel oxidant generated during cell
respiratory burst. Therefore, this study was designed to identify whe-
ther urate hydroperoxide is indeed formed by inflammatory cells and
how the oxidation of uric acid affects the overall redox balance in these
cells.

2. Materials and methods
2.1. Cell culture

Human promyelocytic leukemic cells (HL-60) (BCRJ, RJ, Brazil)
were maintained in RPMI 1640 medium (Sigma) containing bovine
fetal serum (20%), streptomycin (100 pg/mL) and penicillin (100 U/
mL), in a humidified atmosphere at 37 °C with CO, (5%). HL-60 cells
were differentiated (dHL-60) by the addition of dimethyl sulfoxide
(DMSO; 1.3%) in the RPMI-1640 medium supplemented with bovine
fetal serum (10%), streptomycin (100 ug/mL) and penicillin (100 U/
mL) for four days. To perform the experiments the cells were cen-
trifuged (350 X g for 10 min) and the supernatant discarded. The pellet
was washed with sterile saline (NaCl 0.9%) and centrifuged again,
under the conditions mentioned above. Cells were suspended in PBS/
glucose (10 mM phosphate buffer pH 7.4, 137 mM NaCl, 1 mM CaCl,,
0.5mM MgCl,, 1g/L glucose) or in PBS/glucose containing DTPA
(penta-acetic acid diethylenetriamine, 100 uM). Before each experi-
ment, the cytochrome c assay was performed to test superoxide pro-
duction and confirm HL-60 differentiation.

2.2. Oxygen consumption
Oxygen consumption by dHL-60 cells was evaluated by polaro-

graphy using Clark's electrode (Oroboros Oxygraph-2 k; Innsbruck,
Austria). Two milliliters of 1 x 10° cells /mL PBS/glucose were placed
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in a closed chamber at 37 °C under continuous agitation (300 rpm).
After 5min of baseline O, measurement, uric acid (0.2 mM) or vehicle
(NaOH 0.4 mM) were added and the cells were activated with Phorbol
12-myristate 13-acetate (PMA, 100 ng/mL). The concentration of O,
was monitored for 40 min.

2.3. Assessment of superoxide production by formation of 2-
hydroxyethidium (2-OH-E*)

dHL-60 (2 x10° cells) were incubated with 50 UM DHE, uric acid
(0.05-0.5mM) and 4-aminobenzoic acid hydrazide (ABAH, 50 uM) in
PBS/glucose and activated with 100 ng/mL PMA for 30 min at 37 °C.
After this time cells were pelleted at 400 X g for 10 min at 4 °C and the
supernatants (60 uL) were separated in a Phenomenex Synergi column
Polar-RP 80 A, (4 um, 150 X 4.6 mm) coupled to a high performance
liquid chromatography (HPLC; Shimadzu, Tokyo, Japan). The HPLC
system was equipped with two pumps LC-20AT, fluorescence detector
RF-10AxL, UV absorbance detector SPD-20A and a system controller
CBM20A. The mobile phase was 10% acetonitrile in 0.1% TFA/H,0O
(solvent A) and 60% acetonitrile in 0.1% TFA/H,O (solvent B) with a
0.6 mL/min flow rate. The compounds were eluted with a gradient of
40% solvent B for 5min and linear increase to 100% solvent B within
25 min. This was kept for 10 min. The return to initial condition was
linear over 5 min and it was allowed to equilibrate for 6 min. The 2-OH-
E* peak at Aoy = 480 nm, Ae, = 580 nm were integrated and plotted
against a standard curve. The standard solution of 2-OH-E* was pre-
pared as described before [39]. Briefly, DHE (50 uM) was oxidized by
xanthine/xanthine oxidase system (1 mM xanthine with 100 ug/mL
xanthine oxidase) in 10 mM phosphate buffer pH 7.4 containing DTPA
(100 uM) at 37 °C for 30 min in the dark. Aliquots of this reaction were
injected in the HPLC under the conditions described above, the 2-OH-
E* was collected and freeze-dried. The obtained residue was suspended
in DMSO and therefore the absorbance was measured at pH 7.4 for
proper deprotonation [40]. 2-OH-E™ concentration was calculated by
the its molar absorption coefficient e475nm = 1.2 x 10* Ml.em™® [41].
All the procedures above have been performed under minimal light
exposure.

2.4. Hypochlorous acid production

Measurement of hypochlorous acid (HOCI) production by dHL-60
was performed by oxidation of 2-nitro-5-thiobenzoate (TNB) [42]. dHL-
60 cells (1 x 10°) were suspended in PBS/glucose with taurine (15 mM)
and uric acid (0; 0.1; 0.2 and 0.5mM). A work solution of uric acid
(10 mM) was completely dissolved in 20 mM NaOH. Cells were acti-
vated with PMA (100 ng/mL) and incubated at 37°C for 1 or 2h.
Samples were centrifuged at 350 X g for 10 min and a five-fold dilution
of the supernatant was incubated with 80 uM TNB by 15min in the
dark. The oxidation of TNB to the colorless DTNB (5,5'-dithiobis-2-ni-
trobenzoic acid) by taurine chloramine was measured at 412 nm and
quantified using TNB molar absorption coefficient (€412 nm= 14,200 M
'em™). Since two TNB are consumed to form one DTNB per taurine
chloramine, the molar absorption coefficient was multiplied by two, i.e,
28,400 M'em™ [42].

2.5. Detection of urate hydroperoxide and hydroxyisourate in dHL-60 and
purified peripheral blood neutrophils by LC/MS/MS

Human neutrophils were isolated from the blood of healthy donors
by histopaque centrifugation, dextran sedimentation and hypotonic
lysis of red cells [43]. After isolation, neutrophils were suspended in
PBS/glucose/DTPA (100 uM). Cultured dHL-60 were washed with
sterile saline and suspended in PBS/glucose, DTPA (100 pM). An aliquot
of cells (1 x 10°) was always tested to evaluate the respiratory burst by
the reduction of cytochrome c just before the experiments. Average rate
of superoxide production was 4.69 = 0.98 uM/min in neutrophils and
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2.46 = 0.18 uM/min in dHL-60.

dHL-60 cells or neutrophils (5 x 10°) were incubated with uric acid
(0.2 or 0.5 mM) and stimulated by the addition of 100 ng/mL PMA in
the absence or presence of SOD (80 ng/mL). After 30 min of incubation,
samples were pelleted by centrifugation at 1400 X g (1 min at 4 °C).
The supernatant was diluted in 60% acetonitrile and 50 pL. was im-
mediately injected into the LC/MS/MS. To investigate any artefactual
production of urate hydroperoxide during sample preparation or LC/
MS/MS flow through, 0.2mM uric acid-1,3-15N, (Sigma Aldrich,
Germany) was added at the end of the reaction and the mass transitions
of this isotope were monitored. The analysis was performed in a 6600
Triple-TOF mass spectrometer (Sciex, CA) coupled with electrospray
ionization source (ESI), operated in negative ion mode. The detection
was performed using four different mass transitions for urate hydro-
peroxide and hydroxyisourate. The collision energy was 15 eV for urate
hydroperoxide, 20eV for hydroxyisourate and —80V for DP. The
source temperature was 350 °C and the spray voltage was set at 4500 V.
Urate hydroperoxide was synthesized as described previously by our
group [28] and the MS/MS spectrum of this standard solution was used
as reference to the detection of products in cells. The chromatographic
method was developed in a Nexera UPLC system (Shimadzu; Kyoto)
using a TSK-Gel amide-80 (4.6 x 150 mm, 3 um particle size) (Tosoh
Bioscience; Tokyo, Japan). The mobile phase was 10 mM ammonium
acetate pH 6.8 (solvent A) and acetonitrile (solvent B). The separation
was performed in isocratic mode using 60% solvent B for 20 min with
flow rate of 0.2 mL/min at 25 °C.

2.6. Quantification of hydroxyisourate in dHL-60 cells

dHL-60 cells (5 x 10%) were incubated for 30 min in PBS/glucose,
DTPA (100 uM) in the absence or presence of uric acid (0.2-0.5 mM) at
25°C in a total volume of 100 pL. Cells were activated with PMA
(100 ng/mL) and pelleted at 1470 X g, for 1 min at 4 °C. The super-
natants were filtered in a 0.22 pm membrane and diluted in acetonitrile
(40 pL reaction: 60 pL acetonitrile); a total of 50 uL. was injected into
the LC system. Hydroxyisourate, product of the reduction of urate hy-
droperoxide, was analyzed in a Shimadzu HPLC system (Tokyo, Japan)
using the modified method described by Patricio et al. [28]. The pro-
ducts were separated in a TSK-Gel amide-80 (4.6 X 150 mm, 3 um
particle size) (Tosoh Bioscience; Tokyo, Japan). The mobile phase was
10 mM ammonium acetate pH 6.8 (solvent A) and acetonitrile (solvent
B). The separation was performed in an isocratic mode using 60% of
solvent B for 20 min with flow rate of 0.2mL/min at 25°C. The LC
system was coupled to a diodo array (SPD M20A, DAD) and fluores-
cence detector (RF-20A, Shimadzu, Japan). Hydroxyisourate was
monitored by absorption at 302 nm and by fluorescence (Aex = 302 nm,
Aem = 385nm). The absorbance peak area was integrated and plotted
against a standard curve of hydroxyisourate ranging from 6.25 to
100 uM. The standard solution of hydroxyisourate was obtained from
the incubation of urate hydroperoxide with methionine (1:4). Con-
centration of hydroxyisourate was normalized by the rate of superoxide
production as 1 yuM min™.

2.7. Quantification of GSH and GSSG by LC/MS/MS system

dHL-60 cells (5 X 10°) were incubated with different concentra-
tions of uric acid (0.05, 0.1, 0.2 or 0.5 mM) in PBS/glucose in a total
volume of 180 pL. Cells were activated with PMA (100 ng/mL) for
30 min and then 18 pL extraction buffer (20%TCA; 10 mM DTPA) plus
2 pL internal standard (N-acetyl cysteine, 0.2 mg/mL) were added. This
mixture was incubated on ice for 15 min followed by a vortex agitation
for 45 s and again incubated on ice for 15 min. Sample pH was adjusted
to 2.0 by mixing with 200 pL of mobile phase A (0.75 mM ammonium
formate, 0.01% formic acid, 1% methanol) and cellular debris were
subsequently pelleted by centrifugation at 5000 xg for 10 min.
Supernatants were collected and injected into the LC-MS/MS system
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Fig. 1. Uric acid increases oxygen consumption (A) and superoxide pro-
duction during respiratory burst in dHL-60. (A) O, concentration (uM) in
dHL-60 cells (2 x 10°) was monitored by a Clark electrode within an interval of
40 min. The baseline O, consumption was evaluated for 5 min. After baseline
measurement, uric acid (UA, 0.2 mM) was added and it was followed by the
addition of 100 ng/mL PMA. The arrows indicate the moment of addition of
each compound. (B) dHL-60 cells (2 x 10°) were incubated with DHE (50 uM),
uric acid (0-0.5mM), 4-aminobenzoic acid hydrazide (ABAH, 50 uM) and ac-
tivated with PMA (100 ng/mL). After 30 min of incubation at 37 °C in PBS/
glucose, the supernatants were separated in a HPLC system and the 2-OH-E™*
peaks (Aex = 480nm, Ay, =580nm) were integrated and plotted against a
standard curve. Data represent the mean = S.E.M of three independent ex-
periments. Statistical analyses were performed by one-way ANOVA followed by
Newman-Keuls post-hoc test, *p < 0.05 from PMA-activated group without
uric acid.

operated in positive ion mode [44].

GSH and GSSG were quantified by LC-MS/MS according to Carrol
and collaborators [44] with minor modifications. The analysis was
performed in a 6600 Triple-TOF mass spectrometer (Sciex, CA) coupled
with electrospray ionization source (ESI), operated in the positive
mode. The post-acquisition MRM-like data was used for quantification
of GSH [M-H]* (m/z 308.0911—179.0462), GSSG [M-H]* (m/z
613.1592 — 355.0741), GSSG [M-H]* * ( m/z 307.0863 — 177.0328)
and internal standard NAC (m/z 164.0 — 76.0215). The collision en-
ergies used for each compound were 22 eV for GSH; 32 eV for GSSG;
25eV for NAC and 80eV for DP (declustering potential). The source
temperature was 450 °C and the spray voltage was set to 5500 V. The
chromatographic method was developed in a Nexera UHPLC system
(Shimadzu, Kyoto, Japan) using a Kinetex C18 analytical column
(100 mm X 2.10 mm, 2.6 pm) (Phenomenex, Torrance, CA, USA) eluted
with a mobile phase of 0.75mM ammonium formate/0.01% formic
acid/1% methanol (solvent A) and methanol (solvent B) at 0.2 mL/min.
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Fig. 2. Detection of urate hydroperoxide and hydroxyisourate produced by dHL-60 cells. dHL-60 cells (5 x 10°) were incubated with uric acid (0.2 mM) and
activated with PMA during 30 min at 25 °C. After centrifugation, supernatant was injected into the LC/MS/MS. Urate hydroperoxide (A) and hydroxyisourate (B)
were identified by the chromatogram peaks using their respective mass transitions m/z 199.0108 —139.0023 ( = 5 x 10 Da) and m/z 183.0159— 140.0102

( + 5 x 102 Da) in absence (A, B) or presence (C, D) of SOD (80 pg/mL).

Elution was started with 1% solvent B, held for 5 min and followed by a
gradient step to 80% from 5 to 6 min, maintained at 80% for 4 min and
restored to 1% from 10 to 11 min. After this time, the column was
equilibrated up to 20 min. The column temperature was set at 25 °C and
injection volume was 10 pL. Data were obtained using Multiquanti
software (3.0, Sciex). GSH and GSSG concentrations were obtained by
the ratios GSH/NAC and GSSG/NAC plotted against calculated by
standard curve (0.16 — 3.25 pM for GSH and 8.16 — 163 nM for GSSG).

2.8. Statistical analysis

The data are expressed as the mean + standard error (SEM) of at
least three independent experiments. All data passed the normality test
(D’Agostino & Pearson omnibus normality test) and were analyzed by
one-way analysis of variance (ANOVA) followed by Newman-Keuls
multiple range when appropriate. Results with p < 0.05 were con-
sidered to be significant.

3. Results

Activation of dHL-60 with PMA induced the respiratory burst with
an increase in oxygen consumption (Fig. 1A) and superoxide production
(Fig. 1B). As demonstrated in Fig. 1B, activation of dHL-60 cells with
PMA greatly increased superoxide production and it was further in-
creased by uric acid. Inhibition of myeloperoxidase by ABAH did not

180

alter uric acid effect. These results are in agreement with previous
findings that demonstrated that uric acid is able to increase superoxide
production in different type of cells [21,22,24].

During the respiratory burst, the dismutation of superoxide to hy-
drogen peroxide keeps up the production of hypochlorous acid by
myeloperoxidase in neutrophils and dHL-60. We had previously de-
monstrated that myeloperoxidase also oxidizes uric acid generating
urate free radical and that the combination of this free radical with
superoxide generates the oxidant urate hydroperoxide [27,28]. There-
fore, urate hydroperoxide is expected to be produced in the in-
flammatory milieu. However, the detection of this oxidizing agent in
cells and tissues is a challenge because urate hydroperoxide rapidly
reacts with thiol-peroxidases [37] and can also be reduced by glu-
tathione and methionine [28]. In a previous study, we had settled the
detection of urate hydroperoxide by mass spectrometry using a cell-free
system [28]. The specific mass transitions of urate hydroperoxide from
a standard solution are presented in the Supplem Fig. S1. In the present
investigation, we confirmed that urate hydroperoxide is formed during
the respiratory burst by monitoring these specific mass transitions in
dHL-60 cells activated with PMA (Fig. 2A and Supplem Fig. S2). Fig. 2A
shows the spectra of the most intense mass transition peak m/z
199.0108 — 139.0023. Because of the reducing environment in cells, a
much higher signal was identified for the product of urate hydroper-
oxide reduction, the hydroxyisourate, mass transition m/z 183.0159 —
140.0102 (Fig. 2B). The addition of SOD in dHL-60 completely
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Fig. 3. Spectra of urate hydroperoxide and hydroxyisourate from a standard solution and from activated peripheral blood neutrophils. The standard
solutions was synthesized as previously described [28] and injected into the LC/MS/MS for detection of urate hydroperoxide ion chromatogram in (A) and MS/MS in
(B) or hydroxyisourate ion chromatogram in (E) and MS/MS in (F). Purified blood neutrophils (5 x 10°) were incubated with 0.2 mM uric acid and activated with
100 ng/mL PMA for 30 min at 25 °C. After centrifugation supernatants were injected onto the LC/MS/MS and the fragmentation pattern of total m/z 199.0108 ion (C)
and urate hydroperoxide mass transition m/z 199.0108 —-139.0023 ( = 5 x 1073 Da) (D) were monitored. Fragmentation pattern of total m/z 183.0157 ion (G) and
hydroxyisourate mass transition and m/z 183.0159— 140.0102 ( = 5 x 10 Da) (H).

abolished urate hydroperoxide signal (Fig. 2C and Supplem Fig. S3) and
decreased by 10-fold the hydroxyisourate signal (Fig. 2D), confirming
the dependence on superoxide in the formation of urate hydroperoxide
and hydroxyisourate [28]. The formation of urate hydroperoxide was
completely dependent on the activation of cells (Supplem Fig. S3) and
none artefactual urate hydroperoxide is formed by sample preparation
or during LC/MS/MS analysis (Supplem Fig. S4).

Urate hydroperoxide and hydroxyisourate were also detected in
blood neutrophils. Fig. 3 compares the fragmentation patterns of urate
hydroperoxide (Fig. 3A and B) and hydroxyisourate (Fig. 3E and F)
standard solutions and the PMA-activated neutrophil (Fig. 3C and G).
Of relevance, both urate hydroperoxide (Fig. 3D and Supplem Fig. S5)
and hydroxyisourate (Fig. 3H) presented a much more intense signal in
blood neutrophils than in dHL-60 cells. As in dHL-60, the formation of
urate hydroperoxide in neutrophils was largely dependent on the pre-
sence of superoxide and on the cell activation with PMA Suppl. Fig. S6).

Differently from urate hydroperoxide that rapidly reacts with re-
ducing agents, hydroxyisourate accumulates in cells and can be well
detected by HPLC. Therefore, we quantified the amount of hydro-
xyisourate as an indirect quantification of urate hydroperoxide. Five
millions of dHL-60 cells produced micromolar range of hydroxyisourate

within 30 min. Because the respiratory burst in dHL-60 varied among
different days of experiments, the results in Fig. 4A are expressed as the
concentration of hydroxyisourate at a rate of superoxide production of
1 uM min™. The production of hydroxyisourate was dependent on the
concentration of uric acid and was totally dependent on myeloperox-
idase activity (Fig. 4A). The addition of SOD decreased hydroxyisourate
production but did not completely prevent it (Fig. 4A). In fact, the re-
action of superoxide with urate free radical has a diffusion-limited rate
of 8 x 108 M's and could not be completely abrogated by SOD. In
addition, hydroxyisourate can also be formed by the hydration of de-
hydrourate, the product of urate free radical dismutation [27], i.e., a
reaction independent of superoxide (Fig. 4A). Because the oxidation of
uric acid to hydroxyisourate was dependent on myeloperoxidase
(Fig. 4A) it should decrease the levels of HOCI in these cells. As ex-
pected, there was a gradual decrease in HOCI levels by increasing
concentrations of uric acid (Fig. 4B).

Together these results show uric acid as a putative pro-oxidant that
feeds the formation of urate free radical and urate hydroperoxide.
However, uric acid can also contribute to a reducing environment by
decreasing HOCI levels. To address the predominant effect, we assessed
the GSH/GSSG ratio and thus, we could evaluate the overall redox
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Fig. 3. (continued)

status of the cells in presence of uric acid. The activation of dHL-60 with
PMA did not change GSH levels (Fig. 5A) but increased GSSG levels
(Fig. 5B). The non-significant diminution in GSH levels after the re-
spiratory burst is likely due to the large excess of this tripeptide in cells.
Therefore, proper evaluation of redox balance is achieved by GSH/
GSSG ratio rather than by their isolated measurements. As shown in the
Fig. 5C, GSH/GSSG ratio was significantly decreased in PMA-activated
dHL-60 cells. In addition, crescent concentrations of uric acid increased
even more the GSSG levels (Fig. 5B) and, consequently, decreased GSH/
GSSG ratio (Fig. 5C). These results suggest that the oxidation of uric
acid in the inflammatory milieu overcomes the antioxidant effect and,
overall, uric acid exerts a pro-oxidant effect in these cells.

4. Discussion

The dual role of uric acid in healthy and disease has been a matter of
debate. Whilst some studies support a beneficial effect of uric acid by
trapping transition metal ions, scavenging free radical in proteins, hy-
droxyl radical, hypochlorous acid, singlet oxygen, nitrogen dioxide
radical, peroxynitrite and ozone [3,7-9,45,46], other studies revealed
that the products of the reaction of uric acid with some of these species
are not inert [25,26,30,31]. The protective role of uric acid has also
been identified in vivo because low levels of uric acid were associated
with neurodegenerative disorders in human and animal models
[47-50]. Some points that support a beneficial antioxidant effect of uric
acid: 1) the two-electron oxidation of uric acid generates allantoin that
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is easily excreted [7]; 2) the one-electron oxidation of uric acid gen-
erates urate free radical, which can dismutate to yield allantoin and uric
acid [27]. The antioxidant effect of uric acid also seems to be more
relevant in presence of high levels of ascorbate. The lower reduction
potential of ascorbate (one-electron E” = 0.28V, Asc,, H"/Asc
monoanion) [51] promotes reduction of urate free radical regenerating
uric acid (second order rate constant 10® Ms!) [52]. Therefore, a
protective effect of uric acid should be expected in tissues or species
that contain high levels of ascorbate, e.g. human central nervous system
and rodents.

In contrast, high levels of serum uric acid are associated with car-
diovascular disease in humans [20,53-55]. This has been attributed to a
pro-inflammatory effect of uric acid [16,17,19]. However, the exact
mechanism on how uric acid affects vascular homeostasis is not fully
understood. Uric acid is prone to oxidation in atheroma plaque [56,57]
and, therefore, a direct association between uric acid oxidation and
vascular damage has been suggested [20]. Of relevance, the oxidation
of uric acid by peroxynitrite generates an aminocarbonyl radical, re-
sponsible by amplify lipid peroxidation of LDL [26] and this free radical
has been detected in plasma [58]. In addition, other non-radical in-
termediates of urate oxidation by peroxynitrite were described to al-
kylate biomolecules [30]. The reactions with peroxynitrite are parti-
cularly relevant in the atheroma plaque, where the inflammatory cells
produce superoxide and nitric oxide.

The atheroma plaque also contains the neutrophil heme-peroxidase,
myeloperoxidase, favoring the oxidation of uric acid to urate free
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Fig. 4. : Quantification of hydroxyisourate and HOCI during respiratory
burst in dHL-60 cells. (A) Cells (5 x 10°) were incubated with different
concentrations of uric acid and activated with PMA (100 ng/mL) during 30 min,
the quantification of hydroxyisourate was performed by HPLC (Ayouy =
302nm). Samples were also analyzed in presence of superoxide dismutase
(SOD, 80 ug/mL) or the myeloperoxidase inhibitor 4-aminobenzoic acid hy-
drazide (ABAH, 50 uM). Chromatogram peaks were integrated and plotted
against a hydroxyisourate standard curve. The concentrations were normalized
by the rate of superoxide production of 1 uM min . (B) dHL-60 cells (1 x 10%)
were incubated with uric acid and activated with 100 ng/mL PMA for 1 and 2 h.
Quantification of HOCI was performed by the oxidation of thionitrobenzoic acid
(TNB, €412nm = 14,200M~lem™) to the colorless dithionitrobenzoic acid
(DTNB). Values are mean = S.EIM of three independent experiments.
Statistical analysis was performed by one-way ANOVA analysis of VARIANCE,
followed by Newman-Keuls post-hoc test. *p < 0.05 from the group without
uric acid.

radical and urate hydroperoxide (Fig. 6) [27,29]; both species are re-
active and, therefore, hardly detected in the biological system. Urate
free radical can undergo electron transference, dismutation or free ra-
dical combination whereas urate hydroperoxide can react with thiol
proteins and low molecular antioxidants. Such a short half-live makes
the assessment of these species in fluids, e.g. plasma, a challenge.
Therefore, the oxidation of uric acid in biological systems has usually
been assessed by the amount of allantoin, a more stable product than
urate hydroperoxide and hydroxyisourate [20,27,59,60]. In fact, the
oxidation of plasma uric acid by activated neutrophils or by in-
flammatory oxidants forms allantoin as the main product and parabanic
acid, oxaluric and oxonic acid as minor products [7,27]. An exception
seems to be the reaction with peroxynitrite, which generates triuret as
the main yield [30]. In accordance with these evidences, previous
studies quantified allantoin as a marker of uric acid oxidation in
atheroma plaque and in fluids of patients with subclinical athero-
sclerosis, rheumatoid arthritis and cystic fibrosis [20,56,57,59,60].
We had previously demonstrated the formation of urate hydroper-
oxide in presence of myeloperoxidase and superoxide generating-
system [27,28]. However, this is the first study that identified the
production of urate hydroperoxide by inflammatory cells. This proves
that the oxidation of uric acid during the respiratory burst generates an
oxidant intermediate that, together with hypochlorous acid, peroxyni-
trite, superoxide and hydrogen peroxide, might exacerbate tissue
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Fig. 5. Evaluation of overall oxidative status in dHL-60 cells by GSH and
GSSG levels. Cells (5 x 10%) were incubated with different concentrations of
uric acid (0.05, 0.1, 0.2 or 0.5mM) and activated with PMA (100 ng/mL)
during 30 min a 37 °C. Quantification was performed by LC/MS/MS using mass
transition for GSH [M-H]* (m/z 308.0911 — 179.0462) and GSSG [M-H] *: m/
2 613.1592 — 355.0741 and.

[M-H] " *: m/z 307.0863 — 177.0328. Values are mean = S.E.M. of three in-
dependent experiments. Statistical analysis was performed by one-way ANOVA
analysis of VARIANCE, followed by Newman-Keuls post-hoc test, *p < 0.05
compared with group in absence of uric acid and # p < 0.05 compared with
group in absence of PMA.
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Fig. 6. Oxidation of uric acid in the respiratory burst. Uric acid is produced by the oxidation of xanthine and hypoxanthine by xanthine oxidoreductase (XO). The
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(HOC)). Alternatively, MPO oxidizes urate to urate free radical, decreasing the production of HOCI. Urate free radical combines with superoxide to generate urate
hydroperoxide. Urate hydroperoxide oxidizes glutathione to glutathione disulfide, increasing the overall oxidative status of the cell.

damage and homeostasis imbalance. Urate hydroperoxide can oxidize
cell surface thiol-protein or diffuse into the intracellular milieu to ra-
pidly oxidize thiol-peroxidases [37]. It can also oxidize glutathione but
at a much lower rate [28]. Since the extracellular ratio of GSH/GSSG
and of other low molecular weight thiol antioxidants is much lower
than the intracellular one [61,62], these antioxidants unlikely con-
tribute to the extracellular clearance of urate hydroperoxide. Ad-
ditionally, albumin is much more abundant than the low molecular
weight thiol antioxidants and is expected to be a more relevant extra-
cellular target [63]. However, urate hydroperoxide oxidizes albumin at
a low rate constant (20 + 3.7 M s) (unpublished data), which in-
creases the chances of urate hydroperoxide diffusion.

Uric acid significantly increased superoxide production, indicating
an indirect pro-oxidant effect of uric acid. Previous studies had already
demonstrated that soluble uric acid induced the membrane assemblage
of NADPH and superoxide production in differentiated adipocytes and
leucocytes [15,21,22,24]. However, the exact mechanism by which uric
acid increases superoxide production remains to be investigated.

The oxidation of uric acid by inflammatory cells decreased HOCI
production because of the competition between uric acid and chloride
for myeloperoxidase (Fig. 6) [24,27]. In addition, uric acid has been
described as a direct scavenger of HOCI [7]. Therefore, it is hard to
predict the overall redox state of the cell in presence of uric acid. Our
results demonstrated that uric acid significantly decreased GSH/GSSG
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and, therefore, a pro-oxidant effect overcame the antioxidant properties
of uric acid. In agreement, a pro-oxidant effect of uric acid has been
demonstrated in different models of inflammation in cells and in vivo
[21-24,64]. Noteworthy, alterations in the redox balance have been
associated with regulation of cytokines release and modulation of sig-
naling pathways that might contribute to inflammation [65-67].

In summary, this study reveals the pro-oxidant effect of uric acid in
inflammatory conditions. The respiratory burst triggered by NADPH
oxidase activation feeds the production of hydrogen peroxide for the
myeloperoxidase-catalyzed oxidation of uric acid to urate free radical.
In addition, uric acid generates a cyclic process because it increased
superoxide production in cells. Urate free radical combines with su-
peroxide to generate urate hydroperoxide and both products can oxi-
dize glutathione (Fig. 6). Therefore, this study identified, for the first
time, the production of a novel uric acid-derivative oxidizing agent in
inflammatory cells and opens up a new insight into the mechanisms by
which uric acid propagates tissue damage in inflammatory-related
conditions.
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