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ABSTRACT

Uric acid (UA) is the end-product of purine metabolism in human. The most
common clinical manifestation of elevated circulating UA level, i.e. hyperuricemia,
is gout, an inflammatory arthritis typically manifesting in the first
metatarsophalangeal joint. Epidemiological studies have rather unambiguously
indicated that the prevalence of hyperuricemia is increasing worldwide. This increase
has co-occurred with lifestyle westernization and higher incidence of chronic kidney
disease (CKD), and cardiovascular morbidities such as hypertension, type 2 diabetes,
and atherosclerosis, suggesting a possible role of UA in the development of these
diseases. It is still not clear, however, whether UA itself plays a role in these
conditions, or is secondary to reduced renal UA excretion and oxidative stress, both
elevating circulating UA levels. The ability of UA to provide protection against
oxidant damage in certain neurological conditions challenges the view of UA being
harmful contributor in disease pathophysiology.

To investigate the role of UA in cardiovascular and renal diseases, an
experimental model of dietary 2% oxonic acid (inhibitor of uric acid degrading
uricase-enzyme)-induced hyperuricemia has been developed. The model rather
closely simulates the hyperuricemic state in humans, in whom a mutation eatly in the
evolution has resulted in higher UA levels than in most other mammals. Previous
experimental studies with rather short durations and heterogenic study protocols
have suggested that UA contributes to the progression of cardiovascular and renal
diseases by causing intrarenal inflaimmation, oxidative stress, and depletion of
endothelium-derived vasodilator nitric oxide (NO). Synergistically, these changes
have been suggested to cause glomerular vascular disease, hypertension, and
ultimately renal fibrosis. The contribution of UA to the systemic vascular function,
morphology, and renal histology in relation to the prevailing oxidant status has not

been previously elucidated.
Reduced compliance of the large arteries, as indicated by increased pulse wave

velocity (PWV), is considered as an independent indicator for higher cardiovascular
risk. In some clinical studies, higher UA levels have been independently associated
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with increased PWV, while other studies have not supported this view. Thus, the
knowledge over the role of UA in human hemodynamics is largely unknown.

The experimental part of the study (studies I, II, III) examined the cardiovascular
and renal effects of nine week-long oxonic acid (Oxo) induced hyperuricemia in
healthy (Sham) and surgically 5/6 nephrectomized (NX) rats (n=12/group). The
focus was to investigate the mesenteric and carotid artery functional responses, small
mesenteric artery morphology, cardiac volume load, systemic and renal oxidative
stress, and kidney markers of fibrosis and inflammation. The vascular studies were
performed 7n vitro with isolated arterial rings by recording the changes in small artery
tone in response to different pharmacological vasoactive agents by using a
myograph. Cardiac load was assessed by measuring cardiac natriuretic peptide
mRNA content, while systemic oxidative stress markers and antioxidant status were
evaluated 7z vivo by measuring urinary excretion of 8-isoprostaglandin Fz, and 11-
epi-prostaglandin Faz, and plasma total peroxyl radical-trapping capacity (TRAP).
Indices of renal damage (histology, proteinuria, mast cell count), inflammation
(cyclooxygenase-2, COX-2), and oxidative stress (heme oxygenase-1, HO-1) were
evaluated microscopically, immunohistochemically, and by using Western blotting
and real time quantitative PCR (RT-PCR), as appropriate. The clinical study (study
IV) examined non-invasively by using whole-body impedance cardiography and
radial tonometric pulse wave analysis the association of plasma UA concentration
with several hemodynamic variables, including PWYV. The study participants
consisted of 606 normotensive or never-medicated hypertensive asymptomatic

individuals with plasma UA levels predominantly within the normal range.

The results from the experimental study replicated several characteristics of
moderate CKD: mild hypertension and cardiac load, impaired endothelium-
mediated vasorelaxation in the mesenteric and carotid artery, hypertrophic
remodeling of the small mesenteric artery, renal fibrosis, proteinuria, and increased
oxidative stress. In experimental CKD, hyperuricemic milieu improved NO-
mediated carotid artery vasorelaxation, but in parallel endothelium-independent
vasorelaxation mediated via smooth muscle cell hyperpolarization in the main
branch of the mesenteric artery was impaired. Congruently, hyperuricemic remnant
kidney rats displayed improved kidney morphology and reduced markers of
inflammation. Systemic and renal markers of oxidative stress were reduced, and
plasma TRAP increased in hyperuricemia, but UA did not significantly influence
blood pressure, cardiac load, or small mesenteric artery morphology. In the clinical
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study, plasma UA concentration was independently associated with large arterial
stiffness in both sexes, but not with blood pressure or any other hemodynamic
variable including cardiac output, systemic vascular resistance, or wave reflection.

The present series of experimental studies adds further knowledge to the
mechanisms via which UA mediates its effects in the cardiovascular system and in
the kidney. In experimental CKD, hyperuricemia associated with improved renal
morphology and NO-mediated carotid artery vasorelaxation, in association with
morte favorable oxidant/antioxidant status both iz vivo and in the kidney. The results
from the clinical study support the view that in normotensive and never-medicated
hypertensive individuals, the association of higher UA levels with increased
cardiovascular risk might be mediated via reduced compliance of the large arteries.
Collectively, these results demonstrate the dual actions of UA in different species
and in physiological versus zz vitro milieus. Prospective longitudinal studies exploring

the hemodynamic effects of hyperuricemia are warranted in the future.
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TIVISTELMA

Uraatti on ihmisilli puriiniaineenvaihdunnan lopputuote, joka padsaantoisesti
poistuu elimistdstd erittymélldi munuaisten kautta virtsaan. Uraatin kohonnut
pitoisuus veressi, hyperurikemia, on tavallinen 16yd6s paitsi kihtid, my6s sydin- ja
verenkiertoelimiston  sairauksia sekd kroonista munuaisten vajaatoimintaa
sairastavilla potilailla. Niilld potilailla hyperurikemia on seurausta sairauksiin yleisesti
liittyvistd oksidatiivisen kuormituksen lisddntymisestd sekd munuaisten erityskyvyn
heikkenemisestd. Hyperurikemia liitetidin usein sairauksien huonompaan
ennusteeseen, mutta tunnettujen antioksidanttivaikutustensa kautta uraatti voi myos
vihentdd elimiston oksidatiivista kuormitusta. Uraatin rooli ja vaikutusmekanismit
verenkiertoelimiston sairauksissa sekd kroonisessa munuaisten vajaatoiminnassa
ovat edelleen kiisteltyja.

Ihmisen uraattipitoisuudet ovat korkeammat kuin muilla nisikkiilli johtuen
thmisilld aikoinaan tapahtuneesta uraattia hajottavan urikaasi-entsyymin mutaatiosta.
Uraatin vaikutusten tutkimista varten kehitetyssi mallissa ithmisen hyperurikemiaa
jaljitteleva hyperurikemia saadaan aikaiseksi antamalla ravinnon mukana koe-
eliimind kdytetyille rotille urikaasin estdjid, 2% oksonihappoa. Aikaisemmissa
valtaosin aika lyhyissi ja koeasetelmiltaan vaihtelevissa kokeellisissa tutkimuksissa
niin aiheutetun hyperurikemian on esitetty aiheuttavan ~munuaisvautioita
lisidintyneen oksidatiivisen kuormituksen, tulehduksen sekd munuaisverisuonten
toiminnallisten ja rakenteellisten muutosten kautta. Lopulta nimi muutokset
johtavat verenpainetason kohoamiseen, edelleen kithdyttien munuaissairauden
etenemistd. Aikaisemmat kokeelliset tutkimukset ovat keskittyneet ldhinnd uraatin
munuaisvaikutuksiin, mutta hyperurikemian yhteyttd muiden verisuonten
toimintaan, rakenteeseen tai oksidatiivisen kuormitukseen ei ole aikaisemmin
kattavasti tutkittu.

Viitoskirjatyon kokeellisessa osuudessa (osatyot I, 11, I1I) selvitettiin kohtalaisesti
kohonneen uraattipitoisuuden vaikutusta kaula- ja suolilievevaltimon toimintaan ja
rakenteeseen, syddmen kuormitukseen, munuaishistologiaan ja -tulehdukseen seka

elimiston oksidatiiviseen kuormitukseen terveilli ja kroonista munuaisten



vajaatoimintaa sairastavilla rotilla (neljd ryhmad, n=12/ryhma). Hyperurikemia
atheutettiin antamalla osalle koe-eldimistd ravinnon mukana 2% oksonihappoa
yhdeksin viikon ajan ja munuaisten vajaatoiminta saatiin aikaiseksi poistamalla osalta
rotista kirurgisesti 5/6 munuaiskudoksesta (NX-toimenpide, kolme viikkoa ennen
oksonihappodieettid). Verisuonten rakennetta seka supistus- ja relaksaatiovastetta eri
tavalla verisuonten toimintaan vaikuttaviin aineisiin tutkittiin zz »ifro verisuonen
supistustilaa  mittaavalla myografialaitteella. Syddmen kuormitusta arvioitiin
madrittimalld  syddnlihaksen natriureettisten peptidien mRNA-pitoisuuksia.
Munuaisvauriota arvioitiin histologisesti, virtsan proteiinierityksen mittauksilla seka
madrittdimalld erilaisia munuaisvaurioon ja oksidatiiviseen kuormituksen viittaavia
tekijoitd (mm. mast-solut, hemi-oksygenaasi-1-entsyymi, syklo-oksigenaasi-2 ja
kollageeni-1). Oksidatiivista kuormitusta ja antioksidanttikapasiteettia arvioitiin my6s
in vivo madrittamalld niistd kertovia merkkiaineita verestd ja virtsasta (TRAP, 8-
isoprostaglandiini Fo, ja 11-epi-prostaglandin ).

Kiytetty koe-eldiinmalli toimi odotetusti ja tutkimuksessa havaittiin useita
aikaisemmin kuvattuja munuaisten vajaatoimintaan liittyvid 10ydoksid, kuten lieva
verenpaineen nousu, verisuonten heikentynyt relaksaatio, vastusverisuonten
seinimin  paksuuntuminen, syddmen kuormitus, proteinuria, lisddntynyt
oksidatiivinen kuormitus sekd munuaisten histologinen vaurio. Munuaisten
vajaatoiminnassa  hyperurikemia  paransi  kaulavaltimon endoteelivilitteistd
(typpioksidivilitteistd) relaksaatiota, kun taas suolilievevaltimossa hyperurikemia
heikensi siledlihaksen hyperpolarisaation kautta tapahtuvaa vasorelaksaatiota.
Munuaisten vajaatoiminnassa kokeellinen hyperurikemia lievensi histologista
munuaisvauriota ja timi liittyi vahentyneeseen systeemiseen sekd munuaisten
oksidatiiviseen ~kuormitukseen. Havaitut suotuisat vaikutukset munuaisten
vajaatoimintaa sairastavilla rotilla selittyivit todennikoéisesti  hyperurikemiaan
liittyneelld plasman kokonaisantioksidanttikapasiteetin lisidntymiselld seki elimistén
vihentyneelld oksidatiivisella kuormituksella. Hyperurikemialla ei ollut merkittivaa
vaikutusta verenpaineeseen, verisuonten supistumiseen, pienten vastusverisuonten
rakenteeseen tai syddmen kuormitukseen.

Suurten valtimoiden jdykistyminen on tunnettu sydin- ja verisuonisairauksien
riskitekija ja kohonnut uraattipitoisuus on yhdistetty itsendisend riskitekijani
valtimojdykkyyttd kuvaavaan lisddntyneeseen pulssiaallon etenemisnopeuteen
(PWYV). Tutkimuksen kliinisessd osatyGssd (osatyé IV) tutkittiin kajoamattomin
menetelmin  (impedanssikardiografia, tonometrinen radialispaineiden mittaus)



péadsddntoisesti viiterajoissa olevien uraattitasojen yhteytta erilaisiin hemodynaamisiin
muuttujiin -~ 606:lla  syddn-  ja  verisuonisairauksien  suhteen  terveelld
normaaliverenpaineisella  tai  ei-lddkityillda  hypertensiiviselli — koehenkil6lla.
Tutkimuksessa havaittiin, ettd plasman uraattipitoisuus on PWV:td ja siten my0s
valtimojaykkyyttd selittdvd tekiji, mutta muihin mitattuihin hemodynaamisiin
suureisiin, mukaan lukien verenpaine verenkierron vastus, minuuttitilavuus ja

paineheijasteet, uraattitasoilla ei ollut yhteytta.

Nyt tehty koe-eldintutkimus osoittaa, ettd kokeellisen hyperurikemian vaikutukset
verenkiertoelimistéssd  ja  munuaisissa  eroavat terveilli sekd ~munuaisten
vajaatoimintaa sairastavilla rotilla, ja vaikutukset verisuonten toimintaan ovat erilaisia
eri verisuonissa. Tdssd koe-eldinmallissa hyperurikemialla ei padsidntoisesti havaittu
olevan haitallisia vaikutuksia. Suotuisat verisuoni- ja munuaisléydokset munuaisten
vajaatoimintaa sairastavilla rotilla voisivat ainakin osittain selittyd hyperurikemiaan
liittyneelld oksidatiivisen kuormituksen vihentymiselld. Kliinisen tyén tulokset
osoittavat, ettd korkeampi, vaikkakin viiterajoissa oleva, veren uraattipitoisuus liittyy
lisidintyneeseen valtimojaykkyyteen, mikd on havaittavissa jo ennen Kliinisesti
todettavaa verenpaineen nousua tai muita sydin- ja verisuonisairauksien merkkeja.
Tama yhteys saattaa osaltaan selittdd korkeampiin uraattipitoisuuksiin liittyvad
lisidntynyttd sairastavuutta syddn- ja verenkiertoelimiston sairauksiin. Taltd osin

tarvitaan kuitenkin vield seurantatutkimuksia.
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1 URIC ACID AND HYPERURICEMIA

Uric acid is the final break down product of amino acids and purine nucleic acids
(adenine and guanine) in humans. Nucleic acids are derived either endogenously
from the cellular turnover of deoxyribonucleic acid (DNA), ribonucleic acid (RNA),
adenosine triphosphate (ATP), guanosine triphosphate (GTP) or exogenously
mainly via purine rich animal proteins. Approximately two-thirds of the total body
UA is derived endogenously, and the remaining one-third via digestion. Uric acid is
synthesized mainly in the liver but also in other tissues such as the kidney, vascular
endothelium and striated muscle, while the kidneys are the predominant pathway for
UA excretion (Chaudhary et al., 2013; Maiuolo et al., 2016).

In the biomedical literature, the term uric acid generally refers to undissociated
diprotic form of UA. In the plasma (at physiologic pH), UA exists mostly as
dissolved sodium urate acid, the salt of UA. To refer to the total pool of circulating
UA, the terms UA and urate are often used interchangeably, as their ratio remains

practically constant.

1.1 Metabolism of uric acid

The synthesis of UA is catalyzed sequentially by several enzymes, the rate-limiting
enzyme being xanthine oxidoreductase (XOR) (C. Chen et al., 2016; Maiuolo et al.,
2016) (Figure 1). This enzyme is responsible for the two terminal reactions in UA
generation: oxidation of hypoxanthine to xanthine and xanthine to UA. The activity
levels of XOR in human varies in different tissues, the highest levels observed in the
liver, intestine and endothelium and the lowest in the brain, skeletal muscle, and the
heart (Chaudhary et al., 2013). Xanthine oxidoreductase can attain two alternative
enzymatic isoforms, namely xanthine oxidase (XO) and xanthine dehydrogenase
(XDH), both generating UA. The first one uses molecular oxygen as an electron

acceptor and releases UA, hydrogen peroxide (H202) and reactive oxygen species
(ROS), most importantly superoxide anion (O,). The reaction catalyzed by XDH
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utilizes nicotinamide adenine dinucleotide (NAD™) as a cofactor and generates the
reduced form of NAD (NADH) and hydrogen ion (HF) (C. Chen et al., 2016;
Maiuolo et al., 2016). Xanthine dehydrogenase and XO can be interconverted via
proteolytic action or oxidation of sulfthydryl residues (Nishino et al., 2008). In
physiologic conditions, XDH is constitutively expressed, while in tissue ischemia
XO is the predominant pathway generating both UA and free radicals (Berry & Hare,
2004). The synthesis of UA is therefore closely coupled to a range of pathological
conditions with enhanced XO activity and free radical generation, and UA can
therefore be regarded as an index for oxidative stress (Packer, 2020). Whether UA
per se plays a role in these states, however, is still debated. Recently it was reported
that plasma XOR activity is related to higher blood pressure (BP) through ROS, but
not UA generation (Yoshida et al., 2020).

In humans, on average two-thirds of the circulating UA is excreted by the kidneys,
where UA is almost totally filtered through the glomeruli (Hyndman et al., 2010).
Renal UA transport occurs mainly in the proximal tubule, where 95-95% of the
filtered UA is reabsorbed. Though reabsorption has the predominant role in renal
UA transport, there is a secretory component as well, with a relatively larger
importance in some other species (for example reptiles and birds) than human or rat
(So & Thorens, 2010). Post-secretory reabsorption more distally in the proximal
tubule also contributes to renal UA processing (Maiuolo et al., 2016). Renal urate
handling is regulated by urate transporters which exchange intracellular organic
anions for UA. The most important urate reabsorption transporter located in the
apical membrane of the proximal tubule is a member of organic anion transporter
(OAT) family, urate anion transporter 1 (URATT). Other reabsorption transporters
include OAT4 (organic anion transporter 4), OAT10 and glucose transporter 9
(GLUTY). Urate secretion transporters include many other members of the OAT
family and various other transporters, many of them still not fully characterized
(Bobulescu & Moe, 2012; Hyndman et al., 2016; Sorensen & Levinson, 1975).

The remaining one-third of circulating UA is predominantly excreted via the
gastrointestinal route, where it is metabolized by gut bacteria in a process termed
intestinal uricolysis. In states of reduced urinary excretion, there is a significant
compensatory increase in intestinal UA elimination, in some gout patients the renal
elimination constituting only 40 % of the total UA excretion (Hyndman et al., 2016;
Sorensen & Levinson, 1975; Vaziri et al., 1995). Like in the kidney, several urate
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transporters are involved in the intestinal urate handling. Some of these transporters

are the same as in the kidney, with variable expression in different organs.
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Figure 1. The generation and elimination of uric acid in humans and in other primates and the

targets of uric acid lowering drugs and oxonic acid. Abbreviations explained in the text.
Figure adapted from Chen et al. (2016).
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1.2 Regulation of circulating uric acid levels

The circulating UA level is determined by the net balance of intake, endogenic
production, and elimination of UA or its precursors. There is a significant day to day
variation in individual UA levels, and a multitude of environmental, physiological,
and genetic factors either enhancing the synthesis or reducing the excretion of UA
can yield hyperuricemia. Renal underexcretion of UA is the most common cause for
the development of hyperuricemia, and a decline in glomerular filtration rate (GFR)
for any reason inversely correlates with circulating UA levels (Iseki et al., 2013; Perez-
Ruiz et al., 2002).

Under normal conditions, the daily production and catabolism of UA is relatively
stable, on average 300-400 mg (Maiuolo et al., 2016). Serum UA levels depend
strongly on sex and age with premenopausal women having lower serum UA levels
than postmenopausal women and men. In pre-pubertal children the level of UA is
generally low in both sexes, while during puberty the levels increase rapidly in both
sexes, but the rise is more pronounced in males (Dai et al., 2021). The effect of sex
is largely attributed to the uricosuric effect of estrogen, and to a lesser extent to
testosterone, having the opposite effect on circulating UA levels (Dai et al., 2021;
Feig et al., 2008).

Individual serum UA variation is also compounded by genetic factors, and several
single nucleotide variants that alter the function of different urate transporters have
been identified (F. Butler et al., 2021). The influence of genetics is evidenced by
substantial serum UA level variation across different populations and ethnicities
(Bardin & Richette, 2014). For instance, New Zealand Maoris have on average higher
serum UA concentrations than people of European ancestry (Roddy et al., 2007).
While the carriers of the risk alleles, when also exposed to environmental and dietary
risk factors, carry an increased risk for hyperuricemia, also rare monogenic
conditions can cause hypo- or hyperuricemia. Renal hypouricemia is an example of
an inherited condition in where pathogenic mutations in the GLUT9 or URAT1
genes influence the tubular urate transport, resulting in increased urate clearance and
hypouricemia that predispose to acute kidney injury or UA nephrolithiasis
(Stiburkova et al,, 2013; C. Wang et al.,, 2019). In contrast, X-chromosomally
inherited mutations in the HPRT1-gene (hypoxanthine-guanine phosphoribosyl
transferase) cause Lesch-Nyhan syndrome, characterized by severe hyperuricemia,

cognitive retardation, self-injurious behavior, spasticity and involuntary movements
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(Nyhan, 2005). There is also a range of other dominantly and recessively inherited
conditions characterized by hyperuricemia and renal disease (Shamekhi Amiri &
Rostami, 2020). Urate transporters are also a target for several UA lowering medical
agents, such as probenecid or angiotensin II-receptor blocker losartan, which exert
their UA lowering effects by interfering with URAT1 (Bobulescu & Moe, 2012).

High-purine diet containing abundantly of red meat or seafood such as anchovies
or shellfish elevate serum UA levels. Alcohol consumption accelerates hepatic break
down of ATP providing the substrate for UA generation with subsequent serum UA
elevation (Faller & Fox, 1982). Iron overload and hyperferritenemia have been
associated with a rise in serum UA levels, while intake of vitamin B2 and folate
associate with lower risk of hyperuricemia (Fatima et al., 2018; Zhang & Qiu, 2018).
Low sodium diet, diuretic and low-dose aspirin use elevate serum UA levels by
increasing renal UA reabsorption, while organic anions such as lactate, increasingly
produced in ischemic conditions, elevate serum UA by competing for renal urate
reabsorption (Johnson et al., 2003). Alkalization of urine promotes urinary excretion
of UA (Kanbara et al,, 2010).

Conditions increasing the catabolism of purine nucleic acids or cellular turnover
cause excessive production of UA, but such conditions account for less than 10%
of the hyperuricemic subjects. One such example is a medical condition called tumor
lysis syndrome that can be induced by cancer chemotherapy or some other drugs but
can also develop spontaneously if the tumor burden is large. In tumor lysis
syndrome, enhanced degradation of DNA and RNA releases large amounts of UA
into the circulation predisposing to acute urate nephropathy due to UA
crystallization into the tubular lumen. In tumor lysis syndrome, the affected patients
typically have circulating UA levels above ~900 umol/1, and the condition should be
considered as a separate entity from other conditions associated with mild to
moderate subclinical serum UA elevation (Hahn et al., 2017).

1.3 Definition of hyperuricemia

The average concentration of circulating serum UA level is highly variable among
individuals and even across time in each subject, making it difficult to define optimal
serum UA range or a single cut-off value for hyperuricemia. Serum UA

concentrations follow the Gaussian distribution and values more than two standard

26



deviations above the mean are statistically defined as hyperuricemic. However,
statistically significant serum UA elevation is not unambiguously relevant from
biological point of view, as most often biochemical serum UA levels do not correlate
with disease manifestations and even lower serum UA levels within the reference

range may carry a risk for the development of cardiovascular and renal complications
(Bardin & Richette, 2014).

Generally, hyperuricemia is defined as serum UA concentration >420 pmol/1 in
men and >360 pmol/l in women (Feig et al., 2008). According to a large Finnish
laboratory (Fimlab), normal plasma UA range is 155-400 umol/l for women and
230-480 pmol/1 for men.

1.3.1  Uric acid in gout and nephrolithiasis

One way to define hyperuricemia is based on the disease manifestations and
symptoms, which typically occur when the concentration of UA in the blood exceeds
its solubility limit and starts to form non-dissolved monosodium urate crystals.
When depositing in the joints, the crystals can cause an inflammatory arthritis named
gout, which is the traditional hallmark of hyperuricemia. Typically, gout presents as
an acute episode of flare in the root of the first metatarsophalangeal joint, the big
toe, but the disease may involve other joints as well. When prolonged, crystal
accumulation induces chronic inflaimmation, formation of tophus and eventually
irreversible joint damage. (Dalbeth et al., 2016). The gold standard method for gout
diagnosis is identification of urate crystals from needle aspiration sample, and
ultrasound has also been shown to be a useful diagnostic tool. Acute gout attacks are
treated with nonsteroidal anti-inflammatory drugs, colchicine, or systemic/intra-
articular glucocorticoids (FitzGerald et al., 2020; Richette et al., 2017).

The first historical reports from gout (originally named as podagra) date as early
as 2640 B.C., a condition named as “arthritis of the rich” or “disease of kings”, aptly
referring to the association of gout with upper-class wealthy lifestyle (Nuki & Simkin,
20006.). Still today, the prevalence of gout follows the trends in modernization and
the accompanying changes in dietary habits and cardiovascular and metabolic co-
morbidities. Worldwide the prevalence of gout ranges around 1-4%, with
disproportionate disease burden in men, elderly and certain ethnic groups (Dalbeth
et al., 20106). The prevalence rate of gout reaches its maximum, 7%, in men over the
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age of 65 (Mikuls et al., 2005). Notably, the epidemiological studies of gout are
complicated by the lack of standard definition of gout and a wide variability in self-

reported versus cases diagnosed by physician.

The diagnostic value of serum UA measurement in gout diagnostics is limited as
85-90% of biochemically hyperuricemic individuals do not have symptomatic gout,
and on the other hand many gout patients have serum UA levels within the normal
range. Furthermore, out of individuals with the highest serum UA levels (>~600
umol/I) only about half develop gout over 15 years of follow-up (Bardin & Richette,
2014; Dalbeth et al., 2016). Thus, the individual cellular response to inflammatory
urate crystals is influenced by several other factors than just circulating UA level and
involves complex interactions between various cell types and inflammatory
mediators (Dalbeth et al., 2016). Despite the inaccuracy in gout prediction and
diagnostic, the likelihood of symptomatic gout increases in concordance with

elevated serum UA concentration.

In the kidney, crystallized UA can form kidney stones, a condition named UA
nephrolithiasis. The risk factors for UA nephrolithiasis are the same as in gout. In
addition, hyperuricosuria, low urinary volume and low pH possess an increased risk
for UA nephrolithiasis (Ngo & Assimos, 2007). Recently, it has been recognized that
urate crystals can accumulate systemically in other organs as well, including aorta,
coronary, vessels and the spine (Goldberg et al., 2021; Khanna et al., 2020).

14 Uricase mutation and the and antioxidant effects of uric acid

In most other mammals than in human and great apes, UA is only an intermediate
of purine metabolism, and it is further oxidized by uricase enzyme (urate oxidase) to
more soluble 5-hydroxyisourate, allantoin and ammonia which are easily excreted by
the kidneys. Species possessing a functional uricase display serum UA levels in the
60-120 pmol/1 range, corresponding from 1/3 to 1/7 of that in humans (Kratzer et
al., 2014).

The reason for the relatively high circulating UA levels in humans is due to three
nonsense mutations in the uricase gene which inactivated urate oxidase early in the
Miocene epoch 8-20 million years ago (Kratzer et al., 2014). This evolutionary event
may have provided potential survival benefit for the early human ancestors (Johnson,

28



Titte, et al., 2005). For instance, by enhancing renin-angiotensin-aldosterone system
(RAAS) and increasing tubular sodium reabsorption, higher serum UA levels could
have helped to maintain normal BP in ancestral times with mainly vegetarian low salt
diet (Watanabe Susumu et al., 2002). Higher BP is also needed in holding the upright
body posture in human and apes. Another widely referred hypothesis by Ames et al.
theorized that elevated serum UA levels provided survival advantage in humans by
increasing antioxidant defense (Ames et al., 1981). Indeed, UA is a potent free radical
scavenger in human plasma constituting over half of the total plasma antioxidant
capacity (Ames et al., 1981). Interestingly, a preceding mutation in humans that
inactivated L-gulonolactone oxidase, a synthetizing enzyme for another important
plasma antioxidant vitamin C, may have raised the selection pressure for an
alternative antioxidant system to correct the inadequate plasma antioxidant capacity
(Frei et al., 1989.) The sequential occurrence of these two events, the so called double
knockout genotype, happened in a period of climate cooling and shortage of food,
especially fruit supplies, with a need for more efficient mechanism for energy storing.
It has been postulated that vitamin C shortage and serum UA elevation augmented

human survival by increasing fructose availability and fat accumulation (Johnson et

al,, 2010).

The paradox over the antioxidant role of UA arises from the fact that in a specific
chemical micro-environment UA can rather easily be switched from antioxidant to
pro-oxidant, and vice versa (Sautin & Johnson, 2008). For instance, plasma
acidification with extracellular efflux of UA can enhance the free radical scavenging
properties of UA, which come more apparent in the extracellular space (Murea &
Tucker, 2019). Logically, bicarbonate base inhibits the antioxidant effects of UA
(Whiteman et al., 2002). Hydrophobic environment created by lipids is unfavorable
for the antioxidant effects of UA as by oxidizing LDL cholesterol UA might
propagate oxidative damage in atherosclerotic lesions (Sautin & Johnson, 2008).
Finally, the presence of other substances such as ascorbic acid is required for the
antioxidant effects of UA to manifest (Kuzkaya et al., 2005).

In the clinical context, the antioxidant potential of UA is most often addressed
in association with various neurodegenerative disorders, such as Parkinson’s disease,
multiple sclerosis, and in acute ischemic stroke (Y.-F. Wang et al., 2018; Waring,
2002). In a large nested case-control study with over 18 000 men, subjects in the top
quartile of plasma UA had 55% lower incidence of Parkinson’s disease than the
men in the bottom quartile (Weisskopf et al.,, 2007). In inflammatory multiple
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sclerosis, the beneficial effects of UA have been linked to reduced levels of
peroxynitrite which, if not prevented by UA, can damage myelin and axons (Koch
& De Keyser, 2000). Experimental studies have suggested that the beneficial effects
of UA might be more pronounced in acute ischemic neuronal insults than in chronic
conditions (Z. F. Yu et al,, 1998). While this issue is still far from conclusive, the
potential harm of low UA levels in these conditions has been acknowledged in the
current European treatment recommendations of hyperuricemia, where long term
lowering of circulating UA below 180 umol/l is not recommended (Richette et al.,
2017).
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2 URICACID IN RENALAND CARDIOVASCULAR
DISEASE

Until late 19t century UA was mainly considered as an inert purine metabolism side
product with no specific biological function nor clinical interest other than gout. In
1897, however, a British doctor Frederick Akbar Mahomed discovered a link
between UA, at that time referred as “an unknown circulating toxin”, and
hypertension (Davis, 1897). With subsequent studies coupling UA to multiple other
non-communicable chronic conditions including kidney disease, metabolic
syndrome, type II diabetes, obesity, fatty liver, pre-eclampsia, and coronary artery
and cerebrovascular disease, an interest over the role of UA in disease pathology re-
evoked (Feig et al., 2008). Notably, in these conditions, UA levels are most often in
the upper normal range or only sub-clinically elevated, currently with no indication
for UA lowering interventions (Johnson et al., 2003).

The link between UA and cardiovascular and renal diseases is supported by
epidemiological studies showing a similar trend pattern in the incidence and
prevalence of hyperuricemia, CKD, and cardiovascular disease worldwide. For
example, according to the United States National Health and Nutrition Examination
Survey (NHANES), the prevalence of gout and hyperuricemia in the United States
more than doubled between 1960 and 1990 (Chen-Xu et al., 2019; Zhu et al., 2011).
These trends may reflect aging of the population and changed lifestyle and dietary
patterns, which each bring along not only elevated UA levels, but also a cluster of
other shared cardiovascular risk factors biasing the interpretation of the

epidemiological observations.

2.1 Etiology and definition of chronic kidney disease

The incidence of CKD is increasing rapidly with an estimated global prevalence of
around 12% (Bikbov et al., 2020; N. R. Hill et al., 2016). Furthermore, over the recent
decades, CKD has constantly climbed the ranking list for the burden of disease
mortality, and the burden is forecasted to still increase (Foreman et al., 2018). This
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phenomenon is partly related to the ageing of the population but also to increased
prevalence of cardiovascular co-morbidities, most importantly diabetes and
hypertension. Irrespective of the etiology or histological presentation, hypertension
is present in up to 90% of all CKD patients, the prevalence correlating with the stage
of CKD: approximately 40% of patients with stage 2 CKD, and virtually all in stage
4 are hypertensive. Hypertension is considered as one of the most important risk
factors for the progression of CKD, and vice versa (Muntner et al., 2010). Chronic
hypertension not only aggravates CKD, but it also increases the risk for other
cardiovascular manifestations, such as atherosclerosis, left-ventricular hypertrophy
(LVH), heart failure and ischemic heart disease. To date, cardiovascular
complications, rather than development of end-stage renal disease (ESRD) requiring
renal-replacement therapy, is the major contributor to mortality in CKD patients
(Foley et al., 2005; Gansevoort et al., 2013). Recognizing, preventing, and actively
treating cardiovascular risk factors is therefore crucial in improving health outcomes
in CKD patients.

According to the newly updated Kidney Disease: Improving Global Outcomes
guidelines, CKD is defined by structural or functional abnormalities of the kidney
present at least three months (Rovin et al., 2021). By this definition GFR <60
ml/min/1.73 m2, albuminuria (>30 mg/24 hours or albumin-to-creatinine ratio
>3 mg/mmol in two of three spots of urine) or the presence of histological,
radiological, or biochemical markers of kidney damage is diagnostic for CKD.
Glomerular filtration rate should be estimated (eGFR) by using serum creatinine
concentration and transform it by using CKD-Epidemiology Collaboration (CKD-
EPI) equation, which also corrects for age race and sex (Levey et al., 2009). Of note,
a recent revision of the CKD-EPI formula for eGFR only needs the correction for
sex (Delgado et al., 2021). In general and in high-risk populations lower eGFR and
greater albuminuria are associated with higher all-cause and cardiovascular mortality,
highlighting the relative importance of these easily accessible non-costly markers in
the clinical evaluation of CKD patients (Matsushita et al., 2010; van der Velde et al.,
2011).

Chronic renal disease can be classified into five stages according to the level of
GFR (Table 1). The mildest stages one and two require evidence of kidney damage,
practically hematuria, proteinuria, or albuminuria, while from stage three the
diagnosis can be set by GFR only.
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Table 1. Stages of chronic kidney disease (KDIGO-guidelines 2021).

Stage Description GFR (mL/min/1.73 m?)
1 Normal or high 290

2 Mildly decreased 60-89

3a Mildly to moderately decreased 45-59

3b Moderately to severely decreased 30-44

4 Severely decreased 15-29

5 Kidney failure <15 (or dialysis)

211 Renal pathology in chronic kidney disease

Irrespective of the etiology, the final endpoint in CKD is the destruction of normal
renal histological architecture due to the development of glomerulosclerosis,
vascular sclerosis and interstitial fibrosis (Fogo, 2007; H. T. Yu, 2003). Notably,
interstitial fibrosis correlates better with the degree of functional renal impairment
and disease prognosis even when the primary insult is of glomerular origin
(Schainuck et al., 1970).

The renal fibrogenic process is basically an impolitic response to kidney injury
which triggers a cascade of reactions aiming to recover the initial damaging event.
An imbalance between cell proliferation and apoptosis leads to a loss of normal
resident glomerular and interstitial renal cell population (Savill, 1999). Apoptosis is
stimulated by tissue hypoxia resulting from hypoperfusion of the microvasculature
(Khan et al., 1999; H. T. Yu, 2003). The apoptotic loss of podocyte cells, which have
a key role in maintaining normal glomerular permselectivity, contributes to the
progression of glomerular injury, partly due to a secondary insult to the adjacent
endothelial and mesangial cells (Ichikawa et al., 2005). An infiltration of
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inflammatory lymphocytes, macrophages and mast cells promote the production of
ROS, profibrotic cytokines (most importantly transforming growth factor-3, TGF-
B) and growth factors, implicating the crucial role of oxidative stress and various
vasoactive substances in CKD (H. T. Yu, 2003). The accumulation of cytokines
induces generation of extracellular matrix proteins mainly by the interstitial
(myo)fibroblasts but also by the glomerular mesangial cells. Activated myofibroblasts
are the major source of collagen and smooth muscle cell alpha-actin (SMA), the latter
used as an indicator of myofibroblast activity and predictor of renal dysfunction both
in human and experimental renal disease (Fogo, 2007). Renal fibrosis is further
accelerated by reduced levels of various antifibrotic factors (Eddy, 2005).

After the initial insult, the fibrotic pathway is driven by hemodynamic alterations
in the kidney. Experimental studies with subtotally nephrectomized rats have shown
that the loss of functioning nephrons leads to adaptive hyperfiltration of the remnant
glomeruli resulting in glomerular hypertension and progressive GFR decline
(Hostetter et al., 1981). Stretching of the glomerular capillary tuft and the adjacent
mesangial cells induces mesangial cell proliferation with the overexpression of
cytokines that enhance glomerulosclerosis (Suda et al., 2001). There is evidence that
similar compensatory hyperfiltration propagates GFR decline in human diabetic
nephropathy as well (Imanishi et al., 1999), and that life-style and pharmacological
interventions that decrease hyperfiltration can effectively ameliorate the
development of glomerulosclerosis (Fogo, 2007; Nath et al., 1986). Activation of
RAAS contributes to CKD progression directly by inducing systemic and intrarenal
hypertension and via profibrotic and proinflammatory actions of angiotensin II and
aldosterone.

2.1.1.1  Vascular changes in chronic kidney disease

Atherosclerosis is a frequent finding in CKD already at the very early stages of the
disease (Schiffrin et al., 2007). As in the general population, the development of
atherosclerotic lesions is driven by traditional risk factors including systemic
hypertension and overactivity of the sympathetic nervous system, while anemia,
hyperthomocystinemia and abnormal calcium/phosphate metabolism — ate
characteristic features in CKD (Converse et al., 2010). In addition to these risk
factors, non-traditional risk factors such as low-level inflammation, increased levels

of oxidized lipids, and oxidative stress further accelerate disease progression.
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Endothelium, a thin single cell layer in the inner arterial wall separating the blood
stream from the underlying smooth muscle, is a dynamic organ that regulates
vascular tone by synthesizing and releasing various vasoactive substances in response
to hemodynamic stimuli (Figure 2). Compromised endothelial function, referred to
as endothelial dysfunction, critically participates in the mechanisms that lead to the
development of atherosclerotic lesions and progression of CKD (Cahill & Redmond,
2016). Impaired regulation of the arterial tone is largely attributed to impaired NO-
mediated endothelium-dependent vasorelaxation. Nitric oxide is synthetized by the
endothelial cells from its precursor L-arginine by the constitutive endothelial NO
synthase (eNOS). By activating guanylate cyclase, NO increases the generation of
cyclic guanosine monophosphate (cGMP) which reduces intracellular free calcium
(Ca?") concentration and relaxes the smooth muscle. In addition to vasorelaxation,
the anti-thrombotic and anti-inflammatory properties of NO can oppose
atherosclerotic process. The release of endothelial NO can occur in response to a
wide range of different physical and chemical stimuli and various molecules, of them
acetylcholine (Ach) being the most frequently used assay for studying NO-mediated
endothelial responses (Vanhoutte et al., 2017). The generation of NO, and arterial
vasorelaxation, are often compromised under hypoxic conditions, largely due to
excess generation of ROS that interfere with NO-mediated processes.

Other vasodilatory agents released by the endothelium include prostacyclin
(PGIy), which mediates its actions via cyclic adenosine monophosphate (cAMP) and
activation of the prostaglandin I» receptor (Félétou et al., 2010). A third pathway
mediating endothelium-dependent vasorelaxation is attributed to endothelium-
derived hyperpolarizing factor (EDHF), which causes vasorelaxation without
detectable changes in intracellular cyclic nucleotide (cGMP and cAMP) contents and
is therefore not blocked by inhibiting NO and prostacyclin pathways_(Vanhoutte et
al., 2017). The identity of EDHF is still not fully characterized, but it is often
considered as endothelial cell potassium (KK*) channel opener. In brief, the efflux of
K* from endothelial cells mainly through intermediate- and small-conductance
Ca? t-activated K* channels (Kc,), causes hyperpolarization of the endothelial cells
which is further transmitted to the adjacent vascular smooth muscle cell (VSMC) via
myoendothelial gap junctions. Elevated K* concentration in the intercellular space
leads to activation of K+ channels and Na*/K+-ATPase in the VSMC inducing
hyperpolarization, inhibition of Ca?* inflow, and vascular relaxation. Various
substances, including products of cytochrome P450 metabolism such as
epoxyeicosatrienoic acids (EET) have been proposed as EDHF (Félétou &
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Vanhoutte, 2006). A third type of Kc,, named large-conductance Kea (BKc,) is
mainly expressed in the VSMC, and it mediates vasodilatation endothelium-
independently. BKc, cause hyperpolarization of the VSMC by inducing K+ efflux in
response to intracellular calcium sparks (Félétou, 2009). The opening state of the
BKca can be modulated by various physiological or pharmacological agents. For
instance, 20-hydroxyeicosatetraenoic acid can inhibit BKc,, while H2O2and ROS can
either activate or inactivate the channels (Félétou, 2009; Gutterman et al., 2005; Yin
etal., 2017).
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eNOS § Qe T~
L-Arginine L-Citrulline EETs (EDHFs)
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0, NO By K"

Vascular relaxation
Smooth muscle cell

Figure 2. Principal mechanisms of endothelium-mediated relaxation of vascular smooth muscle cell
and the targets of agents used in the vasorelaxation studies. Figure adapted from Yin et al
(2017).

The relative contribution of different mediators of vasorelaxation varies in different
vascular beds. In general, in conduit-size arteries the vasorelaxation is mostly
mediated via NO, while the role of EDHF increases along with the decrease
in vessel diameter (Félétou et al., 2010).

Chronic renal disease is also characterized by remodeling of the conduit size and

small resistance arteries, contributing to hemodynamic changes observed in CKD.
(P. Ko6bi et al., 2003). Vascular remodeling is featured by increased wall stiffness
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due to medial calcification, increased extracellular matrix content and VSMC
hyperplasia (London et al., 2005).

2.1.1.2 Cardiac load

Left ventricle hypertrophy is a frequent finding in CKD patients and increased left
ventricle mass is one of the most important predictors of adverse cardiovascular
outcome in CKD and even in the general population (Amann et al., 1998a;
McCullough et al., 2016). In patients starting renal replacement therapy the
prevalence of LVH has been reported to be up to 80%, and there is a progressive
increase in left ventricular mass in conjunction with the hemodialysis therapy
(Amann et al., 1998a; Hiiting et al., 1988). Causes for LVH in CKD are multifactorial
including anemia, distorted mineral metabolism, hypervolemia, and hypertension.
Persistent hypervolemia predisposes to LVH already in the early stages of the disease
when GFR is still retained (Amann et al., 1998b). In addition, hemodynamic
alterations including increased peripheral arterial resistance and reduced compliance
of the large arteries further add cardiac load.

Atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP), produced
predominantly by cardiac atria and ventricles, regulate sodium and volume
homeostasis, BP, and vascular function (Volpe, 2014). While ANP represents the
physiological natriuretic peptide, BNP comes to prominence in pathophysiological
stress situations. Nevertheless, the secretion of both hormones is stimulated by
increased cardiac wall stress in response to excessive fluid volume and can therefore
be regarded as an index of volume load. In CKD, circulating levels of natriuretic
peptides are frequently increased even in the absence of cardiac dysfunction, a
phenomenon reflecting an adaptive response to sodium retention and hypervolemia
(Volpe, 2014). In the kidney, natriuretic peptides increase urinary excretion of
sodium and water but also of other retained solutes, such as urea, potassium, and
phosphate. They also optimize renal function by increasing renal blood flow and
filtration. In addition, ANP may protect against angiotensin II- or noradrenaline-
induced myocardial remodeling in the rat (Calderone et al., 1998; Fujita et al., 2013).
In the vasculature, ANP can reduce intravascular volume by increasing endothelial
permeability, while BNP can improve endothelial cell regeneration after ischemic
insult (Kuhn, 2012). Measuring plasma BNP levels can be used as a tool to assess
cardiovascular risk in subjects with CKD (Sakuma et al., 2010; Yasuda et al., 2012).
Increased pressure and volume overload, as indicated by increased expression of
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heart ventricle ANP and BNP mRNAs already before the BP elevation, has been
obsetrved in the 5/6 NX model of experimental CKD (P. K66bi et al., 2003).

2.2 Hyperuricemia and chronic kidney disease

Addressing the role of UA in renal pathology is challenging, as the hallmarks of renal
disease, enhanced XO activity and decline in GFR, elevate circulating UA. Indeed,
the prevalence of hyperuricemia exceeds 60% in stage 3-4 CKD, and CKD is one of
the most common risk factors for gout (Juraschek et al., 2013; Madero et al., 2009).
Furthermore, cardiovascular co-morbidities, including cardiac hypertrophy and
dysfunction are prevalent in hyperuricemic CKD patients, both contributing to and
resulting from CKD. Several studies have found an association between
hyperuricemia and LVH both in the general and in the CKD populations (Chiu et
al., 2020; Cuspidi et al.,, 2017; Gromadzinski et al., 2015; Kim et al., 2021). A
combination of higher UA levels and left ventricle mass may also predict the

progression of decline in renal function in patients with moderate to severe CKD

(S.-C. Chen et al., 2013).

In subjects with intact renal function, high circulating UA level is generally
considered as an independent risk factor for both incident and end stage renal disease
(Hsu et al., 2009; L. Li et al., 2014; Weiner et al., 2008). Furthermore, elevated
childhood UA levels have predicted the development of hypertension later in life
(Alper et al., 2005). The evidence regarding the role of UA in the progression of pre-
existing kidney disease is somewhat more conflicting: while some studies have
concluded that UA is an independent risk factor for disease progression, others have
not supported this view (Srivastava et al., 2018; Sturm et al., 2008). In subjects with
immunoglobulin-A nephropathy, higher circulating UA levels have been correlated
with histological renal parameters, most importantly tubulointerstitial damage
(Myllymiki et al., 2005). In the most severely affected patients with ESRD, both high
and low UA levels have conveyed an increased cardiovascular risk (Suliman et al.,
2000). In two large meta-analyses, one including CKD patients and the other a
heterogenous population, a positive dose-dependent association between UA and
cardiovascular mortality were detected (Luo et al., 2019; Rahimi-Sakak et al., 2019).
Most comprehensive umbrella review including a few hundred systematic reviews,
meta-analyses and Mendelian randomization studies covering 136 different health
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outcomes, concluded that convincing evidence over the role of UA in disease states
only exists for gout and nephrolithiasis (X. Li et al., 2017).

2.2.1  Evidence from the experimental models of hyperuricemia

Autopsy samples from humans with gout almost exclusively feature variable degrees
of histological renal scarring consisting of glomerulosclerosis, interstitial fibrosis, and
arteriolosclerosis with accumulation of urate crystals focally in the outer medullary
region, a condition termed analogously to gouty arthritis, as “gouty nephropathy”
(Talbott & Terplan, 1960). Furthermore, before the availability of UA lowering
treatments up to one-fourth of gouty patients developed ESRD (Johnson et al.,
2013). In these preliminary observations, the association of UA and gout with renal
pathology was largely attributed to the presence of focal renal urate crystals, but they
did not explain the diffuse renal scarring observed in gouty subjects, nor the finding
that urate crystals were found also in subjects without kidney disease. This
controversy gave birth to an alternative hypothesis suggesting a non-mechanic
pathway for UA associated renal disease and emphasized the need for an

experimental model of hyperuricemia (Johnson et al., 2013).

To study the causal role of UA in cardiovascular and renal disease, an
experimental model of non-gouty hyperuricemia was developed in 2001 and since
then it has been repeatedly employed in rats with normal and impaired renal function
(Kang, 2002; Khosla et al., 2005; Mazzali et al., 2002; Mazzali, Hughes, et al., 2001;
Mazzali, Kim, et al., 2001; Nakagawa et al., 2003; Sanchez-Lozada et al., 2005;
Sanchez-Lozada et al., 2002). In this model, rats fed with dietary 2% Oxo supplement
for 4-7 weeks develop mild hyperuricemia, and they also present with hypertension
and histological non-gouty renal scarring. These studies have suggested an
independent role of UA in the development of the diseases as lowering circulating
UA with XO-inhibitors allopurinol or febuxostat or by administering uricosuric
agent benziodarone has prevented the changes (Mazzali et al., 2002; Mazzali,
Hughes, et al., 2001; Sanchez-Lozada et al., 2005; Sanchez-Lozada, Soto, et al., 2008).

Previous experimental studies have suggested that the trigger for UA induced
hypertension and renal disease is the activation of systemic and renal RAAS and
reduced abundance of NO. This has been indicated by increased plasma renin and
aldosterone, increased number of renin-positive cells in the kidney, decreased NOS
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synthesis in the juxtaglomerular apparatus, and reduced serum and urinary NO
metabolite concentration in hyperuricemic rats with retained or impaired renal
function (Eriranta et al., 2008, 2008; Johnson, Rodriguez-Iturbe, et al., 2005; Khosla
et al., 2005; Mazzali, Hughes, et al., 2001; Mazzali, Kim, et al., 2001; Sanchez-Lozada
et al., 2005). The role of RAAS and NO-pathways in hyperuricemia-associated renal
disease has been further supported by the observations that blocking RAAS by
administering angiotensin receptor blocker losartan or enhancing the NOS system
with L-arginine have normalized the BP and other changes associated with the
hyperuricemic state (Mazzali et al., 2002; Mazzali, Hughes, et al., 2001; Nakagawa et
al., 2003).

The role of increased oxidative stress has been implicated in the
pathophysiological changes associated with experimental hyperuricemia. According
to this theory, increased oxidant burden might reduce the availability of NO, which
would induce renal vasoconstriction, hypoperfusion, ischemia and inflammation,
ultimately causing renal fibrosis (Mazzali et al., 2002; Sanchez-Lozada et al., 2005).
Furthermore, structural changes in the renal vasculature, namely afferent
arteriolopathy, might contribute to local and systemic BP elevation in hyperuricemia
(Sanchez-Lozada, Soto, et al., 2008). In cell cultures, UA was found to induce rat
aortic VSMC proliferation and COX-2 expression, while a one week study found
that UA reduced NO production in cultured bovine aortic endothelial cells (Kang,
2002; Khosla et al., 2005; Rao et al., 1991). The association of high circulating UA
levels with dysfunctional glomerular perfusion has also been implicated in humans
(Uedono et al, 2015). Finally, UA was also found to trigger epithelial-to-
mesenchymal transition in cultured rat tubular cells, suggesting a novel pathway for
the actions of UA in the kidney (Ryu et al., 2013).

2.3 Arterial stiffness and cardiovascular risk in human

Arterial BP is the product of cardiac output (CO) systemic vascular resistance (SVR).
Furthermore, CO equals the volume of blood that the left ventricle ejects to the
aorta during systole (stroke volume, SV) multiplied by heart rate (HR) during each
minute. Vascular resistance is influenced by vessel length, distensibility and viscosity
of blood, but its main determinant is the radius of the vessel. Most of the peripheral

arterial resistance is attributed to resistance arteries (diameter less than 400 um),
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while larger arteries act more like a conduit system. The smallest capillary vessels do

not play a role in the regulation of the vascular resistance.

Arterial pressure between the systolic and diastolic phases of the heart cycle
varies in a pulsatile manner. Within each heartbeat, arterial pulse and the backward
reflected wave from the periphery generate the arterial pulse wave, as described in
Figure 3. Pulse pressure is the difference between the systolic and diastolic BP, and
APP (augmentation pressure) is the difference between the first inflection point
(when the reflected wave starts to influence central pressure) and the peak of the
systolic pressure wave. The form of the pulse wave reflects the compliance of the
arteries: in compliant arteries the reflected wave returns to the aortic root during the
diastole, while stiffening of the large arteries leads to earlier return of the reflected
wave. In the former case the velocity of the reflected wave, indicated as PVW is low,

and in the latter PWV is higher.
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Figure 3. Arterial pulse and the backward reflected wave (A), the aortic pulse wave form in an
individual with compliant arteries (B), and in an individual with stiff arteries (C). APP is the
increase in pulse pressure due to the reflected wave, i. e. augmentation pressure.
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Pulse wave velocity increases in concordance with narrowing of the arterial lumen
and compliance, and its measurement is considered as the gold standard in the
evaluation of arterial stiffness (Laurent et al., 2006). Notably, PWV can be measured
in various sites of the arterial tree. While carotid-femoral PWYV is the measure of
aortic stiffness, carotid-radial PWV, brachial-ankle PWV and brachial-radial PWV
measure both central and peripheral arterial stiffness. Decreased large arterial
compliance is generally considered as an independent predictor of all-cause and
cardiovascular mortality (Laurent et al, 2003; Mattace-Raso et al, 20006;
Vlachopoulos et al., 2010).

Each of the determinants of BP are affected by many local, neural, renal,
and humoral factors. While short-term control of BP is predominantly regulated by
direct effect of sympathetic and parasympathetic nerve-endings on the arterial wall
or indirect renal renin secretion, the kidneys play a key role in long-term BP
maintenance. In addition, vascular endothelium regulates the peripheral vascular
resistance and BP by responding to shear stress on the vessel wall. The endothelium
itself does not have a capability to alter the contractile state of the vessel, but it
influences the contractile state of the underlying smooth muscle by releasing various
vasoactive transmitters (Cowley, 1992; Sandoo et al., 2010).

2.3.1  Uric acid and arterial stiffness

The association between UA and arterial stiffness has been evaluated in numerous
cross-sectional and prospective studies, with conflicting results (Albu et al., 2020).
In prospective studies with four to six years of follow-up, some reports found a
direct relationship between UA and arterial stiffness, but others did not (Canepa et
al., 2017; Maloberti et al., 2019; Nagano et al., 2017). In subjects from the
Framingham heart study with low cardiovascular risk, UA was linked to arterial
stiffness, as evaluated by carotid-femoral PWYV. The association remained, though
weaker, when the medicated hypertensive patients were excluded from the analysis
(Mehta et al., 2015). In hypertensive patients, higher UA levels have been associated
with higher carotid-femoral PWV and brachial-ankle PWV (An et al., 2020; Liu et
al., 2019). Furthermore, in untreated hypertensive subjects plasma UA correlated
with carotid-femoral PWYV, but not with 24-h systolic or diastolic BP, and after
correction for albuminuria and other covariates the association was no longer
significant (Mule et al., 2014). Some of the studies have observed the association
between UA and PWV only in women, and some only in men. It has also been
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suggested that there is a threshold for serum UA association with arterial stiffness
(Canepa et al., 2017).

2.4 Uric acid and the metabolic syndrome

In recent decades, there has been a growing interest for the extra-renal
manifestations and associations of hyperuricemia, most importantly metabolic
syndrome, and its individual components; obesity, dyslipidemia, hypertension, and
insulin resistance. Historically, in subjects with the metabolic syndrome,
hyperuricemia has been considered secondary to hyperinsulinemia as insulin
decreases renal UA excretion (Quifiones Galvan et al., 1995). On the other hand,
glucosuria decreases tubular UA absorption with an opposite effect on circulating
UA levels (Johnson et al., 2009). It has been suggested that UA might also directly
influence glucose metabolism and by this means play a role in the pathogenesis of
the metabolic syndrome and other associated conditions, such as fatty liver disease
and obesity (Johnson et al., 2009).

In the adult population, the risk of developing type 2 diabetes has been reported
to increase dose-dependently by 6 to 20% for each 60 umol/l increment in
circulating UA concentration (Kodama et al., 2009; Lv et al., 2013; Sluijs et al., 2015).
A recent meta-analysis acknowledged the association between UA and pediatric
metabolic syndrome (Goli et al., 2020). Evidence showing that hyperuricemia often
precedes the development of type 2 diabetes supports a causal relationship between
these conditions (Bhole et al., 2010), but this view has not been confirmed by other
studies (Sluijs et al., 2015).

According to one relatively new hypothesis, the effects of UA might,
independently from energy intake or weight gain, specifically relate to fructose.
Fructose is a sugar derived from sucrose (table sugar) or high fructose corn syrup,
both consisting of glucose and fructose (about 50% of each). Fructose is a major
constituent in processed food and soft drinks that are abundantly consumed in the
western diet (J. W. J. Choi et al., 2008; Johnson et al., 2009). Unlike other sugars,
fructose has a unique capability to facilitate hepatic UA generation and elevate serum
UA as evidenced by elevation is serum UA levels after ingestion of fructose
(Perheentupa & Raivio, 1967). The metabolism of fructose increases ATP turnover,
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AMP accumulation, and purine degradation and it can also directly stimulate UA

production from amino acids.

Like in CKD, the potential actions of UA in the metabolic syndrome might be
coupled to reduced availability of NO and increased oxidative stress. In cultured
human endothelial cells, UA was found to inhibit insulin-induced eNOS activity and
subsequent NO production (Y. Choi et al., 2014). Uric acid might also directly induce
oxidative stress in pancreatic B-cells (Zhang et al., 2013). High fructose-induced
hyperuricemia has been found to induce renal effects similar to those seen in
experimental CKD, and the effect that was normalized by lowering UA with
tebuxostat (Sanchez-Lozada et al., 2007; Sanchez-L.ozada, Tapia, et al., 2008). There
is also evidence that lowering UA with allopurinol normalizes endothelial
dysfunction in type 2 diabetes (R. Butler et al., 2000).

2.5  Long-term treatment of hyperuricemia

Non-pharmacological lifestyle modification can be recommended with low
threshold to all subjects with symptomatic gout, and to non-symptomatic subjects
with cardiovascular risk factors, with or without biochemically confirmed
hyperuricemia. Lifestyle interventions include maintenance of normal weight,
physical activity, smoking cessation, and avoidance of animal-derived purine-rich
food, high fructose containing beverages, salt, alcohol, and medications that raise
UA levels. For a large fraction of hyperuricemic individuals, however, these
interventions are insufficient resulting in a maximum 20% decrease in the circulating
UA concentration (FitzGerald et al., 2020).

Currently there is enough evidence for the long-term treatment of hyperuricemia
only in patients with symptomatic gout, while the treatment of asymptomatic
hyperuricemia is recommended only in specific circumstances. These conditions
include patients with very high circulating UA levels (cut-off serum UA level varying
from ~470 pmol/1 to ~770 umol/I), high renal UA excretion (>1100 mg/day), ot
patients receiving chemo- or radiotherapy with risk for tumor lysis syndrome
(Brucato et al., 2020). Aside from these relatively small patient entities, the question
whether patients with asymptomatic hyperuricemia should be treated and which UA
threshold levels should be applied, is still unresolved. Due to multiple co-morbidities,
hyperuricemic subjects often possess an increased risk for polypharmacy, which
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brings along not only the risk for severe side effects but also non-adherence to urate

lowering therapy.

Several large clinical randomized controlled studies and meta-analyses have been
carried out to solve the issue whether patients with CKD would benefit from urate
lowering drugs (Badve et al., 2020; Brucato et al., 2020; Doria et al., 2020; Kimura et
al., 2018; Sato et al., 2019; Tanaka et al., 2020; Tsukamoto et al., 2021). Two rather
newly published randomized, double-blind, placebo-controlled studies explored the
efficiency of two to three year allopurinol treatment in slowing down the progression
of the decline in renal function in normouricemic non-gouty CKD patients (Badve
et al., 2020; Doria et al., 2020). The first study consisted of stage 3 and 4 CKD
patients and the second of stage 2-3 CKD patients with type 1 diabetes. Neither of
these studies found benefit from allopurinol treatment in comparison with placebo,
concluding that UA is not causally linked to CKD progression. Similar conclusions
were drawn from a trial using febuxostat in CKD stage 3 patients with asymptomatic
hyperuricemia for two years, in whom febuxostat did not mitigate the decline in renal
function as indicated by eGFR (Kimura et al., 2018). However, in a review by Sato
et al. summarizing the results from 22 randomized controlled trials assessing the
effect of UA lowering treatment in hyperuricemic patients with CKD, the conclusion
was that especially from stage 3 CKD onwards, treatment of hyperuricemia may slow
down the progression of renal disease (Sato et al., 2019). In older hyperuricemic
patients with pre-existing or high risk for cardiovascular disease, treatment of
hyperuricemia with febuxostat was found to reduce cerebral, cardiovascular and
renal events (Kojima et al., 2019). The beneficial effects of XO inhibitors in subjects
with cardiovascular disease have been coupled to reduced oxidative stress and
improved endothelial function (Higgins et al., 2012).

According to the existing guidelines from the American College of Rheumatology
(ACR, 2020) and the European League Against Rheumatism (EULAR, 2010), testing
for or treatment of hyperuricemia is not indicated in the absence of gout or
nephrolithiasis, but cardiovascular risk factors should be actively screened and
managed (FitzGerald et al., 2020; Richette et al., 2017). According to the EULAR
recommendation, the first-line and the most effective pharmacological treatment of
chronic hyperuricemia is with XO-inhibitors allopurinol, oxypurinol or, in case of
inefficiency or intolerance to the former, non-purine selective XO-inhibitor,
febuxostat (Richette et al., 2017). Allopurinol should be cautiously used and with
dose reduction especially in patients with decreased renal function, as in around 1%
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of patients, it can induce a potentially lethal, serious cutaneous adverse reaction
including rash with eosinophilia, Steven-Johnson syndrome, and toxic epidermal
necrosis. (Richette et al., 2017.) In subjects with a high risk for cardiovascular disease
allopurinol is preferred from febuxostat as in this population the use of febuxostat
has been reported to increase all-cause and cardiovascular mortality (White et al.,
2018). If a proper control of UA levels is not reached with XO inhibitors, the
uricosuric agents benzbromarone or probenecid can be used either alone or in
combination with allopurinol (Richette et al., 2017). Uricosurics should be avoided
in patients with renal caliculi or advanced CKD. In cases with unsuccessful
conventional therapy, peglotigace, a genetically engineered Escheria coli-derived
mammalian uricase may be an effective drug of choice (Sundy et al., 2008). Due to
parenteral administration and a risk for infusion reactions, the use of uricases is

limited to severe and recurrent gout.

In medically treated patients, the target serum UA level is generally considered at
<360 umol/] in patients with symptomatic hyperuticemia, or <300 pmol/l in
subjects with severe gout (frequent attacks, chronic arthropathy) (FitzGerald et al.,
2020; Richette et al., 2017). Some, but not all, experts recommend early medical
intervention in CKD patients with an aim to delay or even improve deterioration of
renal function (Kielstein et al., 2020). Notably, hypouricemia <180 pmol/] should
be avoided due to the possible negative health effects (Richette et al., 2017).
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3 AIMS OF THE STUDY

The purpose of the present series of experimental studies (studies I, II, IIT) was to
examine the cardiovascular and renal effects of 9 weeks of 2% oxonic acid diet-
induced hyperuricemia in normal control and 5/6 NX rats, with a special interest on
systemic and renal oxidative stress markers (aims 1-3, same rats employed). The
clinical study (study IV) investigated the association of plasma UA levels with several
hemodynamic variables in normotensive and never-medicated hypertensive
volunteers by applying the non-invasive methods whole-body impedance

cardiography and continuous radial tonometric pulse wave analysis (aim 4).
The specific aims of the study were:

1. To examine the effect of hyperuricemia on the control of carotid artery tone,

systemic oxidative stress, and plasma antioxidant capacity.

2. To investigate the influence of elevated UA levels on mesenteric artery tone and
structure and cardiac load.

3. To evaluate the effects of hyperuricemia on indices of kidney damage,
inflammation, and oxidative stress.

4. To study the association of plasma UA levels with several non-invasively measured

hemodynamic variables, most importantly PWV, in normotensive and hypertensive

volunteers with UA levels predominantly within the normal range.
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4 MATERIALS AD METHODS

4.1 Study design in the experimental studies (studies |, I, 1l)

Male Sprague-Dawley rats were housed under standard animal laboratory conditions
with free access to water and food pellets (Lactamin R34, AnalyCen, Lindképing,
Sweden) containing 0.9% calcium, 0.8% phosphorus, 0.27% sodium, 0.2%
magnesium, 0.6% potassium, 12550 k] /kg energy, 16.5% protein, 4.0% fat, 58%
nitrogen-free extract, 3.5% fiber, 6.0% ash and 10% water. At the age of 8 weeks,
the rats were anesthetized with ketamine/diazepam (75 and 2.5 mg/kg,
intraperitoneally, respectively) and the NX operations (study week 0) were carried
out by the removal of upper and lower poles of the left kidney and the whole right
kidney. The kidneys of the Sham rats were decapsulated. Postoperative antibiotics
(metronidazole 60 mg/kg and cefuroxime 225 mg/kg) and analgesic (buprenorphine
0.2 mg/kg) were given.

Three weeks after the operations, at the age of 11 weeks (study week 3), the rats
were assigned to 4 groups (n=10-12 in each group): Sham, Sham-Oxo, NX and NX-
Oxo with comparable systolic BPs, body weights and urine volumes in both Sham
and both NX groups (Figure 4). After division, the chow for Sham-Oxo and NX-
Oxo groups was supplemented with 2.0% Oxo (20 g/kg chow, Sigma-Aldrich
Chemical Co, St. Louis, MO, USA), whereas the Sham and NX groups continued
the normal diet for 9 weeks. Hyperuricemia was confirmed by tail vein sampling at
study week 5, and 24-hour urine output and fluid consumption were evaluated in
metabolic cages prior to and at the end of the Oxo feeding. Systolic BP was measured
at 28°C by the tail-cuff method as the averages of five recordings in each rat (Model
129 Blood Pressure Meter; IITC Inc., Woodland Hills, CA, USA).
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Figure 4. Flowchart of the studies |, Il and lll. NX, 5/6 nephrectomized rat; Oxo, 2.0% oxonic acid
diet; Sham, Sham-operated rat.

After 9 weeks of Oxo diet (study week 12), the rats were anesthetized with urethane
(1.3 g/kg) and blood samples from cannulated carotid artery were drawn into
appropriate tubes with either heparin or EDTA as anticoagulants. The hearts and
the kidneys were harvested and weighed. The heart ventricles were snap-frozen in
liquid nitrogen-cooled isopentane and stored at -70°C until the extraction of the total
RNA. The kidneys were frozen in isopentane at -40°C and stored at -80°C or fixed
in 4% formaldehyde for 24 hours and embedded in paraffin, as appropriate. The
study was approved by the Animal Experimentation Committee of the University of
Tampere, and the Provincial Government of Western Finland Department of Social
Affairs and Health, Finland, and conforms to the Guiding Principles for Research
Involving Animals.

41.1  Biochemical blood and plasma determinations

Plasma creatinine and urea were measured using standard clinical chemical methods
(Cobas Integra 800 Clinical Chemical Analyzer, Roche Diagnostics, Basel,
Switzerland) and plasma UA was measured using an enzymatic colorimetric method
(Praetorius & Poulsen, 1953). Plasma renin activity was assessed using a GammaCoat
assay (Diasorin SpA Saluggia, Italy), and the other determinations were carried out
as described earlier (Jolma et al., 2003; P. K66bi et al., 2003). Plasma triglycerides,
total and high-density lipoprotein (HDL) cholesterol concentrations were analyzed
using Cobas Integra 800 automatic analyzer (Hoffman-La Roche, Basel, Switzerland)
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and non-HDL cholesterol was calculated by subtracting HDL cholesterol from total
cholesterol.

Plasma TRAP was measured using luminol-enhanced chemiluminescence
method (study I). The method is based on peroxyl radical production by
decomposition of 2,2-azo-bis(2-aminopropane) hydrochloride (ABAP; Polysciences,
Warrington, PA, USA), as previously described (Alanko et al., 1999; Dugué et al.,
2005). In the measurement, the tested compounds from 2 to 20 nmol per assay were
subjected to peroxyl radicals produced at a known and constant rate by the thermal
decomposition of ABAP at 37°C. The presence of free radicals in the reaction
mixture was monitored by luminol-enhanced chemiluminescence. The composition
of the reaction mixture in cuvette was: 475 ml of 100 mM phosphate buffer, pH 7.4
in saline; 50 ml of 400 mM ABAP and 50 ml of 10 mM luminol in 100 mM borate
buffer, pH 10. The solvents used had themselves no radical-scavenging properties.
The addition of an antioxidant dissolved in 20 ml of 100 mM phosphate buffer in
saline, pH 7.4 to the reaction mixture extinguished the chemiluminescence. The
duration of extinction had a linear correlation to the radical trapping capability of
the tested compound. Water soluble tocopherol, Trolox, which is known to trap two
radicals per molecule (stoichiometric factor 2.0), was used as a standard. For each
phenolic compound the plots of the extinction of chemiluminescence versus the

concentration were drawn and stoichiometric factors were calculated.

41.2  Kidney heme-oxygenase-1 and collagen | mRNA expression with
real-time quantitative PCR (study Ill)

Total RNA was isolated from rat kidney tissue using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) and reverse transcription of RNA was performed using M-MLV
reverse transcriptase (Invitrogen) according to the manufacturer’s instructions. The
expressions of collagen-I and HO-1 mRNAs were studied using RT-PCR. PCR
reactions were performed with SYBR Green chemistry using ABI PRISM 7000
sequence detection system (Applied Biosystems, Foster City, CA, USA). PCR
reactions for collagen-I and HO-1 were performed in duplicate in a 25 ml final
volume containing 1X SYBR Green Master mix (Applied Biosystems) and 300 nM
of primers. PCR cycling conditions were 10 min at 95°C and 40 cycles of 20 seconds
at 95°C and 1 min at 60°C. Data were analyzed using the absolute standard curve
method and the amplification of a housekeeping gene 18S was used for normalizing
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the results. The unnormalized expression of 185 mRNA did not differ between the

experimental groups enabling its use as the control housekeeping gene.

41.3  Ventricular atrial and B-type natriuretic peptides, skeletal alpha-actin,
and beta-myosin heavy chain mRNAs (study II)

Total RNA was isolated from the heart ventricles by the guanidine thiocyanate CsCl
method, and 20-pg samples of RNA were transferred to nylon membranes
(Osmonics) for Northern blot analysis (Lako-Futé et al., 2003; Pikkarainen et al.,
2003). Full-length rat ANP cDNA probe (a gift from Dr. Peter Davies, Queen’s
University, Kingston, Canada), and cDNA probes for rat BNP, skeletal alpha-actin
(SkaA), and beta-myosin heavy chain (B-MHC) and 18S were prepared. The cDNA
probes were labeled, the membranes were hybridized and washed, and exposed with
Phosphorlmager screens (Amersham Biosciences), which were scanned with
Molecular Imager FX Pro Plus and quantified using Quantity One software (Bio-
Rad) as previously described (Laké-Futé et al., 2003; Pikkarainen et al., 2003). The
hybridization signals of specific mRNAs were normalized to that of 185 RNA in

each sample.

414  Radioimmunoassay of 8-isoprostaglandin F2q and11-epi-
prostaglandin Fzq (studies | and IIl)

The determinations of 8-isoprostaglandin Fa, and 11-epi-prostaglandin Fa, were
performed from urine samples collected in metabolic cages prior to and at the end
of the Oxo-diet. For the measurement of urinary 8-isoprostaglandin Fa, urine
samples were first vortexed and centrifuged at 3000g for 5 min. Three thousand
disintegrations per minute of labeled 8-iso[°’H]-PGF2q was added to 1 ml of
supernatant (pH 3.0) and incubated overnight at 22°C before extraction on a C2
silica cartridge (Applied Separation, Allentown, PA, USA). Rabbit polyclonal
antibody was used at a dilution that was responsible for binding 30% of tracer. 8-
1so[125I]-PGF2q methyl tyrosinate was diluted in 50 mM phosphate buffer (pH 7.4)
for the use as a tracer in RIA. A series of standards was diluted in 50 mM phosphate
buffer (pH 7.4) using non-labeled 8-isoprostaglandin F2, in the concentration range
of 0-5 ng/ml (0-500 pg/tube). Dextran-coated chatcoal suspension was prepared
using 1% neutral activated charcoal in 10 mM phosphate buffer (pH 7.4) containing
0.5% Dextran T-70. RIA was carried out in polystyrene test tubes in 50 mM
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phosphate buffer (pH 7.4) containing 0.1% gelatin. The assay mixture contained 0.1
ml of antibody, 0.1 ml of 8-iso['2°I]-PG tracer, and 0.1 ml of 8-isoprostaglandin Fa,
standards or the measured samples. The final assay volume was adjusted to 0.4 ml
by the addition of buffer. Measurements were performed in duplicate. After
incubation at 4°C overnight, 0.5 ml of dextran-coated charcoal under continuous
stirring was added to each assay tube except for the total count tubes to separate the
bound from the free fraction. The tubes were vortexed and incubated for 10 min at
4°C and centrifuged at 2000 g for 10 min at the same temperature. 8-iso[!2°I]-PGF2q
radioactivity was measured from supernatant aliquots of 0.6 ml in a gamma counter
(Rossi et al., 2004). The 8-isoprostaglandin Fa, concentrations were log-transformed
before determination of the final values.

11-epi-prostaglandin F2, radioimmunoassay was carried out in 50 mM phosphate
buffer (pH 7.4), including 0.1% gelatin and 0.01% thiomersal (Mucha & Riutta,
2001). The assay mixture contained 0.1 ml of antiplasma, 0.1 ml of tracer and 0.1 ml
of standards or the measured urine samples. The final assay volume was adjusted to
0.4 ml by the addition of assay buffer. After incubation at 41°C overnight, dextran-

coated charcoal was used for the separation of the bound from the free fraction.

415  Western blotting of renal COX-2 (study IlI)

Frozen kidney samples were homogenized in 400 ul of physiological salt solution
made from distilled H2O containing protease inhibitors (Complete TM Mini EDTA-
free, Roche Diagnostics GmbH, Mannheim, Germany) using Ultra-Turrax T25
homogenizer (Janke & Kunkel GmbH & Co, IKAa-Labortechnik, Staufen,
Germany). After removal of tissue debris in centrifugation (12,000g for 15min at
4°C), protein concentrations of the supernatant protein concentrations were
determined using Coomassie PlusTM Protein Assay Kit (Pierce, Rockford, IL, USA).
SDS-PAGE was run on 8% resolving gel and 4% stacking gel. Subsequently, proteins
were transferred to a Hybond-ECL nitrocellulose membrane (Amersham
Biosciences UK Limited, Buckinghamshire, UK). The antibodies used were 1:250
dilution of mouse monoclonal anti-COX-2 IgG primary antibody (BD Biosciences)
and 1:5000 dilution of horseradish peroxidase-conjugated goat anti-mouse secondary
antibody (Pierce). Antibody binding was detected by SuperSignal West Pico

chemiluminescent substrate (Pierce). The chemiluminescence signal was analyzed
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with FluorChem software version 3.1. (FluorChem 8800 imaging system, Alpha
Innotech Corporation, San Leandro, CA, USA).

4.1.6  Functional and morphological studies of the carotid and mesenteric
arteries in vitro (studies | and I1)

The vascular experiments were performed with 10 randomly selected rats from each
group. For the studies 2 mm long standard sections of the left carotid artery, two
successive 3 mm long sections from the main branch of superior mesenteric artery
(beginning 3 mm distally from the mesenteric artery-aorta junction), and 1.9 mm in
length second order branches from the mesenteric arterial bed were used. In the
larger arteries, the force of contraction was measured with isometric force-
displacement transducers and registered on a polygraph (FT 03 transducer, 7E
Polygraph; Grass Instrument Co., Quincy, MA, USA) while in the small arteries the
computerized Mulvany multimyograph (Model 610A, J.P. Trading, Aarhus,
Denmark) was employed (P. Ko6bi et al., 2004). All the arterial preparations were
kept in physiological salt solution (pH 7.4) containing (mmol/l): NaCl 119.0,
NaHCOj3 25.0, glucose 11.1, CaClz 1.6, KCI 4.7, KH2PO4 1.2, and MgSO4 1.2 and
aerated with 95% Oz and 5% COz at +37°C. The endothelium was left intact in the
carotid arteries and in one section of the large and small mesenteric arterial rings.
In the remaining mesenteric artery sections, the endothelium was removed
mechanically or by perfusing air through the lumen (Jolma et al., 2003; P. K66bi et
al., 2003). The efficiency of the removal of the endothelium was confirmed by the
lack of relaxation to Ach (Arvola et al., 1992).

For functional studies, the arterial preparations were suspended between
hooks in an organ bath chamber in physiological salt solution and the rings were
equilibrated for 1%2 houts with a resting preload of 3.7 mN/mm or 4.905 mN/mm
in the carotid and mesenteric arteries, respectively. The rings were allowed 30 min at
baseline tension in between each concentration—response challenge. The small
arterial preparations were normalized for the functional experiments so that the
internal diameter of the vessel was set at 90% of that obtained when exposed to
intraluminal pressure of 100 mmHg in the relaxed state (Jolma et al., 2003; P. K66bi
et al., 2003).
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41.6.1 Arterial contractile and relaxation responses

In the carotid arteries, contraction responses to noradrenaline (NA) were
cumulatively elicited, while in the large and small arterial mesenteric arterial rings,
contractions were examined in response to both NA and high concentrations of K*
(by replacing NaCl with KCI in the physiological salt solution). Endothelium-
dependent relaxations to Ach, both in the absence and presence of the non-specific
NO synthase (NOS) inhibitor NG-nitro-l-arginine methyl ester (L-NAME,
0.1mmol/l), were examined in endothelium-intact carotid and mesenteric arterial
(main branch) rings after precontraction with NA. Endothelium-independent
relaxation responses to the NO donor sodium nitroprusside (SNP) and §-
adrenoceptor agonist isoprenaline were examined in arterial rings precontracted with
NA. The relaxations to the BKcs,-opener NS-1619 were studied in endothelium-
denuded mesenteric arterial rings precontracted with KCI (Olesen et al., 1994). The
contractile responses were expressed as wall tension (mN/mm) and as percentage
of maximum or as a negative logarithm of the agonist concentration producing 50%
of maximal wall tension (pD2) as appropriate, and the relaxations were depicted as

percentage of pre-existing contraction.

4.1.6.2 Morphology of the small mesenteric arteries

Morphology of small mesenteric arteries at 90 mmHg intraluminal pressure was
examined using a pressure myograph (Living Systems Instrumentation, Inc.,
Burlington, VT, USA) (Suo et al,, 2002). The development of myogenic tone was
inhibited by Ca2*-free solution containing 30 mmol/l EDTA (Laurant et al., 1997).

41.7  Kidney morphology and immunohistochemistry (study Il)

Five micrometer-thick kidney sections were stained with hematoxylin-eosin or
periodic acid Schiff (PAS), toluidine blue, or immunohistochemistry, and processed

for light microscopic evaluation by an expert blinded to the treatments.

Glomernloscleross (hematoxylin-eosin and PAS stain): One hundred glomeruli from
each rat were examined at a magnification of X400 and scored from 0 to 5 according
to severity of the scarring (Schwarz et al., 1998): 0=normal, 1=mesangial expansion
or basement membrane thickening; 2=segmental sclerosis in <25% of the tuft,
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3=segmental sclerosis in 25-50% of the tuft, 4=diffuse sclerosis in >50% of the tuft,
5=diffuse glomerulosclerosis, tuft obliteration and collapse. The damage index for

each rat was calculated as a mean of the scores.

Tubulointerstitial damage (hematoxylin-eosin and PAS stain): Injury consisting of tubular
atrophy, dilatation, casts, interstitial inflammation, and fibrosis was assessed in 10
kidney fields at a magnification of X100 (Schwarz et al., 1998). Damage scoring was
from 0 to 4: 0=normal, 1=lesions <25% of the area, 2=lesions in 25-50% of the
area, 3=lesions in >50% of the area, 4=lesions covering the whole area.

Abrteriosclerosis index (PAS-stain): Arterial preparations were magnified X100
whereafter 10 fields were randomly assigned and graded (0 to 2) according to hyaline
thickening as follows: 0, no hyaline thickening; 1, mild to moderate hyaline
thickening in at least one arteriole; 2, moderate or severe hyaline thickening in more

than one arteriole (Racusen et al., 1999).

Kidney mast cells (toluidine blue-stain): Toluidine blue staining was applied for mast
cell identification and quantification. The number of the purple-stained mast cells

were counted at a magnification of X400 and related to kidney tissue area.

Immunobistochemistry of COX-2, and smooth muscle cell alpha-actin: For the staining of
COX-2 a 1:200 dilution of monoclonal anti-COX-2 IgG antibody (clone 33, BD
Biosciences, San Diego, CA, USA) and for SMA a 1:200 dilution of monoclonal anti-
SMA IgG antibody (code M0851, Dako Denmark A/S, Glostrup, Denmatrk) were
used. Immunostaining was performed using the Ventana BenchMark LT Automated
IHC Stainer (Ventana Medical System, AZ, USA) with the Ultra-view Universal
DAB detection kit (catalog no. 760-500, Ventana Medical System) as previously
described (Rantanen et al., 2014).

Tubulointerstitial COX-2 staining was scored 0 to 3: 0=no cells stained, 1=faint
immunoreactivity, 2=moderate positive staining, 3=strong positive staining. Cell
positivity (percentage of positive cells) was defined: 0=no cells stained, 1=1-25%
positive cells, 2=26—75% positive cells, and 3=>75% positive cells. The results of
both analyses were combined for the final score. In the glomeruli, the numbers of
COX-2 positive cells were counted and related to tissue area. Staining of smooth
muscle cell alpha-actin (SMA) was evaluated in an attempt to identify afferent
arterioles from the efferent arterioles (Mazzali et al., 2002).
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41.8  Drugs and dietary compounds

The drugs used in the study were: ketamine (Parke-Davis Scandinavia AB, Solna,
Sweden), cefuroxime, diazepam (Orion Pharma Ltd., Espoo, Finland),
metronidazole (B. Braun AG, Melsungen, Germany), buprenorphine (Reckitt &
Colman, Hull, England), acetylcholine chloride, isoprenaline hydrochloride, NG-
nitro-L-arginine methyl ester, norepinephrine bitartrate, L-arginine, Ang II, oxonic
acid (Sigma-Aldrich Chemical Co., St Louis, MO, USA), sodium nitroprusside (Fluka
Chemie AG, Buchs SG, Switzerland) and NS-1619 (Sigma-Aldrich Chemical Co, St
Louis, MO, USA),. The stock solutions used in the 7z vitro studies were made by
dissolving the compounds in distilled water. All solutions were freshly prepared
before use and protected from light.

419  Statistical analyses

For normally distributed variables, statistical analyses were carried out by using one-
way and two-way analyses of variance (ANOVA), as appropriate. If the distribution
of the variables was skewed, the Kruskal-Wallis test was applied. Post-hoc analyses
were performed with the least significant difference test or the Mann-Whitney U-
test, and the P values were corrected with the Bonferroni equation. ANOVA for
repeated measurements was applied for data consisting of repeated observations at
successive observation points. Spearman’s two-tailed correlation coefficient (rS) was
used in the correlation analyses. The results were expressed as means and standard
errors of the mean (SEM) or as medians, 25 to 75t percentiles, and ranges. The
differences between the groups were considered significant when P<0.05. Unless
otherwise indicated the P values in the text refer to one-way ANOVA. The statistics
were performed using IBM SPSS versions 11.5, 17, and 26.0 (Armonk, New York,
USA).

4.1.10 Ethics

The study design was approved by the Animal Experimentation Committee of the
University of Tampere, and the Provincial Government of Western Finland
Department of Social Affairs and Health, Finland (decision LSLH-2003-9718/Ym-
23). The investigation conforms to the Guiding Principles for Research Involving
Animals.
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4.2  Subjects and methods of the hemodynamic study (study V)

The study subjects were recruited as previously described (Kangas et al.,, 2019;
Tahvanainen et al., 2009; Tikkakoski et al., 2013). All study participants were
examined by a physician and laboratory analyses for elevated BP were taken
(Williams et al., 2018). Medical and family history and lifestyle behavior were
documented. Alcohol use was evaluated as standard drinks (~12 grams of absolute
alcohol) per week, and smoking amount was estimated in pack-years. The exclusion
criteria were known history of coronary artery disease, stroke, cardiac insufficiency,
valvular heart disease, chronic kidney disease, secondary hypertension, alcohol or
substance abuse, psychiatric illness other than mild to moderate depression or
anxiety, heart rhythm other than sinus rhythm, and use of antihypertensive or UA
lowering medications. Altogether 606 subjects, aged 20-72 years, took part in the
study with each signing an informed consent. The study complies with the
declaration of Helsinki and was approved by the ethics committee of the Tampere
University Hospital (study code RO6086M) and the Finnish Medicines Agency
(Eudra-CT registration number 2006-002065-39). The study was registered in the
database of clinical trials (Clinical Trails.gov NCT01742702).

The following stable medications were used by the participants: female hormones
for contraception or hormone replacement therapy (n=63), antidepressants (40),
vitamin D supplements (39), hormone releasing intrauterine devices (24), thyroxin
(21), inhaled glucocorticoids (17), antihistamines (16), statins (14), proton pump
inhibitors (13), calcium supplementation (10), antirtheumatics (6), low dose
acetylsalicylic acid (6), anxiolytics (6), inhaled B2-mimetics (4), non-steroidal anti-
inflammatory drugs (3), coxibs (3), pregabalin or gabapentin (3), antiepileptics (2),
varenicline (2), warfarin (2), isotretinoin (1), ezetimibe (1), and tramadol (1).

421  Laboratory measurements

Blood and urine samples were taken after about 12 hours of fasting. Plasma C-
reactive protein (CRP), cystatin C, sodium, potassium, glucose, creatinine, UA,
triglyceride, and total, HDL and LDL cholesterol concentrations were determined
using Cobas Integra 800 (F. Hoffmann-LaRoche Ltd, Basel, Switzerland). Insulin
and parathyroid hormone (PTH) were determined using electrochemiluminescence
immunoassay (Cobas e411, Roche Diagnostics). Estimated GFR was calculated
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using the CKD-EPI cystatin C equation (Inker et al., 2012), and insulin sensitivity
was evaluated by the quantitative insulin sensitivity check index (QUICKI) (Katz et
al., 2000). Plasma renin activity (GammaCoat® Plasma Renin Activity 125-1 RTA
Kit, DiaSorin, Saluggia, Italy) and aldosterone concentration (Active® Aldosterone
RIA, Beckman Coulter, Fullerton, CA, USA) were determined using commercial kits.
The Fimlab normal reference range for UA is 230-480 pumol/1 for men, 155-350
umol/1 for women aged 18-49 years, and 155-400 pmol/1 for women aged =50 years.

4.2.2  Hemodynamic measurement protocol

Hemodynamic recordings were performed by a trained nurse in a standard
laboratory with a validated protocol (Koskela et al., 2013; Tahvanainen et al., 2009;
Tikkakoski et al., 2013). Participants were instructed to refrain from caffeine
containing products, smoking or heavy meal for 24 hours, and alcohol consumption
for 224 hours prior to the investigations. The measurements were done in a supine
position on the examination table with impedance cardiography electrodes placed
on body surface, tonometric sensor for pulse wave analysis on left radial pulsation,
and oscillometric brachial cuff for BP calibration to the right upper arm (Figure 5).
The left arm with the tonometric sensor was abducted to 90 degrees in a support,
which held the measurement probe at the heart level. The measurement consisted
of one 5-minute period with continuous capture of hemodynamic data and for the

analyses, the mean values of each 1-minute period of recording were calculated
(Koskela et al., 2013; Tahvanainen et al., 2009; Tikkakoski et al., 2013).

Figure 5. Placement of electrodes for the whole-body impedance cardiography signal (on the wrists,
ankles, and thorax area) and for the measurement of pulse wave velocity (additional
electrodes above and below the knee). Figure via BioRender by the author.
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423  Pulse wave analysis

Radial BP and pulse wave were continuously recorded by a tonometric sensor (Colin
BP-508T, Colin Medical Instruments Corp., USA) fixed on the radial pulse and the
radial BP was calibrated approximately every 2.5 minutes by contralateral brachial
BP measurements (Tahvanainen et al., 2009; Tikkakoski et al., 2013). Aortic BP and
variables of wave reflection were derived with the validated SphygmoCor pulse wave
monitoring system (SpygmoCor PWMx, AtCor medical, Australia) (C.-H. Chen et
al., 1997). Aortic pulse pressure, augmentation index (Alx, augmented
pressure/pulse pressure*100), and Alx adjusted to heatt rate 75/min (AIx@75) were
also determined. The central forward wave amplitude was defined as the difference
between waveform foot and first systolic inflection point pressure in the aortic
waveform (Kaess et al., 2012; Mitchell Gary F. et al., 2004).

424  Whole-body impedance cardiography

The changes in body electrical impedance during cardiac phases was recorded using
a whole-body impedance cardiography (CircMonR, JR Medical Ltd., Tallinn,
Estonia). The device was used to measure heart rate, stroke volume, cardiac output,
and PWV as previously described (T. K66bi et al., 2003, 2003; T. K66bi, Kaukinen,
Ahola, et al., 1997, 1997). Systemic vascular resistance was calculated from radial BP
and cardiac output measured by CircMonR. Stroke volume, cardiac output and
systemic vascular resistance were presented as indexes (SI, CO, SVRI, respectively)
related to body surface area calculated using the DuBois equation (Du Bois & Du
Bois, 1989). The method and electrode configuration have been previously reported
(T. K&6bi et al., 2003; T. K66bi, Kaukinen, Ahola, et al., 1997).

425  Statistical analyses

The data was analyzed using analysis of variance, and the Bonferroni correction was
applied in the post-hoc analyses. IBM SPSS Statistics Version 26 (IBM Corporation,
Armonk, NY, USA) was used for statistics. The results in the tables were presented
as means and standard errors of the mean (SEM), and in the figures as means and
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95% confidence intervals, and P<0.05 was considered significant. The hemodynamic
values were calculated as averages from the minutes 3-5 of the recordings when the
signal was most stable. For the analyses, the subjects were divided into quartiles of
plasma UA concentration, and the quartiles were adjusted for sex; or age, sex, and
body mass index (BMI), as appropriate. There were no differences between the
quartiles of plasma UA in the use of the medications listed above.

Linear regression analyses with stepwise elimination were used to investigate
factors independently associated with hemodynamic variables. For these analyses,
the continuous variables not normally distributed were log-transformed. The
covariates in the analyses were age, sex, L.g10 of BMI, alcohol consumption category,
smoking status; plasma calcium, phosphate, PTH, Lgl0 of triglycerides, HDL
cholesterol, LDL cholesterol, I.g10 of UA, renin, aldosterone, I.g10 of CRP, sodium;
Lg10 of QUICKI, eGFR, Lg10 of PWV, and mean aortic pressure, as appropriate.
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5 RESULTS

5.1 Experimental animal studies (studies I, I, II)

5.1.1  Blood pressure; body, heart, and kidney weights; and markers of
cardiac and volume load

At the start of the Oxo feeding, the systolic BPs and body weights were comparable
in the experimental study groups in all the studies (Table 2). In study I, neither
hyperuricemia nor NX influenced BP in single groups, but increased heart weight to
body weight ratio was observed in both NX groups when compared with the Sham
groups. In the studies IT and I11, the two NX groups combined displayed a significant
mean systolic BP elevation when compared with the two Sham groups combined
using two-way ANOVA.

Increased right and left ventricular weights and increased synthesis of heart
ventricular ANP, BNP, SkaA and 3-MHC mRNAs in both NX groups versus the
Sham groups (P<0.05 for all, two-way ANOVA) indicated pressure and volume
overload in experimental CKD (study II) (Figure 6). In both NX groups body
weight-adjusted total kidney weight was reduced, and remnant kidney weight
elevated, when compared to the Sham group (study III). Oxonic acid feeding did not
influence BP, kidney or heart weights, or volume load, but it reduced final body
weights (reported in studies 11 and III) (Table 2).
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Table 2. Experimental group data in studies |, Il and Il that contained slightly different
subgroups of the total 12 rats in each group. Oxonic acid feeding period was from
week 3 to week 12.

Rats in studies |, Il and IlI Sham Sham+0Oxo NX NX+Oxo
Systolic BP at week 3 (mmHg) 120+4 121+5 1275 1255
Systolic BP at week 12 (mmHg) 13417 13616 142461 152441
Body weight at week 3 (g) 33916 33847 33348 33247
Body weight at week 12 (g) 43318 412+11# 448+10 41181
Heart weight

Total (g/kg) 3.97+0.05 4.12+0.09 4.95+0.27* 5.18+0.33*

Right ventricle (g/kg) 0.280.01 0.290.01 0.34+0.03f 0.33+0.03f

Left ventricle (g/kg) 1.71%0.06 1.8620.06 2.23+0.11%¢ 241£0.18%¢
Removed kidney tissue (g/kg) 7.67+0.17 7.50+0.08
Renal tissue weight

To body weight (g/kg) 6.4+0.2 6.00.1 5.240.3* 5.0£0.3*

Right kidney (g) 1.410.1 1.2£0.1 Removed Removed

Left kidney (q) 1.420.1 1.240.1 2.3+0.1% 2.1+0.1%

Values are mean+SEM or median (25th-75th percentile), *P<0.05 compared with the Sham group, tP<0.05
compared with the NX group, #P<0.05 oxonic acid treated groups versus untreated groups (two-way ANOVA),
$P<0.05 NX groups compared with the Sham groups (two-way ANOVA).
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5.1.2  Uric acid levels and biochemical measures of renal function

In studies I, IT and IIT Oxo diet elevated plasma UA concentration approximately
2.5 to 3.5-fold in comparison with the respective control groups (Table 3).

Table 3. Plasma uric acid, plasma chemistry, and pH.

Rats in studies |, Il and IlI Sham Sham+Oxo NX NX+Oxo
Uric acid week 5 (umol/l) 50.3+13.0 106.8+15.5% 49.1%10.2 86.6+9.6*
Uric acid week 12 (umol/l) 36411 117+21* 63+19 152+19*1
Creatinine (umol/l) 40.245.1 48.5%3.0 81.9+£3.1% 83.148.1*
Creatinine clearance (ml/min) ~ 2.9£0.4 2.0£0.2% 1.240.1%* 1.240.1%*
Urea (mmol/l) 6.6£0.3 8.3+0.4 13.540.9% 14.5+2 0%
TRAP (umol/l) 422452 611£70% 49170 71460*t
Blood pH 7.42+0.03 7.3740.02 7.34+0.03 7.37£0.02
Renin activity (ng/mi/h) 27.3(22.8-30.9) 31.2(27.8-414) 20(03-3.1)*  50(27-9.9*
Phosphate (mmol/l) 1.440.1 1.540.1 1.940.2¢ 1.940.2¢
Calcium (mmol/l) 2.42+0.02 2.3620.02 2.42+0.04 2.42+0.02
Sodium (mmol/) 136.540.5 137.340.6 136.740.9 137.0+£0.5
Potassium (mmol/l) 4101 3.840.1 4.3+0.2 44402

Values are mean+SEM or median (25-751 percentile), *P<0.05 compared with the Sham group, tP<0.05
compared with the NX group, ¥P<0.05 NX groups compared with the Sham groups (two-way ANOVA).

The NX operation elevated plasma creatinine and urea concentrations approximately
2-fold, the concentrations of which were not affected by hyperuricemia. Plasma UA
levels were nearly doubled in the NX group vs. the Sham group, but the increase
was not statistically significant (Table 3). Creatinine clearance (study I1I) was reduced
in all groups when compared with the Sham group. Plasma phosphate was elevated
in both NX groups versus the Sham groups, but the concentrations of calcium,
sodium, and potassium did not differ between the experimental groups. Neither UA
nor NX influenced blood pH (study I) (Table 3).
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5.1.3  Urinary and renal oxidative stress markers and plasma TRAP

At start of the Oxo diet, the 24-h urinary excretion of 8-isoprostaglandin Fa, was
similar in all groups, while at the end of the study the excretion was markedly
increased in the NX group (study I) (Figures 7A and 7B). At the end of the study, 8-
isoprostaglandin Fa, excretion was lower in the Sham+Oxo and NX+Oxo groups
than in the respective controls (Figure 7B). Oxonic acid feeding caused a 1.5-fold
increase in the plasma concentration of TRAP in Sham+Oxo and NX+Oxo rats
when compared with the Sham and NX groups, respectively (Table 3). There was a
marked correlation between plasma UA and TRAP (t=0.910, P=0.000), while
plasma UA also correlated with maximal relaxation to Ach in the NX and NX+Oxo
groups (Figure 7C and D).
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Figure 7. 24-h urinary excretion of 8-isoprostaglandin F2a (8-iso-PGF2a) at the start (A) and at the
end (B) of the 9 week 2.0% oxonic acid feeding. Scatter plots of plasma uric acid and (C)
total peroxyl radical trapping capacity (TRAP), and (D) maximal relaxation to Ach in vitro in
the study groups; *P<0.05 vs. the Sham group, tP<0.05 vs. the NX group.
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Urinary excretion of 11-epi-prostaglandin Fa, was higher in both NX groups than in
the Sham groups at start of the Oxo diet (study III) (Figure 8A). The excretion was
increased in the Sham and NX groups at the end of the study (Figure 8B). However,
in the Sham+Oxo and NX+Oxo rats the excretion was approximately 75% lower
than in the respective control groups (Figure 8B). Kidney HO-1 mRNA content was
higher in the NX and NX+Oxo groups than in the Sham group, but UA elevation
did not influence renal HO-1 mRNA expression (Figure 8C). The number of mast
cells in the kidney tissue was elevated following subtotal nephrectomy but their
number was significantly lower in the NX+Oxo rats than in the NX rats (Figure
8D). There was a significant correlation between the kidney mast cell count and 24-
hour urinary 11-epi-prostaglandin F2, excretion (rs=0.415, P=0.003).
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5.1.4  Functional and structural studies of the carotid and mesenteric
arteries

5.1.4.1  Functional responses of the carotid artery in vitro

Vasorelaxations to Ach in the endothelium-intact carotid arteries were reduced in
both NX groups when compared with the Sham groups, but the maximal response
to Ach was improved in the NX+Oxo rats when compared with the NX group
(Figure 9A). Experimental hyperuricemia did not influence on Ach-induced
vasorelaxation in the Sham rats. Inhibiting NOS with L-NAME abolished the
relaxation to Ach in all groups, indicating that the relaxation response to Ach was
mainly mediated via NO (Figure 9B). The relaxation responses to nitroprusside were
reduced in both NX groups when compared with the Sham and Sham+Oxo groups,
but the reduction was less marked in the NX+Oxo group (Figure 9C). Higher
relaxation to 10 nmol/1 nitroprusside was observed in the NX+Oxo group than in
the NX group (P=0.027) (Figure 9C). Vasorelaxations elicited by isoprenaline were
similar in all groups (Figure 9D). All study groups showed similar contractile
responses to NA (study I).
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Figure 9.
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Functional responses of the mesenteric arteries in vitro
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In the main branch of the mesenteric artery, there was a slightly higher contractile
sensitivity to NA in the NX groups than in the two Sham groups (P<0.001, two-way
ANOVA). However, the relaxations were examined after 5pM NA induced
precontraction that induced approximately 70-80% of the maximal response in all
groups, and therefore the differences in the contractions to NA did not curtail the



results on vasorelaxation. The contractile responses to KCl were similar in all groups
(Table 4). In the small arterial rings, maximal wall tension in response to NA was
higher in the NX rats than in Sham rats (P=0.03, two-way ANOVA), while the
sensitivity to NA (pD,) was similar in all groups. Responses to KCl were comparable
between NX and Sham rats also in the small mesenteric artery (Table 4).

Table 4. Parameters of contractile responses of isolated mesenteric arterial rings (main and
second order branches). Values are mean £SEM, n=10 for all groups. pD2 is the
negative logarithm of the concentration of agonist producing 50% of the maximal
response. ¥P<0.05 NX groups compared with Sham groups using two-way ANOVA.

Main branch Sham Sham+Oxo NX NX+Oxo
Noradrenaline

pD2 (-log mol/l) 6.26£0.14  597+0.05  6.49+0.13* 6.64+0.11%
Maximal wall tension (mN/mm) 7.30£0.49  8.60+049 9.14£0.63  9.64+1.52
KCl

pD2 (-log mol/l) 151+£0.02  151+0.03  1.51+0.03  1.53+0.03
Maximal wall tension (mN/mm) 6.79+0.85  7.01+0.94  7.53+0.67  8.02+0.96
Small artery

Noradrenaline

pD2 (-log mol/l) 581+£0.08  6.00£0.09  5.81+0.09  5.87%0.11
Maximal wall tension (mN/mm) 546+0.17  582+0.50  6.63+0.54*  6.58+0.39%
KCl

pD2 (-log mol/l) 1.41£0.01 142+0.02  1.3940.02  1.39+0.03
Maximal wall tension (mN/mm) 5594043 593056  6.37£0.49  6.84+0.32

The relaxation responses induced by Ach were impaired in both NX groups when
compared with the Sham groups, but in the mesenteric artery hyperuricemia did not
influence on Ach-elicited relaxations (P=0.208 NX versus NX+Oxo groups,
ANOVA for repeated measurements) (Figure 10A). The presence of L-NAME
equally reduced the relaxation to Ach in both Sham groups, while in the NX and
NX+Oxo groups the response was almost abolished (Figure 10B). Vasorelaxation
mediated via cGMP in smooth muscle cells, as indicated by reduced relaxation to
SNP, was impaired in NX and NX+Oxo groups when compared with the Sham and
Sham+Oxo groups (P=0.008, two-way ANOVA for repeated measurements)
(Figure 10C). The effect of Oxo feeding was observed only in relaxation responses
elicited by BK¢, opener NS-1619, where in the NX+Oxo group the response was
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reduced when compared with all other groups (P=0.032, ANOVA for repeated
measurements) (Figure 10D).
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Figure 10. Mesenteric artery relaxation in vitro in arterial rings precontracted with noradrenaline (A and
B) or KCI (C and D). Responses to acetylcholine (without and with L-NAME), nitroprusside,
and NS-1619; *P<0.05, ANOVA for repeated measurements, TP<0.05 compared with the
corresponding individual concentration in the NX group.

5.1.4.3 Morphology of the small mesenteric artery in vitro

When compared to the Sham rats, arterial wall of the NX rats exhibited hypertrophic
remodeling: increased wall thickness, wall to lumen ratio, and wall cross-sectional
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area without alteration in lumen diameter (Figure 11). Experimental hyperuricemia

had no effect on the structure of the small mesenteric artery.
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Figure 11. Arterial morphology. Small artery wall thickness (um) (A), lumen diameter (um) (B), wall to
lumen ratio (%) (C), and wall area (D) at 90 mmHg; values are mean+SEM, n=10 for all
groups; *P<0.05 versus Sham.

5.1.5  Renal histology

Proteinuria and indices of histological scarring, i.e. arteriosclerosis,
glomerulosclerosis and tubulointerstitial damage, were significantly increased in the
NX group, while all these indices were alleviated in the NX+Oxo group when
compared with the NX group (Figure 12A-D). There was also a significant
correlation between 24-hour urinary protein excretion and the glomerulosclerosis
score (R=0.887) (Figure 12E). A clear staining for smooth muscle a-actin in the

glomerular afferent and efferent arteries adjacent to the glomeruli was observed, but
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with the present techniques we could not reliably differentiate the afferent arterioles
from the efferent arterioles (Figure 12F). Therefore, further analyses of the

preglomerular arterioles were not performed.
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Figure 12. Urinary protein excretion during study week 12 (A), kidney arteriosclerosis index (B),
glomerulosclerosis index (C), correlation between urinary protein excretion and
glomerulosclerosis score (D), tubulointerstitial damage index (E), and representative
photomicrograph of smooth muscle a-actin (SMA) staining of the glomerular arterioles (F)
in the study groups (n=11-12 in each group). Values are median (thick line), 25th-75th
percentile (box), and range (whiskers), outliers depicted as small circles; *P<0.05 versus
Sham, 1P<0.05 versus NX.
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5.1.6  Renal markers of inflammation and collagen | mMRNA

In the kidney sections, a clear staining of glomerular and tubulointerstitial COX-2
was observed (Figures 13A and B). When analyzed using Western blotting, lower
COX-2 content was observed in the Sham-Oxo and NX-Oxo rats than in the rats
ingesting normal diet (P=0.046, two-way ANOVA, Figure 13C). In
immunohistochemistry analyses, tubulointerstitial COX-2 score was lower in the
Sham+Oxo group when compared with the Sham group, and in the NX+Oxo group
versus the NX group (Figure 13D). The COX-2 staining was abundant in tubuli with
a thick epithelium corresponding to the ascending limb of the loop of Henle (Harris
& Breyer, 2001). In the glomeruli, the number of COX-2 positive cells was lower in
the Sham+Oxo group than in the Sham group, while the glomeruli of the NX groups
had the lowest number of COX-2 positive cells (Figure 13E). The 5/6 NX model
presented with increased kidney tissue collagen I mRNA expression (P=0.022, two-
way ANOVA), but collagen I mRNA expression was not influenced by the Oxo diet
(Figure 13F).
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Figure 13. Photomicrographs of the immunchistochemical staining of glomerular (A) and
tubulointerstitial (B) cyclooxygenase-2 (COX-2), Western blotting of kidney tissue COX-2
content (C), tubulointerstitial COX-2 score (D), number of COX-2 positive cells in the
glomeruli (E), and collagen | mRNA expression (F) in the study groups (n=9-11 in each
group). Groups as in Figure 1, values are mean + SEM; *P<0.05 versus Sham, 1P<0.05
versus NX, $P<0.05 oxonic acid diet versus normal diet (C), and $P<0.05 NX groups
versus the Sham groups (F) using two-way ANOVA.
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9.2 Plasma uric acid concentration and hemodynamic variables
in healthy normotensive and never-treated hypertensive
subjects (study V)

5.2.1  Study subjects and laboratory determinants

The mean plasma UA concentrations were (258+3 umol/l) in women and (34414
umol/1) in men (P<0.001), and the subjects in the highest plasma UA quattile (Q4)
were significantly older than the subjects in the lowest quartile (QQ1). The weight and
BMI were higher in plasma UA quartiles Q3 and Q4 versus Q1 and Q2, while the
heights were similar in all groups (Table 5).

Table 5. Basic characteristics of the study participants in sex adjusted quartiles from lowest
(Q1) to highest (Q4) concentrations of fasting plasma uric acid.

Q1 Q2 Q3 Q4
N=141 N=155 N=165 N=144
Male/female (n) 74077 73079 76/77 72078
Age (years) 437(096)  44.3(0.95) 44.3(0.95) 47.5(0.96)*
Weight (kg) 749(12) 775(12) 82.1(1.2)%t 86.5(1.2)*t
Height (cm) 173.0(0.8) 172.9(0.8) 173.2(0.8) 172.8(0.8)
Body mass index (kg/m?)  24.9(0.33) 25.7(0.33) 27.3(0.32)*t 28.9(0.33)* 1

Results shown as mean (standard error of mean); *P < 0.05 versus Q1; tP < 0.05 versus Q2; P < 0.05 versus Q3

Plasma UA quartiles were adjusted for age, sex and BMI with the mean plasma UA
levels being 234, 278, 314 and 373 pumol/l in the respective groups. Office systolic
BP was higher in Q4 than Q1, while Q3 and Q4 had significantly higher office
diastolic BP in comparison with Q1 (Table 6). The proportion of subjects with office
hypertension >140/90 mmHg was higher in Q3 than Q1, while the office heart rate,
percentage of smokers and average alcohol intake were corresponding in all quartiles.
Plasma CRP was slightly higher in Q4 when compared to Q1 and Q2, and QUICKI
was lover in Q4 than Q1. Plasma triglyceride concentration was higher in Q3 and
Q4 when compared with Q1, and in Q4 versus Q2, and LDL cholesterol was higher
in Q3 than in Q1. Other laboratory determinants from the blood and urine did not
differ between the groups (Table 6).
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Table 6. Clinical characteristics and laboratory results of the study participants in age, sex and
body mass index adjusted quartiles of fasting plasma uric acid concentrations.

Q1 Q2 Q3 Q4

N=141 N=155 N=165 N=144
Office measurements
Systolic BP (mmHg) 136 (1.5) 140 (1.5) 142 (1.5) 143 (1.5)*
Diastolic BP (mmHg) 87 (0.9) 89(0.9) 90 (0.9)* 91 (0.9)*
Heart rate (bpm) 66.5 (0.8) 67.2(0.8) 67.7(0.8) 68.3(0.9)
Number (%) of participants with ~ 68 (48.2) 92 (59.4) 106 (64.2)* 89 (61.8)
BP =>140/90 mmHg
Current Smokers (number) 20 18 18 19
Alcohol (standard drinks/week) 2[0-6] 2[0-5] 3[1-5] 3[1-7]
Uric acid (umoll) 234 (4) 278 (4)* 314 (4)*T 373 (4t
Sodium (mmol/l) 140 (0.2) 141 (0.2) 140 (0.2) 140 (0.2)
Potassium (mmolll) 3.8(0.0) 3.8(0.0) 3.8(0.0) 3.8(0.0)
Calcium (mmol/l) 2.29 (0.01) 2.30 (0.01) 2.31(0.01) 2.32(0.01)
Phosphate (mmol/l) 0.95 (0.01) 0.97 (0.01) 0.96 (0.01) 0.99 (0.01)
C-reactive protein (mg/l) 0.5[0.5-1.4] 0.8[0.5-1.8] 1.0 [0.5-2.1] 1.0 [0.5-2.17%t
Renin activity (ng Ang I/mi/h) 0.6 [0.3-1.1] 0.7[0.4-1.2] 0.7[0.5-1.3] 0.8[0.5-1.3]
Aldosterone (pmol/l) 422[292-569)  449[329-609]  423[320-572] 461 [338-620]
PTH (pmol/l) 4.32(0.13) 451(0.13) 4.75(0.13) 4.66 (0.14)
eGFR (mi/min/1.73m?) 102 (1.2) 100 (1.2) 97 (1.2) 98(1.2)
Albumin excretion (ug/min)# 4[3-5] 4 [3-6] 4[3-5] 4[3-5]
Total cholesterol (mmol/l) 5.0(0.1) 5.0(0.1) 5.2(0.1) 5.2(0.1)
Triglycerides (mmol/l) 0.9[0.6-1.2] 1.0[0.7-1.3] 1.1[0.8-1.5]* 1.2[0.8-1.8]*t
HDL cholesterol (mmol/l) 1.65 (0.03) 1.56 (0.03) 1.55 (0.03) 1.57 (0.03)
LDL cholesterol (mmol/l) 2.9(0.1) 3.0(0.1) 32(0.1)* 3.1(0.1)
Glucose (mmol/l) 5.4 (0.1) 54(0.1) 5.4 (0.1) 5.5(0.1)
Insulin (mU/) 72(14) 79(14) 10.7 (14) 9.8 (1.5)
QUICKI 0.361 0.359 0.352 0.345

[0.342-0.381] [0.367-0.376] [0.332-0.372] [0.324-0.373]*

Results shown as mean (standard error of mean) or median [27th-75th percentile]; PTH, parathyroid hormone;
eGFR, cystatin C-based estimated glomerular filtration rate (CKD-EPI); HDL, high density lipoprotein; LDL; low
density lipoprotein; QUICKI, quantitative insulin sensitivity check index; #albumin excretion results were available
114-130 subjects in each quartile; *P<0.05 vs. Q1; TP<0.05 vs. Q2; ¥P<0.05 vs. Q3.
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5.2.2  Hemodynamic measurements

Radial and aortic BPs were comparable in plasma UA quartiles adjusted for age, sex,
and BMI (Figure 14A-D).
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Figure 14. Radial (A) and aortic (B) systolic blood pressure, and radial (C) and aortic (D) diastolic
blood pressure in 606 subjects presented in age, body mass index, sex, and plasma C-
reactive protein, triglyceride, and LDL cholesterol adjusted quartiles of plasma uric acid
concentration; mean + 95% confidence interval of the mean.
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Aortic pulse pressure, forward wave amplitude and augmentation index were similar
in all quartiles, but aortic to popliteal PWV was higher in Q4 versus Q3 and Q1
(Figures 15A-D). When analyzed separately in men and women, PWV was higher in
Q4 versus Q1 in men, while in women no significant differences in PWV between
the plasma UA quartiles were observed (Figure 15E and F). The Pearson correlation
between plasma UA concentration and PWV was 0.351 among all study subjects
(P<0.001), 0.338 in women (P <0.001), and 0.242 in men (P<<0.001).
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Heart rate, stroke volume, cardiac output and systemic vascular resistance did not
differ between groups. (Figure 16).
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Figure 16. Heart rate (A), stroke volume (B), cardiac output (C) and systemic vascular resistance (D)
in 606 subjects presented in age, body mass index, sex, C-reactive protein, triglyceride,
and LDL cholesterol adjusted quartiles of plasma uric acid concentration; mean £ 95%
confidence interval of the mean.

80



5.2.3  Hemodynamic variables in linear regression analyses

In the linear regression analyses PWV, eGIR, plasma concentration of calcium and
PTH, and QUICKI were independent explanatory factors for aortic systolic
(R2=0.399) and diastolic (R? = 0.350) BPs. Systolic BP was independently associated
with LDL cholesterol and triglycerides, while diastolic BP associated with male sex

and high alcohol consumption.

The independent explanatory factors for PWV were age, ejection duration, mean
aortic pressure, plasma UA, plasma triglycerides, BMI, and current smoking
(R2=0.591) (Table 7). When the subjects with plasma UA>370 umol/l wete excluded
from the regression analysis, plasma UA concentration was still associated with PWV
in the remaining 507 participants (beta=0.003, P=0.006). Furthermore, for every
100 umol/1 increase in plasma UA, the associated increase in PWV was 0.9 m/s.
When the explanatory variables for PWV were analyzed separately for both sexes, in
women, the explanatory variables for PWV were age, mean aortic pressure, heart
rate, plasma triglycerides, and plasma UA (R?=0.580), and in men age, ejection
duration, plasma UA, mean aortic pressure, BMI, and LDL cholesterol (R?2=0.532).
In additional regression analyses, plasma UA was not an explanatory factor for
forward wave amplitude, augmentation index, systemic vascular resistance, stroke

volume, heart rate, or cardiac output.

Table 7. Significant explanatory variables for aortic to popliteal pulse wave velocity in linear
regression analysis with stepwise elimination.

Pulse wave velocity (m/s) B Beta P

Men and women, R2=0.591

(constant) 7.594 <0.001
Age 0.076 0.501 <0.001
Ejection duration -0.020 -0.223 <0.001
Mean aortic pressure 0.022 0.180 <0.001
Uric acid 0.004 0.168 <0.001
Body mass index 0.032 0.077 0.019
Lg10 of triglycerides 0.557 0.069 0.034
Current smoking -0.363 -0.067 0.015

Variables in Model: Age, sex, body mass index, alcohol consumption category (low, moderate, high), smoking
status (current, previous), mean aortic pressure, heart rate, ejection duration, eGFR, uric acid, HDL cholesterol,
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LDL cholesterol; Lgto of triglycerides; Lg1o of C-reactive protein, and QUICKI. HDL high-density lipoprotein, LDL
low-density lipoprotein, QUICKI quantitative insulin sensitivity check index, eGFR estimated glomerular filtration
rate from plasma cystatin-C using the CKD-EPI formula.
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6 DISCUSSION

For long, UA was considered as an inert metabolic by-product of purine metabolism,
with gout being the only clinically relevant manifestation of hyperuricemia. In recent
decades, however, increasing epidemiological evidence has linked high UA levels to
a range of chronic cardiovascular and renal pathologies, possibly via a mechanism
involving increased oxidative stress. While the previous experimental studies have
mainly focused on the effects of hyperuricemia in the kidney, less in known about
the systemic cardiovascular effects of UA. As cardiovascular complications are the
leading cause of morbidity and mortality in CKD, exploring the effects of UA also

in the systemic vasculature is of importance.

Cardiovascular disease risk in hyperuricemic subjects has been coupled to
increased large arterial stiffness, as indicated by elevated PWV. Increased PWV,
along with other sub-clinical hemodynamic alterations, can be observed before BP
elevation is detected by the standard clinical methods, emphasizing the potential
benefits of using these hemodynamic parameters in individual cardiovascular risk
evaluation. Increasing the knowledge over the potential effects of UA on human
hemodynamics will help to understand the mechanisms via which UA could mediate
its actions in the vasculature. Ultimately this could help to guide the targeting of
lifestyle and pharmacological interventions more individually in a timely manner.

6.1  Study design and methods

6.1.1  Experimental model of chronic renal insufficiency and oxonic acid-
induced hyperuricemia (studies I, II, 1ll)

In one of the first experimental studies exploring the Oxo model of hyperuricemia
in CKD, renal disease was induced in the rat with dietary calcineurin inhibitor
cyclosporine (Mazzali, Kim, et al, 2001). In this model, renal abnormalities

associated with hyperuricemia constituted mainly of arterial hyalinosis and
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tubulointerstitial damage. Notably, renal changes developed only if accompanied by
a very low salt diet. Later, most of the experimental UA studies using a rodent model
of CKD have employed the 5/6 NX model in the rat. This is the most common
model of experimental CKD, as it adequately mimics many features of human CKD,
including  progressive  decrease in  GFR, hypertension, albuminuria,
glomerulosclerosis, and oxidative stress (Mortison & Howard, 1966). In the 5/6 NX
model applied in the previous UA studies, renal insufficiency has been established
by removing the whole right kidney, and a by a selective ligation of the contralateral
renal artery branches (Kang, 2002; Sanchez-Lozada et al., 2005). In the present
studies I-III, renal artery ligation was replaced by the resection of the upper and
lower poles of the left kidney, also a widely used model of experimental CKD (Jolma
etal,, 2003). The 5/6 NX ligation method results in higher BP and more severe renal
injury, probably due to up-regulation of RAAS in the peri-infarct zone vascularized
by the ligated arteries, whereas the surgical 5/6 NX model is characterized by low
plasma renin (Erdranta et al., 2008; Griffin & Bidani, 1994; Porsti et al., 2004). In the
current studies, the rats were randomized to study groups so that they had similar
BPs, daily urine volumes, and body weights after a three-week-long post-operative
recovery period. This differs from previous experiments, where the randomization
has been done immediately after the operation. Randomization without the recovery
period probably increases the risk for selection bias, as the chronic compensatory
changes take several weeks to develop and are not as pronounced in the early course
than in later phase of the renal disease (Shirley & Walter, 1991).

In all three experimental studies, the NX rats featured several biochemical and
metabolic characteristics of moderate renal insufficiency: increased plasma
creatinine, reduced creatinine clearance, proteinuria, and increased renal and
systemic oxidative stress. There was a clear trend toward higher circulating UA levels
in the NX rats, but the difference was not statistically significant. Furthermore, the
kidneys of the NX rats featured advanced renal histological scarring:
glomerulosclerosis, arteriosclerosis, and tubulointerstitial damage, findings that were
accompanied by increased kidney mast cell infiltration. Increased COX-2 and HO-1
mRNA indicated inflammatory and pro-oxidative state in the kidney. Impaired
endothelium-dependent vasorelaxation in the conduit-size arteries and hypertrophic
remodeling of the resistance mesenteric arteries are all previously described
characteristics of stage 2-3 renal insufficiency (Jolma et al., 2003; P. K66bi et al.,
2003). During the 12 weeks of total follow-up time, CKD was associated with only
a mild systolic BP elevation, while increased heart ventricle weights and ventricular
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natriuretic peptides indicated permanent volume load in CKD. This is concordant
with the previous studies with 20 weeks of follow-up showing a significant elevation
in systolic BP later in the disease progression (P. K&6bi et al., 2000). It should be
noticed that while BP measurement with the non-invasive tail-cuff method is not as
accurate as the “gold-standard” telemetry, in proper use the results are reliable and

cause lesser harm to the animal than the invasive telemetry measurement (Wilde et
al., 2017).

Previous experimental studies have reported 1.3 to 2.8-fold rise in circulating UA
levels in rats fed with 2% Oxo, which is well in agreement with the 2.4 to 3.4-fold
increases in the current studies (Kang, 2002; Mazzali et al., 2002; Sanchez-ILozada et
al., 2005). Notably, some of the UA variation between the present and previous
studies is likely due to different administration routes of Oxo, as some studies have
employed gastric gavage technique instead of oral administration (Sanchez-Lozada
et al., 2005; Sanchez-Lozada et al., 2002). While with free accessible digestion the
accurate intake of Oxo cannot be quite accurately assessed, the method is more
physiological than invasive gastric gavage, and therefore its use is ethically more
justifiable. Gastric gavage carries a risk for aspiration and organ injuries, and the
associated increase in stress levels can influence the measured variables. As an
example, pituitary release of adrenocorticotropic hormone in response to stress
stimulates adrenal gland to release glucocorticoids, most importantly cortisol, which
can further elicit multiple systemic effects, such as mobilization of amino acids,
which then can serve as precursor for UA (Brown et al., 2000). Treatment of
hyperuricemia was not included in the study protocol, as previous studies have
repeatedly shown the efficacy of XO-inhibitors and uricosuric agents in preventing
the pathological changes associated with Oxo feeding (Mazzali et al., 2002; Mazzali,
Hughes, et al., 2001; Sanchez-Iozada et al., 2005; Sanchez-Iozada, Soto, et al., 2008).

While the applied Oxo model is the oldest and probably also the most used
rodent model of hyperuricemia, it can still be regarded as a valid experimental
approach for investigating the physiological effects of hyperuricemia. Another novel
experimental model that uses uricase gene knock out mice has also been employed
(Wu et al.,, 1994). In this model, mice carrying a mutated gene have 10-fold increases
in serum UA levels, with more than half of the mice dying before four weeks of age.
This highlights how ill equipped the rodent kidney is to handle UA levels that more
closely resemble the human situation. Thus, any rodent model of hyperuricemia

faces serious limitations when extrapolating the results to humans.
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6.1.2  Clinical hemodynamic study (study IV)

Hemodynamic recordings were conducted in supine position by utilizing ICGws
(CircMonR) and pulse wave analysis from the radial artery. Stroke volume and CO
recorded with CircMonR® correspond to values obtained by utilizing 3-dimensional
echocardiography and the thermodilution and direct oxygen Fick methods (T.
Ko66bi, Kaukinen, Ahola, et al., 1997; T. K66bi, Kaukinen, Turjanmaa, et al., 1997,
Koskela et al., 2013), and the PWV values correlate well with values measured with
the current “gold standard” tonometric method (T. K66bi et al., 2003; Wilenius et
al., 2016). Thus, recording of the PWV with ICGwp can be regarded as a validated
method to evaluate large arterial stiffness.

Radial applanation tonometry was employed to measure radial and central
BP and central wave reflection. The method enables continuous detection of radial
pulse wave within each heartbeat, an advantage in when comparing with the
commonly used method of recording only 10-20 pulse waveforms (Hayward et al.,
2002).

6.2  Results and findings

6.2.1  The effect of experimental hyperuricemia on the cardiovascular
system and the kidney antioxidant capacity and oxidative stress

In studies I and II the aim was to investigate the effects of Oxo induced
hyperuricemia on vascular function, morphology, and cardiac load, while study III
focused on the renal effects of hyperuricemia in healthy and subtotally
nephrectomized rats. We also evaluated oxidative stress markers 7z vivo, as the role
of oxidative stress has repeatedly been implicated in the renal and vascular
pathologies associated with UA (Khosla et al., 2005). The power of the results is
strengthened by the knowledge that all the studies employed the same animals,
therefore excluding the effect of methodological and animal strain differences
between the experiments. Indeed, variations in genes regulating urate homeostasis
in the kidney and in the liver may significantly influence on the development of renal
abnormalities (Preitner et al., 2009).
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Carotid and mesenteric arteries were chosen for the functional studies as reduced
compliance of the large arteries is an independent predictor of cardiovascular
mortality in CKD, whereas morphological vascular changes often manifest in the
small resistance-size arteries (London et al., 1996). The rationale to investigate the
functional responses in both carotid and mesenteric arteries is based on the
knowledge that in the carotid artery (study I) the vasorelaxation in mainly mediated
via endothelium-derived NO, while in the mesenteric artery (study 1I), the relaxation
is predominantly mediated by endothelium-independent hyperpolarization of the
smooth muscle (Arvola, 1999; P. Ko6bi et al., 2003). Arterial contractions were
examined in each vessel to reveal the possible differences in vasoconstrictor
sensitivity that might interfere with the interpretation of the relaxation responses.
Based on these results, the observed changes in the vasorelaxation responses were

not explained by differences in vasoconstrictor sensitivities.

In the carotid arteries of the NX rats, hyperuricemia associated with improved
vasorelaxation mediated via endothelial (Ach) and exogenous (SNP) NO, and
plasma UA concentration correlated positively with maximal Ach-elicited
vasorelaxation (study I). In all groups, the presence of the NOS inhibitor L-NAME
practically abolished the relaxations to Ach, supporting the previous observations of
NO being the most important vasodilatory agent in the rat carotid artery. In contrast
to the carotid artery, in the main branch of the mesenteric artery (study II),
endothelium-dependent vasorelaxation was not influenced by UA, whereas
endothelium-independent vasodilatation induced by BKc, channel opener NS-1619
was impaired in the NX+Oxo rats. As in the carotid artery, the changes in
vasorelaxation responses were observed only in uremic milieu, as no differences were
observed in healthy hyperuricemic rats. Collectively, the results from the functional
vascular studies suggest that, irrespective of the vessel studied, the effects of UA

become more pronounced in states of increased oxidant burden, as in CKD.

The role of UA in histological renal scarring has been implicated in human and
in experimental studies, while in the present low renin model of CKD, elevated
circulating UA levels had beneficial effects on kidney morphology (study III)
(Myllymiéki et al., 2005). Generally, the mechanisms via which UA might exert
detrimental renal effects, involve both crystal and non-crystal pathways, the latter
consisting of hemodynamic (renovascular) and non-hemodynamic changes
(inflammation, oxidative stress, impaired endothelial NO production and

vasoconstriction). A recent study using a mouse model of aristolochic acid-induced
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CKD concluded that urinary acidification that leads to hyperuricemia and UA
crystalluria is a necessary step for the pathological actions of UA to manifest in the
kidney (Sellmayr et al., 2020).

A likely explanation for the beneficial vascular and renal effects observed in the
hyperuricemic NX rats may relate to increased antioxidant capacity and reduced
oxidative stress 2 vivo, as evidenced by increased plasma TRAP, and reduced urinary
excretions of 8-isoprostaglandin Fa, and 11-epi-prostaglandin Fa,. Notably, 8-
isoprostaglandin  Fa, excretion was not increased during the three weeks’
postoperative recovery period, while 11-epi-prostaglandin I, excretion was elevated
already in the early course of CKD. Increased oxidative stress is not therefore
necessarily a straightforward result of renal mass reduction but rather develops later
in the disease. Increased 11-epi-prostaglandin Fa, excretion may also indicate renal
mast cell activation or COX-2 induced prostanoid synthesis, not necessarily
oxidative stress per se (Mucha & Riutta, 2001; Pugliese et al., 1985; Vainio et al., 2003).

Uric acid could reduce oxidative stress by scavenging various cell damaging ROS,
such as superoxide, hydroxyl radical, and singlet oxygen. The superoxide radical is
of particular interest, as it can react with NO and reduce its bioavailability in various
essential cellular functions, including endothelium-mediated vasodilation. If not
inhibited by UA, the reaction product of superoxide anion and NO generates the
toxic peroxynitrite (ONOO~), which can further form secondary toxic radicals
(Squadrito et al., 2000). Uric acid can also maintain the activity of superoxide
dismutase, an enzyme that dismutates superoxide into non-toxic oxygen and
hydrogen peroxide (H.O,) (Hink H. Ulrich et al., 2002), and by such means prevent
the harmful interaction of superoxide radical with NO. Thus, the beneficial
antioxidant actions of UA are largely coupled to increased availability of NO and
preserved endothelial function. As in the NO-mediated responses, effect of UA on
endothelium-independent relaxations observed in the mesenteric artery might be
coupled to reduced ROS concentration, as ROS are known to inhibit BKe,
(Gutterman et al,, 2005). Furthermore, increased bioavailability of H,O, can
modulate the open probability of the BKe, channels, as H,O,can induce
vasodilatation directly via BKc, activation, especially under conditions of reduced
NO availability like in CKD (Gutterman et al., 2005; Wei et al., 1990).
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6.2.2  The association of plasma UA levels with arterial stiffness

Despite several previous studies, the association between UA and arterial stiffness is
still controversial. At least in part, this controversy likely reflects the differences in
the methodology and definitions of hyperuricemia, as well as heterogeneity of the
study populations: different ethnicities, cardiovascular risk profiles, medications, and
lifestyle habits (Albu et al., 2020). Unlike in many previous studies, medicated
hypertensive patients were excluded in the current study population. A direct
association between plasma UA and PWV still remained, suggesting that in this
normouricemic population, the association between UA and large arterial stiffness
was not explained by the presence of hypertension, but was directly related to UA.

The mechanisms by which UA could cause arterial stiffening in humans might
involve endothelial dysfunction, initially triggered by oxidative stress and endothelial
NO depletion, similarly as in experimental animals. The association between UA and
endothelial dysfunction has been evidenced with medicated hypertensive females in
whom lower baseline circulating UA levels correlated with better endothelial
function (Tanaka et al.,, 2018). Furthermore, allopurinol was found to improve
endothelium-dependent vasodilatation in the forearm in subjects with chronic heart
failure and mildly hypertensive type 2 diabetes patients (R. Butler et al., 2000,
Farquharson et al., 2002). However, in some studies this association has been
inverse. In patients with type I diabetes, and also in regular smokers, acute
intravenous UA administration improved Ach-induced vasodilatation, while in
genetically hypouricemic subjects impaired flow-mediated dilatation in the brachial
artery was observed (Sugihara et al., 2015; Waring et al., 2000). Circulating UA might
also induce atherosclerosis in the vasculature by directly stimulating macrophages
causing inflammation, production of cytokines and collagen, and smooth muscle cell
proliferation (Gicquel et al., 2015).

The effect of UA lowering therapy on arterial stiffness has also been explored in
interventional studies. One meta-analysis found a favorable effect of allopurinol on
Alx but not on aortic PWV. The authors discussed that the finding was related to
decreased oxidative stress and improved endothelial function, with a predominant
influence on wave reflection (Deng et al., 20106). There are also few studies in diabetic
subjects reporting beneficial effects of selective sodium-glucose cotransporter-2
inhibitors on arterial stiffness. Aside from BP-lowering effect, lower levels of

circulating UA due to secondary uricosuric effect of selective sodium-glucose
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cotransporter-2 inhibitors was proposed as one possible mechanism for the reduced
arterial stiffness (Chilton et al., 2015; Sanchez et al., 2018).

6.3 Is there a causal role of uric acid in renal disease?

While most epidemiological and experimental studies conducted so far rather
unambiguously support the association between high UA levels and renal disease,
the causality of this relationship is after years of intensive research still controversial.
The causal nature of the evidence can be weighed against Bradford Hill’s criteria (A.

B. Hill, 1965).

Strength: 'The most comprehensive systematic meta-analyses concluded that

convincing evidence over the role of UA in disease states only exists for gout and
nephrolithiasis (X. Li et al., 2017).

Consistency: Studies exploring the association between UA and kidney disease have
reported inconsistent results in different study populations. For instance, in healthy
subjects, elevated UA level is generally coupled to renal disease risk (Hsu et al., 2009;
L. Li et al., 2014; Weiner et al., 2008), but in subjects with pre-existing CKD the
results have been controversial (Srivastava et al., 2018; Sturm et al., 2008). In ESRD
patients, J-shaped mortality relationship has been observed, with both high and low
levels of circulating UA levels conveying an increased cardiovascular risk (Suliman
et al., 2000).

Specificity: Hyperuricemia is frequently associated with a range of cardiovascular co-
morbidities and therefore, the effects of UA per se are difficult to point out. Enhanced
UA generation via XO-pathway accompanied by cell-toxic ROS generation often
coexists with reduced renal UA excretion, both contributing to elevation of

circulating UA concentration.

Temporality: In healthy population higher UA levels have predicted future
development of CKD, while in individuals with pre-existing CKD, high circulating
UA level does not independently result in disease progression. Evaluation of
temporal relationship between UA and renal manifestations is mixed by cofounding
factors (such as lifestyle and dietary habits), which are difficult to standardize in long

90



clinical trials. Furthermore, the time for an end-organ damage to develop is often
decades, making it harder to draw conclusions from the causal relationship.

Experimental evidence: A large body of experimental and biologically plausible evidence
supports the causal role of UA in renal disease. It should be acknowledged, however,
that the metabolism of UA in human is different from species used in experimental
studies and the experimental evidence should be interpreted considering this
biological fact.

6.4  Future perspectives for interventional studies

One way to assess the role of UA in diseases is to conduct an interventional study
to explore whether lowering UA would improve the outcome of interest. So far, the
two largest randomized, double-blinded, placebo-controlled studies of the matter did
not report any benefit of allopurinol use in slowing down the progression of CKD.
In fact, when the studies were combined, there was a tendency for higher mortality
in the intervention groups (Badve et al., 2020; Doria et al., 2020). Both of these
studies excluded patients with gout and therefore the results from these studies can
only be applied to normouricemic CKD patients (Goldberg et al., 2021). The
interpretation of the results is also conflicted by a wide use of RAAS blockers by the
study participants. If, according to the current theory, UA would mediate its
detrimental effects via RAAS activation, blockage of the RAAS-system would
secondarily prevent the harmful effects of UA as well, masking the potential effects
of XO-inhibitors. In the future, studying the effects of urate lowering therapy in
hyperuricemic (either with or without symptoms) CKD patients are warranted.

It is plausible that the key factor in determining whether high UA levels oppose
a risk for renal disease is the etiological background of hyperuricemia. As most of
the harmful effects of UA are mediated via intracellular, not circulating UA, factors
that increase intracellular UA generation, such as enhanced XO-activity for any
reason or ingestion of fructose, would be expected to have negative health
consequences. In contrast, passive UA retention solely due to impaired kidney
function might not be as harmful and might even be beneficial. This could explain
why hyperuricemia in the settings of normally functioning kidneys is more accurate
in predicting the future development of CKD, while in subjects with pre-existing
CKD UA level has less prognostic significance. Thus, among hyperuricemic subjects
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two separate phenotypes are represented: the overproducers and the underexcretors.
It should be emphasized, however, that these phenotypes overlap, and in most cases

both increased production and underexcretion are equally present.

6.5  Concluding remarks

The human mind is keen to find simple solutions to complex problems. There is also
a natural tendency for dualistic categorization of things to be either “good” or “bad”
while in most cases, the truth likely lies somewhere in between these extremes. An
idea of an easily accessible, inexpensive, and unambiguously interpretable risk
marker, whether it be a single genetic variant or a metabolic substance like UA, is
therefore attractive. Such a marker could ideally be utilized in clinical decision
making when assessing the risk and prognosis of an individual patient, as well as in
targeting the medical interventions more precisely. In living complex organisms,

however, such diagnostic shortcuts are rare.

The spectrum of human diseases ranges from rare monogenic to common
multifactorial diseases, such as CKD. In the latter end of the scale both genetic,
environmental and lifestyle factors play a role in disease development. Chronic
kidney disease is often the final endpoint that results from other conditions, most
importantly type 2 diabetes or hypertension, both of these conditions also having
many shared overlapping risk factors. In contrast to many monogenic diseases, in
which a single gene test can tell a lot about a person’s risks and prognosis, in
multifactorial diseases such test is unlikely ever to be found. Instead, the risk
assessment should be based on consideration of various factors that modulate the
individual risk. Based on the current evidence, measurement of circulating UA in
asymptomatic individuals with pre-existing or high risk for cardiovascular or renal
disease can be used in overall risk evaluation, and perhaps in the case of
hyperuricemia, as a tool to motivate lifestyle change. In asymptomatic subjects,
however, high UA levels should be interpreted cautiously with the focus on other
more severe risk factors. Preventing and managing these co-morbidities should be
the primary goal in the treatment of hyperuricemic subjects, while pharmacological
treatment should generally be limited only to patients with symptomatic
hyperuricemia (gout or UA nephrolithiasis).
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While some authorities in the field of UA research have labeled UA as a
detrimental substance, others justifiably question this view. In many fields of
sciences, there is a risk that evidence contradicting with the generally accepted view
will be ignored resulting in selective publication of studies, creating a self-
perpetuating publication bias. This phenomenon is called “premature closure”, a
rejection of new information after a plausible hypothesis has been build. This is one
of the many heuristic shortcuts in human decision making, extensively discussed in
a widely acclaimed book “Thinking fast and slow” written by the Nobel winning
author Daniel Kahneman. Other cognitive biases discussed in the book include
availability heuristic, referring to the tendency to weigh the likelithood of things by
the ease they are recalled from the memory, a phenomenon reinforced by the
publication bias. The overestimation of evidence that supports the initial hypothesis
and underestimation of the evidence against it is referred as anchoring effect. Pre-
existing beliefs influence new data procession, making data supporting the pre-
existing conceptions more easily adoptable than data that contradicts with them, and
this constitutes the confirmation bias. By approaching scientific questions holistically
will minimize the risk of bias and most likely lead to the most valid conclusion.
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7 SUMMARY

The present series of studies consists of experimental (studies I, II and III) and
clinical part (study IV). The aim of the experimental studies was to examine the
cardiovascular and renal effects of 9 weeks dietary 2% oxonic acid-induced
hyperuricemia in the 5/6 NX model of CKD. In the clinical study, the association
of plasma UA level with various hemodynamic variables was evaluated in

normotensive or never-medicated hypertensive volunteers.
The main findings and conclusions of the present study are:

1. Surgically nephrectomized rats demonstrated characteristics of moderate
renal impairment: reduced endothelium-dependent vasorelaxation
responses in the carotid and mesenteric arteries zz vitro, hypertrophic
remodeling of the resistance size mesenteric arteries, mild hypertension,
cardiac volume load, histological renal damage, and increased systemic and

renal oxidative stress.

2. Experimental hyperuricemia induced by 2% oxonic acid feeding was
characterized by reduced oxidative stress and increased antioxidant capacity
in vivo, as indicated by reduced 24-hour urinary excretion of 11-epi-
prostaglandin Fa, and 8-isoprostaglandin F2,, and increased plasma TRAP,
respectively.

3. In CKD, NO-mediated carotid artery relaxation was improved, and
endothelium-independent mesenteric artery vasodilatation was impaired
during hyperuricemia, but no differences in the arterial vasorelaxation were
observed in rats with preserved renal function. Maximal wall tension or
sensitivity of the constrictor responses in conduit size or resistance size
mesenteric arteries was not influenced by UA. The effects of hyperuricemic
milieu on vascular function may depend on the vascular bed studied and the

effects are also influenced by the uremic milieu.

94



The kidneys of the hyperuricemic rats demonstrated improved glomerular
and tubular histology, reduced renal fibrosis, and inflaimmation. The
favorable renal effects of hyperuricemia were associated with reduced

intrarenal oxidative stress and were specifically related to CKD.

Hyperuricemia did not influence cardiac volume load as indicated by
ventricle weights and ventricular ANP, BNP, SkaA, and 3-MHC mRNA

expressions.

In normotensive and never-treated hypertensive volunteers, higher plasma
UA levels were associated with increased large arterial stiffness, as indicated
by increased PWV. Plasma UA was an independent explanatory factor for
aortic to popliteal PWV, but not for other hemodynamic variables or BP. In
humans, UA might predispose to cardiovascular disease by increasing large
arterial stiffness, even at plasma UA levels predominantly within the normal

reference range.

95



8 REFERENCES

Alanko, J., Riutta, A., Holm, P., Mucha, 1., Vapaatalo, H., & Metsi-Keteld, T. (1999).
Modulation of arachidonic acid metabolism by phenols: Relation to their
structure and antioxidant/prooxidant properties. Free Radical Biology & Medicine,
26(1-2), 193-201. https://doi.org/10.1016/s0891-5849(98)00179-8

Albu, A., Para, I., & Porojan, M. (2020). Uric acid and arterial stitfness. Therapentics
and Clinical Risk Management, 16, 39-54.
https://doi.org/10.2147 /TCRM.S232033

Alper, A. B., Chen, W., Yau, L., Srinivasan, S. R., Berenson, G. S., & Hamm, L. L.
(2005). Childhood uric acid predicts adult blood pressure: The bogalusa heart
study. Hypertension, 45(1), 34-38.
https://doi.org/10.1161/01.HYP.0000150783.79172.bb

Amann, K., Rychlik, I., Miltenberger-Milteny, G., & Ritz, E. (1998b). Left ventricular
hypertrophy in  renal failure.  Kidney  International, 54,  S78-S85.
https://doi.org/10.1046/.1523-1755.1998.06818.x

Ames, B. N., Cathcart, R., Schwiers, E., & Hochstein, P. (1981). Uric acid provides
an antioxidant defense in humans against oxidant- and radical-caused aging and
cancer: A hypothesis. Proceedings of the National Academy of Sciences of the United States
of America, 78(11), 6858—68062. https://doi.org/10.1073/pnas.78.11.6858

An, L.-N., Rong, N., Ning, M., Feng, L..-I.., Chen, Z.-H., Liu, W.-Q., Ouyang, X.-C,,
Diao, F.-R., Han, Z.-G., & Hong, J. (2020). High serum uric acid is associated
with increased arterial stiffness in hypertension. Aging (Albany NY), 12(14),
14569-14581. https://doi.org/10.18632/aging. 103506

Arvola, P. (1999). Exercise enhances vasorelaxation in experimental obesity
associated  hypertension.  Cardiovascular — Research, — 43(4),  992—-1002.
https://doi.org/10.1016/S0008-6363(99)00141-8

Arvola, P., Porsti, 1., Vuorinen, P., Pekki, A., & Vapaatalo, H. (1992). Contractions
induced by potassium-free solution and potassium relaxation in vascular smooth
muscle of hypertensive and normotensive rats. British Journal of Pharmacology,
106(1), 157-165. https://doi.org/10.1111/j.1476-5381.1992.tb14309.x.

96



Badve, S. V., Pascoe, E. M., Tiku, A., Boudville, N., Brown, F. G., Cass, A., Clarke,
P., Dalbeth, N., Day, R. O., Zoysa, J. R. de, Douglas, B., Faull, R., Harris, D. C.,
Hawley, C. M., Jones, G. R. D., Kanellis, J., Palmer, S. C., Perkovic, V., Rangan,
G. K,, ... Johnson, D. W. (2020). Effects of allopurinol on the progression of
chronic  kidney  disease. ~ New  England  Journal — of  Medicine.
https://doi.org/10.1056/NEJMo0a1915833

Bardin, T., & Richette, P. (2014). Definition of hyperuricemia and gouty conditions:
Current Opinion n Rbeumatology, 26(2), 186-191.
https://doi.org/10.1097/BOR.0000000000000028

Berry, C. E., & Hare, J. M. (2004). Xanthine oxidoreductase and cardiovascular
disease: Molecular mechanisms and pathophysiological implications: Xanthine
oxidoreductase and cardiovascular disease. The Journal of Physiology, 555(3), 589—
600. https://doi.org/10.1113/jphysiol.2003.055913

Bhole, V., Choi, J. W. J., Kim, S. W., de Vera, M., & Choi, H. (2010). Serum uric acid
levels and the risk of type 2 diabetes: A prospective study. The American Journal
of Medicine, 123(10), 957-961. https://doi.org/10.1016/j.amjmed.2010.03.027

Bikbov, B., Purcell, C. A., Levey, A. S., Smith, M., Abdoli, A., Abebe, M., Adebayo,
O. M., Afarideh, M., Agarwal, S. K., Agudelo-Botero, M., Ahmadian, E., Al-Aly,
Z., Alipour, V., Almasi-Hashiani, A., Al-Raddadi, R. M., Alvis-Guzman, N.,
Amini, S., Andrei, T., Andrei, C. L., ... Vos, T. (2020). Global, regional, and
national burden of chronic kidney disease, 1990-2017: A systematic analysis for
the Global Burden of Disease Study 2017. The Lancet, 395(10225), 709—733.
https://doi.org/10.1016/S0140-6736(20)30045-3

Bobulescu, 1. A., & Moe, O. W. (2012). Renal transport of uric acid: Evolving
concepts and uncertainties. Adpances in Chronic Kidney Disease, 19(6), 358-371.
https://doi.otg/10.1053 /j.ackd.2012.07.009

Brown, A. P., Dinger, N., & Levine, B. S. (2000). Stress produced by gavage
administration in the rat. Contemporary Topics in Laboratory Animal Science, 39(1),
17-21.

Brucato, A., Cianci, F., & Carnovale, C. (2020). Management of hyperuricemia in
asymptomatic patients: A critical appraisal. Ewuropean Journal of Internal Medicine,
74, 8-17. https://doi.org/10.1016/].¢jim.2020.01.001

Butler, F., Alghubayshi, A., & Roman, Y. (2021). The epidemiology and genetics of
hyperuricemia and gout across major racial groups: A literature review and

97



population genetics secondary database analysis. Journal of Personalized Medicine,

11(3), 231. https://doi.org/10.3390/jpm11030231

Butler, R., Morris, A. D., Belch, J. J. F., Hill, A., & Struthers, A. D. (2000).
Allopurinol normalizes endothelial dysfunction in type 2 diabetics with mild
hypertension. Hypertension, 35(3), 746-751.
https://doi.org/10.1161/01.HYP.35.3.746

Cahill, P. A., & Redmond, E. M. (2016). Vascular endothelium — Gatekeeper of
vessel health. Atherosclerosis, 248 97-109.
https://doi.org/10.1016/j.atherosclerosis.2016.03.007

5

Calderone, A., Thaik, C. M., Takahashi, N., Chang, D. L., & Colucci, W. S. (1998).
Nitric oxide, atrial natriuretic peptide, and cyclic GMP inhibit the growth-
promoting effects of norepinephrine in cardiac myocytes and fibroblasts. The
Journal of Clinical Investigation, 101(4), 812-818.
https://doi.org/10.1172/JCI119883

Canepa, M., Viazzi, F., Strait, ]. B., Ameri, P., Pontremoli, R., Brunelli, C., Studenski,
S., Ferrucci, L., Lakatta, E. G., & AlGhatrif, M. (2017). Longitudinal association
between serum uric acid and arterial stiffness: Results from the baltimore
longitudinal study of aging. Hypertension (Dallas, Tex.: 1979), 69(2), 228-235.
https://doi.org/10.1161/HYPERTENSIONAHA.116.08114

Chaudhary, K., Malhotra, K., Sowers, J., & Aroor, A. (2013). Uric acid—Key
ingredient in the recipe for cardiorenal metabolic syndrome. Cardiorenal Medicine,

3(3), 208-220. https://doi.org/10.1159/000355405

Chen, C,, Ly, J.-M., & Yao, Q. (2016). Hyperuricemia-related diseases and xanthine
oxidoreductase (xor) inhibitors: An overview. Medical Science Monitor : International
Medijcal ~ Journal —of Experimental —and — Clinical ~ Research, 22, 2501-2512.
https://doi.org/10.12659/MSM.899852

Chen, C.-H., Nevo, E., Fetics, B., Pak, P. H., Yin, F. C. P., Maughan, W. L., & Kass,
D. A. (1997). Estimation of central aortic pressure waveform by mathematical
transformation of radial tonometry pressure: Validation of generalized transfer
function. Cirenlation, 95(7), 1827-1836.
https://doi.org/10.1161/01.CIR.95.7.1827

Chen, S.-C., Chang, J.-M., Yeh, S.-M., Su, H.-M., & Chen, H.-C. (2013). Association
of uric acid and left ventricular mass index with renal outcomes in chronic

98



kidney disease.  _American  Journal — of  Hypertension, 26(2), 243-249.
https://doi.org/10.1093/ajh/hps020

Chen-Xu, M., Yokose, C., Rai, S. K., Pillinger, M. H., & Choi, H. K. (2019).
Contemporary prevalence of gout and hyperuricemia in the United States and
decadal trends: The national health and nutrition examination survey, 2007—
2016. Arthritis & Rbeumatology, 71(6), 991-999.
https://doi.org/10.1002/art.40807

Chilton, R., Tikkanen, I., Cannon, C. P., Crowe, S., Woetle, H. J., Broedl, U. C., &
Johansen, O. E. (2015). Effects of empagliflozin on blood pressure and markers
of arterial stiffness and vascular resistance in patients with type 2 diabetes.
Diabetes, Obesity & Metabolism, 17(12), 1180-1193.
https://doi.org/10.1111/dom.12572

Chiu, T.-H., Wu, P.-Y., Huang, J.-C., Su, H.-M., Chen, S.-C., Chang, ].-M., & Chen,
H.-C. (2020). Hyperuricemia is associated with left ventricular dysfunction and
inappropriate left ventricular mass in chronic kidney disease. Diagnostics, 10(8).
https://doi.org/10.3390/diagnostics10080514

Choi, J. W. J., Ford, E. S., Gao, X., & Choi, H. K. (2008). Sugar-sweetened soft
drinks, diet soft drinks, and serum uric acid level: The Third National Health
and Nutrition Examination Survey. Arthritis and Rheumatism, 59(1), 109-116.
https://doi.org/10.1002/art.23245

Choi, Y., Yoon, Y., Lee, K., Hien, T. T., Kang, K. W., Kim, K., Lee, J., Lee, M., Lee,
S. M., Kang, D., & Lee, B. (2014). Uric acid induces endothelial dysfunction by
vascular insulin resistance associated with the impairment of nitric oxide
synthesis. The EASEB Journal, 28(7), 3197-3204. https://doi.org/10.1096/£).13-
247148

Converse, R. L. J., Jacobsen, T. N., Toto, R. D., Jost, C. M. T., Cosentino, F., Fouad-
Tarazi, F., & Victor, R. G. (2010). Sympathetic overactivity in patients with chronic renal
Sailure (world). 327(27), 1912-1918.
https://doi.org/10.1056/NEJM199212313272704.

Cowley, A. W. (1992). Long-term control of arterial blood pressure. Physiological
Reviews, 72(1), 231-300. https://doi.org/10.1152/physrev.1992.72.1.231

Cuspidi, C., Facchetti, R., Bombelli, M., Sala, C., Tadic, M., Grassi, G., & Mancia, G.
(2017). Uric acid and new onset left ventricular hypertrophy: Findings from the

99



pamela population. _Awerican  Journal of Hypertension, 30(3), 279-285.
https://doi.org/10.1093/ajh/hpw159

Dai, C., Wang, C., Xia, F., Liu, Z., Mo, Y., Shan, X., & Zhou, Y. (2021). Age and
gender-specific reference intervals for uric acid level in children aged 5—14 years
in southeast zhejiang province of china: Hyperuricemia in children may need

redefinition. Frontiers in Pediatrics, 9 1280.
https://doi.org/10.3389/fped.2021.560720

b

Dalbeth, N., Merriman, T. R., & Stamp, L. K. (2016). Gout. The Lancet, 388(10055),
2039-2052. https://doi.org/10.1016/S0140-6736(16)00346-9

Davis, N. S. (1897). The cardio-vascular and renal relations and manifestations of
gout. Journal of the American Medical Association, XXIX(6), 261-262.
https://doi.org/10.1001/jama.1897.02440320005001a

Delgado, C., Baweja, M., Crews, D., Eneanya, N., Gadegbeku, C., Inker, L., Mendu,
M., Miller, W. G., Moxey-Mims, M., Roberts, G., Peter, W. S., Wartield, C., &
Powe, N. (2021). A unifying approach for GFR estimation: Recommendations
of the NKF-ASN task force on reassessing the inclusion of race in diagnosing
kidney  disease.  Journal  of  the  American  Society  of  Nephrology.
https://doi.org/10.1681/ASN.2021070988

Deng, G., Qiu, Z., Li, D., Fang, Y., & Zhang, S. (2016). Effects of allopurinol on
arterial stiffness: A meta-analysis of randomized controlled trials. Medical Science
Monitor : International Medical Journal of Experimental and Clinical Research, 22, 1389—
1397. https://doi.org/10.12659/MSM.898370

Doria, A., Galecki, A. T, Spino, C., Pop-Busui, R., Cherney, D. Z., Lingvay, I., Parsa,
A., Rossing, P., Sigal, R. J., Afkarian, M., Aronson, R., Caramori, M. L., Crandall,
J. P., de Boer, I. H., Elliott, T. G., Goldfine, A. B., Haw, J. S., Hirsch, 1. B.,
Karger, A. B., ... Mauer, M. (2020). Serum urate lowering with allopurinol and
kidney function in type 1 diabetes. New England Journal of Medicine, 382(26), 2493—
2503. https://doi.org/10.1056/NEJMo0al1916624

Du Bois, D., & Du Bois, E. F. (1989). A formula to estimate the approximate surface
area if height and weight be known. 1916. Nutrition (Burbank, Los Angeles County,
Calif.), 5(5), 303-311; discussion 312-313.

Dugué, B., Smolander, J., Westerlund, T., Oksa, J., Nieminen, R., Moilanen, E., &

Mikkelsson, M. (2005). Acute and long-term effects of winter swimming and
whole-body cryotherapy on plasma antioxidative capacity in healthy women.

100



Scandinavian  Journal of Clinical and Laboratory Investigation, 65(5), 395—402.
https://doi.org/10.1080/00365510510025728

Eddy, A. A. (2005). Progression in chronic kidney disease. Adpances in Chronic Kidney
Disease, 12(4), 353-3065. https://doi.org/10.1053 /j.ackd.2005.07.011

Eriranta, A., Kurra, V., Tahvanainen, A. M., Vehmas, T. 1., K66bi, P., Lakkisto, P.,
Tikkanen, I., Niemeld, O. J., Mustonen, ]. T., & Porsti, I. H. (2008). Oxonic acid-
induced hyperuricemia elevates plasma aldosterone in experimental renal
insufficiency. Journal of Hypertension, 26(8), 1661-1668.
https://doi.org/10.1097/HJH.0b013¢328303205d

Faller, J., & Fox, I. H. (1982). Ethanol-induced hyperuricemia: Evidence for
increased urate production by activation of adenine nucleotide turnover. The
New England Journal of Medicine, 307(206), 1598-1602.
https://doi.org/10.1056/NEJM198212233072602

Farquharson, C. A. J., Butler, R., Hill, A, Belch, J. J. F., & Struthers, A. D. (2002).
Allopurinol improves endothelial dysfunction in chronic heart failure. Circulation,
106(2), 221-226. https://doi.org/10.1161/01.¢ir.0000022140.61460.1d

Fatima, T., McKinney, C., Major, T. J., Stamp, L. K., Dalbeth, N., Iverson, C.,
Merriman, T. R., & Miner, J. N. (2018). The relationship between ferritin and
urate levels and risk of gout. _Arthritis  Research & Therapy, 20.
https://doi.org/10.1186/s13075-018-1668-y

Feig, D. L., Kang, D.-H., & Johnson, R. J. (2008). Uric acid and cardiovascular risk.
New England Journal of Medicine, 359(17), 1811-1821.
https://doi.org/10.1056/NEJMra0800885

Félétou, M. (2009). Calcium-activated potassium channels and endothelial
dysfunction: Therapeutic options? British Journal of Pharmacology, 156(4), 545-562.
https://doi.org/10.1111/j.1476-5381.2009.00052.x

Félétou, M., Kéhler, R., & Vanhoutte, P. M. (2010). Endothelium-detived vasoactive
factors and hypertension: Possible roles in pathogenesis and as treatment targets.
Current Hypertension Reports, 12(4), 267-275. https://doi.org/10.1007/s11906-
010-0118-2

Félétou, M., & Vanhoutte, P. M. (2000). Endothelium-derived hyperpolarizing
factor: Where are we now? Arteriosclerosis, Thrombosis, and 1V ascular Biology, 26(06),
1215-1225. https://doi.org/10.1161/01.ATV.0000217611.81085.¢5

101



FitzGerald, J. D., Dalbeth, N., Mikuls, T., Brignardello-Petersen, R., Guyatt, G.,
Abeles, A. M., Gelber, A. C., Harrold, L. R., Khanna, D., King, C., Levy, G,
Libbey, C., Mount, D., Pillinger, M. H., Rosenthal, A., Singh, J. A., Sims, J. E.,
Smith, B. J., Wenger, N. S., ... Neogi, T. (2020). 2020 American College of
Rheumatology guideline for the management of gout. Arthritis Care & Research,
72(6), 744-760. https://doi.org/10.1002/act.24180

Fogo, A. B. (2007). Mechanisms of progtession of chronic kidney disease. Pediatric
Nephrology, 22(12), 2011-2022. https://doi.org/10.1007 /s00467-007-0524-0

Foley, R. N., Murray, A. M., Li, S., Herzog, C. A., McBean, A. M., Eggers, P. W., &
Collins, A. J. (2005). Chronic kidney disease and the risk for cardiovascular
disease, renal replacement, and death in the United States medicare population,
1998 to 1999. Journal of the American Society of Nephrology, 16(2), 489-495.
https://doi.org/10.1681/ASN.2004030203

Foreman, K. J., Marquez, N., Dolgert, A., Fukutaki, K., Fullman, N., McGaughey,
M., Pletcher, M. A., Smith, A. E., Tang, K., Yuan, C.-W., Brown, J. C., Friedman,
J., He, J., Heuton, K. R., Holmberg, M., Patel, D. J., Reidy, P., Carter, A., Cercy,
K., ... Murray, C. J. L. (2018). Forecasting life expectancy, years of life lost, and
all-cause and cause-specific mortality for 250 causes of death: Reference and
alternative scenarios for 2016—40 for 195 countries and territories. The Lancet,
392(10159), 2052-2090. https://doi.org/10.1016/50140-6736(18)31694-5

Frei, B., England, L., & Ames, B. N. (1989). Ascorbate is an outstanding antioxidant
in human blood plasma. Proceedings of the National Acadensy of Sciences of the United
States of America, §6(16), 6377-6381. https://doi.org/10.1073/pnas.85.24.9748.

Frei, B., Stocker, R., & Ames, B. N. (1988). Antioxidant defenses and lipid
peroxidation in human blood plasma. Proceedings of the National Academy of Sciences
of the United States of  America, 85(24), 9748-9752.
https://doi.org/10.1073/pnas.85.24.9748.

Fujita, S., Shimojo, N., Terasaki, F., Otsuka, K., Hosotani, N., Kohda, Y., Tanaka,
T., Nishioka, T., Yoshida, T., Hiroe, M., Kitaura, Y., Ishizaka, N., & Imanaka-
Yoshida, K. (2013). Atrial natriuretic peptide exerts protective action against
angiotensin II-induced cardiac remodeling by attenuating inflammation via
endothelin-1/endothelin receptor A cascade. Heart and Vessels, 28(5), 646—657.
https://doi.org/10.1007/s00380-012-0311-0

Furukawa, S., Fujita, T., Shimabukuro, M., Iwaki, M., Yamada, Y., Nakajima, Y.,
Nakayama, O., Makishima, M., Matsuda, M., & Shimomura, I. (2004). Increased

102



oxidative stress in obesity and its impact on metabolic syndrome. Journal of
Clinical Investigation, 114(12), 1752-1761. https://doi.org/10.1172/]JCI121625

Gansevoort, R. T., Correa-Rotter, R., Hemmelgarn, B. R., Jafar, T. H., Heerspink,
H.J. L., Mann, J. F., Matsushita, K., & Wen, C. P. (2013). Chronic kidney disease
and cardiovascular risk: Epidemiology, mechanisms, and prevention. The Lancet,

382(9889), 339—-352. https://doi.org/10.1016/S0140-6736(13)60595-4

Gicquel, T., Robert, S., Loyer, P., Victoni, T., Bodin, A., Ribault, C., Gleonnec, F.,
Couillin, I., Boichot, E., & Lagente, V. (2015). ILt18 production is dependent
on the activation of purinergic receptors and NLRP3 pathway in human
macrophages. The FASEB Journal, 29(10), 4162-4173.
https://doi.org/10.1096/1].14-267393

Goldberg, A., Garcia-Arroyo, F., Sasai, IF., Rodriguez-Iturbe, B., Sanchez-Lozada, L.
G., Lanaspa, M. A., & Johnson, R. J. (2021). Mini review: Reappraisal of uric
acid in chronic kidney disease. Awmzerican Journal of Nephrology, 52(10—-11), 837-844.
https://doi.org/10.1159/000519491

Goli, P, Riahi, R., Daniali, S. S., Pourmirzaei, M., & Kelishadi, R. (2020). Association
of serum uric acid concentration with components of pediatric metabolic
syndrome: A systematic review and meta-analysis. Journal of Research in Medical

Sciences, 25(43), 1-16. https://doi.org/10.4103 /jrms JRMS_733_19

Griffin, A., & Bidani, A. K. (1994). Method of renal mass reduction is a critical
modulator of subsequent hypertension and glomerular injury. Journal of the
American Society of Nephrology, 4(12), 2023-2031.
https://doi.org/10.1681/ASN.V4122023.

Gromadzinski, L., Januszko-Giergielewicz, B., & Pruszczyk, P. (2015).
Hyperuricemia is an independent predictive factor for left ventricular diastolic
dysfunction in patients with chronic kidney disease. Advances in Clinical and
Experimental Medicine, 24(1), 47-54. https:/ /doi.org/10.17219 /acem /38159

Gutterman, D. D., Miura, H., & Liu, Y. (2005). Redox modulation of vascular tone:
Focus of potassium channel mechanisms of dilation. Arteriosclerosis, Thrombosis,
and Vascular Biology, 25(4), 671-678.
https://doi.org/10.1161/01.ATV.0000158497.09626.3b

Hahn, K., Kanbay, M., Lanaspa, M. A., Johnson, R. J., & Ejaz, A. A. (2017). Serum

uric acid and acute kidney injury: A mini review. Journal of Advanced Research, 8(5),
529-536. https://doi.org/10.1016/j.jare.2016.09.006

103



Harris, R. C., & Breyer, M. D. (2001). Physiological regulation of cyclooxygenase-2
in the kidney. Awerican Journal of Physiology-Renal Physiology, 287(1), F1-F11.
https://doi.org/10.1152/ajprenal.2001.281.1.F1

Hayward, C. S., Kraidly, M., Webb, C. M., & Collins, P. (2002). Assessment of
endothelial function using peripheral waveform analysis: A clinical application.
Journal — of  the  American  College  of  Cardiology, — 40(3),  521-528.
https://doi.org/10.1016/S0735-1097(02)01991-5

Higgins, P., Dawson, J., Lees, K. R., McArthur, K., Quinn, T. J., & Walters, M. R.
(2012). Xanthine oxidase inhibition for the treatment of cardiovascular disease:
A systematic review and meta-analysis. Cardiovascular Therapentics, 30(4), 217-226.
https://doi.org/10.1111/j.1755-5922.2011.00277 x

Hill, A. B. (1965). The environment and disease: Association or causation? Proceedings

of the Royal Society of Medicine, 58(5), 295-300.

Hill, N. R, Fatoba, S. T., Oke, J. L., Hirst, J. A., O’Callaghan, C. A., Lasserson, D.
S., & Hobbs, F. D. R. (2016). Global prevalence of chronic kidney disease — a
systematic review and meta-analysis. PLoS ONE, 11(7).
https://doi.org/10.1371 /journal.pone.0158765

Hink H. Ulrich, Santanam Nalini, Dikalov Sergey, McCann Louise, Nguyen Andrew
D., Parthasarathy Sampath, Harrison David G., & Fukai Tohru. (2002).
Peroxidase properties of extracellular superoxide dismutase. _Arzeriosclerosis,
Thrombosis, and Vascular Biology, 22(9), 1402-1408.
https://doi.org/10.1161/01.ATV.0000027524.86752.02

Hostetter, T. H., Olson, J. L., Rennke, H. G., Venkatachalam, M. A., & Brenner, B.
M. (1981). Hyperfiltration in remnant nephrons: A potentially adverse response
to renal ablation. The _American Journal of Physiology, 241(1), F85-93.
https://doi.org/10.1152/ajprenal.1981.241.1.F85

Hsu, C., Iribarren, C., McCulloch, C. E., Darbinian, J., & Go, A. S. (2009). Risk
factors for end-stage renal disease: 25-year follow-up. Archives of Internal Medicine,
169(4), 342-350. https://doi.org/10.1001 /archinternmed.2008.605

Hiting, J., Kramer, W., Schitterle, G., & Wizemann, V. (1988). Analysis of left-

ventricular changes associated with chronic hemodialysis. A noninvasive follow-

up study. Nephron, 49(4), 284-290. https://doi.org/10.1159/000185077

104



Hyndman, D., Liu, S., & Miner, J. N. (2016). Urate handling in the human body.
Current Rheumatology Reports, 18(6), 34. https://doi.org/10.1007/s11926-016-
0587-7

Ichikawa, 1., Ma, J., Motojima, M., & Matsusaka, T. (2005). Podocyte damage
damages podocytes: Autonomous vicious cycle that drives local spread of
glomerular sclerosis. Current Opinion in Nephrology and Hypertension, 14(3), 205—
210. https://doi.org/10.1097/01.mnh.0000165884.85803.c1

Imanishi, M., Yoshioka, K., Konishi, Y., Okumura, M., Okada, N., Sato, T., Tanaka,
S., Fuji, S., & Kimura, G. (1999). Glomerular hypertension as one cause of
albuminuria in type II diabetic patients. Diabetologia, 42(8), 999—1005.
https://doi.org/10.1007/s001250051259

Inker, L. A., Schmid, C. H., Tighiouart, H., Eckfeldt, J. H., Feldman, H. 1., Greene,
T., Kusek, J. W., Manzi, J., Van Lente, F., Zhang, Y. L., Coresh, J., & Levey, A.
S. (2012). Estimating glomerular filtration rate from serum creatinine and
cystatin  c¢.  New  England  Journal  of  Medicine,  367(1),  20-29.
https://doi.org/10.1056/NEJMoal114248

Iseki, K., Ikemiya, Y., Inoue, T., Iseki, C., Kinjo, K., & Takishita, S. (2004).
Significance of hyperuricemia as a risk factor for developing ESRD in a screened
cohott.  American  Journal  of  Kidney  Diseases,  44(4),  642—650.
https://doi.org/10.1053/j.ajkd.2004.06.006

Iseki, K., Iseki, C., & Kinjo, K. (2013). Changes in serum uric acid have a reciprocal
effect on eGFR change: A 10-year follow-up study of community-based
screening in  Okinawa, Japan. Hypertension Research, 36(7), 650—654.
https://doi.org/10.1038/hr.2013.11

Johnson, R. J., Andrews, P., Benner, S. A., & Oliver, W. (2010). Theodore e.
woodward award: The evolution of obesity: insights from the mid- miocene.
Transactions of the American Clinical and Climatological Association, 121, 295-308.

Johnson, R. J., Kang, D.-H., Feig, D., Kivlighn, S., Kanellis, J., Watanabe, S., Tuttle,
K. R., Rodriguez-Iturbe, B., Herrera-Acosta, J., & Mazzali, M. (2003). Is there a
pathogenetic role for uric acid in hypertension and cardiovascular and renal
disease? Hypertension, 41(6), 1183-1190.
https://doi.org/10.1161/01.HYP.0000069700.62727.C5

Johnson, R. ., Nakagawa, T., Jalal, D., Sanchez-Lozada, L.. G., Kang, D.-H., & Ritz,
E. (2013). Uric acid and chronic kidney disease: Which is chasing which?

105



Nephrology Dialysis Transplantation, 2809), 2221-2228.
https://doi.org/10.1093/ndt/gft029

Johnson, R. J., Perez-Pozo, S. E., Sautin, Y. Y., Manitius, J., Sanchez-Lozada, L. G,
Feig, D. L., Shafiu, M., Segal, M., Glassock, R. J., Shimada, M., Roncal, C., &
Nakagawa, T. (2009). Hypothesis: Could excessive fructose intake and uric acid
cause  type 2  diabetes?  Ewdocrine  Reviews,  30(1),  96-116.
https://doi.org/10.1210/er.2008-0033

Johnson, R. J., Rodriguez-Iturbe, B., Nakagawa, T., Kang, D.-H., Feig, D. I, &
Herrera-Acosta, J. (2005). Subtle renal injury is likely a common mechanism for
salt-sensitive  essential  hypertension.  Hypertension,  45(3),  326-330.
https://doi.org/10.1161/01.HYP.0000154784.14018.5f

Johnson, R. J., Titte, S., Cade, J. R., Rideout, B. A., & Oliver, W. J. (2005). Uric acid,
evolution and primitive cultures. Sewinars in  Nephrology, 25(1), 3-8.
https://doi.org/10.1016/j.semnephrol.2004.09.002

Jolma, P., Koobi, P., Kalliovalkama, J., Saha, H., Fan, M., Jokihaara, J., Moilanen, E.,
Tikkanen, 1., & Porsti, I. (2003). Treatment of secondary hyperparathyroidism
by high calcium diet is associated with enhanced resistance artery relaxation in
experimental renal failure. Nephrology Dialysis Transplantation, 18(12), 2560—2569.
https://doi.org/10.1093/ndt/gfg374

Juraschek, S. P., Kovell, L. C., Miller, E. R., & Gelber, A. C. (2013). Association of
kidney disease with prevalent gout in the United States in 1988—-1994 and 2007—
2010.  Seminars  in  Arthritis  and  Rbewmatism,  42(6), 551-5061.
https://doi.org/10.1016/j.semarthrit.2012.09.009

Kaess, B. M., Rong, J., Larson, M. G., Hamburg, N. M., Vita, J. A., Levy, D.,
Benjamin, E. J., Vasan, R. S., & Mitchell, G. F. (2012). Aortic stiffness, blood
pressure progression, and incident hypertension. [AMA, 308(9), 875.
https://doi.org/10.1001/2012.jama.10503

Kanbara, A., Hakoda, M., & Seyama, I. (2010). Urine alkalization facilitates uric acid
excretion. Nutrition Journal, 9(1), 45. https:/ /doi.org/10.1186/1475-2891-9-45

Kang, D.-H. (2002). A Role for Uric Acid in the Progression of Renal Disease. Journal

of  the  American  Society  of  Nephrology, 13(12),  2888-2897.
https://doi.org/10.1097/01.ASN.0000034910.58454.FD

106



Kangas, P., Tikkakoski, A., Kettunen, J., Eriranta, A., Huhtala, H., Kdh6nen, M.,
Sipild, K., Mustonen, J., & Porsti, 1. (2019). Changes in hemodynamics
associated with metabolic syndrome are more pronounced in women than in

men. Scientific Reports, 9. https:/ /doi.org/10.1038/s41598-019-54926-0

Katz, A., Nambi, S. S., Mather, K., Baron, A. D., Follmann, D. A., Sullivan, G., &
Quon, M. J. (2000). Quantitative insulin sensitivity check index: A simple,
accurate method for assessing insulin sensitivity in humans. The Journal of Clinical
Endocrinology and Metabolism, 85(7), 2402-2410.
https://doi.org/10.1210/jcem.85.7.6661

Khan, S., Cleveland, R. P., Koch, C. J., & Schelling, J. R. (1999). Hypoxia induces
renal tubular epithelial cell apoptosis in chronic renal disease. Laboratory
Investigation; a Journal of Technical Methods and Pathology, 79(9), 1089—-1099.

Khanna, P., Johnson, R. J., Marder, B., LaMoreaux, B., & Kumar, A. (2020). Systemic
urate deposition: An unrecognized complication of gout? Journal of Clinical

Medicine, 9(10), 3204. https://doi.org/10.3390/jcm9103204

Khosla, U. M., Zharikov, S., Finch, J. L., Nakagawa, T., Roncal, C., Mu, W., Krotova,
K., Block, E. R., Prabhakar, S., & Johnson, R. J. (2005). Hyperuricemia induces
endothelial ~ dysfunction.  Kidney  International,  67(5),  1739-1742.
https://doi.org/10.1111/j.1523-1755.2005.00273.x

Kielstein, J. T., Pontremoli, R., & Burnier, M. (2020). Management of hyperuricemia
in patients with chronic kidney disease: A focus on renal protection. Current

Hypertension Reports, 22(12), 102. https:/ /doi.org/10.1007/s11906-020-01116-3

Kim, I. Y., Ye, B. M., Kim, M. J., Kim, S. R., Lee, D. W., Kim, H. J., Rhee, H., Song,
S. H,, Seong, E. Y., & Lee, S. B. (2021). Association between serum uric acid
and left ventricular hypertrophy/left ventricular diastolic dysfunction in patients
with  chronic  kidney  disease. ~PLoS ONE, 16(5), e0251333.
https://doi.org/10.1371 /journal.pone.0251333

Kimura, K., Hosoya, T., Uchida, S., Inaba, M., Makino, H., Maruyama, S., Ito, S.,
Yamamoto, T., Tomino, Y., Ohno, I., Shibagaki, Y., limuro, S., Imai, N.,
Kuwabara, M., Hayakawa, H., Ohtsu, H., Ohashi, Y., Kimura, K., Hosoya, T.,
... Ehara, Y. (2018). Febuxostat therapy for patients with stage 3 CKD and
asymptomatic hyperuricemia: A randomized trial. Awmerican Journal of Kidney
Diseases, 72(6), 798-810. https://doi.org/10.1053/j.ajkd.2018.06.028

Koch, M., & De Keyser, J. (20006). Uric acid in multiple sclerosis. Nexrological Research,
28(3), 316-319. https://doi.org/10.1179/016164106X98215

107



Kodama, S., Saito, K., Yachi, Y., Asumi, M., Sugawara, A., Totsuka, K., Saito, A., &
Sone, H. (2009). Association between serum uric acid and development of type
2 diabetes. Diabetes Care, 32(9), 1737-1742. https://doi.org/10.2337 /dc09-0288

Kojima, S., Matsui, K., Hiramitsu, S., Hisatome, 1., Waki, M., Uchiyama, K., Yokota,
N., Tokutake, E., Wakasa, Y., Jinnouchi, H., Kakuda, H., Hayashi, T., Kawai,
N., Mori, H., Sugawara, M., Ohya, Y., Kimura, K., Saito, Y., & Ogawa, H. (2019).
Febuxostat for Cerebral and CaRdiorenovascular Events PrEvEntion StuDy.
European Hearr Journal, 40(22), 1778-1786.
https://doi.org/10.1093/eurheartj/ehz119

Ko6obi, P., Jolma, P., Kalliovalkama, J., Tikkanen, 1., Fan, M., Kihonen, M.,
Moilanen, E., & Porsti, 1. (2004). Effect of angiotensin II type 1 receptor
blockade on conduit artery tone in subtotally nephrectomized rats. Nephron

Physiolgy, 96(3), p91-p98. https://doi.org/10.1159/000076754

Ko66bi, P., Kalliovalkama, J., Jolma, P., Rysd, J., Ruskoaho, H., Vuolteenaho, O.,
Kihonen, M., Tikkanen, 1., Fan, M., Ylitalo, P., & Pérsti, 1. (2003). At 1 receptor
blockade improves vasorelaxation in experimental renal failure. Hypertension,

41(6), 1364-1371. https://doi.org/10.1161/01.HYP.0000073782.30879.16

Ko6bi, P., Vehmas, T. L., Jolma, P., Kalliovalkama, J., Fan, M., Niemeld, O., Saha,
H., Kdhoénen, M., Ylitalo, P., Rysi, J., Ruskoaho, H., & Pérsti, 1. (2006). High-
calcium vs high-phosphate intake and small artery tone in advanced
experimental renal insufficiency. Nephrology Dialysis Transplantation, 21(10), 2754—
2761. https://doi.org/10.1093 /ndt/gfl270

Ko6bi, T., Kidhoénen, M., livainen, T., & Turjanmaa, V. (2003). Simultaneous non-
invasive assessment of arterial stiffness and haemodynamics — a validation study.
Clinical Physiology and Functional Imaging, 23(1), 31-36.
https://doi.org/10.1046/.1475-097X.2003.00465.x

Ko6bi, T., Kaukinen, S., Ahola, T., & Turjanmaa, V. M. H. (1997). Non-invasive
measurement of cardiac output: Whole-body impedance cardiography in
simultaneous comparison with thermodilution and direct oxygen Fick methods.
Intensive Care Medicine, 23(11), 1132-1137.
https://doi.org/10.1007 /5001340050469

Ko66bi, T., Kaukinen, Turjanmaa, V. M. H., & Uusitalo, A. J. (1997). Whole-body

impedance cardiography in the measurement of cardiac output. Critical Care
Medicine, 25(5), 779-785.

108



Koskela, J. K., Tahvanainen, A., Haring, A., Tikkakoski, A. J., Ilveskoski, E., Viitala,
J., Leskinen, M. H., Lehtimaki, T., Kdhénen, M. A., K66bi, T., Niemeld, O.,
Mustonen, J. T., & Porsti, I. H. (2013). Association of resting heart rate with
cardiovascular function: A cross-sectional study in 522 Finnish subjects. BMC

Cardiovascular Disorders, 13(1), 102. https://doi.org/10.1186/1471-2261-13-102

Kratzer, J. T., Lanaspa, M. A., Murphy, M. N., Cicerchi, C., Graves, C. L., Tipton, P.
A., Ortlund, E. A, Johnson, R. J., & Gaucher, E. A. (2014). Evolutionary history
and metabolic insights of ancient mammalian uricases. Proceedings of the National
Academy of Sciences of the United States of America, 111(10), 3763-3768.
https://doi.org/10.1073/pnas.1320393111

Kuhn, M. (2012). Endothelial actions of atrial and B-type natriuretic peptides. British
Journal of Pharmacology, 166(2), 522-531. https://doi.org/10.1111/j.1476-
5381.2012.01827.x

Kuzkaya, N., Weissmann, N., Harrison, D. G., & Dikalov, S. (2005). Interactions of
peroxynitrite with uric acid in the presence of ascorbate and thiols: Implications
for uncoupling endothelial nitric oxide synthase. Biochemical Pharmacology, 70(3),
343-354. https://doi.org/10.1016/j.bcp.2005.05.009

Laké-Futo, Z., Szokodi, 1., Sirman, B., Foldes, G., Tokola, H., Ilves, M., Leskinen,
H., Vuolteenaho, O., Skoumal, R., deChatel, R., Ruskoaho, H., & Téth, M.
(2003). Evidence for a functional role of angiotensin II type 2 receptor in the
cardiac hypertrophic process in vivo in the rat heart. Circulation, 108(19), 2414—
2422. https://doi.org/10.1161/01.CIR.0000093193.63314.D9

Laurant, P., Touyz, R. M., & Schiffrin, E. L. (1997). Effect of pressurization on
mechanical properties of mesenteric small arteries from spontaneously
hypertensive  rats.  Journal  of  Vascular — Research,  34(2), 117-125.
https://doi.org/10.1159/000159209

Laurent, S., Cockcroft, J., Van Bortel, L., Boutouyrie, P., Giannattasio, C., Hayoz,
D., Pannier, B., Vlachopoulos, C., Wilkinson, I., Struijker-Boudier, H., &
European Network for Non-invasive Investigation of Large Arteries. (2000).
Expert consensus document on arterial stiffness: Methodological issues and
clinical — applications.  Ewropean — Heart  Journal,  27(21),  2588-2605.
https://doi.org/10.1093/eurheartj/ehl254

Laurent, S., Katsahian, S., Fassot, C., Tropeano, A.-I., Gautier, 1., Laloux, B., &
Boutouyrie, P. (2003). Aortic stiffness is an independent predictor of fatal stroke
in essential hypertension. Stroke, 34(5), 1203-1206.
https://doi.org/10.1161/01.STR.0000065428.03209.64

109



Levey, A. S., Stevens, L. A., Schmid, C. H., Zhang, Y. (Lucy), Castro, A. F., Feldman,
H. L, Kusek, J. W., Eggers, P., Van Lente, F., Greene, T., & Coresh, J. (2009).
A new equation to estimate glomerular filtration rate. Annals of Internal Medicine,

150(9), 604—612.

Li, L., Yang, C., Zhao, Y., Zeng, X., Liu, F., & Fu, P. (2014). Is hyperuricemia an
independent risk factor for new-onset chronic kidney disease?: A systematic

review and meta-analysis based on observational cohort studies. BMC Nephrology,
15, 122. https://doi.org/10.1186/1471-2369-15-122

Li, X., Meng, X., Timofeeva, M., Tzoulaki, L., Tsilidis, K. K., Ioannidis, P. A.,
Campbell, H., & Theodoratou, E. (2017). Serum uric acid levels and multiple
health outcomes: Umbrella review of evidence from observational studies,

randomised controlled trials, and Mendelian randomisation studies. The BM],
357. https://doi.org/10.1136/bmj.j2376

Liu, J., Wang, K., Liu, H., Zhao, H., Zhao, X,, Lan, Y., Huang, W., & Wang, H.
(2019). Relationship between carotid-femoral pulse wave velocity and uric acid
in subjects with hypertension and hyperuricemia. Endocrine Journal, 66(7), 629—
6306. https://doi.org/10.1507 /endoctj.E]18-0570

London, G. M., Guerin, A. P., Marchais, S. J., Pannier, B., Safar, M. E., Day, M., &
Metivier, F. (1996). Cardiac and arterial interactions in end-stage renal disease.
Kidney International, 50(2), 600—608. https://doi.org/10.1038/ki.1996.355

London, G. M., Marchais, S. J., Guerin, A. P., & Metivier, F. (2005). Arteriosclerosis,
vascular calcifications and cardiovascular disease in uremia. Cwurr Opin Nephrol
Hypertens, 14(6), 525-531.

Luo, Q., Xia, X., Li, B., Lin, Z., Yu, X., & Huang, F. (2019). Serum uric acid and
cardiovascular mortality in chronic kidney disease: A meta-analysis. BMC
Nephrology, 20. https://doi.org/10.1186/s12882-018-1143-7

Lv, Q., Meng, X.-I., He, F.-F., Chen, S., Su, H., Xiong, J., Gao, P., Tian, X.-]., Liu,
J.-S., Zhu, Z.-H., Huang, K., & Zhang, C. (2013). High serum uric acid and
increased risk of type 2 diabetes: A systemic review and meta-analysis of
prospective cohort studies. PLoS ONE, 8(2).
https://doi.org/10.1371/journal.pone.0056864

Madero, M., Sarnak, M. J., Wang, X., Greene, T., Beck, G. J., Kusek, J. W., Collins,
A. ], Levey, A. S., & Menon, V. (2009). Uric acid and long-term outcomes in

110



ckd. American Journal of Kidney Diseases : The Official Journal of the National Kidney
Foundation, 53(5), 796-803. https://doi.org/10.1053/j.ajkd.2008.12.021

Maiuolo, J., Oppedisano, F., Gratteri, S., Muscoli, C., & Mollace, V. (2010).
Regulation of wuric acid metabolism and excretion. Infernational Journal of

Cardiology, 213, 8—14. https:/ /doi.org/10.1016/].jjcard.2015.08.109

Maloberti, A., Rebora, P., Andreano, A., Vallerio, P., Chiara, B. D., Signorini, S.,
Casati, M., Besana, S., Bombelli, M., Grassi, G., Valsecchiy M. G.,, &
Giannattasio, C. (2019). Pulse wave velocity progression over a medium-term

follow-up in hypertensives: Focus on uric acid. The Journal of Clinical Hypertension,
21(7), 975-983. https://doi.org/10.1111/jch.13603

Matsushita, K., van der Velde, M., Astor, B. C., Woodward, M., Levey, A. S., de Jong,
P. E., Coresh, J., & Gansevoort, R. T. (2010). Association of estimated
glomerular filtration rate and albuminuria with all-cause and cardiovascular
mortality: A collaborative meta-analysis of general population cohorts. Lancet,

375(9731), 2073-2081. https://doi.org/10.1016/S0140-6736(10)60674-5

Mattace-Raso, F. U. S., van der Cammen, T. J. M., Hofman, A., van Popele, N. M.,
Bos, M. L., Schalekamp, M. A. D. H., Asmar, R., Reneman, R. S., Hoeks, A. P.
G., Breteler, M. M. B., & Witteman, J. C. M. (2000). Arterial stiffness and risk
of coronary heart disease and stroke: The Rotterdam Study. Circulation, 113(5),
0657-663. https://doi.org/10.1161/CIRCULATIONAHA.105.555235

Mazzali, M., Hughes, J., Kim, Y.-G., Jefferson, J. A., Kang, D.-H., Gordon, K. L.,
Lan, H. Y., Kivlighn, S., & Johnson, R. J. (2001). Elevated uric acid increases
blood pressure in the rat by a novel crystal-independent mechanism. Hypertension,
38(5), 1101-1106. https://doi.org/10.1161/hy1101.092839

Mazzali, M., Kanellis, J., Han, L., Feng, L., Xia, Y.-Y., Chen, Q., Kang, D.-H.,
Gordon, K. L., Watanabe, S., Nakagawa, T., Lan, H. Y., & Johnson, R. J. (2002).
Hyperuricemia induces a primary renal arteriolopathy in rats by a blood
pressure-independent mechanism. Awmerican Journal of Physiology-Renal Physiology,
282(6), F991-F997. https://doi.otg/10.1152/ajprenal.00283.2001

Mazzali, M., Kim, Y.-G., Suga, S., Gordon, K. L., Kang, D.-H., Ashley Jefferson, J.,
Hughes, J., Kivlighn, S. D., Lan, H. Y., & Johnson, R. J. (2001). Hyperuricemia
exacerbates chronic cyclosporine nephropathy. Transplantation, 71(7), 900-905.
https://doi.org/10.1097/00007890-200104150-00014

111



McCullough, P. A., Chan, C. T., Weinhandl, E. D., Burkart, J. M., & Bakris, G. L.
(2016). Intensive hemodialysis, left ventricular hypertrophy, and cardiovascular
disease.  American  Journal  of  Kidney  Diseases,  68(5),  S5-S14.
https://doi.org/10.1053 /j.ajkd.2016.05.025

Mehta, T., Nuccio, E., McFann, K., Madero, M., Sarnak, M. J., & Jalal, D. (2015).
Association of uric acid with vascular stiffness in the Framingham heart study.
American Journal of Hypertension, 28(7), 877-883.
https://doi.org/10.1093/ajh/hpu253

Mikuls, T., Farrar, J., Bilker, W., Fernandes, S., Schumacher, H., & Saag, K. (2005).
Gout epidemiology: Results from the UK general practice research database,
1990-1999.  Annals  of  the  Rheuwmatic  Diseases,  64(2),  267-272.
https://doi.org/10.1136/ard.2004.024091

Mitchell Gary F., Parise Helen, Benjamin Emelia J., Larson Martin G., Keyes
Michelle J., Vita Joseph A., Vasan Ramachandran S., & Levy Daniel. (2004).
Changes in arterial stiffness and wave reflection with advancing age in healthy
men and women. Hypertension, 43(6), 1239-1245.
https://doi.org/10.1161/01.HYP.0000128420.01881.aa

Mortrison, A. B., & Howard, R. M. (1966). The functional capacity of hypertrophied
nephrons.  The  Journal  of  Experimental — Medicine, 123(5), 829-844.
https://doi.org/10.1084/jem.123.5.829

Mucha, I., & Riutta, A. (2001). Determination of 9 a, 11 B-prostaglandin F2 in human
urine. Combination of solid-phase extraction and radioimmunoassay.
Prostaglandins, — Leukotrienes  and — Essential ~ Fatty Acds, 65(5), 271-280.
https://doi.org/10.1054/plef.2001.0325

Mule, G., Riccobene, R., Castiglia, A., D’Ignoto, F., Ajello, E., Geraci, G., Guarino,
L., Nardi, E., Vaccaro, F., Cerasola, G., & Cottone, S. (2014). Relationships
between mild hyperuricaemia and aortic stiffness in untreated hypertensive
patients. Nutrition, Metabolism and Cardiovascular ~Diseases, 24(7), 744-=750.
https://doi.org/10.1016/j.numecd.2014.01.014

Muntner, P., Anderson, A., Charleston, J., Chen, Z., Ford, V., Makos, G., O’Connor,
A., Perumal, K., Rahman, M., Steigerwalt, S., Teal, V., Townsend, R., Weir, M.,
& Wright, J. T. (2010). Hypertension awareness, treatment, and control in adults
with ckd: Results from the chronic renal insufficiency cohort (CRIC) study.
American Journal of Kidney Diseases: The Olfficial Journal of the National Kidney
Foundation, 55(3), 441-451. https://doi.org/10.1053/].ajkd.2009.09.014

112



Murea, M., & Tucker, B. M. (2019). The physiology of uric acid and the impact of
end-stage kidney disease and dialysis. Seminars in Dialysis, 32(1), 47-57.
https://doi.org/10.1111/sdi.12735

Myllymaki, J., Honkanen, T., Syrjinen, J., Helin, H., Rantala, 1., Pasternack, A., &
Mustonen, J. (2005). Uric acid correlates with the severity of histopathological
parameters in IgA nephropathy. Nepbrology, Dialysis, Transplantation: Official
Publication of the European Dialysis and Transplant Association - European Renal
Association, 20(1), 89-95. https://doi.org/10.1093/ndt/gfh584

Nagano, S., Takahashi, M., Miyai, N., Oka, M., Utsumi, M., Shiba, M., Mure, K.,
Takeshita, T., & Arita, M. (2017). Association of serum uric acid with
subsequent arterial stiffness and renal function in normotensive subjects.
Hypertension Research, 40(6), 620—624. https://doi.org/10.1038/ht.2017.10

Nakagawa, T., Mazzali, M., Kang, D.-H., Kanellis, J., Watanabe, S., Sanchez-LLozada,
L. G., Rodriguez-Iturbe, B., Herrera-Acosta, J., & Johnson, R. J. (2003).
Hyperuricemia causes glomerular hypertrophy in the rat. Awerican Journal of

Nephrolgy, 23(1), 2-7. https:/ /doi.ore/10.1159/000066303

Nath, K. A, Kren, S. M., & Hostetter, T. H. (1986). Dietary protein restriction in
established renal injury in the rat. Selective role of glomerular capillary pressure
in progressive glomerular dysfunction. | Clhn Invest, 78(5), 1199-1205.
https://doi.org/10.1172/JCI112703

Ngo, T. C., & Assimos, D. G. (2007). Uric acid nephrolithiasis: Recent progress and
future directions. Revzews in Urology, 9(1), 17-217.

Nishino, T., Okamoto, K., Eger, B. T., Pai, E. F., & Nishino, T. (2008). Mammalian
xanthine oxidoreductase — mechanism of transition from xanthine
dehydrogenase to xanthine oxidase. The FEBS Journal, 275(13), 3278-3289.
https://doi.org/10.1111/].1742-4658.2008.06489.x

Nuki, G., & Simkin, P. A. (2006). A concise history of gout and hyperuricemia and
their  treatment.  Arthritis  Research & Therapy, 8Suppl 1), Sl
https://doi.org/10.1186/ar1906

Nyhan, W. L. (2005). LESCH-Nyhan Disease. Journal of the History of the Neurosciences,
14(1), 1-10. https://doi.org/10.1080/096470490512490

113



Olesen, S.-P., Munch, E., Moldt, P., & Drejer, J. (1994). Selective activation of Ca2+
-dependent K+ channels by novel benzimidazolone. Eurgpean Journal of

Pharmacology, 251(1), 53-59. https://doi.org/10.1016/0014-2999(94)90442-1

Packer, M. (2020). Uric acid is a biomarker of oxidative stress in the failing heart:
Lessons learned from trials with allopurinol and sglt2 inhibitors. Journal of Cardiac
Failure, S1071916420309489. https:/ /doi.org/10.1016/j.cardfail.2020.08.015

Perez-Ruiz, F., Calabozo, M., Erauskin, G. G., Ruibal, A., & Herrero-Beites, A. M.
(2002). Renal underexcretion of uric acid is present in patients with apparent
high urinary uric acid output. Arthritis Care & Research, 47(6), 610—613.
https://doi.org/10.1002/art.10792

Perheentupa, J., & Raivio, K. (1967). Fructose-induced hyperuricaemia. Lancet
(London,  England), — 2(7515), 528-531.  https://doi.org/10.1016/s0140-
6736(67)90494-1

Pikkarainen, S., Tokola, H., Kerkeld, R., Majalahti-Palviainen, T., Vuolteenaho, O.,
& Ruskoaho, H. (2003). Endothelin-1-specific activation of B-type natriuretic
peptide gene via p38 mitogen-activated protein kinase and nuclear ETS factors.
The Journal of Biological Chemistry, 278(6), 3969-3975.
https://doi.org/10.1074/jbc.M205616200

Porsti, 1., Fan, M., K66bi, P., Jolma, P., Kalliovalkama, J., Vehmas, T. I., Helin, H.,
Holthofer, H., Mervaala, E., Nyman, T., & Tikkanen, I. (2004). High calcium
diet down-regulates kidney angiotensin-converting enzyme in experimental
renal failure. Kidney International, 66(6), 2155-2160.
https://doi.org/10.1111/j.1523-1755.2004.66006.x

Pratorius, E., & Poulsen, H. (1953). Enzymatic determination of uric acid with
detailed directions. Scandinavian Journal of Clinical and 1aboratory Investigation, 5(3),
273-280. https://doi.org/10.3109/00365515309094197

Preitner, ., Bonny, O., Laverriere, A., Rotman, S., Firsov, D., Da Costa, A., Metref,
S., & Thorens, B. (2009). Glut9 is a major regulator of urate homeostasis and its
genetic inactivation induces hyperuricosuria and urate nephropathy. Proceedings
of  the  National — Academy — of  Sciences,  106(36),  15501-15500.
https://doi.org/10.1073/pnas.0904411106

Pugliese, G., Spokas, E. G., Marcinkiewicz, E., & Wong, P. Y. (1985). Hepatic
transformation of prostaglandin D2 to a new prostanoid, 9 alpha,11 beta-

114



prostaglandin F2, that inhibits platelet aggregation and constricts blood vessels.
Journal of Biological Chemristry, 260(27), 14621-14625.

Quifiones Galvan, A., Natali, A., Baldi, S., Frascerra, S., Sanna, G., Ciociaro, D., &
Ferrannini, E. (1995). Effect of insulin on uric acid excretion in humans. The
American Journal of Physiology, 268(1 Pt 1), E1-5.
https://doi.org/10.1152/ajpendo.1995.268.1.E1

Racusen, L. C., Solez, K., Colvin, R. B., Bonsib, S. M., Castro, M. C., Cavallo, T.,
Croker, B. P., Demetris, A. J., Drachenberg, C. B., Fogo, A. B., Furness, P.,
Gaber, L. W., Gibson, I. W., Glotz, D., Goldberg, J. C., Grande, J., Halloran, P.
F., Hansen, H. E., Hartley, B., ... Yamaguchi, Y. (1999). The Banff 97 working
classification of renal allograft pathology. Kidney International, 55(2), 713-723.
https://doi.org/10.1046/j.1523-1755.1999.00299.x

Rahimi-Sakak, F., Maroofi, M., Rahmani, J., Bellissimo, N., & Hekmatdoost, A.
(2019). Serum uric acid and risk of cardiovascular mortality: A systematic review
and dose-response meta-analysis of cohort studies of over a million participants.
BMC Cardiovascular Disorders, 19, 218. https://doi.org/10.1186/s12872-019-
1215-z

Rantanen, T., Udd, M., Honkanen, T., Miettinen, P., Kirji, V., Rantanen, L.,
Julkunen, R., Mustonen, H., Paavonen, T., & Oksala, N. (2014). Effect of
omeprazole dose, nonsteroidal anti-inflammatory agents, and smoking on repair
mechanisms in acute peptic ulcer bleeding. Digestive Diseases and Sciences, 59(11),
2666-2674. https://doi.org/10.1007/s10620-014-3242-z

Rao, G. N., Corson, M. A., & Betk, B. C. (1991). Uric acid stimulates vascular
smooth muscle cell proliferation by increasing platelet-derived growth factor A-
chain expression. Journal of Biological Chemistry, 266(13), 8604—8608.

Richette, P., Doherty, M., Pascual, E., Barskova, V., Becce, F., Castafieda-Sanabria,
J., Coyfish, M., Guillo, S., Jansen, T. L., Janssens, H., Lioté, F., Mallen, C., Nuki,
G., Perez-Ruiz, F., Pimentao, J., Punzi, L., Pywell, T\, So, A., Tausche, A. K., ...
Bardin, T. (2017). 2016 updated EULAR evidence-based recommendations for
the management of gout. Awnals of the Rheumatic Diseases, 76(1), 29—42.
https://doi.org/10.1136/annrheumdis-2016-209707

Roddy, E., Zhang, W., & Doherty, M. (2007). The changing epidemiology of gout.
Nature Clinical Practice Rhbeumatology, 3(8), 443-449.
https://doi.org/10.1038/ncprheum0556

115



Rossi, P., Riutta, A., Kuukasjirvi, P., Vehmas, T., Mucha, 1., & Salenius, J. P. (2004).
Revascularization decreases 8-isoprostaglandin F2a excretion in chronic lower
limb ischemia. Prostaglandins, 1enkotrienes and Essential Fatty Acids, 71(2), 97-101.
https://doi.org/10.1016/j.plefa.2004.01.003

Rovin, B. H., Adler, S. G., Barratt, J., Bridoux, F., Burdge, K. A., Chan, T. M., Cook,
H. T., Fervenza, F. C., Gibson, K. L., Glassock, R. J., Jayne, D. R. W, Jha, V.,
Liew, A., Liu, Z.-H., Mejia-Vilet, J. M., Nester, C. M., Radhakrishnan, J., Rave,
E. M., Reich, H. N,, ... Floege, J. (2021). KDIGO 2021 clinical practice
guideline for the management of glomerular diseases. Kidney International, 100(4),
§1-8276. https://doi.org/10.1016/j.kint.2021.05.021

Ryu, E.-S., Kim, M. J., Shin, H.-S,, Jang, Y.-H., Choi, H. S., Jo, I, Johnson, R. J., &
Kang, D.-H. (2013). Uric acid-induced phenotypic transition of renal tubular
cells as a novel mechanism of chronic kidney disease. Awmerican Journal of
Physiology-Renal Physiology, 304(5), F471-F480.
https://doi.org/10.1152/ajprenal.00560.2012

Sakuma, M., Nakamura, M., Tanaka, F., Onoda, T., Itai, K., Tanno, K., Ohsawa, M.,
Sakata, K., Yoshida, Y., Kawamura, K., Makita, S., & Okayama, A. (2010).
Plasma b-type natriuretic peptide level and cardiovascular events in chronic
kidney disease in a community-based population. Circulation Journal, 74(4), 792—
797. https://doi.org/10.1253/ circj.CJ-09-0834

Sanchez, R. A., Sanchez, M. J., & Ramirez, A. J. (2018). Canagliflozin ameliorates
arterial stiffness by reducing serum uric acid in type 2 diabetic patients. Diabetes,
67(Supplement 1). https://doi.org/10.2337/db18-1216-P

Sanchez-Lozada, L. G., Soto, V., Tapia, E., Avila-Casado, C., Sautin, Y. Y.,
Nakagawa, T., Franco, M., Rodriguez-Iturbe, B., & Johnson, R. J. (2008). Role
of oxidative stress in the renal abnormalities induced by experimental
hyperuricemia. Awmerican Journal of Physiology - Renal Physiology, 295(4), F1134—
F1141. https://doi.otg/10.1152/ajprenal.00104.2008

Sanchez-Lozada, L. G., Tapia, E., Avila-Casado, C., Soto, V., Franco, M.,
Santamarfa, J., Nakagawa, T., Rodriguez-Iturbe, B., Johnson, R. J., & Herrera-
Acosta, J. (2002). Mild hyperuricemia induces glomerular hypertension in
normal rats. Awmerican Journal of Physiology-Renal Physiology, 283(5), F1105-F1110.
https://doi.org/10.1152/ajprenal.00170.2002

Sanchez-Lozada, L. G., Tapia, E., Bautista-Garcia, P., Soto, V., Avila-Casado, C.,

Vega-Campos, 1. P., Nakagawa, T., Zhao, L., Franco, M., & Johnson, R. J.
(2008). Effects of febuxostat on metabolic and renal alterations in rats with

116



fructose-induced = metabolic ~ syndrome.  Rewal/  Physiol, 294, 9.
https://doi.org/10.1152/ajprenal.00454.2007

Sanchez-Lozada, L. G., Tapia, E., Jiménez, A., Bautista, P., Cristobal, M.,
Nepomuceno, T., Soto, V., Avila-Casado, C., Nakagawa, T., Johnson, R. J.,
Herrera-Acosta, J., & Franco, M. (2007). Fructose-induced metabolic syndrome
is associated with glomerular hypertension and renal microvascular damage in
rats.  American  Journal of Physiology. Renal Physiology, 292(1), F423-429.
https://doi.org/10.1152/ajprenal.00124.2006

Sanchez-Lozada, L. G., Tapia, E., Santamaria, J., Avila-Casado, C., Soto, V.,
Nepomuceno, T., Rodriguez-Iturbe, B., Johnson, R. J., & Herrera-Acosta, J.
(2005). Mild hyperuricemia induces vasoconstriction and maintains glomerular
hypertension in normal and remnant kidney rats. Kidney International, 67(1), 237—
247. https://doi.org/10.1111/j.1523-1755.2005.00074.x

Sandoo, A., van Zanten, J. J. C. S. V., Metsios, G. S., Carroll, D., & Kitas, G. D.
(2010). The endothelium and its role in regulating vascular tone. The Open
Cardiovascular Medicine Journal, 4, 302-312.
https://doi.org/10.2174/1874192401004010302

Sato, Y., Feig, D. I, Stack, A. G., Kang, D.-H., Lanaspa, M. A., Ejaz, A. A., Sanchez-
Lozada, L. G., Kuwabara, M., Borghi, C., & Johnson, R. J. (2019). The case for
uric acid-lowering treatment in patients with hyperuricaemia and CKD. Nature
Reviews Nephrology, 15(12), 767-775. https:/ /doi.org/10.1038/s41581-019-0174-

z

Sautin, Y. Y., & Johnson, R. J. (2008). Uric acid: The oxidant—antioxidant paradox.
Nucleosides, Niucleotides & Nucleic Acids, 27(6), 608-619.
https://doi.org/10.1080/15257770802138558

Savill, J. (1999). Regulation of glomerular cell number by apoptosis. Kidney
International, 56(4), 1216-1222. https://doi.org/10.1046/j.1523-
1755.1999.00707 x

Schainuck, L. L., Striker, G. E., Cutler, R. E., & Benditt, E. P. (1970). Structural-
functional correlations in renal disease: Part II: The Correlations. Human

Pathology, 1(4), 631-641. https://doi.org/10.1016/S0046-8177(70)80061-2

Schiffrin, E. L., Lipman, M. L., & Mann, J. F. E. (2007). Chronic kidney disease:
Effects on the cardiovascular system. Cirwlation, 116(1), 85-97.
https://doi.org/10.1161/CIRCULATIONAHA.106.678342

117



Schwarz, U., Amann, K., Orth, S. R., Simonaviciene, A., Wessels, S., & Ritz, E.
(1998). Effect of 1,25(OH)2 vitamin D3 on glomerulosclerosis in subtotally
nephrectomized rats. Kidney International, 53(6), 1696-1705.
https://doi.org/10.1046/j.1523-1755.1998.00951.x

Sellmayr, M., Hernandez Petzsche, M. R., Ma, Q., Krtger, N., Liapis, H., Brink, A.,
Lenz, B., Angelotti, M. L., Gnemmi, V., Kuppe, C., Kim, H., Bindels, E. M. J.,
Tajti, F., Saez-Rodriguez, J., Lech, M., Kramann, R., Romagnani, P., Anders, H.-
J., & Steiger, S. (2020). Only hyperuricemia with crystalluria, but not
asymptomatic hyperuricemia, drives progression of chronic kidney disease.
Journal — of  the  American  Society of Nephrology, 31(12), 2773-2792.
https://doi.org/10.1681/ASN.2020040523

Shamekhi Amiri, F., & Rostami, Z. (2020). Prevalence of inherited changes of uric
acid levels in kidney dysfunction including stage 5 D and T: A systematic review.
Renal Replacement Therapy, 6(1), 9. https://doi.org/10.1186/s41100-020-0258-2

Shirley, D. G., & Walter, S. J. (1991). Acute and chronic changes in renal function
following unilateral nephrectomy. Kidney International, 40(1), 62—68.
https://doi.org/10.1038/ki.1991.180

Singh, J., & Gaffo, A. (2020). Gout epidemiology and comorbidities. Sewin Arthritis
Rbeum, 50(3S), S11-S16. https://doi.org/doi: 10.1016/j.semarthrit.2020.04.008.

Sluijs, I., Holmes, M. V., van der Schouw, Y. T., Beulens, J. W., Asselbergs, F. W.,
Huerta, J. M., Palmer, T. M., Arriola, L., Balkau, B., Barricarte, A., Boeing, H.,
Clavel-Chapelon, F., Fagherazzi, G., Franks, P. W., Gavrila, D., Kaaks, R,,
Khaw, K. T., Kihn, T., Molina-Montes, E., ... Warecham, N. J. (2015). A
Mendelian randomization study of circulating uric acid and type 2 diabetes.

Diabetes, 64(8), 3028-3036. https://doi.org/10.2337/db14-0742

So, A., & Thorens, B. (2010). Uric acid transport and disease. The Journal of Clinical
Investigation, 120(6), 1791-1799. https://doi.org/10.1172/]JC142344

Sorensen, L. B., & Levinson, D. J. (1975). Origin and extrarenal elimination of uric
acid in man. Nephron, 14(1), 7-20. https://doi.org/10.1159,/000180432

Squadrito, G. L., Cueto, R., Splenser, A. E., Valavanidis, A., Zhang, H., Uppu, R. M.,
& Pryor, W. A. (2000). Reaction of uric acid with peroxynitrite and implications
for the mechanism of neuroprotection by uric acid. Archives of Biochemistry and
Bigphysies, 376(2), 333-337. https://doi.org/10.1006/abbi.2000.1721

118



Srivastava, A., Kaze, A. D., McMullan, C. J., Isakova, T., & Waikar, S. S. (2018). Uric
acid and the risks of kidney failure and death in individuals with CKD. Awmerican
Jonrnal of Kidney Diseases : The Official Jonrnal of the National Kidney Foundation, 71(3),
362-370. https://doi.org/10.1053/j.ajkd.2017.08.017

Stiburkova, B., Sebesta, 1., Ichida, K., Nakamura, M., Hulkova, H., Krylov, V.,
Kryspinova, L., & Jahnova, H. (2013). Novel allelic variants and evidence for a
prevalent mutation in URAT1 causing renal hypouricemia: Biochemical,

genetics and functional analysis. Ewropean Journal of Human Genetics, 21(10), 1067—
1073. https://doi.org/10.1038/¢jhg.2013.3

Sturm, G., Kollerits, B., Neyer, U., Ritz, E., Kronenberg, F., & MMKD Study
Group. (2008). Uric acid as a risk factor for progression of non-diabetic chronic
kidney disease? The Mild to Moderate Kidney Disease (MMKD) Study.
Experimental Gerontology, 43(4), 347-352.
https://doi.org/10.1016/j.exger.2008.01.006

Suda, T., Osajima, A., Tamura, M., Kato, H., Iwamoto, M., Ota, T., Kanegae, K.,
Tanaka, H., Anai, H., Kabashima, N., Okazaki, M., & Nakashima, Y. (2001).
Pressure-induced expression of monocyte chemoattractant protein-1 through
activation of MAP kinase. Kidney International, 60(5), 1705-1715.
https://doi.org/10.1046/j.1523-1755.2001.00012.x

Sugihara, S., Hisatome, 1., Kuwabara, M., Niwa, K., Maharani, N., Kato, M., Ogino,
K., Hamada, T., Ninomiya, H., Higashi, Y., Ichida, K., & Yamamoto, K. (2015).
Depletion of uric acid due to SLC22A12 (URAT1) loss-of-function mutation
causes endothelial dysfunction in hypouricemia. Circulation Journal, 79(5), 1125—
1132. https://doi.org/10.1253/circj.CJ-14-1267

Suliman, M. E., Johnson, R. J., Garcfa-Lépez, E., Qureshi, A. R., Molinaei, H.,
Carrero, J. J., Heimburger, O., Barany, P., Axelsson, J., Lindholm, B., &
Stenvinkel, P. (2006). J-shaped mortality relationship for uric acid in CKD.
American Jonrnal of Kidney Diseases, 48(5), 761-771.
https://doi.org/10.1053/j.ajkd.2006.08.019

Sundy, J. S., Becker, M. A., Baraf, H. S. B., Barkhuizen, A., Moreland, L. W., Huang,
W., Waltrip, R. W., Maroli, A. N., & Horowitz, Z. (2008). Reduction of plasma
urate levels following treatment with multiple doses of pegloticase (polyethylene
glycol—conjugated uricase) in patients with treatment-failure gout: Results of a
phase II randomized study. Arthritis & Rbeumatism, 58(9), 2882-2891.
https://doi.org/10.1002/art.23810

119



Suo, M., Kalliovalkama, J., Porsti, L., Jolma, P., Tolvanen, J.-P., Vuolteenaho, O., &
Ruskoaho, H. (2002). Ng-nitro-l-arginine methyl ester—induced hypertension
and natriuretic peptide gene expression: Inhibition by angiotensin II type 1
receptor antagonism. Journal of Cardiovascular Pharmacology, 40(3), 478—486.

Tahvanainen, A., Koskela, J., Tikkakoski, A., Lahtela, J., Leskinen, M., Kihonen, M.,
Nieminen, T., Ko6obi, T., Mustonen, J., & Porsti, 1. (2009). Analysis of
cardiovascular responses to passive head-up tilt using continuous pulse wave

analysis and impedance cardiography. Scandinavian Journal of Clinical and 1aboratory
Investigation, 69(1), 128-137. https://doi.org/10.1080/00365510802439098

Talbott, J. H., & Terplan, K. L. (1960). The kidney in gout. Medicine, 39, 405-467.

Tanaka, A., Kawaguchi, A., Tomiyama, H., Ishizu, T., Matsumoto, C., Higashi, Y.,
Takase, B., Suzuki, T., Ueda, S., Yamazaki, T., Furumoto, T., Kario, K., Inoue,
T., Koba, S., Takemoto, Y., Hano, T., Sata, M., Ishibashi, Y., Maemura, K., ...
Node, K. (2018). Cross-sectional and longitudinal associations between serum
uric acid and endothelial function in subjects with treated hypertension.
International Journal of Cardiology, 272, 308-313.
https://doi.org/10.1016/j.ijcard.2018.06.017

Tanaka, A., Taguchi, 1., Teragawa, H., Ishizaka, N., Kanzaki, Y., Tomiyama, H., Sata,
M., Sezai, A., Eguchi, K., Kato, T., Toyoda, S., Ishibashi, R., Kario, K., Ishizu,
T., Ueda, S., Maemura, K., Higashi, Y., Yamada, H., Ohishi, M., ... Node, K.
(2020). Febuxostat does not delay progression of carotid atherosclerosis in
patients with asymptomatic hyperuricemia: A randomized, controlled trial. PLoS
Medicine, 17(4). https://doi.org/10.1371/journal. pmed.1003095

Tikkakoski, A. J., Tahvanainen, A. M., Leskinen, M. H., Koskela, J. K., Haring, A.,
Viitala, J., Kdhénen, M. A. P., K66bi, T., Niemeld, O., Mustonen, J. T., & Porsti,
I. H. (2013). Hemodynamic alterations in hypertensive patients at rest and
during passive head-up tilt. Journal of Hypertension, 31(5), 906-915.
https://doi.org/10.1097/HJH.0b013e¢32835ed605

Tsukamoto, S., Okami, N., Yamada, T., Azushima, K., Yamaji, T., Kinguchi, S.,
Uneda, K., Kanaoka, T., Wakui, H., & Tamura, K. (2021). Prevention of kidney
function decline using uric acid-lowering therapy in chronic kidney disease

patients: A systematic review and network meta-analysis. Clinzcal Rheumatology.
https://doi.org/10.1007/s10067-021-05956-5

Uedono, H., Tsuda, A., Ishimura, E., Yasumoto, M., Ichii, M., Ochi, A., Ohno, Y.,
Nakatani, S., Mori, K., Uchida, J., Nakatani, T., & Inaba, M. (2015). Relationship

120



between serum uric acid levels and intrarenal hemodynamic parameters. Kidney

and Blood Pressure Research, 40(3), 315-322. https://doi.org/10.1159/000368507

Vainio, M., Riutta, A., Koivisto, A.-M., & Mienpii, J. (2003). 9«,11B-prostaglandin
F2 in pregnancies at high risk for hypertensive disorders of pregnancy, and the
effect of acetylsalicylic acid. Prostaglandins, Lenkotrienes and Essential Fatty Acids,
69(1), 79-83. https://doi.org/10.1016/50952-3278(03)00086-3

van der Velde, M., Matsushita, K., Coresh, J., Astor, B. C., Woodward, M., Levey,
A. S., de Jong, P. E., Gansevoort, R. T., & the Chronic Kidney Disease
Prognosis Consortium. (2011). Lower estimated glomerular filtration rate and
higher albuminuria are associated with all-cause and cardiovascular mortality. A

collaborative meta-analysis of high-risk population cohorts. Kidney International,
79(12), 1341-1352. https://doi.org/10.1038/ki.2010.536

Vanhoutte, P. M., Shimokawa, H., Feletou, M., & Tang, E. H. C. (2017). Endothelial
dysfunction and vascular disease — a 30th anniversary update. Acta Physiologica,
219(1), 22-96. https://doi.org/10.1111/apha.12646

Vaziri, N. D., Freel, R. W., & Hatch, M. (1995). Effect of chronic experimental renal
insufficiency on urate metabolism. Journal of the American Society of Nephrology, 6(4),
1313-1317.

Vlachopoulos, C., Aznaouridis, K., & Stefanadis, C. (2010). Prediction of
cardiovascular events and all-cause mortality with arterial stiffness: A systematic
review and meta-analysis. Journal of the American College of Cardiology, 55(13), 1318—
1327. https://doi.org/10.1016/j.jacc.2009.10.061

Volpe, M. (2014). Natriuretic peptides and cardio-renal disease. Inernational Journal of
Cardiology, 176(3), 630—639. https://doi.org/10.1016/].jjcard.2014.08.032

Wang, C., Wang, J., Liu, S., Liang, X., Song, Y., Feng, L., Zhong, L., & Guo, X.
(2019). Idiopathic renal hypouricemia: A case report and literature review.
Molecstlar Medicine Reports, 20(6), 5118-5124.
https://doi.org/10.3892/mmr.2019.10726

Wang, Y.-I., Li, J.-X., Sun, X.-S., Lai, R., & Sheng, W.-L. (2018). High serum uric
acid levels are a protective factor against unfavourable neurological functional
outcome in patients with ischaemic stroke. The Journal of International Medical
Research, 46(5), 1826—1838. https://doi.org/10.1177/0300060517752996

121



Waring, W. S. (2002). Uric acid: An important antioxidant in acute ischaemic stroke.
QOIM, 95(10), 691-693. https://doi.org/10.1093/qjmed/95.10.691

Waring, W. S., McKnight, J. A., Webb, D. J., & Maxwell, S. R. J. (2006). Uric acid
restores endothelial function in patients with type 1 diabetes and regular

smokers. Diabetes, 55(11), 3127-3132. https://doi.org/10.2337/db06-0283

Watanabe Susumu, Kang Duk-Hee, Feng Lili, Nakagawa Takahiko, Kanellis John,
Lan Hui, Mazzali Marilda, & Johnson Richard J. (2002). Uric acid, hominoid
evolution, and the pathogenesis of salt-sensitivity. Hypertension, 40(3), 355-3060.
https://doi.org/10.1161/01.HYP.0000028589.66335.AA

Wei, E. P., Kontos, H. A., & Beckman, J. S. (1996). Mechanisms of cerebral
vasodilation by superoxide, hydrogen peroxide, and peroxynitrite. The American
Journal of Physiology, 2713 Pt 2), H1262-1266.
https://doi.org/10.1152/ajpheart.1996.271.3.H1262

Weiner, D. E., Tighiouart, H., Elsayed, E. F., Griffith, J. L., Salem, D. N., & Levey,
A. S. (2008). Uric acid and incident kidney disease in the community. Journal of
the American Society of Nephrology, 19(6), 1204-1211.
https://doi.org/10.1681/ASN.2007101075

Weisskopf, M. G., OReilly, E., Chen, H., Schwarzschild, M. A., & Ascherio, A.
(2007). Plasma urate and risk of Parkinson’s disease. Awmerican Journal of

Epidenmiology, 166(5), 561-567. https://doi.org/10.1093/aje/kwm127

White, W. B., Saag, K. G., Becker, M. A., Borer, J. S., Gorelick, P. B., Whelton, A.,
Hunt, B., Castillo, M., & Gunawardhana, L. (2018). Cardiovascular safety of
febuxostat or allopurinol in patients with gout. New England Journal of Medicine,
378(13), 1200-1210. https://doi.org/10.1056/NEJMoal710895

Whiteman, M., Ketsawatsakul, U., & Halliwell, B. (2002). A reassessment of the
peroxynitrite scavenging activity of uric acid. Annals of the New York Academy of
Sciences, 962(1), 242-259. https://doi.org/10.1111/j.1749-6632.2002.tb04072.x

Wilde, E., Aubdool, A. A., Thakore, P., Baldissera, L., Alawi, K. M., Keeble, J.,
Nandi, M., & Brain, S. D. (2017). Tail-cuff technique and its influence on central

blood pressure in the mouse. Journal of the American Heart Association, 6(6),
¢005204. https://doi.org/10.1161/JAHA.116.005204

Wilenius, M., Tikkakoski, A. J., Tahvanainen, A. M., Haring, A., Koskela, J., Huhtala,
H., Kdhonen, M., K&66bi, T., Mustonen, J. T., & Pérsti, 1. H. (2016). Central

122



wave reflection is associated with peripheral arterial resistance in addition to
arterial stiffness in subjects without antihypertensive medication. BMC
Cardiovascular Disorders, 16. https:/ /doi.org/10.1186/s12872-016-0303-6

Williams, B., Mancia, G., Spiering, W., Agabiti Rosei, E., Azizi, M., Burnier, M.,
Clement, D. L., Coca, A., de Simone, G., Dominiczak, A., Kahan, T., Mahfoud,
F., Redon, J., Ruilope, L., Zanchetti, A., Kerins, M., Kjeldsen, S. E., Kreutz, R.,
Laurent, S., ... Brady, A. (2018). 2018 ESC/ESH guidelines for the management
of arterial hypertension. Ewropean Heart  Journal, 39(33), 3021-3104.
https://doi.org/10.1093/eurheartj/ehy339

Wu, X., Wakamiya, M., Vaishnav, S., Geske, R., Montgomery, C., Jones, P., Bradley,
A., & Caskey, C. T. (1994). Hyperuricemia and urate nephropathy in urate
oxidase-deficient mice. Proceedings of the National Acadenry of Sciences of the United
States of America, 91(2), 742-7406.

Yasuda, K., Kimura, T., Sasaki, K., Obi, Y., lio, K., Yamato, M., Rakugi, H., Isaka,
Y., & Hayashi, T. (2012). Plasma B-type natriuretic peptide level predicts kidney
prognosis in patients with predialysis chronic kidney disease. Nephrology Dialysis
Transplantation, 27(10), 3885-3891. https://doi.org/10.1093/ndt/gfs365

Yin, D., Wang, Q., Zhou, X., & Li, Y. (2017). Endothelial dysfunction in renal
arcuate arteries of obese Zucker rats: The roles of nitric oxide, endothelium-
derived hyperpolarizing factors, and calcium-activated K+ channels. PLOS
ONE, 12(8), ¢0183124. https://doi.org/10.1371 /journal.pone.0183124

Yoshida, S., Kurajoh, M., Fukumoto, S., Murase, T., Nakamura, T., Yoshida, H.,
Hirata, K., Inaba, M., & Emoto, M. (2020). Association of plasma xanthine
oxidoreductase activity with blood pressure affected by oxidative stress level:
MedCity21 health examination registry. Swentific Reports, 10(1), 4437.
https://doi.org/10.1038/s41598-020-61463-8

Yu, H. T. (2003). Progression of chronic renal failure. Archives of Internal Medicine,
163(12), 1417-1429. https://doi.org/10.1001 /archinte.163.12.1417

Yu, Z. F., Bruce-Keller, A. J., Goodman, Y., & Mattson, M. P. (1998). Uric acid
protects neurons against excitotoxic and metabolic insults in cell culture, and
against focal ischemic brain injury in vivo. Journal of Neuroscience Research, 53(5),
613-625. https://doi.org/10.1002/(SICI)1097-
4547(19980901)53:5<613::AID-JNR11>3.0.CO;2-1

123



Zhang, Y., & Qiu, H. (2018). Folate, vitamin B6 and vitamin B12 intake in relation
to hyperuricemia. Journal of Clinical Medicine, 7(8).
https://doi.org/10.3390/jcm7080210

Zhang, Y., Yamamoto, T., Hisatome, I, Li, Y., Cheng, W., Sun, N., Cai, B., Huang,
T., Zhu, Y., Li, Z., Jing, X., Zhou, R., & Cheng, J. (2013). Uric acid induces
oxidative stress and growth inhibition by activating adenosine monophosphate-
activated protein kinase and extracellular signal-regulated kinase signal pathways
in pancreatic 3 cells. Molecular and Cellular Endocrinology, 375(1), 89-96.
https://doi.org/10.1016/j.mce.2013.04.027

Zhu, Y., Pandya, B. ., & Choi, H. K. (2011). Prevalence of gout and hyperuricemia
in the US general population: The National Health and Nutrition Examination
Survey  2007-2008.  Arthritis and  Rheumatism,  63(10),  3136-3141.
https://doi.org/10.1002/art.30520

124



9 ORIGINAL PUBLICATIONS

125






PUBLICATION
I

Hyperuricemia, oxidative stress, and carotid artery tone in experimental

renal insufficiency

Venla Kurra, Arttu Eriranta, Pasi Jolma, Tuija I. Vehmas, Asko Riutta, Eeva Moi-

lanen, Anna Tahvanainen, Jarkko Kalliovalkama, Onni Niemeld, Juhani Myllymaki,
Jukka Mustonen and Ilkka Porsti

American Journal of Hypertension 2009; 22: 964-970

10.1038/ajh.2009.109

Publication reprinted with the permission of the copyright holders.






nature publishing group

Hyperuricemia, Oxidative Stress, and Carotid Artery
Tone in Experimental Renal Insufficiency

Venla Kurra', Arttu Erdranta’, Pasi Jolma'-2, Tuija |. Vehmas!, Asko Riutta', Eeva Moilanen'!, Anna Tahvanainen’,

1

Jarkko Kalliovalkama?, Onni Niemela#, Juhani Myllymaki'>, Jukka Mustonen'-® and Ilkka Pérsti'

BACKGROUND

Hyperuricemia may play a role in the pathogenesis of
cardiovascular disease, but uric acid is also a significant
antioxidant. We investigated the effects of oxonic acid-induced
hyperuricemia on carotid artery tone in experimental renal
insufficiency.

METHODS

Three weeks after 5/6 nephrectomy (NX) or Sham operation,
male Sprague-Dawley rats were allocated to 2.0% oxonic acid

or control diet for 9 weeks. Blood pressure was monitored using
tail-cuff, isolated arterial rings were examined using myographs,
and blood and urine samples were taken, as appropriate.
Oxidative stress and antioxidant status were evaluated by
measuring urinary 8-isoprostaglandin F,  (8-iso-PGF,,)
excretion and plasma total peroxyl radical-trapping capacity
(TRAP), respectively.

Hyperuricemia is a typical finding in subjects with metabolic
syndrome and renal disease.!? Elevated uric acid correlates with
increased cardiovascular mortality,> but the contribution of
uric acid to the pathogenesis of cardiovascular disease remains
controversial.! However, hyperuricemia may predispose to
hypertension by increasing renal sodium reabsorption.**
Experimental studies, where rats were made hyperuricemic
by the uricase inhibitor oxonic acid, have suggested that high
uric acid may play a causal role in the development cardiovas-
cular disease.®® Oxonic acid diet has resulted in renal injury
consisting of afferent arteriolopathy and renal cortical vaso-
constriction, glomerulosclerosis, and increased fibrosis.®%°
The hyperuricemia-induced renal vasculopathy could be pre-
vented by blockade of the renin-angiotensin system, stimu-
lation of nitric oxide (NO) synthesis with dietary L-arginine,
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RESULTS

Plasma creatinine was elevated twofold in NX rats, but neither NX

nor oxonic acid diet influenced blood pressure. Urinary 8-iso-PGF,
excretion was increased over 2.5-fold in NX rats on control diet. Oxonic
acid diet increased plasma uric acid 2-3-fold, TRAP 1.5-fold, and reduced
urinary 8-iso-PGF, excretion by 60-90%. Carotid vasorelaxation to
acetylcholine in vitro, which could be abolished by nitric oxide (NO)
synthase inhibition, was reduced following NX, whereas maximal
response to acetylcholine was augmented in hyperuricemic NX rats.
Vasorelaxation to nitroprusside was impaired in NX rats, whereas oxonic
acid diet increased sensitivity also to nitroprusside in NX rats.

CONCLUSIONS

Oxonic acid-induced hyperuricemia reduced oxidative stress in vivo,
as evaluated using urinary 8-iso-PGF,, excretion, increased plasma
TRAP, and improved NO-mediated vasorelaxation in the carotid
artery in experimental renal insufficiency.

Am J Hypertens 2009; 22:964-970 © 2009 American Journal of Hypertension, Ltd.

or administration of the superoxide scavenger, tempol.”1%11
Increased uric acid concentration has also been suggested to
impair NO production in cultured endothelial cells in vitro,
and hyperuricemic rats have shown decreased NO concentra-
tion in serum.'? Collectively these findings suggest that the
detrimental effects of uric acid may be mediated via impaired
NO-mediated responses or enhanced renin-angiotensin
system activity.

High wuric acid concentration is a risk factor for
atherosclerosis,!> whereas hyperuricemia is a predictor of
stroke in patients with type 2 diabetes.!# Increased amounts of
uric acid have been found in atherosclerotic plaques, suggest-
ing a role for uric acid in the etiology of atherosclerosis.!” Yet,
uric acid is an antioxidant, as its soluble form urate can scav-
enge various radicals.!®!7 Uric acid provides protection against
oxidative stress induced by peroxynitrite, a toxic product
formed in the reaction between superoxide anion and NO.!”
Uric acid also prevents the degradation of extracellular super-
oxide dismutase, an enzyme maintaining normal NO levels
and endothelial function.!® The antioxidant properties of uric
acid are in conflict with the concept that hyperuricemia per se
induces vascular damage.

Despite the several vascular associations and actions of uric
acid, the effects of hyperuricemia on arterial tone have only
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been examined in the glomerular afferent arteriole.8 Here, we
tested the hypothesis whether oxonic acid-induced hyper-
uricemia influences arterial tone in experimental chronic
renal insufficiency (CRI), and subjected 5/6 nephrectomized
and Sham-operated rats to 2.0% oxonic acid diet. This model
of CRI is characterized by increased oxidative stress,?
impaired endothelial function, but only a modest increase
in blood pressure 12 weeks after subtotal nephrectomy.20-22
The present results show that carotid artery relaxation via
NO was impaired in CRI, whereas oxonic acid diet improved
vasorelaxation, possibly because of the antioxidant proper-
ties of uric acid.

METHODS

Animals and experimental design. Male Sprague-Dawley rats
were subjected to 5/6 nephrectomy (NX) or Sham-operation
at the age of 8 weeks under ketamine/diazepam anesthesia
(75 and 2.5 mg/kg intraperitoneally, respectively). In NX rats,
the upper and lower poles of the left kidney were cut off, and
the right kidney was removed.?®?! In the Sham groups, both
kidneys were decapsulated. Antibiotics (metronidazole 60
and cefuroxime 225 mg/kg) were given postoperatively, and
pain was relieved with buprenorphine (0.2 mg/kg subcutane-
ously, three times a day, 3 days). Three weeks later, the rats
were divided into four groups (# = 10 in each) so that mean
systolic blood pressures, body weights, and urine volumes
were similar in the two Sham (Sham, Sham+Oxo) and the
two NX groups (NX, NX+Oxo), respectively. Systolic blood
pressures were measured at +28°C by the tail-cuff method
as averages of five recordings in each rat (model 129 blood
pressure meter; IITC, Woodland Hills, CA) (flowchart in
Figure 1).

All groups were given standard chow (lactamin R34;
AnalyCen, Lindkoping, Sweden). After the 3rd study week,
oxonic acid (20g/kg chow; Sigma-Aldrich Chemical, St
Louis, MO) was supplemented in the food of the Sham+Oxo
and NX+Oxo groups. Hyperuricemia was confirmed by tail
vein samples at study week 5, and 24-h urine was collected in
metabolic cages at the end of the 2nd and 11th study weeks
(Figure 1).

ARTICLES

After 9 diet weeks, the rats were weighed and anesthetized
(urethane 1.3 g/kg), and blood samples from carotid artery
for plasma creatinine, urea, uric acid, lipids, and total peroxyl
radical-trapping capacity (TRAP) measurements were drawn
into chilled tubes with heparin or EDTA as anticoagulants.
The heart and kidneys were removed and weighed, and
the kidneys were fixed in 4% formaldehyde for 24h, and
embedded in paraffin. The experiments were approved by
the Animal Experimentation Committee of the University
of Tampere, Finland, and the Provincial Government of
Western Finland Department of Social Affairs and Health,
Finland. The investigation conforms to the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1996).

Carotid artery responses in vitro. The carotid artery was cho-
sen for the studies because of the controversial results concern-
ing uric acid, central circulation, and stroke.!17:23-2> In the
rat carotid artery, the vasorelaxation to acetylcholine (Ach) is
largely mediated via endothelium-derived NO,?¢ which prob-
ably makes this vessel sensitive to changes in the antioxidant
status in vivo.!” A 2-mm-long standard section of left carotid
artery from each animal was prepared, and suspended between
hooks in an organ bath chamber in physiological salt solution
(pH 7.4) containing (mmol/l): NaCl 119.0, NaHCO, 25.0, glu-
cose 11.1, CaCl2 1.6, KCl 4.7, KH,PO, 1.2, and MgSO, 1.2.
The physiological salt solution was aerated with 95% O, and
5% CO, and the ring was equilibrated for 1% h at +37 °C with
a resting preload of 3.7mN/mm to induce maximal contrac-
tile force generation in the carotid ring,?® measured using iso-
metric force-displacement transducers (FT 03, 7 E Polygraph;
Grass Instrument, Quincy, MA).

The rings were allowed 30 min at baseline tension in between
each concentration-response challenge. Contractions to
noradrenaline (NA) were cumulatively elicited, and relaxa-
tions to the NO donor nitroprusside and B-adrenoceptor
agonist isoprenaline were examined in rings precontracted
with 1 umol/l NA. The relaxations to Ach, in the absence and
presence of the NO synthase inhibitor NS-nitro-L-arginine

Sham (n = 10) |_“ Blood sampling

at week 12

Sprague-Dawley

|
Sham (n = 20) \I

Sham+Oxo (n=10)

|—. (plasma uric acid,

TRAP, creatinine,
urea, lipids, pH),

rats subjected to
5/6 nephrectomy
or Sham operation,

age 8 weeks ’—I NX (n=10) | — | study of carotid
arterial function
NX{(n=20) ‘l in vitro
I NX+Oxo (n=10) | —_—
‘ Normal diet I 2.0% Oxonic acid vs. normal diet (9 weeks) |
Study weeks 0 2 4 6 8 10 12

\ | Blood sampling from tail vein (plasma uric acid) ﬂ

Two 24-h urine collections
for 8-iso-PGF, , determinations

Figure 1 | Flowchart of the study. 8-iso-PGF,,
TRAP, total peroxyl radical-trapping capacity.

8-isoprostaglandin F,;
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methyl ester (L-NAME, 0.1 mmol/l), were examined in rings
precontracted with 1 umol/l NA.

Plasma creatinine, urea, uric acid, TRAP, urine 8-isoprosta-
glandin F,a excretion, and glomerular histology. Plasma
and urine creatinine was determined using Jaffe’s colorimet-
ric assay, and plasma urea using colorimetric enzymatic dry
chemistry (Vitros 950 analyzer; Johnson & Johnson Clinical
Diagnostics, Rochester, NY). Uric acid was measured by an
enzymatic colorimetric method,?” and triglycerides, total and
high-density lipoprotein (HDL) cholesterol concentrations
were analyzed using Cobas Integra 800 automatic analyzer
(Hoffman-La Roche, Basel, Switzerland). Non-HDL cholesterol
was calculated as total cholesterol minus HDL cholesterol.

Plasma TRAP was measured using luminol-enhanced
chemiluminescence, based on peroxyl radical production by
decomposition of 2,2-azo-bis(2-aminopropane) hydrochloride
(Polysciences, Warrington, PA), as previously described.28:2%
The 8-isoprostaglandin F,  (8-iso-PGF, ) assay was also per-
formed as previously described.3® Briefly, urine was extracted
on a C, silica cartridge (Applied Separation, Allentown, PA)
and 8-iso-PGF,, was determined using 8-iso[!?I]-PGF,,
radioimmunoassay.

Five-micrometer-thick kidney sections were stained with
hematoxylin-eosin and processed for light microscopic eval-
uation by an expert blinded to the treatments. The glomeru-
losclerosis score for each animal was derived as the mean of
all sample glomeruli: 0 = normal, 1 = mesangial expansion or
basement membrane thickening, 2 = segmental sclerosis <25%
of the tuft, 3 = segmental sclerosis 25-50% of the tuft, 4 = dif-
fuse sclerosis >50% of the tuft, 5 = diffuse glomerulosclerosis,
total tuft obliteration and collapse.??

Data presentation and analysis of results. The contractile
responses were expressed as wall tension (mN/mm) and as
percentage of maximum. The vasorelaxations were presented
as a percentage of preexisting contractile force. Statistical
analyses were by one-way and two-way analyses of variance
(ANOVAs), as appropriate, and the least significant differ-
ence test was used for post hoc analyses (SPSS 11.5; SPSS,
Chicago, IL). ANOVA for repeated measurements was
applied for data consisting of repeated observations at suc-
cessive observation points. Spearman’s two-tailed correla-
tion coefficient (r) was used, and the results were expressed
as means and s.e.m. P < 0.05 was considered significant.
Unless otherwise indicated the P values in the text refer to
one-way ANOVA.

Drugs. Ketamine (Parke-Davis Scandinavia, Solna, Sweden),
cefuroxime, diazepam (Orion Pharma, Espoo, Finland), met-
ronidazole (B. Braun, Melsungen, Germany), buprenorphine
(Reckitt & Colman, Hull, England), acetylcholine chloride,
isoprenaline hydrochloride, NG-nitro-L-arginine methyl ester,
NA bitartrate (Sigma-Aldrich Chemical, St Louis, MO), and
sodium nitroprusside (Fluka Chemie, Buchs, Switzerland)
were used.
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RESULTS

Blood pressure, heart and body weights,

and glomerulosclerosis

Systolic blood pressure was not significantly influenced by
the oxonic acid diet or NX (Table 1). However, heart weight
to body weight ratio was higher in the NX and NX+Oxo
groups when compared with Sham rats (P = 0.004 and 0.001,
respectively). Average body weight gain was comparable in
all groups (Table 1). Histological analysis revealed that the
glomerular damage index was lower in the NX+Oxo than the
NX group (1.1 £ 0.4 vs. 1.8 £0.2, P < 0.05), whereas the Sham
and Sham+Oxo groups were completely devoid of glomerular
changes (damage index was 0 in both groups).

Laboratory findings

At the end of the study, the oxonic acid diet elevated plasma
uric acid concentration 3.4-fold in the Sham+Oxo rats and
2.4-fold in the NX+Oxo rats, respectively (Table 2). Plasma
creatinine and urea concentrations were approximately two-
fold higher in the NX rats when compared with Sham, and
were not affected by oxonic acid diet. Creatinine clearance
was reduced by ~60% in both NX groups, and also by 33% in
hyperuricemic Sham rats.

Before the oxonic acid diet was started, no significant differ-
ences were found in the 24-h urinary excretion of 8-iso-PGF, ,
a marker of oxidative stress in vivo (Figures 1 and 2a).’!
During the 9th week on the 2.0% oxonic acid diet, the 24-h
excretion of 8-is0-PGF,  was increased in the NX group, but
was reduced by ~60 and 90% in the Sham+Oxo and NX+Oxo
groups, respectively, when compared with their respective
controls (Figures 1 and 2b).

At the end of the study, the plasma concentrations of TRAP
were increased 1.5-fold in groups ingesting the oxonic acid diet
(Table 2), and there was a linear correlation between plasma
uric acid concentration and TRAP in all groups (Figure 2c).
Plasma total cholesterol, HDL cholesterol, and non-HDL cho-
lesterol concentrations were elevated in NX rats (Table 2).
When analyzed using two-way ANOVA, an elevation of plasma
triglycerides was also uncovered in NX rats when compared

Table 1| Experimental group gross data (oxonic acid feeding
period from week 3 to 12)

Sham  Sham+Oxo NX NX+Oxo

Systolic blood
pressure (mm Hg)

Week 3 12214 1225 1275 12717

Week 12 139+7 137+6 140+7 149+5
Heart/body 3.99£0.05 4.17+£0.10 5.09+0.30* 5.25+0.39*
weight (g/kg)
Body weight (g)

Week 3 333%5 334+6 327+8 330+7

Week 12 4168 40419 430+ 11 409+6

Values are mean £s.e.m.,n =10 for all groups.
NX, 5/6 nephrectomized rat; Oxo, 2.0% oxonic acid diet; Sham, Sham-operated rat.
*P < 0.05 compared with the Sham group.
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Table 2| Plasma uric acid after 2 and 9 weeks of the oxonic acid
diet (study weeks 5 and 12), and plasma chemistry and blood
pH after the 12-week study in the experimental groups

Sham Sham+Oxo NX NX+Oxo

Uric acid (umol/I)

Week 5 50.3+13.0 106.8+15.5* 49.1+10.2 86.6+9.6%

Week 12 3741134 126.4+24.2* 6591232  156.6+22.7***
Creatinine 37.8+5.38 488+3.6 81.6+3.9* 84.1+9.8*
(umol/1)
Creatinine 3.0+04 20+0.2* 1.2+0.1* 1.2£0.1*
clearance
(ml/min)
Urea(mmol/l) 6.8+0.4 86+0.5 13.7+1.0* 15.1+£2.4*
TRAP (umol/l) 422+52 611+£70% 491+70 714+ 60%**
Cholesterol 225+0.10 2.14%+0.13 4.80+0.47* 5.09+0.65*
(mmol/l)
HDL (mmol/l) 1.64£0.09 1.62+0.10 3.55+0.37* 3.50+0.41*
Non-HDL 0.61+£0.03 0.51+£0.04 1.25+0.21* 1.59+0.27*
(mmol/l)
Triglycerides  1.16+£0.11 0.96+0.08 1.46+0.09*** 1.77+0.34***
(mmol/l)
Blood pH 7441004 7.39+0.03 7.3710.04 7.4110.03

Values are mean £ s.e.m., n =10 for all groups.

HDL, high-density lipoprotein; NX, 5/6 nephrectomized rat; Oxo, 2.0% oxonic acid diet;
Sham, Sham-operated rat; TRAP, total peroxyl radical-trapping antioxidant capacity.

*P < 0.05 compared with the Sham group, **P < 0.05 compared with the NX group,
***P < 0,05 NX groups compared with the Sham groups using two-way analysis of
variance.

with Sham rats (P = 0.006, two-way ANOVA). No differences
in blood pH were detected (Table 2).

Functional responses of isolated carotid arterial rings
Contractile responses to NA were similar between the study
groups (Figure 3a,b). Thus, differences in vasoconstrictor sen-
sitivity cannot explain the differences in vasorelaxations.

The relaxations to Ach were reduced in NX rats when com-
pared with Sham rats, whereas the maximal response to Ach
was improved in the NX+Oxo group when compared with
the NX group (P = 0.027; Figure 4a). Hyperuricemia had no
effect on the response to Ach in Sham rats. In both NX and
NX+Oxo groups, plasma uric acid concentration correlated
with the maximal relaxation to Ach (Figure 2d), whereas no
correlation was observed between maximal Ach response and
plasma levels of creatinine, urea, lipids, or blood pressure (data
not shown). Plasma TRAP also correlated with maximal Ach
response in NX rats (r = 0.73, P = 0.026).

The NO synthase inhibitor L-NAME abolished the relaxation
to Ach in all groups (Figure 4b), indicating that the response
was mediated via NO. The relaxations to nitroprusside were
also reduced in both NX groups vs. Sham groups, whereas the
reduction was less marked in the NX+Oxo group (Figure 4c).
Higher relaxation to 10nmol/l nitroprusside was detected in
the NX+Oxo group when compared with the NX group (P =
0.027). Vasorelaxation induced by isoprenaline was similar in
all groups (Figure 4d).
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Figure 2 | Bar graphs show 24-h urinary excretion of 8-isoprostaglandin F,
(8-is0-PGF, ) (a) before the 2.0% oxonic acid feeding period at the end of
study week 2, and (b) during the 2.0% oxonic acid diet at the end of study
week 11. Scatter plots show (c) plasma uric acid and total peroxyl radical-
trapping capacity (TRAP), and (d) plasma uric acid and maximal relaxation
induced by Ach after 12 study weeks in the experimental groups; *P < 0.05
vs. the Sham group, tP < 0.05 vs. the NX group. NX, 5/6 nephrectomized rat;
Oxo, 2.0% oxonic acid diet; Sham, Sham-operated rat.
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Figure 3 | Line graphs show contractile responses induced by noradrenaline
as (a) developed tension and (b) percent of maximum in the experimental
groups. NX, 5/6 nephrectomized rat; Oxo, 2.0% oxonic acid diet; Sham,
Sham-operated rat.

DISCUSSION
Here, we demonstrated for the first time that oxonic acid-
induced hyperuricemia reduced oxidative stress and increased
TRAP in vivo in the rat, as evaluated by urinary 8-iso-PGF,
excretion and plasma TRAP, respectively. Higher uric acid
concentration paralleled with improved carotid artery vaso-
relaxation via NO in NX rats, the improvement of which cor-
related significantly with plasma concentration of uric acid.
These findings suggest that by counterbalancing the oxidative
stress associated with CRL!® uric acid improved NO-mediated
vasorelaxation independently of the level of blood pressure.
The oxonic acid diet induces hyperuricemia by inhibiting
the hepatic uricase.® Previous studies with 2.0% oxonic acid
in rats have demonstrated a 1.3- to 2.8-fold rise in serum uric
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Figure 4 | Line graphs show relaxations induced by acetylcholine in the (a) absence and (b) presence of 0.1 mmol/I .-NAME, and relaxations elicited by
(c) nitroprusside and (d) isoprenaline in the experimental groups; *P < 0.05, analysis of variance for repeated measurements; TP < 0.05 compared with the
corresponding individual concentration in the NX group. NX, 5/6 nephrectomized rat; Oxo, 2.0% oxonic acid diet; Sham, Sham-operated rat.

acid,”~ corresponding to the present 2.4- to 3.4-fold increase.
Because allopurinol and uricosuric agents have been shown
to prevent the pathological and pathophysiological changes
induced by 2.0% oxonic acid feeding in several studies, treat-
ment of hyperuricemia was not included in the present
study.%~ The NX rats showed several characteristic findings
of moderate renal insufficiency,>?!?2 whereas the observed
increase in heart weight is in agreement with the view that this
model is characterized by volume overload.?!

As our principal focus was on putative changes in
NO-mediated vasorelaxation, we studied the functional
responses in the carotid artery. In many vessels, the vaso-
relaxation to Ach is mediated via NO, prostacyclin, and
endothelium-derived hyperpolarization,32 but in the rat carotid
artery the vasorelaxation is largely mediated via endothelium-
derived NO.2® We found that carotid vasorelaxation via both
endothelial NO (Ach) and exogenous NO (nitroprusside) was
impaired in CRI. Unexpectedly, oxonic acid diet improved
vasorelaxation in response to NO in NX rats, and the plasma
concentration of uric acid correlated positively with maxi-
mal Ach-mediated relaxation. In contrast, the vasorelaxation
via cyclic AMP (isoprenaline) was not affected by oxonic acid
feeding. Thus, the differences in carotid artery vasorelaxation
were related to alterations in NO-mediated responses.

The present results appear to contradict with previous find-
ings in vitro suggesting that uric acid inhibits NO production
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in cultured aortic endothelial cells,!2 and that uric acid induces
oxidative stress through stimulation of renin-angiotensin sys-
tem in cultured vascular smooth muscle cells.3® In addition,
experimental studies have suggested that uric acid is a media-
tor of cardiovascular and renal disease.>=>!2 We recently found
that experimental hyperuricemia elevated plasma aldosterone
with a deleterious influence on sodium:potassium balance in
rats with CRI. In that study, the Sham+Oxo rats also showed
reduced creatinine clearance when compared with Sham rats,
but no such reduction was observed in the NX+Oxo rats when
compared with the NX group.® A similar finding was observed
in this study, suggesting that this form of hyperuricemia is not
associated with reduced glomerular filtration rate in NX rats.
Altogether, the antioxidant properties of urate may mitigate
the harmful influences of renin-angiotensin system stimula-
tion associated with increased uric acid concentration. In addi-
tion, some of the differences between the results of the studies
on oxonic acid-induced hyperuricemia may be related to the
fact that 2.0% oxonic acid diet was used in some,> 7 whereas
administration of oxonic acid by gastric gavage (750 mg/kg/day)
was used in others.1011 Tt seems likely that the effects of oxonic
acid administration by gavage on the kinetics of plasma uric acid
differ from those following 2.0% oxonic acid dietary intake.
Although hyperuricemia has in general been considered
a cardiovascular risk factor,:1° conflicting data also exist.
Uric acid serves as a scavenger of various free radicals.!®17:34
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Intravenous uric acid infusion increases serum free-radical
scavenging capacity in healthy volunteers,®> and improves
endothelial function in the forearm vascular bed of smokers
and patients with type 1 diabetes.>® Higher uric acid concen-
tration is also associated with increased serum antioxidant
capacity and reduced oxidative stress during acute physical
exercise.>” However, the antioxidant role of uric acid is com-
plicated by the generation of superoxide anion as a by-product
in the reaction of xanthine with xanthine oxidase to produce
uric acid.! Furthermore, the reaction of superoxide with NO
leads to the formation of the highly toxic peroxynitrite, with
possible further formation of secondary free radicals.l” Yet,
uric acid can indirectly protect against the harmful effects of
peroxynitrite by scavenging these secondary radicals.!”

Increased oxidative stress is a characteristic feature of
CRIL! Indeed, we observed a marked increase in the urinary
8-is0-PGF,  excretion after 11 weeks of renal insufficiency in
the present study, a finding that has not been reported previ-
ously in NX rats. Interestingly, 8-iso-PGF,  excretion was not
increased during the 3rd week after subtotal nephrectomy,
indicating that increased oxidative stress is not a straightfor-
ward result of renal mass reduction but develops later in the
course of chronically impaired renal function. It is of note that
the beneficial influences were not limited to carotid vasorelax-
ation, as glomerulosclerosis was also alleviated by the oxonic
acid-induced hyperuricemia in NX rats.

The levels of uric acid are higher in humans than in most
other mammals.! Moreover, the relation of the uric acid
levels with cardiovascular disease in humans has been sug-
gested to show a J-shaped curve with the nadir of risk being
in the second quartile.">38 The increased risk for the lowest
quartile may reflect the decreased plasma antioxidant activ-
ity, whereas the increased risk at the higher levels may reflect
the role of uric acid in inducing cardiovascular disease, leav-
ing the antioxidant role of uric acid insignificant. In the 2.0%
oxonic acid rat model of hyperuricemia, the levels of plasma
uric acid are still rather low when compared with humans,
and higher levels may be required to induce vascular dam-
age in rats.

CRI is also associated with unfavorable changes in plasma
lipids,® and impaired vasorelaxation could result from the
increased level of low-density lipoprotein cholesterol, which
inhibits endothelium-dependent vasodilatation.“’ The under-
lying mechanisms are impaired vascular NO production and
increased superoxide anion generation that inactivates NO.1
In line with these findings, plasma lipid values were increased
by two- to threefold in the NX rats in the present study. Higher
uric acid level may also provide antioxidant protection against
the detrimental effects of low-density lipoprotein cholesterol
on NO-mediated vasorelaxation.

In conclusion, we found that 2.0% oxonic acid diet which
increased plasma uric acid, also reduced oxidative stress and
increased peroxyl radical-trapping capacity in vivo, as evi-
denced by reduced 24-h urinary 8-iso-PGF,, excretion and
increased plasma TRAP, respectively. In parallel, oxonic acid
diet enhanced vasorelaxation via NO in the carotid artery in
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experimental CRI, independently of the level of blood pressure
and renal function. Therefore, this form of experimental hyper-
uricemia is not always associated with a deleterious influence
on the cardiovascular system.
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Abstract

affected.

vasorelaxation in experimental CRI.

Background: Recent studies suggest a causal role for increased plasma uric acid in the progression of chronic renal
insufficiency (CRI). However, uric acid also functions as an antioxidant with possible beneficial effects.

Methods: We investigated the influence of hyperuricemia on mesenteric arterial tone (main and second order
branch) and morphology in experimental CRI. Forty-four Sprague-Dawley rats were 5/6 nephrectomized (NX) or
Sham-operated and fed 2.0% oxonic acid or control diet for 9 weeks.

Results: Oxonic acid feeding elevated plasma uric acid levels 24 and 3.6-fold in the NX and Sham groups, respectively.
Plasma creatinine and urea were elevated 2-fold and blood pressure increased by 10 mmHg in NX rats, while hyperuricemia
did not significantly influence these variables. Right and left ventricular weight, and atrial and B-type natriuretic peptide
mMRNA content were increased in NX rats, but were not affected by hyperuricemia. In the mesenteric artery, hyperuricemia
did not influence vasoconstrictor responses in vitro to norepinephrine or potassium chloride. The small arteries of NX rats
featured hypertrophic remodeling independent of uric acid levels: wall to lumen ratio, wall thickness and cross-sectional
area were increased without changes in lumen diameter. In the main branch, vasorelaxations to acetylcholine were
impaired in NX rats, but were not affected by hyperuricemia. In contrast, relaxations to the large-conductance Ca®*-activated
K*-channel (BKc.) opener NS-1619 were reduced by oxonic acid feeding, whereas responses to nitroprusside were not

Conclusions: Experimental hyperuricemia did not influence cardiac load or vascular remodeling, but impaired BKc, -mediated

Keywords: Uric acid, Artery tone, Experimental chronic renal insufficiency, 5/6 nephrectomy, Oxonic acid

Background

The prevalence of increased plasma uric acid (UA), hy-
peruricemia, is high in patients with chronic renal insuf-
ficiency (CRI). The detrimental effects of hyperuricemia
have been linked to cardiovascular complications, as
high plasma UA levels commonly predict the develop-
ment of hypertension [1] and the loss of renal function
[2]. To date, however, the contribution of UA to cardio-
vascular disease has still remained controversial [3].
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Previous experimental studies, carried out in rats made
hyperuricemic by the inhibition of the UA degrading en-
zyme uricase using dietary 2.0% oxonic acid, have sug-
gested a causal relationship between high UA and
cardiovascular disease [4-7]. UA has been associated
with stimulation of the renal renin-angiotensin system
(RAS) and reduced nitric oxide (NO) synthesis. These
mechanisms may have participated in the subsequent
hypertrophic remodeling of the preglomerular arteries,
tubulointerstitial damage, and thus predisposed to en-
hanced sodium retention [4-6,8]. Previously, incubation
of the rat aortic rings with UA was found to reduce
vasodilatation in response to acetylcholine (Ach) [9],
while the endothelial NO production in vitro was

© 2015 Kurra et al; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.


mailto:ilkka.porsti@uta.fi
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/

Kurra et al. BMC Nephrology (2015) 16:35

reduced in hyperuricemic rats [10]. This suggests that
the detrimental effects of hyperuricemia may partly re-
sult from endothelial dysfunction.

There is an ongoing debate about the role of UA in
vascular disease. This arises from the ability of UA to re-
duce oxidative stress by preventing the superoxide rad-
ical from reacting with NO to generate peroxynitrite
[11]. Peroxynitrite can impair NO-mediated relaxation
by inhibiting a critical cofactor of the endothelial NO
synthase [12], while it also can modulate vascular tone
via smooth muscle [13]. In the aortas of apolipoprotein
E-deficient mice, the ability of UA to reduce peroxyni-
trite levels was associated with improved Ach-elicited re-
laxation [12]. This result is in agreement with our earlier
report that oxonic acid-induced hyperuricemia improved
NO-mediated relaxation of the carotid artery in experi-
mental CRI by alleviating oxidative stress [14].

In experimental CRI, reduced vasodilatation via
Ca**-activated K*-channels (BKc,), observed in isolated
mesenteric arterial branches, may precede the elevation
of blood pressure (BP) [15,16]. However, until now the
vascular effects of UA have only been studied in arteries
in which the endothelium-mediated dilatation is mainly
mediated via NO [12,14]. Here we examined the tone of
mesenteric arteries in vitro from the 5/6 nephrectomized
(NX) and Sham-operated rats allocated to 2.0% oxonic
acid diet for 9 weeks. Our findings suggest that oxonic
acid diet impaired relaxation via BKc, in arterial smooth
muscle, but did not significantly affect the endothelium-
dependent responses, resistance artery structure, or car-
diac load in experimental CRI.

Methods

Animals and experimental design

Male Sprague—Dawley rats (weight 335-341 g) were
housed in standard animal laboratory conditions with
free access to water and food pellets (Lactamin R34,
AnalyCen, Lindkoping, Sweden) containing 0.9% cal-
cium, 0.8% phosphorus, 0.27% sodium, 0.2% magnesium,
0.6% potassium, 1500 IU/kg vitamin D and 12550 kJ/kg
energy, 16.5% protein, 4.0% fat, 58% nitrogen-free ex-
tract, 3.5% fiber, 6.0% ash, and 10% water. At the age of
8 weeks (study week 0), the rats were anesthetized with
ketamine/diazepam (75 and 2.5 mg/kg, intraperitoneally,
respectively) and NX (n =22) was carried out by the re-
moval of upper and lower poles of the left kidney and
the whole right kidney. The sham-operation (n = 22) was
performed by kidney decapsulation as previously de-
scribed [15,17]. Antibiotics (metronidazole 60 mg/kg
and cefuroxim 225 mg/kg) and pain killers (buprenor-
phine 0.2 mg/kg subcutaneously) were given post-
operatively three times a day for the total duration of
three days. Three weeks after the surgery (study week 3,
i.e. preceding the treatments), the rats were divided into
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groups (Sham, Sham+Oxo, NX, NX+Oxo) so that sys-
tolic BPs, body weights and urine volumes were similar
in the two Sham and two NX groups. Oxonic acid (Oxo;
20 g/kg chow, Sigma-Aldrich Chemical Co, St Louis, MO,
USA) was then added in the chow of the Sham+Oxo and
NX+Oxo groups, whereas the Sham and NX groups con-
tinued on the normal chow. Hyperuricemia was con-
firmed by tail vein sampling at study week 5, and 24-hour
urine was collected in metabolic cages at the end of the
2nd and 11th study weeks [14]. Before and during the
treatment period systolic BP was measured at 28°C by the
tail-cuff method as the averages of five recordings in each
rat (Model 129 Blood Pressure Meter; IITC Inc., Wood-
land Hills, CA, USA). The animals were kept in plastic re-
strainers during the measurements. To increase the
reliability, before the actual measurements the rats were
preconditioned on two separate occasions.

After 9 weeks of diets, the rats were weighed and
anesthetized (urethane 1.3 g/kg) and blood samples from
carotid artery for plasma creatinine, urea and UA were
drawn in to chilled tubes with EDTA and heparin as an-
ticoagulants. Blood samples from 2 rats in the Sham
group were lost due to technical problems. Plasma cre-
atinine and urea were measured using standard clinical
chemical methods (Cobas Integra 800 Clinical Chemical
Analyzer, Roche Diagnostics, Basel, Switzerland). UA
was measured using an enzymatic colorimetric method
[18]. The hearts and the kidneys were removed and
weighed. The ventricles were snap frozen in liquid
nitrogen-cooled isopentane and stored at —70°C until the
extraction of the total RNA. The experimental design of
the study was approved by the Animal Experimentation
Committee of the University of Tampere, Finland, and the
Provincial Government of Western Finland Department
of Social Affairs and Health, Finland. The investigation
conforms to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996).

Functional responses and morphology of the mesenteric
arterial preparations in vitro

The experiments on isolated arteries were performed
from 10 randomly chosen rats in each group. Two suc-
cessive (3 mm in length) sections from the main branch
of superior mesenteric artery were excised beginning
3 mm distally from the mesenteric artery-aorta junction,
and small (1.9 mm in length) second order branches
were dissected from the mesenteric arterial bed under a
microscope (Nikon SMZ-2 T, Nikon Inc., Japan). The
endothelium was removed mechanically from the prox-
imal piece of the large artery and from one small arterial
ring by perfusing air through the lumen [15,17]. In the
distal piece of the main branch and in the other small
ring the endothelium was left intact. The large arterial
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rings were equilibrated in a resting preload of 4.905
mN/mm [16], while the small arterial preparations were
normalized so that the internal diameter of the vessel
was set at 90% of that obtained when exposed to intra-
luminal pressure of 100 mmHg in the relaxed state
[15,17]. In the large arteries, the force of contraction was
measured with isometric force-displacement transducer
and registered on a polygraph (FT 03 transducer, 7E
Polygraph; Grass Instrument Co., Quincy, MA, USA)
and in the small arteries the computerized Mulvany
multimyograph (Model 610A, J.P. Trading, Aarhus,
Denmark) was employed [16]. All arterial preparations
were kept in physiological salt solution (PSS, pH 7.4)
containing (mM): NaCl 119.0, NaHCO; 25.0, glucose
11.1, CaCl, 1.6, KCl 4.7, KH,PO, 1.2, MgSO, 1.2, and
aerated with 95% O, and 5% CO, at 37°C.

Contractions were cumulatively elicited in response to
norepinephrine (NE) and KCl in large and small arterial
rings. The main branch of the mesenteric artery was
chosen for the relaxation responses due to our extensive
previous experience with this model [19-22]. Vasodilata-
tion to Ach was investigated in endothelium-intact rings
after precontractions with 5 pM NE in the absence and
presence of the non-specific nitric oxide synthase (NOS)
inhibitor NC-nitro-L-arginine methyl ester (L-NAME,
0.1 mM). Responses to the NO donor sodium nitroprus-
side (NP) and BKc, opener NS-1619 were studied in
endothelium-denuded rings precontracted with KCI [23].
The efficiency of the removal of the endothelium was
confirmed by the lack of relaxation to Ach [22]. During
the experimental protocol, the rings were allowed a
30 min period at baseline tension in between each of the
concentration-response challenges.

Morphology of small arteries at 90 mmHg intraluminal
pressure was examined using a pressure myograph (Living
Systems Instrumentation, Inc., Burlington, VT, USA), as
previously reported [24]. The development of myogenic
tone was inhibited by Ca®*-free solution containing
30 mmol/L EDTA [25]. Small arteries were chosen for the
study of morphology due to their contribution to periph-
eral vascular resistance via remodeling [26].

Ventricular atrial and B-type natriuretic peptide, skeletal
a-actin and B-myosin heavy chain mRNAs (ANP, BNP,
SkaA and B-MHC, respectively)

Total RNA was isolated from the ventricles by the guan-
idine thiocyanate CsCl method, and 20-pg samples of
RNA were transferred to nylon membranes (Osmonics)
for Northern blot analysis as described previously
[27,28]. Full-length rat ANP cDNA probe (a gift from
Dr. Peter Davies, Queen’s University, Kingston, Canada),
and cDNA probes for rat BNP, SkaA, -MHC and 18S
were prepared as previously reported [27,28]. The cDNA
probes were labeled, the membranes were hybridized
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and washed, and exposed with PhosphorImager screens
(Amersham Biosciences), which were scanned with Mo-
lecular Imager FX Pro Plus and quantified using Quan-
tity One software (Bio-Rad) as previously described
[27,28]. The hybridization signals of specific mRNAs
were normalized to that of 18S RNA in each sample.

Data presentation and analysis of results

Contractile responses were expressed as maximal wall
tensions (mN/mm) and as a negative logarithm of the
agonist concentration producing 50% of maximal wall
tension (pD,). Relaxations were depicted as percentage of
pre-existing contraction. Statistical comparisons were car-
ried out using one-way and two-way analyses of variance
(ANOVA), and the Tukey test was used for post-hoc ana-
lyses (SPSS 17.0, SPSS Inc., Chicago, IL, USA). ANOVA for
repeated measurements was applied when data consisted of
repeated observations at successive observation points. The
results were expressed as mean+ SEM and P <0.05 de-
noted statistical significance. Unless otherwise indicated,
the P values refer to one-way ANOVA.

Drugs

The drugs used in the present study were: ketamine
(Parke-Davis Scandinavia AB, Solna, Sweden), cefur-
oxim, diazepam (Orion Pharma Ltd., Espoo, Finland),
metronidazole (B. Braun AG, Melsungen, Germany),
buprenorphine (Reckitt & Colman, Hull, England), acetyl-
choline chloride, norepinephrine bitartrate, L-NAME
hydrochloride, NS-1619 (Sigma-Aldrich Chemical Co,
St Louis, MO, USA), sodium nitroprusside (Fluka Chemie
AG, Buchs SG, Switzerland). Stock solutions of the com-
pounds used in the functional arterial experiments were
made by dissolving the compounds in distilled water. So-
lutions were freshly prepared before use and protected
from light.

Results

Blood pressure, body weight, and heart weight

Systolic BP did not differ in the study groups at the begin-
ning of the oxonic acid diet (Table 1). At the end of the
study, mean systolic BP was higher in the two NX groups
versus Sham groups (P =0.041, two-way ANOVA), and
concomitantly increased right and left ventricular weights
were also observed. Hyperuricemia did not influence BP
or ventricular weights, but was associated with lower final
body weight (P = 0.004, two-way ANOVA).

Laboratory findings

Plasma UA was 2.4-fold elevated in the Sham+Oxo and
3.6-fold elevated in the NX+Oxo rats when compared
with the corresponding controls (p =0.005 and p = 0.002,
respectively), while subtotal renal ablation did not signifi-
cantly influence plasma UA levels (Table 1). Plasma
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Table 1 Experimental group data (oxonic acid feeding period from week 3 to 12)

Sham Sham + Oxo NX NX + Oxo
Systolic blood pressure
Week 3 (before treatment) 119+4 120£5 128+5 1275
Week 12 13347 13545 141 + 6% 151+ 5%
Body weight (g)
Week 3 34146 337+8 335+8 331+7
Week 12 436+9 411 +12" 452411 412+ 30"
Heart weight (g/kg) at the end of study
Right ventricle 0.28+001 0.29+001 034+003" 033+003"
Left ventricle 1.71+0.06 1.86+0.06 223+011% 2414018
Removed kidney tissue (g/kg) 767 +017 750+0.08
Uric acid (pmol/l) 335+118 1216+ 224% 644+210 156.7 +20.2*"
Creatinine (umol/l) 401457 493+32 80.7 +32+ 818 +88*
Urea (mmol/l) 65+04 83+05 129+06% 143+22%

Values are mean + SEM; n =11, except for laboratory values in the Sham group n =9. *P < 0.05 compared with the Sham group, 'P < 0.05 compared with the NX
group using one-way ANOVA; *P < 0.05 NX groups compared with the Sham groups using two-way ANOVA; *P < 0.05 Sham+Oxo and NX+Oxo groups compared

with the Sham and NX groups using two-way ANOVA.

creatinine and urea levels were elevated approximately
two-fold in the NX groups and were not affected by
hyperuricemia.

Ventricular load, as evaluated using ANP, BNP, SkaA and
B-MHC mRNA levels

The synthesis of right and left ventricular ANP and BNP
mRNAs, and left ventricular SkaA and f-MHC mRNAs,
were clearly higher in the NX groups when compared
with the Sham groups (P<0.05 for all, two-way
ANOVA) (Figure 1). Oxonic acid feeding did not influ-
ence the mRNA levels of these genes.

Functional responses in the main branch of the
mesenteric artery

Contractile sensitivity to NE was slightly higher in the
NX groups when compared with the two Sham groups
(P <0.001, two-way ANOVA). However, the difference in
the contractions to NE did not curtail the results on va-
sorelaxation, as the relaxations were elicited after 5 uM
NE concentration that induced approximately 70-80% of
maximal response in all groups. Responses to KCl were
comparable between NX and Sham rats. The relaxation
induced by Ach in the main branch of the mesenteric ar-
tery was markedly impaired in the NX groups, while ex-
perimental hyperuricemia did not influence these
responses either in Sham or NX rats (P =0.208 NX ver-
sus NX+Oxo groups, ANOVA for repeated measure-
ments) (Figure 2A). Inhibition of NOS with L-NAME
equally reduced the relaxation to Ach in the Sham and
Sham+Oxo groups, while the response was almost abol-
ished in the NX and NX+Oxo groups (Figure 2B). As
displayed by the diminished relaxation to NP,

vasorelaxation via cGMP in arterial smooth muscle was
reduced in the NX groups when compared with the
Sham groups (P =0.008, two-way ANOVA for repeated
measurements), whereas oxonic acid feeding did not in-
fluence this response (Figure 2C). In contrast, vasorelax-
ation induced by the BKc, opener NS-1619 was
significantly reduced in NX+Oxo rats when compared
with all other groups (P =0.032, ANOVA for repeated
measurements) (Figure 2D).

Functional responses and morphology of the small
mesenteric artery

In the small arterial rings, maximal wall tension in re-
sponse to NE was higher in the NX rats than in Sham
rats (P =0.03, two-way ANOVA), while the sensitivity to
NE (pD,) was similar in all groups (Table 2). Responses
to KCl were comparable between NX and Sham rats also
in the small mesenteric artery. Isolated second order
mesenteric artery branches from NX rats exhibited hyper-
trophic remodeling: increased wall thickness, wall to
lumen ratio, and wall cross-sectional area without changes
in lumen diameter when compared with Sham rats. Ex-
perimental hyperuricemia did not significantly influence
the structure of small mesenteric artery (Figure 3).

Discussion

Oxonic acid-induced hyperuricemia has been widely
studied in recent years, but consensus on the putative
harmfulness of increased circulating UA concentration
still remains elusive. In this study we employed the 5/6
nephrectomy rat model of CRI to investigate the influ-
ence of experimental hyperuricemia on the tone and
morphology of the mesenteric artery. The NX rats showed
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several characteristic findings of moderate renal insuffi-
ciency [16,29], whereas experimental hyperuricemia did
not influence vasoconstrictor responses, renal function,
cardiac load, or small artery morphology. To our know-
ledge, the present study is the first to suggest that hyper-
uricemia may impair vasorelaxation via BKc,, indicating
alteration in smooth muscle hyperpolarization.

Oxonic acid feeding inhibits the oxidation of UA to its
metabolite, allantoin, resulting in hyperuricemia. In the
present study, oxonic acid diet elevated plasma UA 2.4
to 3.6-fold, which is in line with the 1.3 to 2.8-fold eleva-
tions observed in previous experimental studies [4-6].
The development of stage 2-3 renal insufficiency was
confirmed by the elevated levels of plasma creatinine and

urea, impaired endothelium-mediated vasodilatation,
hypertrophic remodeling of the resistance vessels, and
modest elevation of BP [15,29]. Increased right and left
ventricular weights, higher ANP and BNP mRNA content,
as well as increased left ventricular SkaA and B-MHC
mRNA content, indicated permanent volume and pres-
sure overload after subtotal renal ablation [15]. However,
hyperuricemia did not significantly influence any of the in-
dicators of cardiac load either in the Sham or NX rats.
Arterial contractions were examined here in order to
reveal differences in vasoconstrictor sensitivity that
would potentially interfere with the interpretation of the
relaxation experiments. No differences were found in re-
sponses elicited by membrane depolarisation with KCl
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(Table 2). In the main branch, NX rats exhibited slightly
higher sensitivity but no significant change in maximal
response to NE. However, in the small artery the NX
groups exhibited slightly higher maximal response with-
out changes in sensitivity to NE. Importantly, oxonic
acid feeding did not influence the vasoconstrictor re-
sponses either in the second order or main branches of
the mesenteric artery. Thus, changes in the vasodilator
responses induced by hyperuricemia were not explained
by alterations in vasoconstrictor responses.

Oxonic acid feeding did not induce changes in the
morphology of small mesenteric arteries, while hyper-
trophic arterial remodeling was clearly observed in the
NX rats [15]. Previously, oxonic acid diet was found to
activate renal RAS, as indicated by increased expression
of juxtaglomerular renin, and result in hypertrophic re-
modeling of the glomerular afferent arterioles [5-7,30].
Although local vascular RAS components were not ex-
amined here, the oxonic acid model of hyperuricemia is
characterized by elevated plasma levels of aldosterone

with subsequent sodium retention [8]. The present re-
sults suggest that despite possible activation of the circu-
lating RAS, high UA level does not influence the
morphology of small arteries and heart.

Vasorelaxation was investigated in the main branch of
the mesenteric artery, which functionally resembles the
second-order branches in the same arterial bed [15,16].
Unlike the rat aorta, where endothelium-dependent
vasodilatation is largely mediated via NO, the endothelium-
derived relaxation of the mesenteric artery is also mediated
by hyperpolarization of smooth muscle [15]. Relaxation to
Ach was impaired in NX rats, and the response was prac-
tically abolished in the presence of L-NAME in both NX
groups, indicating that it was mediated via NO. Inhibition
of NOS reduced the relaxation to Ach also in Sham rats,
but the vessels showed more pronounced relaxations in
the presence of L-NAME than those from NX rats
[15,16]. The L-NAME resistant vasorelaxation in the rat
mesenteric artery has been attributed to endothelium-
dependent hyperpolarization [15-17]. In Sham and NX
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Table 2 Parameters of contractile responses of isolated second order branches and the main branch of the mesenteric

artery

Sham Sham+Oxo NX NX+Oxo
Small artery
Norepinephrine
pD, (~log mol/l) 581+008 6.00£0.09 581+009 587x0.11
Maximal wall tension (mN/mm) 546+0.17 582+050 663 +054° 6.58+039°
KCl
pD, (—log mol/l) 141 £0.01 142+002 1.39+0.02 139+£0.03
Maximal wall tension (mN/mm) 559+043 593 £0.56 6.37 049 6.84+032
Main branch
Norepinephrine
pD, (~log mol/l) 6.26+0.14 597 +0.05 649+0.13" 6.64+0.11%
Maximal wall tension (mN/mm) 7304049 860 +0.49 9.14+ 063 964+ 1.52
KCl
pD, (~log mol/l) 151002 1.51+£003 1.51+£003 153+£0.03
Maximal wall tension (mN/mm) 6.79+0.85 701+094 7.53+067 802 +0.96

Values are mean + SEM, n =10 for all groups. pD; is the negative logarithm of the concentration of agonist producing 50% of the maximal response. P < 0.05 NX
groups compared with Sham groups using two-way ANOVA.
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rats hyperuricemia was without significant influence on
the response to Ach, indicating that endothelium-
dependent relaxation was not affected by oxonic acid
feeding. Vasorelaxation to the exogenous NO donor NP
was slightly impaired in the NX groups when compared
with the Sham groups, but hyperuricemia did not influ-
ence the sensitivity of arterial smooth muscle to relaxation
via cGMP.

The present study showed that the endothelium-
independent vasodilatation induced by the BKc, channel
opener NS-1619 was impaired in the NX+Oxo group.
Notably, this impairment was not observed in Sham+Oxo
rats. NS-1619 induces relaxation by triggering intracellular
Ca** sparks, which induce K*-efflux via BK¢, and lead to
subsequent hyperpolarization [31-33]. The finding of de-
creased vasorelaxation sensitivity via BKc, solely in the
hyperuricemic NX rats suggests that the effect was specif-
ically associated with the combination of uremic milieu
and increased plasma UA concentration.

Several mechanisms could result in alterations of BKc,
mediated vascular tone. The BK, channel, which consists
of a- and Pl-subunits, is the most prominent type of
calcium-activated K* channel in arterial smooth muscle
[13]. The Pl-subunit is responsible for tuning the
Ca2+—sensitivity [34]. Interaction between the a-subunit
and B1l-subunit enhances Caz*—sensitivity of BKc, chan-
nels, whereas the loss of the Bl-subunit decreases Ca%*
sensitivity [35]. In a recent study using diabetic mice [36],
BKc, expression in arterial myocytes was strongly influ-
enced by the calcineurin pathway, which inhibits the
expression of the regulatory f1-subunit.

Endogenous BKc, inhibitors may influence K*-channel
activity. Arachidonic acid metabolites, especially 20-
hydroxyeicosatetraenoic acid (20-HETE), can inhibit BKc,
[37]. 20-HETE reduces the open-state probability of the
channel [38]. Another endogenous inhibitor of BKc, is
hydrogen sulfide, which binds to the a-subunit and in-
creases the voltage needed for channel activation [39].
BKc, are also modulated by reactive oxidative species
(ROS), which can activate or inactivate BKc, [13]. Such
mechanisms are relevant, as elevated UA level following
2.0% oxonic acid feeding has increased total peroxyl
radical-trapping capacity and reduced oxidative stress
markers in the rat [14]. Hyperuricemia may increase
superoxide dismutase (SOD) activity [40], which catalyzes
the dismutation of superoxide (O3) into oxygen and
hydrogen peroxide (H,O,). UA itself is able to scavenge
BKc,-inhibiting radicals, and increase the production of
H,O, by preventing the H,O,-induced inactivation of
SOD [40]. H,O, can even induce vasodilatation directly
via BKc, activation [41], an effect known to be more pro-
nounced under conditions of reduced NO availability [13].
The latter is a characteristic feature of the uremic milieu
[42]. Taken together, a multitude of processes can
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influence vasorelaxation via BKc,, including changes in
channel protein gene expression and structure, changes in
cellular Ca* sparks, levels of ROS, and endogenous BKc,
inhibitors.

UA is produced from xanthine by the enzyme xantine
oxidase, which has been found to play an important role
in a variety of tissue and vascular injuries [43]. Although
therapeutic interventions with the aim to lower UA with
xanthine oxidase inhibitors may be beneficial in treating
the vascular disorders associated with renal disease, debate
is still ongoing whether the effect is related to lowering
UA levels per se, or to reduced xanthine oxidase activity.
The present protocol did not include the treatment of hy-
peruricemia, since the UA-lowering drugs allopurinol,
febuxostat and uricosuric agents have been well docu-
mented to prevent the pathophysiological changes in-
duced by the oxonic acid feeding [4-6,10,30,44-46].

Conclusions

We show here that 2.0% oxonic acid diet increased
plasma UA, but did not significantly influence BP, resist-
ance vessel structure, and cardiac load as evidenced by
the unaltered ventricular weights and mRNA levels of
natriuretic peptides, SkaA, and f-MHC. Hyperuricemia
did not influence endothelium-dependent NO-mediated
vasorelaxation, but oxonic acid feeding impaired vasore-
laxation elicited by the BKc, channel opener NS-1619 in
this model of CRI. Future studies are needed to define
the molecular mechanisms by which hyperuricemia can
influence BKc, function in experimental CRIL
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1 | INTRODUCTION

Hyperuricaemia is a common finding in chronic renal
insufficiency (CRI), mainly due to decreased renal uric
acid (UA) excretion caused by reduced glomerular

Uric acid has promoted renal fibrosis and inflammation in experimental studies,
but some studies have shown nephroprotective effects due to alleviated oxida-
tive stress. We studied the influence of experimental hyperuricaemia in surgi-
cally 5/6 nephrectomized rats. Three weeks after subtotal nephrectomy or sham
operation, the rats were allocated to control diet or 2.0% oxonic acid (uricase
inhibitor) diet for 9 weeks. Then blood, urine and tissue samples were taken,
and renal morphology and oxidative stress were examined. Inflammation and
fibrosis were evaluated using immunohistochemistry and real-time PCR
(RT-PCR). Remnant kidney rats ingesting normal or oxonic acid diet presented
with ~60% reduction of creatinine clearance and suppressed plasma renin activ-
ity. Oxonic acid diet increased plasma uric acid levels by >80 pmol/L. In
remnant kidney rats, moderate hyperuricaemia decreased glomerulosclerosis,
tubulointerstitial damage and kidney mast cell count, without influencing the
fibrosis marker collagen I messenger RNA (mRNA) content. In both sham-
operated and 5/6 nephrectomized rats, the mast cell product 11-epi-prostaglan-
din-F,, excretion to the urine and kidney tissue cyclooxygenase-2 (COX-2) levels
were decreased. To conclude, hyperuricaemic remnant kidney rats displayed
improved kidney morphology and reduced markers of oxidative stress and
inflammation. Thus, moderately elevated plasma uric acid had beneficial effects
on the kidney in this low-renin model of experimental renal insufficiency.

KEYWORDS
experimental renal insufficiency, hyperuricaemia, kidney morphology, oxonic acid

filtration and tubulointerstitial damage." Hyperuricae-
mia may be injurious to the kidneys and the cardiovas-
cular system, but whether hyperuricaemia is a culprit
or merely a marker of renal injury remains a matter of
debate.”
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Experimental and clinical studies have linked hyper-
uricaemia with enhanced cardiovascular complications
and progression of CRI. In animal models, oxonic acid
(Oxo)-induced hyperuricaemia has been associated with
stimulation of the renin-angiotensin system (RAS), endo-
thelial dysfunction, oxidative stress and salt-sensitive
hypertension.*® In patients with chronic kidney disease,
hyperuricaemia correlated with the severity of glomerulo-
sclerosis and interstitial fibrosis in renal biopsy.”* In
contrast, rats receiving intraperitoneal UA infusions pre-
sented with antihypertensive and nephroprotective
effects, probably due to the antioxidant effects of UA.*™**
A protective role for UA during acute ischaemic stroke
has also been reported.'* ">

In the absence of previous renal impairment, harmful
hyperuricaemia-associated morphological changes have
been reported in rat kidneys.>'*® A diet with 2% of the
uricase inhibitor Oxo was found to increase collagen
deposition, macrophage infiltration, juxtaglomerular
renin staining and media-lumen ratio of afferent arteri-
oles and induce glomerular hypertrophy in rat
kidneys.'®'® When Oxo was given daily by gastric gavage
to rats for 5 weeks, afferent arteriolopathy and signs of
increased intrarenal oxidative stress were observed.” In
experimental models of CRI, two reports associated
hyperuricaemia with harmful effects on the kidneys. In
rats subjected to surgical 5/6 nephrectomy (NX), 2% Oxo
diet for 6 weeks induced afferent arteriolopathy,
enhanced glomerulosclerosis and interstitial fibrosis and
increased cyclooxygenase-2 (COX-2) and renin expres-
sion in preglomerular vessels.® In the ligation type of 5/6
NX (removal of the right kidney and selective ligation of
two to three branches of left renal artery), which is a
high-renin model of CRI, daily administration of Oxo by
gastric gavage for 5 weeks induced renal cortical vasocon-
striction and afferent arteriole thickening."’

Previously, we found both harmful® and beneficial
effects’ in response to hyperuricaemia induced by 2.0%
Oxo feeding in rats subjected to surgical 5/6 NX, which is
a low-renin model of CRL.** Hyperuricaemia increased
circulating RAS activity and promoted urinary K™ loss,*
but also reduced oxidative stress in vivo as shown by
increased plasma antioxidant capacity and decreased uri-
nary 8-iso-prostaglandin-F,, excretion, and improved
nitric oxide (NO)-mediated vasorelaxation in the carotid
artery.” The influences of experimental hyperuricaemia
on the kidney and cardiovascular system may depend on
the model that was examined, which may partially
explain the discrepancies between various studies.”
These discrepancies may have been due to the differences
in modelling schemes between the studies.

In the present study, the hypothesis whether
moderate pharmacologically induced experimental

hyperuricaemia influences kidney structure was further
tested. We determined renal histology and markers of
inflammation and fibrosis in 5/6 NX and sham-operated
rats that ingested 2.0% Oxo diet for 9 weeks. Before allo-
cation to study groups, our protocol included a 3-week
recovery period after the NX surgery to reduce potential
selection bias caused by deviations in the degree of renal
insufficiency before the 2.0% Oxo diet. In the remnant
kidney model of CRI, experimental hyperuricaemia
improved kidney morphology, reduced oxidative stress
and decreased markers of inflammation.

2 | METHODS

2.1 | Animals and experimental design
Male Sprague-Dawley rats were housed in an animal lab-
oratory with free access to water and chow (Lactamin
R34, AnalyCen, Linkdping, Sweden) containing 0.9% cal-
cium, 0.8% phosphorus, 0.27% sodium, 0.2% magnesium,
0.6% potassium, 16.5% protein, 4.0% fat, 58% nitrogen-
free extract, 3.5% fibre, 6.0% ash, 10% water and
12 550-kJ/kg energy. At the age of 8 weeks (study week
0), the rats were anaesthetized with ketamine (Parke-
Davis Scandinavia AB, Solna, Sweden) plus diazepam
(Orion Pharma Ltd., Espoo, Finland) using intraperito-
neal doses 75 and 2.5 mg/kg, respectively, and NX
(n = 24) was carried out by the removal of upper and
lower poles of the left kidney and the whole right kidney.
The kidneys of the Sham rats (n = 24) were decapsulated.
Anaesthesia, antibiotics and treatment of postoperative
pain were as previously reported.*>**

Three weeks after the operations, rats were assigned
to four groups (n = 12 in each): Sham, Sham + Oxo, NX
and NX + Oxo. Group sizes were based on our previous
experience in this model.”*° To ensure corresponding
levels of blood pressure (BP) and renal function, the
groups were formed so that mean systolic BPs, 24-h
urine volumes and body weights in the Sham and
Sham + Oxo, and NX and NX 4 Oxo groups, respec-
tively, were similar. The 2.0% Oxo (Sigma-Aldrich Chem-
ical Co., St. Louis, MO, USA) diet was fed to
Sham + Oxo and NX + Oxo groups for 9 weeks, while
the Sham and NX groups continued normal diet. Systolic
BP was measured at 28°C by the tail-cuff method as the
averages of five recordings in each rat (Model 129 BP
Meter; IITC Inc., Woodland Hills, CA, USA). The 24-h
urine output was collected in metabolic cages at study
weeks 3 and 12, and urine samples were stored at —80°C
until analyses.

After 9 weeks of the Oxo diet, the rats were anaes-
thetized with urethane (1.3 g/kg), and blood samples
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from cannulated carotid artery were drawn into chilled
tubes with heparin or EDTA as anticoagulants. Unex-
pectedly, cardiac arrest occurred in three Sham group
rats, and therefore, no blood samples were obtained
from these animals. The kidneys were harvested, kid-
ney halves were frozen in isopentane at —40°C and
stored at —80°C. The other kidney halves were fixed
in 4% formaldehyde for 24 h and embedded in paraf-
fin. The study was approved by the Animal Experi-
mentation Committee of the University of Tampere
and the Provincial Government of Western Finland
Department of Social Affairs and Health, Finland
(decision LSLH-2003-9718/Ym-23), and conforms to the
Guiding Principles for Research Involving Animals.
The study was conducted in accordance with the
Basic & Clinical Pharmacology & Toxicology policy for
experimental and clinical studies.**

2.2 | Blood and plasma determinations
All blood and plasma samples were analysed in a blinded
fashion. Plasma creatinine was measured using a
standard clinical chemical method (Cobas Integra
800 Clinical Chemical Analyzer, Roche Diagnostics,
Basel, Switzerland). UA was measured using an enzy-
matic colorimetric method® and plasma renin activity
using a GammaCoat assay (DiaSorin SpA, Saluggia,
Italy). All other determinations were carried out as
described earlier.>**

2.3 | Kidney morphology and
immunohistochemistry

Five-micrometre-thick kidney sections were stained with
haematoxylin-eosin, periodic acid Schiff (PAS), toluidine
blue or immunohistochemistry and processed for light
microscopic evaluation. All kidney morphology analyses
were performed by an expert (J.My.) blinded to the
groups and treatments.

231 | Glomerulosclerosis (haematoxylin—
eosin and PAS stain)

One hundred glomeruli from each rat were examined at
a magnification of x400 and scored from 0 to 5°*
0 = normal; 1 = mesangial expansion or basement mem-
brane thickening; 2 = segmental sclerosis in <25% of the
tuft; 3 = segmental sclerosis in 25-50% of the tuft;
4 = diffuse sclerosis in >50% of the tuft; and 5 = diffuse
glomerulosclerosis, tuft obliteration and collapse. The

damage index for each rat was calculated as a mean of
the scores.

2.3.2 | Tubulointerstitial damage
(haematoxylin—-eosin and PAS stain)

Injury consisting of tubular atrophy, dilatation, casts,
interstitial inflammation and fibrosis was assessed in
10 kidney fields at a magnification of x100.*° Damage
scoring was performed from 0 to 4: 0= normal;
1 = lesions <25% of the area; 2 = lesions in 25-50% of
the area; 3 = lesions in >50% of the area; and 4 = lesions
covering the whole area.

2.3.3 | Arteriosclerosis index (PAS stain)
Small arteries were identified from kidney samples mag-
nified x400 and graded from 0 to 2: 0 = no hyaline thick-
ening; 1 = mild to moderate hyaline thickening in at
least one arteriole; and 2 = moderate or severe hyaline
thickening in more than one arteriole.”’

234 |
stain)

Kidney mast cells (toluidine blue

Mast cell abundance correlates with renal disease sever-
ity.”® Toluidine blue staining was applied for mast cell
identification and quantification. The number of the
purple-stained mast cells was counted at a magnification
of x400 and related to kidney tissue area.

2.3.5 | Immunohistochemistry COX-2 and
smooth muscle actin (SMA)

Increased COX-2 synthesis has been linked with tissue
damage in hyperuricaemia.® For the staining of COX-2,
a 1:200 dilution of monoclonal anti-COX-2 IgG anti-
body (RRID AB397602, clone 33, BD Biosciences, San
Diego, CA, USA) and, for SMA, a 1:200 dilution of
monoclonal anti-SMA IgG antibody (RRID AB2223500,
code M0851, Dako Denmark A/S, Glostrup, Denmark)
were used. Immunostaining was performed using the
Ventana BenchMark LT Automated IHC Stainer
(Ventana Medical Systems, AZ, USA) with the ultra-
View Universal DAB detection kit (catalogue
no. 760-500, Ventana Medical Systems) as previously
described.”” The immunohistochemistry staining in kid-
ney tissue was analysed by V.K. and A.E. blinded to
the study groups and treatments. Tubulointerstitial
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COX-2 staining was scored 0 to 3: 0 = no cells stained;
1 =faint immunoreactivity; 2 = moderate positive
staining; and 3 = strong positive staining. Cell positivity
(percentage of positive cells) was defined: 0 = no cells
stained; 1 =1-25% positive cells; 2 = 26-75% positive
cells; and 3 = >75% positive cells. The results of both
analyses were combined for the final score. In the glo-
meruli, the numbers of COX-2-positive cells were
counted and related to tissue area. Staining of SMA was
evaluated in an attempt to identify afferent arterioles
from the efferent arterioles."”

2.4 | Kidney haem oxygenase-1 (HO-1)
and collagen I messenger RNA (mRNA)
with quantitative real-time PCR (RT-PCR)

Total RNA was isolated from rat kidney tissue using TRI-
zol reagent (Invitrogen, Carlsbad, CA, USA), and reverse
transcription of RNA was performed using M-MLV
reverse transcriptase (Invitrogen). The expressions of
collagen I, oxidative stress indicator HO-1°°"** and
housekeeping control 18S mRNAs were studied by quan-
titative RT-PCR using ABI PRISM 7000 sequence detec-
tion system (Applied Biosystems, Foster City, CA, USA).
The following primer sequences were used for collagen I
and HO-1: collagen I: forward 5-TGCAAGAACAGCG-
TAGCCTACAT-3’ and reverse 5-AGCGTGCTGTA
GGTGAATCGA-3' (product size 125bp, accession
number NM_053304.1); HO-1: forward 5-CACAAAGAC-
CAGAGTCCCTCACAG-3' and reverse 5-AAATTCC-
CACTGCCACGGT-3' (product size 187 bp, accession
number NM_012580.2). PCR reactions for collagen I and
HO-1 were performed in duplicate in a 25-pl final volume
containing 1x SYBR Green Master Mix (Applied Biosys-
tems) and 300 nM of primers. PCR reactions for 18S were
performed in duplicate in a 25-pl final volume containing
1x TagMan Master Mix (Applied Biosystems) and 1x
18S TagMan Gene Expression Assay primer and probe
mix (RRID Hs999999_s1, Applied Biosystems). PCR
cycling conditions were 10 min at 95°C and 40 cycles of
20 s at 95°C and 1 min at 60°C. Data were analysed using
the absolute standard curve method. 18S was used for
normalizing the results as the unnormalized expression
of 18S mRNA did not differ between the experimental
groups (data not shown).

2.5 | Urine 11-epi-prostaglandin-F,,

The concentration of 11-epi-prostaglandin-F,,, a mast
cell-derived metabolite of prostaglandin D, (PGD2),**>**
was determined from urine collected in metabolic cages

after selective solid-phase extraction by radioimmunoas-
say as previously described.*

2.6 |
results

Data presentation and analysis of

For normally distributed variables, statistical analyses
were carried out using one-way and two-way analyses of
variance (ANOVAs), as appropriate. For variables with
skewed distribution, the Kruskal-Wallis test was applied,
with the Mann-Whitney U test in the post hoc analyses.
Spearman’s two-tailed correlation coefficients (rs) were
calculated. Differences between the groups were consid-
ered significant when P < 0.05, and the Bonferroni cor-
rection was applied in the post hoc analyses. The results
were expressed as means and standard errors of the mean
(S.E.M.s), or as medians, 25th-75th percentiles and
ranges. Unless otherwise indicated, the P values in the
text refer to one-way ANOVA. The statistics were per-
formed using IBM SPSS version 26.0 (Armonk, NY,
USA).

3 | RESULTS

3.1 | Animal data

In the beginning of the 2% Oxo diet (study week 3), body
weights and systolic BPs were similar in the study groups
(Table 1). At study week 12, however, body weights were
lower in the NX + Oxo group versus NX rats, and two-
way ANOVA analysis showed a significant lowering
effect of 2% Oxo feeding on body weight (P = 0.004). Dur-
ing the follow-up, the two NX rat groups displayed a
modest elevation of BP when compared with the two
Sham groups (two-way ANOVA P = 0.041), while Oxo
diet had no statistically significant influence on
BP. Urine outputs were similarly higher in both NX
groups at study weeks 3 and 12 than in the Sham groups.
The surgically removed renal tissue weight was similar in
both NX groups. The body weight-adjusted total kidney
tissue weight was lower in the NX groups than in the
Sham groups, but the remnant left kidney weight in the
NX rats was higher than the left kidney weight in the
Sham rats (Table 1).

3.2 | Laboratory determinations

The 2% Oxo diet elevated plasma UA levels ~2.5 to 3
times in the NX and Sham rats, respectively (Table 1).
Plasma creatinine was elevated by 35-42 pmol/L, and

25U80 7 SUOLLWOD BA1IEBID 3[R0 [dde By Ag PoLRACS a2 SAILE YO 88N J0'SBINI 0 AIRIGIT BUIIUO 3|1 UO (SUONIPUOD-PUE-SWB) L0 B |1 ARe.c)1[BUIUO//STY) SUONIPUOD PUE SUWLB | a1 95 *[Z20Z/0T/0€] Lo AeIqiT8u1IuO AB]IA ‘P11 SUOTIERIaNd EQIPR I WIsapond AQ 908ET 1d0G/TTTT 0T/10p/L0 B | AReiq jBUIUO//STy WOy popeojumod ‘0 ‘§v8.2Z.T



KURRA ET AL.

Basic & Clinical I Pharmacology &Toxicology

TABLE 1 Experimental group data and laboratory findings at study weeks 3 and 12

Sham
(n=9-12)
Body weight (g)
Week 3 339+ 6
Week 12 433 + 8
Systolic blood pressure (mmHg)
Week 3 120 + 4
Week 12 134 £ 7
Urine volume (ml/24 h)
Week 3 13.5+ 0.6
Week 12 252 +1.7
Renal tissue removal during 5/6 NX
Right kidney (g) n.a
Left kidney parts (g) n.a
Total kidney tissue (g/kg) n.a
Final renal tissue weight (g)
To body weight (g/kg) 6.41 £+ 0.18
Right kidney (g) 1.30 £ 0.05
Left kidney (g) 1.37 + 0.04
Laboratory determinations at week 12
Uric acid (pmol/L) 36 + 11
Creatinine (pmol/L) 40 £ 5
Creatinine clearance (ml/min) 29+ 04
Renin activity (ng/ml/h) 27.3 (22.8-30.9)
Phosphate (mmol/L) 14 +0.1
Calcium (mmol/L) 2.42 + 0.02
Sodium (mmol/L) 136.5 + 0.5
Potassium (mmol/L) 4.1+ 0.1
Kidney tissue collagen I mRNA copies 8.0+ 0.8

(x 10*/ng total RNA)

Note: Values are mean + S.E.M. or median (25th-75th percentile).

Sham + Oxo NX NX + Oxo
(n=12) (n =11-12) (n=12)
338+ 7 333+ 8 33247
412 + 117 448 + 10 411 + 8™
121 £+ 5 127 £+ 5 125+ 5
136 £ 5 142 + 6 152 + 4%
13.8 + 1.1 31.8 + 1.8* 31.8 + 2.6*
258+ 1.8 53.3 + 3.8% 49.3 + 3.9*
na 1.53 + 0.05 1.55 + 0.04
na 0.64 + 0.02 0.61 + 0.02
na 7.67 £ 0.17 7.50 + 0.089
5.95 + 0.08 5.24 + 0.26* 4.97 + 0.27*
1.22 +0.03 Removed Removed
1.23 + 0.03 2.34 +0.12* 2.06 + 0.12*
117 + 21* 63 + 19 152 £ 19%F
49 + 3 82 + 3* 83 + 8*
2.0 + 0.2% 1.2 4+ 0.1* 1.2 + 0.1%
31.2 (27.8-41.4) 2.0 (0.3-3.1)* 5.0 (2.7-9.9)*
1.5+ 0.1 1.9 + 0.2* 1.9 + 0.2*
2.36 £ 0.02 242 + 0.04 242 +0.02
137.3 + 0.6 136.7 + 0.9 137.0 + 0.5
3.8 +0.1 43+ 0.2 44+ 0.2
6.6 +0.7 11.0 & 1.9* 10.3 & 1.9*

Abbreviations: n.a., not applicable; NX, 5/6 nephrectomized rat; Oxo, 2.0% oxonic acid diet; Sham, sham-operated rat.

*P < 0.05 compared with the Sham group.
P < 0.05 compared with the NX group.

#P < 0.05 oxonic acid-treated groups versus untreated groups (two-way ANOVA).

P < 0.05 NX groups compared with the Sham groups (two-way ANOVA).

creatinine clearance decreased by ~60% in the NX rats
(corresponding to G3b class of decreased glomerular fil-
tration, i.e. moderately to severely decreased renal func-
tion®>), while hyperuricaemia reduced creatinine
clearance by ~30% in the Sham rats. Plasma creatinine
concentrations in the rats correlated significantly with
urine volumes (rg = 0.689, P < 0.001). Suppressed plasma
renin activity and moderate phosphate retention were
observed in both NX groups, whereas the plasma
concentrations of calcium, sodium and potassium were

corresponding in all groups (Table 1). The 24-h urinary
protein excretion was clearly increased in both NX
groups (Figure 1A).

3.3 | Renal histology
The indices of arteriosclerosis (Figure 1B), glomerulo-

sclerosis (Figure 1C) and tubulointerstitial damage
(Figure 1D) were increased in the NX group, while all
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FIGURE 1
during study week 12 (A), kidney

Urinary protein excretion

arteriosclerosis index (B), glomerulosclerosis
index (C), tubulointerstitial damage index (D),
correlation between urinary protein excretion
and glomerulosclerosis score (E) and
representative photomicrograph of smooth
muscle actin (SMA) staining of the glomerular
arterioles (F) in the study groups (n = 11-12 in
each group). NX, 5/6 nephrectomized rat; Oxo,
2.0% oxonic acid diet; Sham, sham-operated rat.
Values are median (thick line), 25th-75th

T percentile (box) and range (whiskers), and

outliers are depicted as small circles. *P < 0.05

versus Sham. P < 0.05 versus NX
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these indices of renal damage were alleviated in the
NX + Oxo group when compared with the NX group.
The glomerulosclerosis score also significantly correlated
with the 24-h urinary protein excretion (Figure 1E).
Staining of SMA was evaluated in an attempt to
identify afferent arterioles, as afferent arteriolopathy has

+0xo

been previously reported in a setting where rats were
put on 2% Oxo diet immediately after surgical 5/6 NX
operation and followed for 6 weeks.®!” We observed a
clear SMA staining of the arteries that were adjacent to
the glomeruli (Figure 1F). However, we could not reli-
ably differentiate the afferent arterioles from the efferent
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arterioles with the present techniques. Therefore, further
analysis of the preglomerular arterioles was not
performed.

3.4 | Markers of inflammation, oxidative
stress and collagen I in the kidney

Already 3 weeks after the NX operation when the 2%
Oxo diet commenced (study week 3), the 24-h excretion
of 11-epi-prostaglandin-F,, to the urine was ~1.6 times
higher in the NX groups than in the Sham groups
(Figure 2A). At study week 12, the 24-h urinary 11-epi-
prostaglandin-F,, excretion was 2.3 times higher in the
NX group than in the Sham group, whereas the excretion
was reduced by more than 70% in both groups ingesting
the 2% Oxo diet (Figure 2B).

Kidney tissue HO-1 mRNA content was higher in
both NX groups than in the Sham groups (Figure 2C).
The number of mast cells in the kidney tissue was ele-
vated after subtotal NX, while the mast number was

Basic & Clinical I Pharmacology &Toxicology

significantly lower after the Oxo diet in the remnant kid-
ney rats (Figure 2D). A significant direct correlation
between the kidney mast cell count and 24-h urinary
11-epi-prostaglandin-F,, excretion (rg = 0.415,
P = 0.003) was also observed.

A clear staining of both glomerular and tubulointer-
stitial COX-2 was observed in the kidney sections
(Figure 3A,B). Tubulointerstitial COX-2 score was lower
in the Sham + Oxo group than in the Sham group, and
in the NX+ Oxo group than in the NX group
(Figure 3C). The COX-2 staining was abundant in tubuli
with thick epithelium corresponding to the ascending
limb of the loop of Henle.*® In the glomeruli, the number
of COX-2-positive cells was lower in the Sham + Oxo
group than in the Sham group, while lowest COX-
2-positive cell numbers were observed in the glomeruli of
the NX groups (Figure 3D). The present surgical remnant
kidney model was associated with increased kidney
tissue collagen I mRNA expression (two-way ANOVA
P =0.022), but collagen I mRNA expression was not
influenced by the Oxo diet (Table 1).
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FIGURE 3 Representative
photomicrographs of the immunohistochemical
staining of glomerular (A) and tubulointerstitial
(B) cyclooxygenase-2 (COX-2), tubulointerstitial
COX-2 score (C) and number of COX-2-positive
cells in the glomeruli (D) in the study groups
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4 | DISCUSSION

Here, we examined the effects of 2% Oxo diet-induced
hyperuricaemia on kidney morphology, inflammation
and markers of oxidative stress in a low-renin model of
experimental CRI. Previously, we found that 2% Oxo diet
elevated plasma renin and aldosterone, but in parallel
improved NO-mediated vasorelaxation in the carotid
artery, and reduced oxidative stress in vivo in remnant
kidney rats.”*® The current results showed that moder-
ately elevated plasma UA level was associated with
favourable changes in kidney histology and reduced
markers of inflammation in NX rats.

During 2% Oxo feeding, a moderate rise in circulating
UA levels is achieved due to inhibition of the hepatic
enzyme uricase that metabolizes UA to its final end-
product allantoin.’® Subsequently, plasma UA levels are
elevated to concentrations that are closer to those
observed in humans. The present 2.5-3 times elevations
of UA levels induced by the Oxo diet well correspond to
previous findings.*'®'”'® Pharmacological lowering of
serum UA levels was not included in the present proto-
col, as several studies have shown that the xanthine

Sham Sham NX NX

+Oxo

oxidase (XO) inhibitors allopurinol and febuxostat effec-
tively prevent the effects of Oxo diet in rats.>'*'”'* Nota-
bly, the therapeutic effects of XO inhibitors have not
been solely related to reduced UA concentrations but also
to the anti-oxidative and anti-inflammatory properties of
these compounds.”” The 5/6 NX model has also been
characterized by reduced tissue XO activity and a com-
pensatory increase in intestinal UA excretion.”® These
mechanisms may explain why plasma UA was not signif-
icantly higher in the NX rats on the normal diet than in
Sham rats on the normal diet.

To reduce the risk of selection bias in the current
study, the rats were allocated to groups 3 weeks after the
operations. The groups were constructed so that BPs,
24-h urine volumes and body weights were similar in the
NX and NX+ Oxo groups and in the Sham and
Sham + Oxo groups, respectively. The 5/6 NX rat model
is characterized by immediate and long-term increases in
urine volumes,**** probably resulting from high filtration
load in the remaining glomeruli and concentrating defect
in the remaining nephrons, while the reduction in frac-
tional proximal fluid reabsorption is clearest in the early
phase after the renal insult.** Of note, in the study by
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Kang et al., the division to groups (n =4-5 rats per
group) was done immediately after the 5/6 NX operation
and was based solely on the amount of the removed kid-
ney tissue.® The present renal insufficiency 12 weeks
after the NX operation was documented by elevated
plasma creatinine, reduced creatinine clearance,
hyperphosphataemia and increased urinary protein
excretion,'® while urine volumes were also found to cor-
relate well with the degree of renal insufficiency. The his-
tology showed increased indices of arteriosclerosis,
glomerulosclerosis and tubulointerstitial damage in the
NX group. The reliability of the histological findings is
supported by the good correlation between the glomeru-
losclerosis score and 24-h urinary protein excretion. Sur-
gical subtotal NX results in marked glomerular
hypertrophy so that the size of the glomeruli is increased
almost three times when compared with sham-operated
controls.*® The hypertrophy of the remnant kidney can
be attributed to compensatory tissue growth in an
attempt to compensate for the reduced renal func-
tion.*®*° The NX rats presented with low plasma renin
activity probably due to the associated volume load, cor-
responding to previous findings in rats subjected to surgi-
cal renal ablation.”® Systolic BP was only modestly
elevated 12 weeks after renal ablation, as more marked
hypertension develops only later in the course impaired
renal function in this surgical low-renin model.*"**
Previously, the harmful effects of high UA concentra-
tions in renal tissue have been attributed to the deposi-
tion of non-soluble monosodium urate crystals in renal
tubules (gouty nephropathy).** Intracellularly, UA may
also mediate biological effects that may play a role in the
development of subclinical “non-gouty” types of renal
and cardiovascular disease.*> Excess generation of reac-
tive oxygen species (ROS) has been suggested to play a
central role in the UA-induced renal disease.” The inter-
action between UA and ROS is complex, as the synthesis
of UA from its purine and pyrimidine nucleotide precur-
sors is catalysed by two xanthine oxidoreductase
enzymes: xanthine dehydrogenase and XO. In ischaemic
states such as CRI, the latter is the predominant catalyser
creating ROS, mainly superoxide anion, as a by-product
in the UA synthesis. In cell cultures, UA can inhibit renal
production of NO synthase, a catalysing enzyme in NO
generation.'® The reaction between ROS and NO may
result in renal NO depletion and afferent artery vasocon-
striction, which is an essential step in renal fibrosis.'” On
the other hand, the antioxidant properties of UA are
widely accepted. By scavenging superoxide anions, UA
can prevent it from reacting with NO and thus inhibit the
formation of the toxic peroxynitrite.'®** Also, the reac-
tion of UA with peroxynitrite yields a nitrated UA deri-
vate, which has vasodilatory effects.*> Finally, UA can
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counter oxidant-induced renal injury by preventing the
inactivation of extracellular superoxide dismutase, an
enzyme that provides tissue protection by catalysing the
dismutation of superoxide radical into oxygen and hydro-
gen peroxide.***’

We found that the number of mast cells was elevated
in remnant kidneys, while mast cell quantity was
reduced after the Oxo diet. Kidney mast cell density is
known to correlate with the severity of renal disease.”®
Various aetiologies, such as several forms of nephropa-
thies and renovascular ischaemia that cause glomerular
damage and interstitial fibrosis, are associated with mast
cell abundance in the kidney.”® Mast cells can aggravate
tissue damage and fibrosis by recruiting leucocytes, profi-
brogenic cytokines, proteases and growth factors and also
by directly stimulating collagen synthesis.*® In an experi-
mental rat model, a close association between mast cell
density and oxidative stress in the kidney, as indicated by
superoxide anion generation, was previously reported.*®
We also assessed mast cell activity by measuring the
quantity of mast cell-derived PGD, metabolite, 11-epi-
prostaglandin-F,,, in the urine.**** Due to the long half-
life and stability, 11-epi-prostaglandin-F,, is a convenient
way to evaluate mast cell activity in vivo.>**** The pre-
sent findings of kidney mast cell density and urinary 24-h
11-epi-prostaglandin-F,, excretion were congruent, and a
direct correlation between these variables was observed.
Possible explanations to the reduced mast cell infiltration
and activity in the renal tissue of hyperuricaemic NX rats
are decreased amounts of ROS and increased NO
bioavailability,” as both of these factors can reduce tissue
inflammation and inhibit mast cell degranulation.*®*°

Whether the actions of UA are detrimental or benefi-
cial may depend on the distribution of UA between the
intracellular and extracellular compartments.*® Extracel-
lularly, the antioxidant properties predominate, whereas
intracellularly, UA may be a pro-oxidant.*> For instance,
the free radical scavenging capability of plasma UA
appears to have favourable effects on kidney tissue in
CRI>! In contrast, the blockade of UA entry into the renal
tubular cells by the organic anion transporter inhibitor
probenecid prevented epithelial-to-mesenchymal transi-
tion, an event contributing to progressive tubular fibro-
sis.”> We found that kidney tissue HO-1 mRNA content
was higher in both NX groups than in the Sham groups
but did not differ between the Sham and Sham + Oxo
groups, or between the NX and NX + Oxo groups. These
findings support the view that the present Oxo diet did
not cause oxidative stress even at the cellular level in vivo.
Tissue HO-1 content serves as an index of oxidant stress
in humans and in animal models of renal disease.’* > By
converting cell toxic haem to biliverdin in a reaction that
liberates carbon monoxide (CO) and iron, HO-1
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counteracts the oxidant burden. Inactivation of haem by
HO-1 prevents it from inducing lipid peroxidation, and
ROS and hydrogen peroxide generation in tubular epithe-
lial cells, while the reaction by-products biliverdin and
CO in low concentrations possess antioxidant and vasodi-
latory effects.>® In CRI, biliverdin and CO can even help
to preserve normal glomerular filtration rate and sodium
handling by suppressing tubule-glomerular feedback and
afferent arteriolar vasoconstriction.>"

In the mammalian kidneys, COX-2 has been mainly
localized to the macula densa, cortical thick ascending
limb and medullary interstitial cells.*® Increased juxtaglo-
merular renin and preglomerular arterial COX-2 produc-
tion have been suggested to contribute to smooth muscle
cell proliferation and renal arteriolar obliteration in
experimental hyperuricaemia.® However, in the present
study, the number of glomerular COX-2-positive cells
was reduced by 2% Oxo feeding in the Sham rats and was
equally further reduced in both NX groups. The explana-
tion for the reduced number of glomerular COX-
2-positive cells in both NX groups remains unknown, but
may be related to the glomerular hypertrophy and hyper-
filtration caused by surgical subtotal NX.?*** We found
that experimental hyperuricaemia suppressed tubuloin-
terstitial COX-2 protein staining. These findings suggest
reduced COX-2-derived inflammatory influences in the
kidneys after the 2% Oxo diet. Lower kidney tissue COX-2
content is in line with the beneficial effects of experimen-
tal hyperuricaemia on renal histology in the NX rats. Of
note, in addition to mast cells, 11-epi-prostaglandin-F,,
can also originate from prostanoids synthetized via
COX-2. Therefore, reduced 11-epi-prostaglandin-F,,
excretion may also reflect reduced total COX-2 content in
the kidneys of the hyperuricaemic rats.>*

Immunohistochemical staining of SMA was done in
order to examine the renal preglomerular arterioles, as
thickening of the afferent arterioles has been suggested to
trigger UA-induced renal fibrosis."” The renal arterioles
were identified adjacent to glomeruli, but we were unable
to reliably differentiate the afferent from the efferent
arterioles. Therefore, the present results are inconclusive
with respect to preglomerular small artery structure.
Increased interstitial collagen deposition has been sug-
gested to mediate UA-mediated renal fibrosis.'® In the
present study, collagen I mRNA expression was elevated
in CRI but was not influenced by moderate hyperuricae-
mia. Although several previous studies have shown that
the effects of Oxo feeding are prevented by pharmacologi-
cal lowering of UA,>'*'7! the possibility remains that
some of the present effects were caused by Oxo itself and
not by UA.

The causal role of UA in the progression of renal dis-
ease has been questioned by Mendelian randomization

studies.’>”® A comprehensive review concluded that the
causal association of UA with a range of health outcomes
is evident only in gout and nephrolithiasis.”’ In haemodia-
lysis patients, lower UA levels were independently associ-
ated with higher all-cause and cardiovascular mortality,*®
while in patients with end-stage renal disease not receiv-
ing dialysis or receiving peritoneal dialysis, higher serum
UA was associated with higher mortality.>® There is also
evidence that patients genetically predisposed to hypouri-
caemia present with an elevated risk of renal disease.”
The optimal range of circulating UA levels in various
health conditions warrants further research.

5 | CONCLUSIONS

Consistent with previous reports, the surgical remnant
kidney low-renin model of CRI was characterized by
renal scarring and increased proteinuria. These patholog-
ical alterations were related to increased renal inflamma-
tion, fibrosis and oxidative stress, as indicated by
increased mast cell infiltration and activation, elevated
collagen I mRNA and elevated HO-1 mRNA in the kid-
neys of the NX rats. Nine weeks of 2% Oxo diet increased
plasma UA concentrations and improved renal histology
with a parallel reduction in local and urinary markers of
inflammation in the remnant kidney rats. These findings
indicate that elevated UA levels, which increase the anti-
oxidant capacity in plasma,” do not always cause histo-
logical and functional impairment of the kidneys.
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stiffness but not to other hemodynamic
variables: a study in 606 normotensive
and never-medicated hypertensive subjects
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Abstract

Background: Elevated level of plasma uric acid (PUA) has been associated with cardiovascular disease, but whether
uric acid is an independent risk factor or merely a marker remains controversial.

Methods: We investigated in a cross-sectional setting the association of PUA with hemodynamics in 606 normo-
tensive and never-medicated hypertensive subjects (295 men, 311 women, age range 19-73years) without cardio-
vascular disease or gout. In all except 15 individuals, PUA was within the normal range. Supine hemodynamics were
recorded using whole-body impedance cardiography and radial tonometric pulse wave analysis.

Results: The mean concentrations of PUA in age, sex and body mass index adjusted quartiles were 234,278,314,

and 373 umol/l, respectively. The highest PUA quartile presented with higher aortic to popliteal pulse wave velocity
(PWV) than the lowest quartile (8.7 vs. 8.2m/s, p=0.026) in analyses additionally adjusted for plasma concentrations
of C-reactive protein, low density lipoprotein cholesterol, triglycerides, and mean aortic blood pressure. No differences
in radial and aortic blood pressure, wave reflections, heart rate, cardiac output, and systemic vascular resistance were
observed between the quartiles. In linear regression analysis, PUA was an independent explanatory factor for PWV
(3=0.168, p<0.001, R? of the model 0.591), but not for systolic or diastolic blood pressure. When the regression analy-
sis was performed separately for men and women, PUA was an independent predictor of PWV in both sexes.

Conclusions: PUA concentration was independently and directly associated with large arterial stiffness in individuals
without cardiovascular disease and PUA levels predominantly within the normal range. Trial registration ClinicalTrials.
gov NCT01742702.

Keywords: Arterial stiffness, Hemodynamics, Impedance cardiography, Pulse wave analysis, Uric acid

Background

Cardiovascular disease (CVD) is the leading cause of

death worldwide [1]. The World Health Organization

estimates that 17.9 million people died from CVDs in
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An umbrella review analyzing systematic reviews,
meta-analyses, and Mendelian randomization studies
was recently conducted to investigate uric acid’s role
in various health outcomes [3]. The outcome was that
convincing evidence of a clear role for uric acid existed
only regarding nephrolithiasis and gout, whilst sugges-
tive evidence was observed with heart failure, hyper-
tension, impaired fasting glucose or diabetes, chronic
kidney disease, and coronary heart disease [3].

One possible link between uric acid and CVD is
through arterial stiffness. Decreased large arterial
compliance is an acknowledged prognostic marker
for CVDs [5, 6]. The recording of pulse wave velocity
(PWV) is regarded as the gold standard in the evalu-
ation of large arterial stiffness [7]. In 1225 never-
treated hypertensive patients plasma uric acid (PUA)
levels were directly and independently associated with
carotid-femoral PWYV, but negatively associated with
augmentation index (Alx), a variable of wave reflec-
tions [8]. In the Baltimore Longitudinal Study of Aging,
higher serum uric acid was associated with greater
increase in PWV in men but not in women during
6years of follow-up [9]. However, this association was
lost when men with PUA > 370 pmol/l were excluded,
suggesting a threshold for uric acid association with
arterial stiffness [9]. A report from the Framingham
heart study suggested that every 60 pmol/l increase in
uric acid resulted in a 0.04m/s (p=0.016) increase in
carotid-to-femoral PWV when hypertensive subjects
were excluded [10]. A recent cross-sectional study
found that PWV was higher in medicated hyperten-
sive subjects with hyperuricemia than in hypertensive
subjects without hyperuricemia [11]. Also a meta-anal-
ysis containing information from 24 publications sup-
ported the view that serum uric acid is related to higher
carotid-femoral PWV in the general population [4].
However, the matter remains controversial, as serum
uric acid was not, but uric acid-to-creatinine ratio in
the urine was related to the risk of having higher PWV
in 2296 Chinese subjects with a mean age of 43 years
[12].

Previously the plasma concentration of uric acid has
been related with the level of blood pressure [13], arte-
rial stiffness [4, 9, 11, 14], wave reflections [8, 15], and
markers of endothelial injury [16]. In this cross-sec-
tional study our objective was to examine the associa-
tion of uric acid with several functional hemodynamic
variables in a generally healthy population with uric
acid concentrations predominantly within the normal
range. The present results suggest an independent rela-
tion between uric acid and large arterial stiffness, but
no association between uric acid and blood pressure
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(BP), cardiac output, systemic vascular resistance, or
wave reflection.

Methods

Study subjects

The recruitment of the study subjects has been previ-
ously described [17-19]. All subjects were examined by a
physician, office BP was measured, and laboratory analy-
ses were taken as previously described [20]. Laboratory
samples were taken 12 (10, 13) days, and medical exami-
nation performed 8 (4, 13) days [mean (95% confidence
internal, CI)] before the hemodynamic measurements.
Medical history, lifestyle behavior and family history were
documented. Alcohol use was evaluated as consumption
of standard drinks (~12g of absolute alcohol) per week
and categorized to low, moderate, high according to the
prevailing Finnish guidelines [21]. Smoking amount was
estimated in pack-years. All subjects with BP lowering
or uric acid level altering medications were excluded. The
other exclusion criteria were history of coronary artery
disease, stroke, cardiac insufficiency, valvular heart dis-
ease, chronic kidney disease, secondary hypertension,
alcohol or substance abuse, psychiatric illness other than
mild to moderate depression or anxiety, heart rhythm
other than sinus rhythm, and ongoing pregnancy. Alto-
gether 606 subjects, aged 20—72 years, participated in the
study. The study was registered in two international data-
bases of clinical studies (Eudra-CT registration number
2006-002065-39, ClinicalTrials.gov NCT01742702).

The following stable medications were used by the
participants: female hormones for contraception or hor-
mone replacement therapy (n=63), antidepressants (40),
vitamin D supplements (39), hormone-releasing intrau-
terine devices (24), thyroxin (21), inhaled glucocorticoids
(17), antihistamines (16), statins (14), proton pump inhib-
itors (13), calcium supplementation (10), antirheumat-
ics (6), low dose acetylsalicylic acid (6), anxiolytics (6),
inhaled B,-mimetics (4), non-steroidal anti-inflammatory
drugs (3), coxibs (3), pregabalin or gabapentin (3), antie-
pileptics (2), varenicline (2), warfarin (2), isotretinoin (1),
ezetimibe (1), and tramadol (1).

Laboratory analyses

Blood and urine samples were taken after about 12h of
fasting. Plasma C-reactive protein (CRP), sodium, potas-
sium, glucose, creatinine, uric acid, triglyceride, and total,
high-density (HDL) and low-density lipoprotein (LDL)
cholesterol concentrations were determined using Cobas
Integra 800 (F. Hoffmann-LaRoche Ltd, Basel, Switzer-
land). Insulin and parathyroid hormone (PTH) were
determined using electrochemiluminescence immuno-
assay (Cobas e411, Roche Diagnostics). Estimated glo-
merular filtration rate (eGFR) was calculated using the
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CKD-EPI cystatin C equation [22], and insulin sensitiv-
ity was evaluated by the quantitative insulin sensitivity
check index (QUICKI) [23]. Plasma renin activity (Gam-
maCoat® Plasma Renin Activity 125-1 RIA Kit, DiaSorin,
Saluggia, Italy) and aldosterone concentration (Active®
Aldosterone RIA, Beckman Coulter, Fullerton, CA, USA)
were determined using commercial kits. Urine albumin
excretion was determined using immunoturbidimetry.

The normal reference range for uric acid in Finland
is 230—480 umol/l for men, 155-350 umol/l for women
aged 18-49years, and 155-400umol/l for women
aged > 50years [24].

Experimental protocol

Hemodynamic recordings were performed in a noiseless,
temperature-controlled laboratory [17, 18, 25]. Products
containing caffeine, smoking or heavy meal were to be
avoided for >4h, and alcohol consumption for >24h
before the investigation. The subjects rested supine
on the examination table with impedance cardiogra-
phy electrodes placed on body surface, tonometric sen-
sor for pulse wave analysis on left radial pulsation, and
oscillometric brachial cuff for BP calibration to the right
upper arm. The left arm with the tonometric sensor was
abducted to 90° in a support, which held the measure-
ment probe at the heart level.

The measurement consisted of one 5-min period with
continuous capture of hemodynamic data. For the analy-
ses, the mean values of each 1-min period of recording
were calculated. The repeatability and reproducibility of
the protocol has been demonstrated to be good [17, 18,
25].

Pulse wave analysis

Radial BP and pulse wave were continuously recorded
by a tonometric sensor (Colin BP-508 T, Colin Medi-
cal Instruments Corp., USA) [17, 18]. The radial BP was
calibrated approximately every 2.5min by brachial BP
measurements. Aortic BP was derived with the validated
SphygmoCor pulse wave monitoring system (Spygmo-
Cor PWMXx, AtCor medical, Australia) [26]. Aortic pulse
pressure and augmentation index (augmented pressure/
pulse pressure * 100) were also determined. Central
forward wave amplitude was defined as the difference
between waveform foot and first systolic inflection point
pressure in the aortic waveform [27, 28].

Whole-body impedance cardiography

We used whole-body impedance cardiography
(CircMon®, JR Medical Ltd., Tallinn, Estonia) that
records changes in body electrical impedance during car-
diac phases to measure heart rate, stroke volume, cardiac
output, and PWV [29, 30]. Systemic vascular resistance
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was calculated from radial BP and cardiac output meas-
ured by CircMon®. Stroke volume, cardiac output and
systemic vascular resistance were presented as indexes
related to body surface area calculated using the DuBois
equation [31]. The method and electrode configuration
have been previously reported [30, 32]. Briefly, current
electrodes were placed on the distal parts of the extremi-
ties proximally to the wrists and the ankles. Voltage elec-
trodes were placed about 5cm proximally to the current
electrodes. To record the distal impedance from the pop-
liteal artery at knee joint level, an active electrode was
placed on the lateral side of the knee and the reference
electrode on the calf about 20 cm apart. When the pres-
sure wave enters the aortic arch and the diameter of the
aorta changes, the voltage electrodes on the distal parts
of the extremities record the decrease in whole-body
impedance. PWYV is calculated from the time difference
between the onset of the decrease (‘foot’) in the whole-
body impedance and the popliteal artery signal, and the
distance between the electrodes [30, 32].

With CircMon® the recorded stroke volume and car-
diac output are in good agreement with values obtained
utilizing 3 dimensional echocardiography [25] and the
thermodilution and direct oxygen Fick methods [29, 32],
and the PWYV values show very good correlation with
values measured using ultrasound or the tonometric
method [30, 33].

Statistics

The normally distributed data was analyzed using anal-
ysis of variance, non-normally distributed data using
Kruskal-Wallis test with Mann—Whitney U-test in the
post-hoc analyses. The Bonferroni correction was applied
in all post-hoc analyses. IBM SPSS Statistics Version 26
(IBM Corporation, Armonk, NY, USA) was used for sta-
tistics. The results in the tables were presented as means
and standard errors of the mean (SEM), or median
[25th—75th percentiles], and in the figures as means and
95% confidence intervals of the mean. p<0.05 was con-
sidered significant. The hemodynamic values were calcu-
lated as averages from the minutes 3-5 of the recordings
when the signal was most stable. For the analyses, the
subjects were divided into quartiles of PUA concentra-
tion that were adjusted for sex; or age, sex, and body mass
index (BMI), as appropriate. Proportions on subjects in
the PUA quartiles were compared using the Chi-square
test. The use of the medications listed above did not dif-
fer between the quartiles of PUA.

For the statistical analyses, the continuous variables
not normally distributed were Lg;,-transformed. Lin-
ear regression analyses with stepwise elimination were
used to investigate factors independently associated
with hemodynamic variables. The covariates in the
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analyses were age, sex, BMI, alcohol consumption cat-
egory (low, moderate, high) [21], smoking status (never,
current, previous); plasma calcium, phosphate, PTH,
Lg,, of triglycerides, HDL cholesterol, LDL cholesterol,
uric acid, renin, aldosterone, Lg,, of CRP, sodium; Lg,,
of QUICKI, eGFR, Lg,, of PWYV, and mean aortic pres-
sure, as appropriate.

Results
Study population and laboratory values
The PUA concentrations (mean+SEM) were

34444 pumol/l in men and 258 +3umol/l in women
(p<0.001). The sex-adjusted demographic characteris-
tics of the study participants according to PUA quar-
tiles are shown in Table 1. Subject age was higher in
quartile (Q) 4 versus Q1, while weight was higher in Q3
and Q4 than in Q1 and Q2. No difference was observed
in height, whereas BMI was higher in Q3 than in Q2
and Q1 and highest of all in Q4.

Because of the above differences, the laboratory
values in Table 2 are presented in sex, age and BMI
adjusted quartiles of PUA, the concentrations of which
were 234, 278, 314, and 373 umol/l, respectively. Office
systolic BP was higher in Q4 than in Q1, while office
diastolic BP was higher in Q3 and Q4 than in Ql.
The proportion of subjects with office hypertension
(BP>140/90mmHg) [20] was higher in Q3 than in
Q1. No differences were observed in office heart rate,
percentage of smokers, average alcohol intake, plasma
electrolyte concentrations, or urine albumin excre-
tion between the quartiles (Table 2). Plasma CRP was
slightly higher in Q4 versus Q1 and Q2, while plasma
renin activity, and plasma concentrations of aldoster-
one, PTH, and eGFR were corresponding in all quar-
tiles. No differences were observed in fasting plasma
total cholesterol, HDL cholesterol, glucose, and insu-
lin, while QUICKI was lower in Q4 than in Q1. Plasma

Table 1 Results of the study participants in sex adjusted
quartiles of fasting plasma uric acid concentrations

Q1 Q2 Q3 Q4

n=141 n=155 n=165 n=144
Male/female (n) 74/77 73/79 76/77 72/78
Age (years) 43.7(096) 443(0.95) 44.3(095  47.5(0.96)*
Weight (kg) 749(12) 7750120 821012 865 (1.2*
Height (cm) 1730(08) 1729(08) 1732(08) 172.8(08)
Body mass index 249(033) 257(033) 27.3(032* 289 (033%™

(kg/m?)

Results shown as mean (standard error of mean)
*p <0.05 versus Q1; Tp <0.05 versus Q2; *p < 0.05 versus Q3
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triglyceride concentration was higher in Q4 and Q3
when compared with Q1, and in Q4 versus Q2, whilst
LDL cholesterol was somewhat higher in Q3 than in
Q1.

Hemodynamic measurements
The results representing the hemodynamic variables in
the age, sex and BMI adjusted quartiles of PUA are shown
in Figs. 1, 2 and 3. No differences were observed in radial
BP, calibrated from contralateral brachial BP measure-
ments, or aortic BP between the quartiles (Fig. 1A-D).
Aortic pulse pressure, forward wave amplitude and
augmentation index were similar in all quartiles (Fig. 2A—
C), but aortic to popliteal PWV was higher in Q4 versus
Q3 and Q1 (Fig. 2D). When analyzed separately in men
and women, PWYV was higher in Q4 versus QI in men
(Fig. 2E), while in women no significant differences in
PWV between the PUA quartiles were detected (Fig. 2F).
The Pearson correlation between PUA concentration
and PWV was 0.351 among all study subjects (p<0.001),
0.338 in women (p <0.001), and 0.242 in men (p <0.001).
No differences were found between the quartiles in
heart rate, stroke volume, cardiac output, and systemic
vascular resistance (Fig. 3A-D).

Hemodynamic variables in linear regression analyses

The results of the linear regression analyses with step-
wise elimination are presented in Tables 3 and 4. The
independent explanatory factors for aortic systolic
(R*=0.399) and diastolic BP (R*=0.350) were PWV,
eGFR, plasma concentrations of calcium and PTH, and
QUICKI (Table 3). In addition, LDL cholesterol and tri-
glycerides were independently associated with systolic
BP, while male sex and high alcohol consumption cat-
egory showed independent associations with diastolic BP
(Table 3).

The independent explanatory factors for PWV
were age, ejection duration, mean aortic pressure,
PUA, plasma triglycerides, BMI, and current smoking
(R2=0.591) (Table 1). If subjects with PUA > 370 umol/l
were excluded from the regression analysis [9], PUA con-
centration was still associated with PWV in the remain-
ing 507 participants (beta=0.003, p=0.006). Altogether
the present analyses suggested that for every 100 pmol/l
increase in PUA, the associated increase in PWV was
0.9m/s.

The explanatory variables for PWV were then analyzed
separately for sexes (Table 4). In women, the explanatory
variables for PWV were age, mean aortic pressure, heart
rate, plasma triglycerides, and PUA (R?=0.580). In men,
the explanatory variables for PWYV were age, ejection
duration, PUA, mean aortic pressure, BMI, and LDL cho-
lesterol (R?>=0.532).
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Table 2 Clinical characteristics and laboratory results of the study participants in age, sex and body mass index adjusted quartiles of
fasting plasma uric acid concentrations

Q1 Q2 Q3 Q4
n=141 n=155 n=165 n=144

Office measurements

Systolic BP (mmHg) 136 (1.5) 140 (1.5) 142(1.5) 143 (1.5)*

Diastolic BP (mmHg) 87(09) 89 (0.9) 90 (0.9)* 91 (0.9)*

Heart rate (bpm) 66.5 (0.8) 67.2(0.8) 67.7 (0.8) 68.3 (0.9)

Number (%) of participants 68 (48.2) 92 (59.4) 106 (64.2)* 89 (61.8)

with BP > 140/90 mmHg

Current smokers (number) 20 18 18 19
Alcohol (standard drinks/ 2 [0-6] 2[0-5] 3[1-5] 3[1-7]

week)
Uric acid (umol/l) 234 (4) 278 (4)* 314 (4" 373 (41
Sodium (mmol/I) 140 (0.2) 141(0.2) 140(0.2) 140(0.2)
Potassium (mmol/l) 3.8(0.0) 3.8(0.0) 3.8(0.0) 3.8(0.0)
Calcium (mmol/l) 2.29(0.01) 2.30(0.01) 2.31(0.01) 2.32(0.01)
Phosphate (mmol/I) 0.95 (0.01) 0.97 (0.01) 0.96 (0.01) 0.99 (0.01)
C-reactive protein (mg/!) 0.5[0.5-1.4] 0.8[0.5-1.8] 1.0[0.5-2.1] 1.0[0.5-2.17*"
Renin activity (ng Ang I/ml/h) 0.6 [0.3-1.1] 0.7 [04-1.2] 0.7[0.5-1.3] 0.8[0.5-1.3]
Aldosterone (pmol/I) 422 [292-569] 449 [329-609] 423 [320-572] 461 [338-620]
PTH (pmol/l) 432(0.13) 451(0.13) 4.75(0.13) 466 (0.14)
eGFR (ml/min/1.73m?) 102 (1.2) 100 (1.2) 97 (1.2) 98(1.2)
Albumin excretion (ug/min)* 4 [3-5] 4[3-6] 4[3-5] 4[3-5]
Total cholesterol (mmol/l) 50(0.1) 50(0.1) 52(0.1) 5.2(0.)
Triglycerides (mmol/I) 09[0.6-1.2] 1.0[0.7-1.3] 1.1 [0.8-1.51* 1.2[0.8-1.8]*
HDL cholesterol (mmol/l) 1.65 (0.03) 1.56 (0.03) 1.55 (0.03) 1.57 (0.03)
LDL cholesterol (mmol/l) 29(0.1) 30(0.1) 32(0.0)* 3.1(0.0)
Glucose (mmol/l) 54(0.1) 54(0.1) 54(0.1) 55(0.1)
Insulin (mU/1) 72(14) 79(14) 10.7 (1.4) 9.8(1.5)
QUICKI 0.361[0.342-0.381] 0.359[0.367-0.376] 0.352[0.332-0.372] 0.345[0.324-0.373]*

Results shown as mean (standard error of mean) or median [27th-75th percentile]; PTH parathyroid hormone, eGFR cystatin C-based estimated glomerular filtration
rate (CKD-EPI) [22], HDL high density lipoprotein, LDL low density lipoprotein, QUICKI quantitative insulin sensitivity check index

*p <0.05 versus Q1; Tp <0.05 versus Q2; *p < 0.05 versus Q3
2 Albumin excretion results were available 114-130 subjects in each quartile

In additional regression analyses, PUA was not an
explanatory factor for forward wave amplitude, augmen-
tation index, systemic vascular resistance, stroke volume,
heart rate, or cardiac output (data not shown).

Discussion

In this study, we investigated the association of uric acid
with several cardiovascular variables in normotensive
subjects and in never-medicated hypertensive patients
without cardiovascular disease or gout. In analyses
adjusted for confounding factors, PUA was significantly
associated with PWV but not with any other hemo-
dynamic variables including radial and aortic BP. The
linear regression analyses confirmed that PUA was an
independent explanatory factor for PWYV, an acknowl-
edged marker of large arterial stiffness [7, 34]. Even when

subjects with PUA > 370 umol/l were excluded [9], PUA
concentration remained a significant independent varia-
ble related with PWV. Of note, PUA levels were predomi-
nantly within the normal range in the present population:
only 8/295 men and 7/311 women presented with PUA
exceeding the current national upper limits of normal
values. Increased arterial stiffness is a strong predictor of
cardiovascular events [34], and higher uric acid concen-
tration may thus predispose to the future development of
CVD. The average PWYV values in the present study were
within the normal range for subjects with high-normal
BP or grade 1 hypertension [35, 36].

Previous studies have linked uric acid with arterial stiff-
ness, but the matter remains controversial [14, 37]. In a
cross-sectional study comprising 651 medicated hyper-
tensive patients and normotensive controls, serum uric
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acid was independently associated with carotid-femo-
ral PWV (CF-PWYV) [11]. Hypertensive patients with
hyperuricemia also presented with higher CF-PWV than
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hypertensive patients without hyperuricemia [11]. In a
large hypertensive population from China comprising
10,450 participants, of whom>90% were receiving anti-
hypertensive agents and ~50% were current smokers,
serum uric acid was a risk factor for higher brachial-ankle
PWYV in men and women [38]. As a major difference to
our study, medicated hypertensive subjects were included
in the analyses of the above studies [11]. In the Framing-
ham study, Mehta et al. found that uric acid was linked to
CE-PWYV in subjects with low cardiovascular risk factors,
independent of BP [10]. However, when the medicated
hypertensive patients were excluded from the analyses,
the relation between uric acid and arterial stiffness was
much weaker, albeit still statistically significant [10]. In
222 untreated hypertensive subjects without gout, PUA
correlated with carotid-femoral PWV but not with 24-h
systolic or diastolic BP in univariate analysis, however
the association with PWV was no longer significant after
correction for albuminuria and other covariates [39]. The
above findings suggested that the association of uric acid
with large arterial stiffness was not solely explained by
the presence of hypertension. Fang et al. examined the
relationship of serum uric acid with brachial-ankle PWV
in apparently healthy 7025 subjects, and found a signifi-
cant association in women but not in men [40]. Bian et al.
found similar results in their cross-sectional analysis of
2374 subjects, in which elevated uric acid was associated
with CE-PWV only in women [15]. On the other hand,
in a healthy middle-aged population, serum uric acid
was associated with CF-PWYV in men but not in women.
However, the results were not adjusted for eGFR, insulin
resistance, or plasma lipids [41]. In contrast, Cicero et al.
reported that uric acid was significantly associated with
hypertension and carotid artery intima-media thickness,
but not with CE-PWV in 619 subjects not taking anti-
hypertensive, antidiabetic, lipid-lowering and uric-acid-
lowering drugs [37].

A possible causal role for uric acid in the develop-
ment of CVD is still unclear, and no consensus has been
reached whether uric acid is a true risk factor or merely a
marker of increased risk. However, several mechanisms
have been suggested by which hyperuricemia could be
linked to cardiovascular pathophysiology. Hyperuricemia
may be associated with decreased nitric oxide produc-
tion, and the resultant endothelial dysfunction could con-
tribute to the development of increased arterial stiffness
[16]. Experimental hyperuricemia has been characterized
by decreased serum concentration of nitric oxide, while
this was reversed by the lowering of uric acid levels using
allopurinol [42]. Furthermore, xanthine oxidase inhibi-
tion with allopurinol was found to improve endothelium-
dependent vasodilatation in the forearm of patients with
heart failure and type 2 diabetes [43, 44]. However, the
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interpretation of the above findings is complicated by the
potent antioxidant properties of uric acid both in vitro
and in vivo [45, 46]. It is therefore possible that the cul-
prit behind impaired endothelial function is the oxidative
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stress induced by xanthine oxidase activity and not uric
acid per se. Indeed, George et al. reported that improved
endothelial function induced by allopurinol was due to
its ability to reduce vascular oxidative stress and not in its
ability to reduce uric acid [47]. Of note, Feig et al. found
that treatment of newly diagnosed hypertensive adoles-
cents with allopurinol reduced their BP in the short term
[13].

The tonometric recording of PWV is considered the
gold standard method for the evaluation of large arte-
rial stiffness [7, 34]. PWV measured by the tonometric
recording of arterial pulsations was even found to pre-
dict future hypertension in elderly participants of the
Framingham study [27]. Aortic-to-popliteal PWV, deter-
mined using the same impedance cardiography method
that was applied in the present study, was also found to
predict future hypertension in young adults [48]. Previ-
ously, we reported an excellent correlation (r=0.82)
between applanation tonometric measurements of
carotid-femoral PWYV and impedance cardiography
measurements of aortic-to-popliteal PWV in 80 subjects
[33]. The impedance-derived PWV has also been vali-
dated against the measurement of PWV using ultrasound
[30]. Based on the above findings, PWV recorded using
whole-body impedance cardiography can be regarded as
a reliable measure of large arterial stiffness [30, 33, 48].

We found that office BP was significantly higher in Q4
versus Q1 of PUA, even after adjusting for differences
in age, sex, and body mass index (Table 2). However,
the present measurements performed in supine posi-
tion under quiet standardized laboratory conditions did
not uncover any significant differences in peripheral or
central BP between the PUA quartiles. Previously, white-
coat hypertension was reported to be independently
associated with higher large arterial stiffness in treated
hypertensive patients [49]. Furthermore, when evalu-
ated using the ratio of pulse pressure to stroke volume,
higher arterial stiffness was also significantly related to
the white-coat effect in 2778 hypertensive patients [50].
As the present quartile with the highest PUA (Q4) also
presented with the highest PWYV, increased large arterial
stiffness may be the plausible explanation for the higher
office BP in these subjects versus Q1, because of the link
between the white-coat effect and large arterial stiffness
[49, 50].

Our study has limitations that need to be acknowl-
edged. PUA and hemodynamics were recorded at single
points of time about 12 (10, 13) days apart (mean (95%
CI)), and the cross-sectional design does not allow con-
clusions about causality. We cannot rule out a selection
bias caused by the recruitment and exclusion protocol.
We applied indirect non-invasive methods requiring
mathematical processing to derive PWYV, stroke volume
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Table 3 Significant explanatory variables for aortic systolic and diastolic blood pressure in linear regression analysis with stepwise

elimination

Systolic blood pressure (mmHg) B Beta p Diastolic blood pressure (mmHg) B Beta P

R?=0399 R?=0.350
(constant) — 24905 (constant) —23.172
Lg,, of pulse wave velocity 81312 0384  <0.001 Lg;, of pulse wave velocity 47.287 0333 <0.001
eGFR —0.188 —0.174 <0.001 Calcium 20.013 0.159 <0.001
Calcium 23.794 0.127 <0.001 PTH 1.013 0.128 0.001
PTH 1.248 0.106 0.003 eGFR —0.115 —0.159 <0.001
LDL 3173 0.150 <0.001 Lgq of QUICKI — 34464 —0.127 0.001
Lg;, of QUICKI —40.982 —0.102 0.007 High alcohol consumption category 7.565 0.083 0.020
Lg, of triglycerides —7905 —0091 0.030 Sex (male) 2.103 0.080 0.029

Variables in Model: Age, sex, body mass index, alcohol consumption category (low, moderate, high), smoking status (current, previous); plasma uric acid, sodium,
calcium, phosphate, PTH, HDL cholesterol, LDL cholesterol, eGFR; Lg,, of triglycerides, C-reactive protein, renin, aldosterone, QUICKI, pulse wave velocity. LDL low-
density lipoprotein, HDL high-density lipoprotein, QUICKI quantitative insulin sensitivity check index, PTH parathyroid hormone, eGFR estimated glomerular filtration

rate from plasma cystatin-C using the CKD-EPI formula [15]

Table 4 Significant explanatory variables for aortic to popliteal
pulse wave velocity in linear regression analysis with stepwise
elimination

Pulse wave velocity (m/s) B Beta p
Men and women, R?=0.591
(constant) 7.594 <0.001
Age 0.076 0.501 <0.001
Ejection duration —0.020 —0.223 <0.001
Mean aortic pressure 0.022 0.180 <0.001
Uric acid 0.004 0.168 <0.001
Body mass index 0.032 0.077 0.019
Lg, of triglycerides 0.557 0.069 0.034
Current smoking — 0363 —0.067 0.015
Women, R?=0.580
(constant) —0.025
Age 0.073 0.524 <0.001
Mean aortic pressure 0.023 0.221 <0.001
Heart rate 0.032 0.187 <0.001
Lg,, of triglycerides 1.309 0.173 <0.001
Uric acid 0.003 0.090 0.032
Men, R?=0.532
(constant) 7.747 <0.001
Age 0.084 0481 <0.001
Ejection duration —0.024 —0.230 <0.001
Uric acid 0.006 0.171 <0.001
Mean aortic pressure 0.025 0.164 0.001
LDL cholesterol 0.255 0.113 0014

Variables in Model: Age, sex, body mass index, alcohol consumption category
(low, moderate, high), smoking status (current, previous), mean aortic pressure,
heart rate, ejection duration, eGFR, uric acid, HDL cholesterol, LDL cholesterol;
Lg,, of triglycerides; Lg,, of C-reactive protein, and QUICKI. HDL high-density
lipoprotein, LDL low-density lipoprotein, QUICKI quantitative insulin sensitivity
check index, eGFR estimated glomerular filtration rate from plasma cystatin-C
using the CKD-EPI formula [22]

and cardiac output from the bioimpedance signal [32],
and central aortic BP waveform from applanation tonom-
etry signal [26]. Even though the methods have been vali-
dated against direct or invasive measurements [25, 29,
30], the results must be interpreted with caution. How-
ever, the approach to examine central hemodynamics,
compared to just focusing on radial or brachial artery
pressure, may be better related with the level of cardio-
vascular risk [51, 52]. Lastly, we cannot rule out potential
multicollinearity problems that were not controlled for
by the statistical methods, as some of the clinical char-
acteristics and biochemical variables are strongly associ-
ated with each other.

Conclusions

A direct association between PUA and PWV was
observed in 606 normotensive and never-treated hyper-
tensive subjects without cardiovascular disease or gout.
The finding that PUA was not significantly associated
with any other hemodynamic variable implies that PUA
potentially plays a role in the pathogenesis of large arte-
rial stiffness. Prospective longitudinal studies are needed
to confirm the present finding.

Abbreviations

BP: Bloodpressure; BMI: Bodymass index; CVD: Cardiovasculardisease; CF-PWV:
Carotid-femoralpulse wave velocity; eGFR: Estimatedglomerular filtra-

tion rate; HDL: High-densitylipoprotein; LDL: Low-densitylipoprotein; PTH:
Parathyroidhormone; PUA: Plasmauric acid; PWV: Pulsewave velocity; QUICKI:
Quantitativeinsulin sensitivity check index; Q: Quartile; SEM: Standarderror of
the mean.

Acknowledgements

The authors are deeply grateful to research nurses Paula Erkkild and Reeta Kul-
mala for invaluable technical assistance. The authors sincerely acknowledge
CSC - IT Center for Science, Finland, for computational resources.



Hamid et al. BMC Cardiovasc Disord (2021) 21:257

Authors’ contributions

HH, VK and IP reviewed the literature and performed the statistical analyses.
HH, IP-and JK wrote the original version of the manuscript. VK, IP and JK
carried out the clinical examinations of patients. HH, MKC, HB, MAPK, JM, IP
and JK participated in the design of the technical details and setting up of
the methodology. ON was responsible for the laboratory analyses. All authors
contributed to the interpretation of results, construction of the discussion and
editing the manuscript. IP and JK were the responsible persons for designing
and conducting the study. All authors take the responsibility for the contents
of the manuscript. All authors read and approved the final manuscript.

Funding

This study was supported by the Finnish Foundation of Cardiovascular
Research, Paavo Nurmi Foundation, Sigrid Jusélius Foundation, Pirkanmaa
Regional Fund of the Finnish Cultural Foundation, the Finnish Medical Founda-
tion, and Competitive Research Funding of the Pirkanmaa Hospital District
(grants 9V054 and 9 X046).

Availability of data and materials

Analyses and generated datasets during the current study are not available
publicly as our clinical database contains several indirect identifiers and the
informed consent obtained does not allow publication of individual patient
data. The datasets are available from the corresponding author on reasonable
request.

Declarations

Ethics approval and consent to participate

The study protocol and all methods conformed to the ethical guidelines of
the 1975 Declaration of Helsinki. The study protocol and all methods were
approved by the Ethics Committee of the Tampere University Hospital (study
code R06086M) and the Finnish Medicines Agency (Eudra-CT registration
number 2006-002065-39). Signed informed consent was obtained from

all participants. All methods and equipment had also been inspected and
approved for clinical use at Tampere University hospital.

Consent for publication
Not applicable.

Competing interests
The authors have no potential competing interests associated with this
research.

Author details

"Faculty of Medicine and Health Technology, Tampere University,

FI-33014 Tampere, Finland. ?Laboratory and Medical Research Unit, Seinjoki
Central Hospital, Seingjoki, Finland. *Department of Clinical Physiology, Tam-
pere University Hospital, Tampere, Finland. *“Department of Internal Medicine,
Tampere University Hospital, Tampere, Finland.

Received: 23 November 2020 Accepted: 19 May 2021
Published online: 26 May 2021

References

1. WHO-web-page. Cardiovascular diseases. 2017. https//www.who.int/
news-room/fact-sheets/detail/cardiovascular-diseases-(cvds). Accessed
25 Feb 2020.

2. Maiuolo J, Oppedisano F, Gratteri S, Muscoli C, Mollace V. Regulation of
uric acid metabolism and excretion. Int J Cardiol. 2016;213:8-14.

3. LiX,Meng X, Timofeeva M, Tzoulaki |, Tsilidis KK, loannidis PA, et al.
Serum uric acid levels and multiple health outcomes: umbrella review of
evidence from observational studies, randomised controlled trials, and
Mendelian randomisation studies. BMJ. 2017,357;j2376.

4. Rebora P, Andreano A, Triglione N, Piccinelli E, Palazzini M, Occhi L, et al.
Association between uric acid and pulse wave velocity in hypertensive
patients and in the general population: a systematic review and meta-
analysis. Blood Press. 2020,29:220-31.

20.

21.

22.

23.

24.

25.

26.

Page 10 0of 11

Laurent S, Katsahian S, Fassot C, Tropeano A-l, Gautier |, Laloux B, et al.
Aortic stiffness is an independent predictor of fatal stroke in essential
hypertension. Stroke. 2003;34:1203-6.

Mattace-Raso FUS, van der Cammen TJM, Hofman A, van Popele NM, Bos
ML, Schalekamp MADH, et al. Arterial stiffness and risk of coronary heart
disease and stroke: the Rotterdam Study. Circulation. 2006;113:657-63.
Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz
D, et al. Expert consensus document on arterial stiffness: methodological
issues and clinical applications. Eur Heart J. 2006,27:2588-605.
Vlachopoulos C, Xaplanteris P, Vyssoulis G, Bratsas A, Baou K, Tzamou V,
et al. Association of serum uric acid level with aortic stiffness and arterial
wave reflections in newly diagnosed, never-treated hypertension. Am J
Hypertens. 2011;24:33-9.

Canepa M, Viazzi F, Strait JB, Ameri P, Pontremoli R, Brunelli C, et al.
Longitudinal association between serum uric acid and arterial stiffness.
Hypertension. 2017;69:228-35.

. Mehta T, Nuccio E, McFann K, Madero M, Sarnak MJ, Jalal D. Association

of uric acid with vascular stiffness in the Framingham heart study. Am J
Hypertens. 2015;28:877-83.

. LiuJ,Wang K, Liu H, Zhao H, Zhao X, Lan Y, et al. Relationship between

carotid-femoral pulse wave velocity and uric acid in subjects with hyper-
tension and hyperuricemia. Endocr J. 2019,66:629-36.

. Wang Y, Zhang X-Y, Gao W-H, Du M-F, Chu C, Wang D, et al. Association of

uric acid in serum and urine with arterial stiffness: Hanzhong adolescent
hypertension study. Dis Markers. 2020. https://doi.org/10.1155/2020/
1638515.

. Feig DI, Soletsky B, Johnson RJ. Effect of allopurinol on blood pressure of

adolescents with newly diagnosed essential hypertension: a randomized
trial. JAMA. 2008;300:924.

. CassanoV, Crescibene D, Hribal ML, Pelaia C, Armentaro G, Magurno M,

et al. Uric acid and vascular damage in essential hypertension: role of
insulin resistance. Nutrients. 2020;12:2509.

. Bian 'S, Guo H, Ye B, Luo L, Wu H, Xiao W. Serum uric acid level and diverse

impacts on regional arterial stiffness and wave reflection. Iran J Public
Health. 2012;41:33-41.

. Zhen H, Gui F. The role of hyperuricemia on vascular endothelium dys-

function. Biomed Rep. 2017;7:325-30.

. Tahvanainen A, Koskela J, Tikkakoski A, Lahtela J, Leskinen M, Kéhénen M,

et al. Analysis of cardiovascular responses to passive head-up tilt using
continuous pulse wave analysis and impedance cardiography. Scand J
Clin Lab Invest. 2009;69:128-37.

. Tikkakoski AJ, Tahvanainen AM, Leskinen MH, Koskela JK, Haring A, Viitala

J, et al. Hemodynamic alterations in hypertensive patients at rest and
during passive head-up tilt. J Hypertens. 2013;31:906-15.

. Kangas P, Tikkakoski A, Tahvanainen A, Koskela J, Kéhoénen M, K6obi T,

et al. Changes in hemodynamics associated with metabolic syndrome
are more pronounced in women than in men. Sci Rep. 2019;9:18377.
Williams B, Mancia G, Spiering W, Rosei EA, Azizi M, Burnier M, et al. 2018
ESC/ESH guidelines for the management of arterial hypertension. J
Hypertens. 2018;36:1953-2041.

Finnish guidelines for the current care of subjects with alcohol problem.
2015. http://www.kaypahoito fi/web/kh/suositukset/suositus?id=hoi50
0284#NaN. Accessed 15 Nov 2020.

Inker LA, Schmid CH, Tighiouart H, Eckfeldt JH, Feldman HI, Greene T, et al.
Estimating glomerular filtration rate from serum creatinine and cystatin
C.NEnglJ Med. 2012;367:20-9. doi:https://doi.org/10.1056/NEJMoal114
248.

Katz A, Nambi SS, Mather K, Baron AD, Follmann DA, Sullivan G, et al.
Quantitative insulin sensitivity check index: a simple, accurate method
for assessing insulin sensitivity in humans. J Clin Endocrinol Metab.
2000;85:2402-10.

Fimlab-Laboratories-Ltd. Normal values and interpretation of results
concerning uric acid. 2020. https://fimlabfi/tutkimus/uraatti. Accessed 15
Nov 2020.

Koskela JK, Tahvanainen A, Haring A, Tikkakoski AJ, llveskoski E, Viitala

J, etal. Association of resting heart rate with cardiovascular function: a
cross-sectional study in 522 Finnish subjects. BMC Cardiovasc Disord.
2013;13:102.

Chen CH, Nevo E, Fetics B, Pak PH, Yin FC, Maughan WL, et al. Estimation
of central aortic pressure waveform by mathematical transformation of


https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://doi.org/10.1155/2020/1638515
https://doi.org/10.1155/2020/1638515
http://www.kaypahoito.fi/web/kh/suositukset/suositus?id=hoi50028#NaN
http://www.kaypahoito.fi/web/kh/suositukset/suositus?id=hoi50028#NaN
https://doi.org/10.1056/NEJMoa1114248
https://doi.org/10.1056/NEJMoa1114248
https://fimlab.fi/tutkimus/uraatti

Hamid et al. BMC Cardiovasc Disord

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

(2021) 21:257

radial tonometry pressure. Validation of generalized transfer function.
Circulation. 1997;95:1827-36.

Kaess BM, Rong J, Larson MG, Hamburg NM, Vita JA, Levy D, et al. Aortic
stiffness, blood pressure progression, and incident hypertension. JAMA.
2012;308:875-81.

Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ, Vita JA, et al.
Changes in arterial stiffness and wave reflection with advancing age in
healthy men and women: the Framingham Heart Study. Hypertension.
2004;43:1239-45.

Koobi T, Kaukinen S, Ahola T, Turjianmaa VM. Non-invasive measurement
of cardiac output: whole-body impedance cardiography in simultane-
ous comparison with thermodilution and direct oxygen Fick methods.
Intensive Care Med. 1997;23:1132-7.

Ké6bi T, Kdhonen M, livainen T, Turjanmaa V. Simultaneous non-invasive
assessment of arterial stiffness and haemodynamics - a validation study.
Clin Physiol Funct Imaging. 2003;23:31-6.

DuBois D, DuBois EF. A formula to estimate the approximate surface area
if height and weight be known. Arch Intern Med. 1916;17:863-71.

Ko6bi T, Kaukinen S, Turjanmaa V, Uusitalo A. Whole-body impedance
cardiography in the measurement of cardiac output: Crit Care Med.
1997;25:779-85.

Wilenius M, Tikkakoski AJ, Tahvanainen AM, Haring A, Koskela J, Huhtala H,
et al. Central wave reflection is associated with peripheral arterial resist-
ance in addition to arterial stiffness in subjects without antihypertensive
medication. BMC Cardiovasc Disord. 2016;16:131.

Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovascular
events and all-cause mortality with arterial stiffness: a systematic review
and meta-analysis. J Am Coll Cardiol. 2010;55:1318-27.

Koivistoinen T, K&6bi T, Jula A, Hutri-Kahonen N, Raitakari OT, Majahalme
S, et al. Pulse wave velocity reference values in healthy adults aged
26-75years. Clin Physiol Funct Imaging. 2007,27:191-6.

Arterial Stiffness’ Collaboration. Determinants of pulse wave velocity in
healthy people and in the presence of cardiovascular risk factors: estab-
lishing normal and reference values. Eur Heart J. 2010;31:2338-50.
Cicero AFG, Salvi P, D'Addato S, Rosticci M, Borghi C. Association
between serum uric acid, hypertension, vascular stiffness and subclini-
cal atherosclerosis: data from the Brisighella Heart Study. J Hypertens.
2014;32:57-64.

An LN, Rong N, Ning M, Feng L-L, Chen Z-H, Liu W-Q, et al. High serum
uric acid is associated with increased arterial stiffness in hypertension.
Aging. 2020;12:14569-81.

Mule G, Riccobene R, Castiglia A, D'lgnoto F, Ajello E, Geraci G, et al. Rela-
tionships between mild hyperuricaemia and aortic stiffness in untreated
hypertensive patients. Nutr Metab Cardiovasc Dis. 2014;24:744-50.

Fang J-I, Wu J-S, Yang Y-C, Wang R-H, Lu F-H, Chang C-J. High uric acid
level associated with increased arterial stiffness in apparently healthy
women. Atherosclerosis. 2014;236:389-93.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 11 of 11

Baena CP, Lotufo PA, Mill JG, Cunha R de S, Bensefor 1J. Serum uric acid
and pulse wave velocity among healthy adults: baseline data from the
Brazilian longitudinal study of adult health (ELSA-Brasil). Am J Hypertens.
2015;28:966-70.

Khosla UM, Zharikov S, Finch JL, Nakagawa T, Roncal C, Mu W, et al. Hyper-
uricemia induces endothelial dysfunction. Kidney Int. 2005;67:1739-42.
Farquharson Colin AJ,, Butler Robert, Hill Alexander, Belch Jill J.F, Stru-
thers Allan D. Allopurinol improves endothelial dysfunction in chronic
heart failure. Circulation. 2002;106:221-6.

Butler R, Morris AD, Belch JJF, Hill A, Struthers Allan D. Allopurinol normal-
izes endothelial dysfunction in type 2 diabetics with mild hypertension.
Hypertension. 2000;35:746-51.

Teng R, YeY, Parks D, Beckman J. Urate produced during hypoxia protects
heart proteins from peroxynitrite-mediated protein nitration. Free Radic
Biol Med. 2002,33:1243-1249.

KurraV, Eraranta A, Jolma P, Vehmas Tl, Riutta A, Moilanen E, et al. Hyper-
uricemia, oxidative stress, and carotid artery tone in experimental renal
insufficiency. Am J Hypertens. 2009;22:964-70.

George J, Carr E, Davies J, Belch JJF, Struthers A. High-dose allopurinol
improves endothelial function by profoundly reducing vascular oxidative
stress and not by lowering uric acid. Circulation. 2006;114:2508-16.
Koivistoinen T, Lyytikdinen L-P, Aatola H, Luukkaala T, Juonala M, Viikari

J, etal. Pulse wave velocity predicts the progression of blood pressure
and development of hypertension in young adults. Hypertension.
2018;71:451-6.

Barochiner J, Aparicio LS, Alfie J, Morales MS, Cuffaro PE, Rada MA, et al.
Arterial stiffness in treated hypertensive patients with white-coat hyper-
tension. J Clin Hypertens. 2017;19:6-10.

de Simone G, Schillaci G, Chinali M, Angeli F, Reboldi GP, Verdecchia

P. Estimate of white-coat effect and arterial stiffness. J Hypertens.
2007;25:827-31.

Roman MJ, Devereux RB, Kizer JR, T. LE, Galloway JM, Ali T, et al. Central
pressure more strongly relates to vascular disease and outcome than
does brachial pressure. Hypertension. 2007;50:197-203.

Kollias A, Lagou S, Zeniodi M, Elena B, Nadia S, George S. Association of
central versus brachial blood pressure with target-organ damage. Hyper-
tension. 2016;67:183-90.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

.

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

* maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions







	TUNI_Kurra_Venla_kansi
	TUNI_Kurra_Venla_sisus
	Titlepages_Venla Kurra_kirjastolta
	Publication_I_cover_page
	Kurra_osatyo_I
	Hyperuricemia, Oxidative Stress, and Carotid Artery Tone in Experimental Renal Insufficiency
	Abstract
	Methods
	Outline placeholder
	Animals and experimental design
	Carotid artery responses in vitro
	Plasma creatinine, urea, uric acid, TRAP, urine 8--isoprostaglandin F2α excretion, and glomerul
	Data presentation and analysis of results
	Drugs


	Results 
	Blood pressure, heart and body weights,  and glomerulosclerosis
	Laboratory findings
	Functional responses of isolated carotid arterial rings

	Discussion
	Acknowledgments
	Disclosure
	References


	Publications_II_cover_page
	Kurra_osatyo_II
	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals and experimental design
	Functional responses and morphology of the mesenteric arterial preparations in�vitro
	Ventricular atrial and B-type natriuretic peptide, skeletal α-actin and ß–myosin heavy chain mRNAs (ANP, BNP, SkαA and β-MHC, respectively)
	Data presentation and analysis of results
	Drugs

	Results
	Blood pressure, body weight, and heart weight
	Laboratory findings
	Ventricular load, as evaluated using ANP, BNP, SkαA and β-MHC mRNA levels
	Functional responses in the main branch of the mesenteric artery
	Functional responses and morphology of the small mesenteric artery

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

	Publications_III_cover_page
	VenlaKurra_publication_III
	Publications_IV_cover_page
	Kurra_osatyo_IV
	Plasma uric acid is related to large arterial stiffness but not to other hemodynamic variables: a study in 606 normotensive and never-medicated hypertensive subjects
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study subjects
	Laboratory analyses
	Experimental protocol
	Pulse wave analysis
	Whole-body impedance cardiography
	Statistics

	Results
	Study population and laboratory values
	Hemodynamic measurements
	Hemodynamic variables in linear regression analyses

	Discussion
	Conclusions
	Acknowledgements
	References


	Blank Page
	Blank Page

	Blank Page
	Blank Page
	artikkeli 4 kurra.pdf
	TUNI_Kurra_Venla_kansi
	TUNI_Kurra_Venla_sisus
	Titlepages_Venla Kurra_kirjastolta
	Publication_I_cover_page
	Kurra_osatyo_I
	Hyperuricemia, Oxidative Stress, and Carotid Artery Tone in Experimental Renal Insufficiency
	Abstract
	Methods
	Outline placeholder
	Animals and experimental design
	Carotid artery responses in vitro
	Plasma creatinine, urea, uric acid, TRAP, urine 8--isoprostaglandin F2α excretion, and glomerul
	Data presentation and analysis of results
	Drugs


	Results 
	Blood pressure, heart and body weights,  and glomerulosclerosis
	Laboratory findings
	Functional responses of isolated carotid arterial rings

	Discussion
	Acknowledgments
	Disclosure
	References


	Publications_II_cover_page
	Kurra_osatyo_II
	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals and experimental design
	Functional responses and morphology of the mesenteric arterial preparations in�vitro
	Ventricular atrial and B-type natriuretic peptide, skeletal α-actin and ß–myosin heavy chain mRNAs (ANP, BNP, SkαA and β-MHC, respectively)
	Data presentation and analysis of results
	Drugs

	Results
	Blood pressure, body weight, and heart weight
	Laboratory findings
	Ventricular load, as evaluated using ANP, BNP, SkαA and β-MHC mRNA levels
	Functional responses in the main branch of the mesenteric artery
	Functional responses and morphology of the small mesenteric artery

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

	Publications_III_cover_page
	VenlaKurra_publication_III
	Publications_IV_cover_page
	Kurra_osatyo_IV
	Plasma uric acid is related to large arterial stiffness but not to other hemodynamic variables: a study in 606 normotensive and never-medicated hypertensive subjects
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study subjects
	Laboratory analyses
	Experimental protocol
	Pulse wave analysis
	Whole-body impedance cardiography
	Statistics

	Results
	Study population and laboratory values
	Hemodynamic measurements
	Hemodynamic variables in linear regression analyses

	Discussion
	Conclusions
	Acknowledgements
	References


	Blank Page
	Blank Page

	Blank Page
	Blank Page

	Basic Clin Pharma Tox - 2022 - Kurra - Moderate hyperuricaemia ameliorated kidney damage in a lowrenin model of.pdf
	Moderate hyperuricaemia ameliorated kidney damage in a low-renin model of experimental renal insufficiency
	1  INTRODUCTION
	2  METHODS
	2.1  Animals and experimental design
	2.2  Blood and plasma determinations
	2.3  Kidney morphology and immunohistochemistry
	2.3.1  Glomerulosclerosis (haematoxylin-eosin and PAS stain)
	2.3.2  Tubulointerstitial damage (haematoxylin-eosin and PAS stain)
	2.3.3  Arteriosclerosis index (PAS stain)
	2.3.4  Kidney mast cells (toluidine blue stain)
	2.3.5  Immunohistochemistry COX-2 and smooth muscle actin (SMA)

	2.4  Kidney haem oxygenase-1 (HO-1) and collagen I messenger RNA (mRNA) with quantitative real-time PCR (RT-PCR)
	2.5  Urine 11-epi-prostaglandin-F2α
	2.6  Data presentation and analysis of results

	3  RESULTS
	3.1  Animal data
	3.2  Laboratory determinations
	3.3  Renal histology
	3.4  Markers of inflammation, oxidative stress and collagen I in the kidney

	4  DISCUSSION
	5  CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICTS OF INTEREST
	REFERENCES




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice





