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ABSTRACT 

Chronic kidney disease is linked to several disturbances of the normal homeostasis. 

Progressing kidney damage may lead to decreased renal filtration capacity and alter 

cardiovascular physiology in a way that favors inflammation, arterial remodeling, elevated 

blood pressure, and increased oxidative stress. When the loss of renal function continues 

unabated, chronic renal insufficiency (CRI) develops. 

Experimental models offer a flexible tool to study disorders that cannot be investigated in a 

cell culture, or are not feasible or ethical for a clinical setting. The present series of studies 

featured a rat model of experimental chronic renal insufficiency induced by the surgical 

ablation of 5/6 of total renal mass (NX). Decapsulation of both kidneys was performed in 

the sham rats (Sham). Dietary and pharmacological interventions included 2.0% oxonic 

acid-induced hyperuricemia, paricalcitol treatment, and phosphate loading or phosphate 

binding with 3.0% calcium carbonate. Elevated circulating level of uric acid, 

hyperuricemia, is commonly associated with the initiation of multiple pathophysiological 

processes, whereas uric acid also functions as an antioxidant protecting from oxidative 

stress. Paricalcitol is a vitamin D receptor activator, which is used to treat secondary 

hyperparathyroidism, while calcium-based phosphate binders have been traditionally used 

to lower serum phosphate levels. The studies were designed to mimic some of the most 

common complications associated with kidney disease. 

The aim of this investigation was to determine the potential changes in the renin-

angiotensin-aldosterone (RAAS) system gene expression and in the markers of oxidative 

stress during stage 3 experimental CRI. The two studies on experimental hyperuricemia 

were designed to specifically focus on the circulating RAAS and the renal tissue renin-

angiotensin system (RAS), carotid artery tone, and antioxidant capacity. In the third study, 

the effects of paricalcitol on the kidney RAS component gene transcription were studied. 

The final two studies examined altered calcium-phosphate metabolism in CRI, and 

concentrated on the kidney and vascular RAS gene expression, as well as the effects on 

vascular function and nitric oxide (NO) metabolites in conduit-size arteries. 

The principal measurement methods used in this series of studies were quantitative in vitro 

autoradiography, Western blotting, real-time quantitative RT-PCR, radioimmunoassay, 

histological analysis, and in vitro vascular function determinations. The duration of the 
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studies was 12 or 27 weeks, which were chosen to influence the severity of CRI. The 

experimental models were found suitable for the study designs, and successfully produced 

the previously reported characteristics of each disorder. 

Experimental hyperuricemia activated the circulating RAAS, reflected as increased plasma 

renin activity and aldosterone concentration, as well as reduced oxidative stress and 

increased antioxidant capacity in vivo, as evidenced by reduced 24-hour urinary  

8-isoprostaglandin F  excretion and increased plasma total peroxyl radical-trapping 

capacity, respectively. Hyperuricemia also caused elevated K+ to Na+ ratio in the urine and 

enhanced NO-mediated vasorelaxation of the carotid artery in the NX rats. According to 

the findings of these two 12-week studies, the role of aldosterone seems pivotal in the 

hyperuricemia-induced Na+ retention and blood pressure elevation, whereas the increased 

uric acid level may contrarily provide beneficial effects on oxidative stress. 

Fifteen-week paricalcitol treatment, initiated 12 weeks after the initial insult, did not 

influence the transcription levels of the kidney RAS component genes, which were 

elevated in the NX rats. This result was contrary to an earlier experimental report, which 

found a suppressing influence on several kidney RAS components following initiation of 

paricalcitol treatment only four days after surgery. Without doubt, the situation in the 

included study more resembles the clinical renal disease, and may explain the 

inconsistency in comparison with the earlier findings. 

Dietary phosphate loading was associated with elevated kidney, cardiac, and aortic 

angiotensin-converting enzyme (ACE) expression, increased tissue damage, and lower 

angiotensin II receptor subtype 1a transcription in the NX rats. Phosphate binding had 

opposite effects on kidney, cardiac, and aortic ACE, as well as kidney damage and nitrated 

proteins in the aorta, while it also enhanced vasorelaxation via increased bioactivity of 

endothelium-derived NO. The hypertension in the NX rats was associated with elevated 

levels of plasma and urine NO metabolites, decreased endothelial NO synthase, increased 

ACE and nitrated proteins in the aorta, as well as impaired vasorelaxation via endothelium-

derived NO in the mesenteric artery. These findings underline the importance of effective 

phosphate control in chronic kidney disease. 

In conclusion, the present studies provide a broad assessment of common complications 

associated with CRI. The differing effects on the RAAS and oxidative stress  

highlight the multifaceted metabolic modulation in stage 3 kidney disease.
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TIIVISTELMÄ 

Krooninen munuaistauti aiheuttaa monia häiriöitä kehon normaalissa homeostaasissa. 

Edetessään munuaisvaurio vähentää munuaisten suodatuskapasiteettia, nostaa virtsahapon 

pitoisuutta verenkierrossa ja aiheuttaa verenkiertoelimistössä muutoksia, jotka suosivat 

tulehdustilaa, verisuonten rakenteellisia muutoksia (jäykistyminen, seinämän 

paksuuntuminen), kohonnutta verenpainetta ja lisääntynyttä hapetusstressiä. Jos 

munuaisten suodatuskapasiteetin lasku jatkuu esteittä, on seurauksena lopulta 

terminaalinen munuaisten vajaatoiminta. 

Kokeelliset mallit tarjoavat mahdollisuuden tutkimuksiin, joita ei voi toteuttaa 

soluviljelymalleissa tai kliinisissä hankkeissa. Tässä tutkimussarjassa käytettiin munuaisten 

vajaatoiminnan rottamallia, joka aiheutettiin vähentämällä kirurgisesti 5/6 

munuaismassasta (NX). Verrokkien toimenpiteenä oli munuaiskapselien poisto (Sham). 

Tutkimusasetelmina olivat kokeellinen hyperurikemia, parikalsitolihoito, fosfaattilisä sekä 

fosforinsitomishoito 3.0% kalsiumkarbonaatilla. Hyperurikemia aiheutettiin ravinnon 2.0% 

oksonihappolisällä, joka estää virtsahappoa metaboloivaa urikaasi-entsyymiä. Vaikka 

hyperurikemian on esitetty olevan monien patofysiologisten prosessien taustalla, toimii 

virtsahappo myös hapetusstressiltä suojaavana antioksidanttina. D-vitamiinireseptoria 

aktivoivalla parikalsitolilla hoidetaan sekundaarista hyperparatyreoosia, kun taas 

kalsiumperäisiä fosforinsitojia käytetään vähentämään elimistön fosforipitoisuutta. 

Tutkimuksessa selvitettiin reniini-angiotensiini-aldosteroni -järjestelmän (RAAS) 

komponenttien geeni-ilmentymisen muutoksia sekä muutoksia hapetusstressitasossa. 

Kokeellisissa hyperurikemiatutkimuksissa tärkeimpinä kohteina olivat kiertävä RAAS ja 

munuaiskudoksen reniini-angiotensiini -järjestelmä (RAS), kaulavaltimon tonus sekä 

hapetusstressi. Kolmannessa osatyössä tutkittiin parikalsitolihoidon vaikutusta munuaisen 

RAS-geenien luentaan. Kaksi viimeistä osatyötä käsittelivät kalsium-fosfori -tasapainon 

muutoksia kokeellisessa munuaisten vajaatoiminnassa, tutkimuskohteina munuaisten ja 

verisuoniston RAS-geeniekspression muutokset, verisuonen supistustilan säätely 

(suolilievevaltimo) ja verenkierron sekä virtsan typpioksimetaboliitit. 

Pääasiallisina mittausvälineinä käytettiin in vitro autoradiografiaa, Western blot -

menetelmää, reaaliaikaista käänteis-PCR -menetelmää, radioimmunoassay -menetelmää, 

histologista analyysiä sekä in vitro verisuonifunktion rekisteröintiä. Osatutkimusten 
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kestona oli 12 tai 27 viikkoa, millä vaikutettiin munuaisten vajaatoiminnan asteeseen. 

Kokeelliset mallit toimivat odotetusti, ja niissä havaitut ominaisuudet olivat linjassa 

aiemman tiedon kanssa. 

Kokeellinen hyperurikemia aktivoi kiertävän RAAS:n eli lisäsi plasman 

reniiniaktiivisuuttta ja aldosteronipitoisuutta. Samanaikaisesti se vähensi hapetusstressiä ja 

lisäsi antioksidanttikapasiteettia, mikä voitiin havaita vuorokausivirtsan vähentyneenä  

8-iso-PGF2  -erityksenä sekä lisääntyneenä plasman TRAP-arvona. Vaikka hyperurikemia 

nosti verenpainetta ja lisäsi kaliumin hukkaa virtsaan, havaittiin samalla parantunut 

kaulavaltimon typpioksidivälitteinen verisuonen laajeneminen. Näiden 12 viikkoa 

kestäneiden tutkimusten löydökset viittaavat aldosteronin rooliin hyperurikemian 

aiheuttamien natriumretention ja kohonneen verenpaineen taustalla. Toisaalta löydökset 

osoittavat myös hyperurikemian aiheuttamia myönteisiä vaikutuksia hapetusstressin 

tasoon. 

Viidentoista viikon parikalsitolihoito, joka aloitettiin 12 viikkoa NX- ja Sham-leikkausten 

jälkeen, ei vaikuttanut munuaiskudoksen RAS-geenien luentaan, joka lisääntyi NX rotissa. 

Tämä löydös ei vastaa aiemmin julkaistua laajan huomion saanutta kokeellista tutkimusta, 

jossa parikalsitolihoito vähensi munuaisten RAS-geenien luentaa, kun hoito aloitettiin heti 

neljä päivää leikkausten jälkeen. Tutkimussarjaan kuuluvan osatyön asetelma muistuttaa 

enemmän kliinistä munuaistautia, mikä voi selittää eriävät löydökset. 

Ravinnon fosfaattilisä aiheutti lisääntynyttä munuaisten, sydämen ja valtimoiden 

angiotensiiniä konvertoivan entsyymin (ACE) ilmentymistä, lisäsi kudosvauriota ja 

vähensi angiotensiini II:n reseptori 1a:n luentaa NX rotissa. Fosforinsidonta aiheutti 

päinvastaisen vasteen tutkittujen kudosten ACE-ekspressiossa. Lisäksi se vähensi 

munuaisvaurioita ja nitroproteiinien määrää valtimoissa sekä paransi typpioksidivälitteistä 

verisuonen laajenemista. NX rottien kohonnut verenpaine oli yhteydessä typpioksidin 

metaboliittien lisääntymiseen plasmassa ja virtsassa sekä vähentyneeseen endoteelin 

typpioksidisyntaasi-entsyymiin. ACE-ekspressio ja nitroproteiinien määrä lisääntyi 

valtimoissa ja typpioksidivälitteinen vasorelaksaatio heikentyi suolilievevaltimossa. 

Kaikkiaan tutkimussarja mallintaa kroonisen munuaisten vajaatoiminnan tyypillisiä 

komplikaatioita ja niihin vaikuttavia tekijöitä. Tutkimuslöydökset korostavat veren 

fosfaattipitoisuuden hallinnan merkitystä munuaisten vajaatoiminnassa  

sekä komplikaatioiden taustalla olevan säätelyjärjestelmän monimuotoisuutta.
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INTRODUCTION 

Chronic kidney disease (CKD), with the associated disturbances in mineral metabolism 

and cardiovascular complications, has become a common public health issue in all modern 

countries (KDIGO 2013). CKD predisposes to chronic renal insufficiency (CRI) and is a 

major risk factor for the leading global cause of premature death – cardiovascular disease 

(CVD) (Mendis et al. 2011, Talreja et al. 2013). The principal contributors to kidney 

damage are rapidly increasing diabetes mellitus type II, lifestyle factors such as dietary 

habits and excessive salt intake, as well as chronically aging population (Lopez-Vargas et 

al. 2013). 

Uric acid (UA) metabolism and elevated serum UA, hyperuricemia, have been increasingly 

studied in recent years. This is mainly due to the elusive role of UA behind hypertension 

and metabolic disorders. There has been a multitude of studies linking hyperuricemia to 

endothelial dysfunction, microvascular disease, increased inflammation, and the initiation 

of metabolic syndrome (Johnson et al. 2013a, Kanbay et al. 2013). However, it has long 

been known that UA can act as an antioxidant (Ames et al. 1981), while low circulating 

concentrations have been linked to several neurological disorders (Spitsin and Koprowski 

2008) and even premature death in hemodialysis patients (Hsu et al. 2004). No clear-cut 

consensus has yet formed on whether hyperuricemia is harmful or beneficial. 

Experimental CRI studies using 5/6 nephrectomized (NX) remnant kidney rats have been 

performed since the early 1960’s, when Morrison published the article describing this 

model (Morrison 1962). In the NX, removal of one kidney and two-thirds of the remaining 

kidney results in progressive hyperfiltration and hypertrophy (Morrison and Howard 1966, 

Shimamura and Morrison 1975). This model features low circulating concentration of 

renin, as the loss of juxtaglomerular mass decreases renin synthesis and secretion. One of 

the most important reasons for the widespread use of NX is its flexibility. The duration of 

the disease progression can easily be tailored to meet the criteria of different study designs, 

while the mechanisms of progression closely follow that of human CKD. 

Calcium-phosphate metabolism is one of the key targets for pharmacological treatment of 

CKD (Slatopolsky 2011). Disturbances in renal handling of phosphate rapidly develop 

with the loss of filtration capacity. Parathyroid hormone (PTH) levels rise already in the 

early stages of CKD due to phosphate retention. The ensuing secondary 
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hyperparathyroidism (SHPT) is an early and major complication of CKD (Slatopolsky et 

al. 2001). As active vitamin D synthesis decreases, the vitamin D receptor (VDR) 

activation is suppressed. Paricalcitol is a third-generation VDR activator, which combats 

SHPT by lowering PTH concentration and suppressing its expression in the parathyroid 

gland (Coyne et al. 2006). Contrary to supplementation with calcitriol (1,25(OH)2D3), 

paricalcitol does not induce hypercalcemia, renal stones, and increased 

hyperphosphatemia, making it more suitable for SHPT treatment. 

The aim in this series of studies was to investigate the effects of experimental 

hyperuricemia, altered calcium-phosphate metabolism, and paricalcitol treatment in 

experimental renal insufficiency. The principal focus was on oxidative stress, and the 

components of the renin-angiotensin-aldosterone system (RAAS), as determined by 

various different methods including in vitro autoradiography, Western blotting, real-time 

RT-PCR, radioimmunoassay (RIA), and in vitro vascular function measurements. 

Combined together, these investigations aim to provide further insight into the elaborate 

modulation of metabolism during stage 3 experimental CRI. 



16 

 

REVIEW OF THE LITERATURE 

1. CHRONIC KIDNEY DISEASE AND CHRONIC RENAL INSUFFICIENCY 

The global prevalence of CKD and CRI is increasing rapidly (Lopez-Vargas et al. 2013). 

Together with immense public health concerns, it brings profound economic implications 

that make suppression of kidney diseases a major health-care priority (Khwaja et al. 2007, 

Salonen et al. 2007). CKD predisposes to end-stage renal disease (ESRD) and is a major 

risk factor for CVD, the leading global cause of premature death (Mendis et al. 2011, 

Talreja et al. 2013). Studies suggest that over 10% of the population in Europe (Lameire et 

al. 2005, de Jong et al. 2008) and almost 17% of the population in the USA (Rosamond et 

al. 2008) are affected by some stage of CKD. The rising global prevalence of CKD is 

largely attributable to increased rates of diabetes and hypertension, as well as ageing 

population, which further complicates successful treatment and prevention (Lopez-Vargas 

et al. 2013). 

1.1. Chronic kidney disease 

The Kidney Disease Outcome Quality Initiative (K/DOQI) of the National Kidney 

Foundation published the first internationally accepted definition and classification of 

CKD in 2002 (K/DOQI 2002). Eleven years after the first publication, the Kidney Disease: 

Improving Global Outcomes (KDIGO) organization published an update (KDIGO 2013). 

The new guidelines apply to all patients with CKD not receiving renal replacement therapy 

(RRT) and include both children and adults (Stevens and Levin 2013). According to both 

guidelines, CKD is defined as structural or functional abnormalities of the kidneys or 

glomerular filtration rate (GFR) of <60 ml/min/1.73m2 for 3 months or more (K/DOQI 

2002, KDIGO 2013). 

It has long been known that the best overall indicator of renal function is the GFR (Smith 

1951). However, the structural damage in CKD can be present without a decrease in GFR, 

and may include pathological abnormalities or markers of kidney damage such as urinary, 

blood, and imaging abnormalities (Levey et al. 2007b). Kidney damage can be ascertained 

in many cases by the presence of albuminuria, defined as albumin-to-creatinine ratio >30 

mg/g in two of three spot urine specimens (Levey et al. 2005). GFR value can be estimated 
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by measuring serum creatinine or the amount of creatinine excreted in 24-hour urine 

sample, and also by the use of estimating equations to determine clinically applicable 

value. Serum creatinine is a well-known marker of muscular mass in steady state, and thus 

correlates with age, gender and ethnicity (Delanaye et al. 2013). 

Directly measuring the GFR is often cumbersome and costly, which is why estimation of 

GFR has become essential for the diagnosis and evaluation of renal function (Delanaye et 

al. 2013). Many different equations to estimate GFR based on serum creatinine 

concentration have been published (Cockcroft and Gault 1976, Levey et al. 1999, 

Kemperman et al. 2002, Levey et al. 2009). The first of these equations was developed by 

Cockcroft and Gault in 1976 (Cockcroft and Gault 1976). It was popular for many years 

because of its simplicity and ease of use. However, this equation estimates creatinine 

clearance and not true GFR, and was too inaccurate for CKD diagnosis. An equation 

derived from measured GFR was developed 23 years later in the Modification of Diet in 

Renal Disease (MDRD) Study (Levey et al. 1999). This equation takes into account the 

concentration of serum creatinine and 6 other variables. The K/DOQI selected MDRD as 

the equation of choice, and it is currently in worldwide clinical use (K/DOQI 2002). 

Recently, some concern has been raised whether the MDRD equation systematically 

underestimates GFR in different populations in ranges over 60 ml/min/1.73m2, thus 

overestimation the prevalence of CKD (Rule et al. 2006, Delanaye et al. 2011a, Delanaye 

et al. 2011b). In 2009, a new equation was developed by the CKD-Epidemiology 

Collaboration (CKD-EPI) with the aim to better estimate GFR levels in this range (Levey 

et al. 2009). It remains to be seen whether the putative benefits of  

CKD-EPI will make it the equation of choice in the future (Inker and Levey 2013). 

The severity of kidney disease is classified according to the level of GFR into five stages in 

which lower stage number represents a less severe form of the disease (Table 1) (Levey et 

al. 2007b). The first stage exhibits kidney damage with normal GFR of  

ml/min/1.73m2, whereas the second stage features a slightly decreased GFR of 89-60 

ml/min/1.73m2. The most common findings in these two stages are albuminuria, 

proteinuria, and hematuria, depending on the symptoms and manifestations of the renal 

damage. Kidney disease progression leads to the third stage when GFR drops to values <60 

ml/min/1.73m2. This stage is commonly described as early CRI. The fourth stage is late 

CRI or pre-ESRD with a severely decreased GFR of 29-15 ml/min/1.73m2. The fifth, and 
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the last, stage of CKD is ESRD or kidney failure, and patients going through this stage 

have a GFR under 15 ml/min/1.73m2 and need RRT (Levey et al. 2005). In Finland, the 

Finnish Registry for Kidney Diseases publishes a yearly report of patients undergoing RRT 

(2012). The newest report published in 2012 states that the total prevalence of RRT had 

increased by 31% from 2001 and by 10% from 2006. Somewhat surprisingly the incidence 

of RRT was 7% lower than 2001. Geographically the prevalence of RRT was highest in the 

southwestern region and lowest in the northern region of Finland. 

Table 1. The current classification of chronic kidney disease. 

Stage: Description: GFR (ml/min/1.73m2)        Description: 

1 Kidney damage with 

normal or increased GFR 

 Albuminuria, proteinuria, 

hematuria 

2 Kidney damage with mildly 

decreased GFR 

60-89 Albuminuria, proteinuria, 

hematuria 

3 Moderately decreased GFR 

 

30-59 Early chronic renal 

insufficiency 

4 Severely decreased GFR 

 

15-29 Late chronic renal 

insufficiency 

5 Kidney failure <15 (or dialysis) Renal failure, uremia,  

end-stage renal disease 

GFR = glomerular filtration rate; Table adapted from Levey et al. (Levey et al. 2007b) 

1.1.1. Disease progression 

Progressing CKD is characterized by histological findings of glomerulosclerosis, vascular 

sclerosis and tubulointerstitial fibrosis, leading to a shared final pathway of injury (Fogo 

2007). Podocyte damage and loss is a key step at which many pathogenic mechanisms 

unite to result in glomerulosclerosis (Kriz et al. 1998, Lemley 2012). Glomerulosclerosis 

initiates with damage to the endothelial cells, which may be caused by several different 

mechanisms (Figure 1). Consequently the damaged endothelial cells lose their anti-

coagulant, anti-inflammatory and anti-proliferative properties and begin to synthesize cell 

adhesion molecules (Johnson 1994). These changes rapidly lead to increased influx of 

platelets and inflammatory cells into the glomerular capillaries. Subsequently, mesangial 
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cell proliferation is stimulated by infiltrating monocytes (Johnson 1994). Mesangial cells 

are the major extracellular matrix (ECM) forming cell type in the glomerulus and vital to 

the glomerulosclerotic process, while the activated interstitial fibroblast or myofibroblast is 

central to the development of tubulointerstitial fibrosis (Khwaja et al. 2007). These cells 

derive from diverse origins, such as residential fibroblasts, vascular pericytes, epithelial-to-

mesenchymal transition, and circulating fibrocytes in bone marrow (He et al. 2013). It is 

also worth noting that the degree of tubulointerstitial damage has been shown to be a better 

predictor of decline in renal function than glomerulosclerosis (Schainuck et al. 1970). 

The response to the initial glomerular and tubulointerstitial cell injury involves changes in 

cell number via necrosis, apoptosis, and cell proliferation, as well as cell size via cellular 

hypertrophy (Khwaja et al. 2007). These changes trigger the growth of ECM, and their 

interplay determines whether the initial kidney damage results in mending the injury and 

subsequent healing, or in scarring via progressive fibrosis (Fogo 2007, Khwaja et al. 2007). 

Many different growth factors appear to modulate progression of glomerular and 

tubulointerstitial scarring (Bohle et al. 1992). These factors and their roles may change at 

the different stages of injury. Previous studies have reported altered levels of RAAS 

components; especially angiotensin II (Ang II), as well as basic fibroblast growth factor 

(bFGF), endothelin-1 (ET-1), PDGF, TGF- , and many chemokines among others, in 

progressive renal scarring (Fogo 2007). So far, no clinical therapies specifically targeting 

kidney remodeling and the ensuing fibrotic process has been available, but potential new 

drugs such as cysteamine (Okamura et al. 2013) and relaxin (Sasser 2013) have been 

reported to slow down harmful fibrosis in experimental settings. 

As CKD progresses, new disorders and symptoms add up. Chronic kidney injury depletes 

endogenous intracellular and extracellular antioxidant systems, resulting in increased tissue 

oxidative stress (Okamura et al. 2013). Chronic renal failure, the last stage of CKD, is 

associated with increased cardiovascular morbidity and mortality, with the underlying 

causes including anemia, acidosis, hypertension, volume overload, and accumulation of 

uremic toxins (Luke 1998, Rostand and Drüeke 1999, Pörsti et al. 2004). Notably, in many 

CKD patients the disease never progresses this far. Longitudinal studies clearly show that 

patients with CKD are far more likely to die from CVD than to develop kidney failure 

(Keith et al. 2004, Levey et al. 2007b). 
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Figure 1. Mechanisms of kidney damage and glomerulosclerosis. Various factors lead to initial kidney 

damage and systemic hypertension via an increase in glomerular pressure. Glomerular hypertension causes 

endothelial, mesangial, and epithelial damage contributing to glomerulosclerosis. ECM = Extracellular 

matrix; Figure adapted from Johnson et al. (Johnson 1994) and Fogo (Fogo 2007). 

1.1.2. Pharmacological treatment 

Treatment of CKD is currently divided into pharmacological therapies that aim to treat the 

causes of CKD and therapies to maintain kidney function (Levey et al. 2007a). The main 

treatment to decrease the rate of disease progression is aggressive control of hypertension 

with the primary focus on RAAS inhibitors (Remuzzi et al. 2005). Systemic hypertension 

commonly accompanies renal disease and may both result from, and contribute to, CKD. 

Hypertension is known to accelerate the progression of CKD, and to achieve recommended 

BP targets, the majority of CKD patients require three or more BP lowering drugs (Talreja 

et al. 2013). The choice of second line drug should be based on specific comorbidities 

along with consideration of complementary method of action. Commonly a calcium-

channel blocker or a diuretic is selected, as both have additive synergistic effects in 

combination with RAAS blockade (Talreja et al. 2013). 
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The RAAS has been a key focal point in studies of CKD progression mainly because the 

inhibition of its components provides major therapeutic effect in CKD (Remuzzi et al. 

2005). Angiotensin-converting enzyme (ACE) inhibitors (ACEI) decrease glomerular 

capillary pressure by preferential dilation of the efferent arteriole (Brown and Vaughan 

1998), likely mediated by inhibition of Ang II and also by increasing the vasodilatory 

bradykinin, which is degraded by ACE (Fogo 2007). Indeed, Ang II type 1 receptor 

blockers (ARB), which do not have this ability to increase bradykinin, do not preferentially 

dilate the efferent arteriole or decrease glomerular pressure to the extent that is seen with 

ACEI in most studies. However, both ACEI and ARB have shown superior efficacy in 

slowing progressive CKD in experimental models and in human CKD when compared 

with other BP-lowering agents. (MacKinnon et al. 2006, Fogo 2007). It is also worth 

noting that ARB leave the Ang II type 2 receptor (AT2R) active, and may in theory lead to 

augmented beneficial effects by allowing unbound Ang II to bind this receptor (Fogo 

2007). 

Recently, a new treatment option to block RAAS has emerged in the form of direct renin 

inhibition (Morishita and Kusano 2013). Aliskiren is the most commonly used orally active 

non-peptide direct renin inhibitor, which acts by binding to the active site of renin and 

directly inhibits plasma renin activity (PRA). This effect is contrary to the reactive rise in 

PRA observed with ACEI and ARB. Direct renin inhibition appears to be generally 

efficient and safe, however, several studies have reported symptomatic hypotension 

following aliskiren treatment in patients with CKD. This is why careful observation of BP 

is needed with aliskiren treatment in early stage CKD patients (Morishita and Kusano 

2013). 

One of the common complications in progressive CKD is anemia, which develops to most 

patients at stages 3-4. Mechanistically this happens when enough renal erythropoietin-

producing cells switch from a physiologic, erythropoietin-producing state, to a pathologic 

ECM-producing phenotype in response to inflammatory injury (Xiao and Liu 2013). As 

anemia becomes severe, the administration of erythropoiesis-stimulating agents (ESA) is 

generally required, along with the repletion of iron stores and the correction of other causes 

of anemia (Drüeke 2013). The introduction of ESAs three decades ago markedly improved 

the lives of many CKD patients, who until then had severe, often transfusion-dependent 

anemia (Watson 1989). Today there are three generations of ESAs used in CKD-associated 
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anemia (Magwood et al. 2013). Two types of recombinant human erythropoietin, epoetin 

and epoetin , have been available since ESAs were first developed. Both are highly 

effective but short-acting, as dosing is needed three times a week. Subsequently, two 

second-generation ESAs with an extended duration of action were approved, darbepoetin  

and methoxy polyethylene glycol-epoetin (Drüeke 

2013). The third generation features peptide-based ESAs, such as peginesatide 

(Macdougall 2012), which is effective but highly expensive. These peptide-based ESAs are 

not homologous with erythropoietin and therefore exhibit no antibody cross-activity, which 

makes them also suitable for patients suffering from pure red cell aplasia (Drüeke 2013). 

1.2. Vascular complications and oxidative stress 

In CKD patients, the arterial remodeling is characterized by dilatation and intima-media 

hypertrophy of conduit arteries, as well as hypertrophy in the walls of peripheral muscular-

type conduit arteries (Morris et al. 2001). These changes are mainly induced by oxidative 

stress, inflammation, homocysteine, endogenous nitric oxide (NO) synthase inhibitors, as 

well as the accumulation of oxidized low-density lipoproteins (LDL) (Annuk et al. 2003). 

Elevated plasma levels of ET-1 may also contribute to the cardiovascular remodeling in 

CKD patients (Demuth et al. 1998), as ET-1 type A receptor (ETA) antagonism has been 

successful in suppressing the increase in intimal and medial thickness of small mesenteric 

arteries (Amann et al. 2001). The remodeling of conductance vessels includes medial 

calcifications, increased ECM content and hyperplasia of smooth muscle (Amann et al. 

1997). It is noteworthy that the vascular phenotype of even young dialysis patients may be 

comparable with that of 80-year-old subjects without kidney disease (Foley et al. 1998). 

Arterial remodeling and increased arterial stiffness measured from aortic pulse wave 

velocity are strong independent predictors of cardiovascular mortality (Blacher et al. 

1999). 

Vascular oxidative stress with an increased production of reactive oxygen species (ROS) 

contributes to mechanisms of vascular dysfunction (Förstermann 2010). Oxidative stress is 

mainly caused by an imbalance between the activity of endogenous pro-oxidative enzymes 

such as NADPH oxidase, xanthine oxidoreductase, or the mitochondrial respiratory chain, 

and anti-oxidative enzymes such as superoxide dismutase (SOD), glutathione peroxidase, 

and heme oxygenase (HO) (Puca et al. 2013). Also, small molecular weight antioxidants 

may play a role in the defense against oxidative stress (Chen et al. 2001). Increased ROS 
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concentrations reduce the amount of bioactive NO by chemical inactivation to form toxic 

peroxynitrite. Peroxynitrite can, in turn, uncouple the endothelial NO synthase (eNOS) to 

become a dysfunctional superoxide-generating enzyme that contributes to vascular 

oxidative stress (Kuzkaya et al. 2003). Oxidative stress and endothelial dysfunction can 

promote atherogenesis. Therapeutically, drugs in clinical use such as ACEI, ARB, and 

statins may have pleiotropic actions that can improve endothelial function (Souza-Barbosa 

et al. 2006). Also, dietary polyphenolic antioxidants can reduce oxidative stress, whereas 

clinical trials with antioxidant vitamins C and E failed to show an improved cardiovascular 

outcome (Förstermann 2010). 

1.2.1. Nitric oxide 

NO is a paracrine factor that controls vascular tone, inhibits platelet function, prevents 

adhesion of leukocytes, and reduces proliferation of the intima (Förstermann 2010). The 

endothelial cells continuously synthesize NO from L-arginine by the constitutive eNOS 

(Moncada and Higgs 1993). NO is able to activate guanylate cyclase, thereby increasing 

the production of cyclic guanosine monophosphate (cGMP) and reducing intracellular 

Ca2+, subsequently relaxing the smooth muscle (Behrendt and Ganz 2002). It is well 

known that NO protects against vascular injury, inflammation, and thrombosis, which are 

all key events in the genesis and progression of atherosclerosis (Behrendt and Ganz 2002).  

Several factors are involved in reduced NO bioactivity, such as mechanical disruption of 

the endothelium by atherosclerosis, as well as increased inactivation of NO by ROS (Ohara 

et al. 1993). This condition is known as endothelial dysfunction, which can promote 

vasospasm, thrombosis, vascular inflammation, and proliferation of vascular smooth 

muscle cells (VSMC) (Förstermann 2010). Endothelial dysfunction may also predispose 

the patient to accelerated atherosclerosis and may be involved in the pathogenesis of 

secondary hypertension in CRI (London et al. 2004). When compared with small vessels, 

the contribution of eNOS to vasomotion seems to be greater in conduit-size arteries, as the 

NO-mediated relaxation is more pronounced in large arteries (Garland et al. 1995, Geiger 

et al. 1997). The interaction between activation of vascular renin-angiotensin system 

(RAS) and the bioavailability of endothelium-derived NO is an important regulator of 

vascular tone (Raij 2001). 
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1.3. Experimental chronic renal insufficiency 

The NX model (Morrison 1962, Morrison and Howard 1966) has been extensively used to 

investigate CRI. In this model, removal of 5/6 of total renal mass; one kidney and two-

thirds of the remaining kidney, results in progressive hyperfiltration and nephron 

hypertrophy (Morrison and Howard 1966, Shimamura and Morrison 1975, Hostetter et al. 

1981). Direct micropuncture studies have demonstrated that single nephron function is 

increased after subtotal nephrectomy (Olson and Heptinstall 1988). When renal mass is 

reduced, the remaining nephrons undergo functional as well as structural hypertrophy. 

Adaptations in the microcirculation of the spared nephrons result in an increased driving 

force for filtration and subsequent increase in GFR (Hostetter et al. 1981). 

The magnitude of increase in single nephron filtration rate closely correlates with the 

amount of renal mass that has been lost. In short, greater degrees of removal result in 

greater increases in single nephron filtration at the residual nephrons. This adaptation is 

generally considered beneficial because it seemingly negates the reduction in total GFR 

that would otherwise occur. Studies have, however, shown that pathological sclerosis 

eventually occurs in the glomeruli of these residual nephrons (Morrison and Howard 1966, 

Shimamura and Morrison 1975, Purkerson et al. 1976). Experimental studies have reported 

that after NX operation, eventual sclerotic destruction of remnant glomeruli is 

accompanied by progressive proteinuria and arterial hypertension. With severe reduction in 

renal mass, alterations in glomerular structure are detected as early as two weeks. By week 

7 more than 50% of glomeruli exhibit morphological changes, and all animals tended to 

die by 90 days (Purkerson et al. 1976). Notably, the amount of lost renal mass seems to be 

crucial, as clinical studies have shown that only patients with greater than 50% loss of 

renal mass have an increase in long-term risk for proteinuria and renal insufficiency 

(Novick et al. 1991). 

Persistent proteinuria, which is an independent risk factor of CKD progression, has 

garnered much attention in the pathophysiology of CRI (Klahr et al. 1994, Williams and 

Coles 1994). Proteinuria results from glomerular capillary hypertension and damage to the 

permeability barrier in the glomerulus. Damaged barrier leaks proteins and overloads the 

proximal tubular cells, quickly leading to increased activation of the intrarenal ACE (Largo 

et al. 1999), ET-1, and other cytokines inducing apoptosis, inflammation, and fibrosis. It 

has also been suggested that proteinuria directly increases the influx of growth factors such 
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as TGF-ß and hepatocyte growth factor into tubular fluid (Wang et al. 2000). There these 

factors promote interstitial fibrosis by interacting with receptors located at the apical 

membrane of the tubular cells (Wang and Hirschberg 2000). Consistent with its important 

role in CRI pathophysiology, the severity of proteinuria correlates well to the rate of GFR 

decline also in clinical settings (GISEN-group 1997). 

The 5/6 NX rat model is a flexible tool for studying different stages of CKD, as the 

duration of disease progression can be designed to meet the specific criteria of the study. 

Early stages of CKD are immediately present after recovery from the NX operation. 

Subsequent glomerulosclerosis and tubulointerstitial fibrosis then cause natural disease 

progression and concomitant loss of renal function with exactly the same mechanisms that 

are present in human CKD (Morrison and Howard 1966). Even though kidneys have a 

remarkable degree of functional reserve, a decrease in number of functioning nephrons 

beyond a certain limit leads to an overload on the remaining functioning nephrons, causing 

disease progression irrespective of the cause of the renal disease (Shimamura and Morrison 

1975). 

2. HYPERTENSION AND CARDIOVASCULAR DISEASE 

Hypertension is the most common form of CVD, and it is currently present in 33% of US 

adults 20 years of age (Go et al. 2014). That adds up to staggering 78 million 

hypertensive people in the United States alone. The overall prevalence increases 

dramatically with age, affecting the majority of population over the age of 60 (Watanabe et 

al. 2002, Rosamond et al. 2008). In the USA, the prevalence of hypertension is nearly 

equal between men and women, while African American adults have among the highest 

prevalence of hypertension in the world, 44% (Go et al. 2014). In CKD patients the 

prevalence of hypertension varies with the etiology of the kidney disease and the stage of 

CKD. However, it is known to be notably higher in comparison with general population 

(Ridao et al. 2001) To support this, there is a recent study on stage 2-4 CKD patients 

showing an enormous 86% overall prevalence of hypertension (Muntner et al. 2010, 

Talreja et al. 2013). CVD remains the number one cause of death worldwide, contributing 

to over 33% of global mortality (Mendis et al. 2011). Nearly 2200 Americans die of CVD 

each day - an average of 1 death every 40 seconds (Go et al. 2014). In Europe, CVD 

currently causes 46% of total deaths, but CVD mortality rates vary greatly between 
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countries (Nichols et al. 2013). The highest CVD mortality rates, >900 deaths per 100 000 

men and >510 deaths per 100 000 women, is seen in Turkmenistan and Russia, with other 

countries of former Soviet Union not far behind. In Finland, the CVD mortality rates were 

275 deaths per 100 000 men and 146 deaths per 100 000 women in 2011 (Nichols et al. 

2013). 

In the past 100 years, the prevalence of hypertension in the USA has effectively more than 

tripled (Johnson et al. 2005c). This increase correlates with the epidemic increase in 

obesity, metabolic syndrome, type II diabetes, and ESRD, raising the likelihood that these 

conditions are pathogenetically related and intricately linked to environmental and 

especially dietary changes that have occurred in the world population during the 100 year 

span (Johnson et al. 2005c). Hypertension markedly increases the risk for myocardial 

infarction, stroke, congestive heart failure, and peripheral vascular disease, while 

successful early treatment reduces these complications and can reduce the number of 

cardiovascular deaths as well as improve overall quality of life (Watanabe et al. 2002, 

Rosamond et al. 2008). 

2.1. Essential hypertension 

According to the newest guidelines, published jointly by the European Society of 

Hypertension and the European Society of Cardiology in 2013, hypertension is defined as 

systolic BP of  140mmHg or diastolic BP of  90mmHg, or both, measured in a relaxed, 

sitting position (Mancia et al. 2013). The same classification is used in young, middle-aged 

and elderly subjects, whereas different criteria, based on percentiles, are adopted in 

children and teenagers. BP measurements should always be associated with measurement 

of heart rate, as resting heart rate values independently predict cardiovascular morbidity 

and mortality in several conditions, including hypertension (Benetos et al. 1999, Julius et 

al. 2012). 

For ambulatory BP monitoring, hypertension is defined when the average BP values for a 

24-hour period are 130/80mmHg, day-time average of 130/85mmHg, or night-time 

average of 120/70mmHg (Mancia et al. 2013). The original cut-off of 140/90mmHg was 

chosen in the early 1900s based on the fact that less than 10% of the US population had 

BPs in that range (Johnson et al. 2008a). In addition, it was recognized from the start that 

BPs in the hypertensive range were almost inevitably accompanied with arteriolosclerosis 
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as well as kidneys that were markedly contracted and granular in appearance, with 

glomerular and tubular changes visible in microscope. This confirms that hypertension 

should not simply be defined as an elevation in BP, but considered a syndrome featuring 

microvascular disease and renal involvement (Johnson et al. 2008a). Afferent 

arteriolopathy and concomitant microvascular disease narrows glomerular afferent 

arteriolar lumens via hypercellularity and thickening, thereby causing glomerular 

hypertension (Johnson et al. 2003) 

Further support for the key role of kidneys in the initiation of hypertension has come from 

transplant studies in experimental models of hypertension (Dahl and Heine 1975, Rettig et 

al. 1990) and in clinical setting (Curtis et al. 1983). Dahl and Heine (Dahl and Heine 1975) 

demonstrated that the transplantation of a kidney from a rat with salt-sensitive 

hypertension to a normotensive rat will transfer the salt sensitivity. It was later shown in 

hypertension-induced ESRD patients that the transplantation of a kidney from a 

normotensive donor could cure the hypertension (Curtis et al. 1983). This finding along 

with a more recent study (Kvist and Mulvany 2003) demonstrated that systemic vascular 

disease cannot be the cause of hypertension (Johnson et al. 2008a). However, the primary 

importance of kidneys in essential hypertension does not negate the role of non-renal 

mechanisms in its pathophysiology. For example, the elevation in peripheral vascular 

resistance is mediated by vasoconstriction that is dependent on Ang II receptors and other 

mediator systems (Crowley et al. 2005). Persistent activation of the sympathetic nervous 

system may also cause chronic hypertension (Johnson et al. 2008a). 

It has been observed that salt restriction causes some individuals with essential 

hypertension to have a greater fall in BP than others, and this has led to the concept of 

further classifying essential hypertension as salt-sensitive or salt-resistant. Intricately 

associated with the vascular lesion in the kidney is an infiltration into the interstitium of 

inflammatory cells consisting of T-cells and macrophages, many of which are producing 

oxidants and Ang II (Johnson et al. 2008a). Because renal microvascular disease is non-

uniform, the rise in systemic BP results in some nephrons being overperfused whereas 

others are underperfused. Peritubular capillaries may also be damaged. The net effect is 

that ischemia is not completely relieved, and this leads to continued stimulation of sodium 

reabsorptive mechanisms by renin-dependent and renin-independent mechanisms (Sealey 
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et al. 1988). Consequently, the pressure natriuresis curve is shifted to the right and 

flattened, and the hypertension becomes salt-sensitive (Johnson et al. 2008a). 

2.2. Secondary hypertension in chronic kidney disease 

Impairment of renal sodium handling has been implicated in both experimental and human 

hypertension (Talreja et al. 2013). Hypertension secondary to early-stage CKD is mainly 

related to an impairment of Na+-excretion leading to an expansion of circulating volume 

and total Na+-content. This leads to increased secretion of endogenous factors that induce 

alterations in cytosolic Ca2+ homeostasis of VSMCs, followed by elevated peripheral 

resistance and BP (Schiffl et al. 1993). Thus, the expansion of extracellular fluid volume is 

the initial driver of hypertension, which is subsequently maintained by elevated vascular 

resistance (Talreja et al. 2013). 

In addition to extracellular volume overload, increased sympathetic activity and the action 

of the RAAS contribute to hypertension in CKD, even in the presence of normovolemia 

(Talreja et al. 2013). Increased sympathetic outflow to kidney induces several pro-

hypertensive effects including stimulation of renin release, Na+ and water reabsorption, and 

an increase in renal vascular resistance (Converse et al. 1992). These effects point to a 

critical role of renal sympathetic afferents in the maintenance of hypertension and high 

central sympathetic activity in patients with CKD. A small randomized controlled trial has 

shown that renal sympathetic denervation therapy by high frequency radioablation can 

result in significant short-term reduction in BP among patients with resistant hypertension 

and preserved renal function (Esler et al. 2010). However, more studies are needed to 

assess the safety and efficacy of these procedures. 

Disturbed balance between endothelium-derived vasodilators and vasoconstrictors in CKD 

has also been implicated as a mechanism leading to elevated BP (Shultz 1992). Suppressed 

synthesis of vasodilators such as NO and kinins, as well as increased production of 

vasoconstrictors such as ET-1 may also induce increased vascular resistance by their direct 

action on the VSMCs, and intracellular Ca2+-metabolism (Förstermann 2010). Adipose 

tissue cytokines adiponectin and visfatin also potentially contribute to endothelial 

dysfunction (Zoccali 2008). ETA-antagonists have shown some efficacy in the treatment of 

resistant hypertension in the general population, but with significant fluid retention, which 

makes their therapeutic use questionable in CKD (Weber et al. 2009). 
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3. THE RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM 

The critical role of the circulating RAAS in the regulation of arterial pressure and sodium 

homeostasis has been recognized for many years (Zhuo et al. 1999, Navar and Nishiyama 

2001, Bernstein 2006, Paul et al. 2006). The RAAS is the best known regulator of BP and 

determinant of target-organ damage from hypertension. It also controls fluid and 

electrolyte balance through coordinated effects on the heart, blood vessels, and kidneys 

(Remuzzi et al. 2005). Ang II is the most powerful biologically active product of the 

RAAS, although there are other bioactive Ang peptides, including Ang III, Ang IV, and 

Ang 1-7. Ang II directly constricts VSMCs, enhances myocardial contractility, stimulates 

aldosterone production, stimulates release of catecholamines from the adrenal medulla and 

sympathetic nerve endings, increases sympathetic nervous system activity, and stimulates 

thirst and salt appetite (Kobori et al. 2007b). Ang II also regulates sodium transport by 

epithelial cells in the intestine and kidney. There has also been a growing appreciation of 

the organ-specific roles exerted by Ang II acting as a paracrine factor (Paul et al. 2006). In 

addition to its physiological roles, locally produced Ang II induces inflammation, cell 

growth, mitogenesis, apoptosis, cell migration, and differentiation, regulates the gene 

expression of bioactive substances, and activates multiple intracellular signaling pathways; 

all of which might contribute to tissue injury (Navar 1997, Kobori et al. 2007a). 

3.1. The classic circulating renin-angiotensin-aldosterone system 

The first enzyme of the classic systemic RAAS, renin, is produced by the juxtaglomerular 

cells of the afferent renal arteriole in a series of steps (Simoes e Silva and Flynn 2012). 

Gene transcription in the cell nucleus creates pre-prorenin, which is cleaved to produce 

prorenin in the endoplasmic reticulum. The Golgi apparatus then packs prorenin into 

secretory granules, where a portion appears to be converted into active renin (Griendling et 

al. 1993). The release of both peptides is mainly triggered by the stimulation of renal 

juxtaglomerular cells. Major stimuli for secretion of renin from the juxtaglomerular 

apparatus include glomerular hypoperfusion, reduced sodium intake, and increased activity 

of the sympathetic nervous system (Figure 2). Local sites of renin conversion have been 

shown in several organs, including the ovaries, placenta, testes, adrenal glands, and retina 

(Griendling et al. 1993, Simoes e Silva and Flynn 2012). Prorenin was long considered to 
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function solely as an inactive precursor to renin synthesis, but this view has rapidly 

changed with the introduction of (pro)renin receptor (PRR) in 2002 (Nguyen et al. 2002). 

Angiotensinogen is an alpha-2-globulin, which is primarily formed and constitutively 

secreted by the hepatic cells into the circulation, where it functions as the principal 

substrate for renin (Brasier and Li 1996). Plasma angiotensinogen levels are increased by 

corticosteroids, estrogen, thyroid hormone, and Ang II (Basso and Terragno 2001, 

Stavreus-Evers et al. 2001). On release into the circulation, renin cleaves angiotensinogen 

at the N-terminus to form the decapeptide Ang I (Navar 1997). The circulating 

concentrations of angiotensinogen are abundant, being more than 1000 times greater than 

the plasma Ang I and Ang II concentrations (Navar and Nishiyama 2001). Although some 

variation between species exists, changes in renin activity determine the rate of Ang I 

formation in the plasma from the huge stores of circulating angiotensinogen, effectively 

making it the rate-limiting step of the RAAS (Ichihara et al. 2004, Paul et al. 2006). 

Renin is stored in substantial quantities in the granules of juxtaglomerular cells (Paul et al. 

2006), and thus large changes in plasma renin levels can occur rapidly, leading to changes 

in Ang I generation. Ang I is easily converted to Ang II, due not only to the circulating 

ACE, but also to the widespread presence of ACE on endothelial cells of many vascular 

beds including the lung (Navar 1997, Ichihara et al. 2004, Paul et al. 2006). Although other 

pathways for Ang II formation have been identified in certain tissues, the circulating levels 

of Ang II reflect primarily the consequences of the renin and ACE enzymatic cascade on 

angiotensinogen (Johnston 1994, Kobori et al. 2007a). The resultant increases in plasma 

Ang II exert powerful actions throughout the body through activation of Ang II receptors 

(Paul et al. 2006). Several angiotensinases and peptidases are then able to metabolize Ang 

II further (Kobori et al. 2007a). It is currently recognized that several of the down-stream 

peptides, including Ang III, Ang IV, and Ang 1-7, have biological activity, but their 

plasma levels are much lower than those of Ang II (Kobori et al. 2007a). 
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3.1.1. Plasma renin and aldosterone 

The plasma renin concentration or activity is often used as a measure of the overall activity 

of the RAAS. In most species, renin synthesized by the juxtaglomerular apparatus cells is 

the primary source of both circulating and intrarenal renin levels. The secreted active form 

of renin contains 339 to 343 amino acid residues after proteolytic removal of the 43-amino 

acid residue at the N-terminus of prorenin. Circulating active renin and prorenin are 

released mainly from the kidney, but other tissues also secrete prorenin into the circulation 

(Sealey et al. 1986). Besides serving as the precursor for active renin and binding PRR, it 

has been suggested that circulating prorenin is taken up by some tissues where it may 

contribute to the local synthesis of Ang peptides (Prescott et al. 2002). Although renin or 

prorenin may directly induce cellular effects via PRR, the best-established role of renin is 

to act on angiotensinogen to form Ang I. 

The mineralocorticoid aldosterone is synthesized by a series of enzymatic reactions from 

cholesterol in the zona glomerulosa of the adrenal gland. In addition, extra-adrenal 

synthesis of aldosterone has been reported in different tissues (Takeda et al. 2000, 

Cachofeiro et al. 2008). The extra-adrenal production of aldosterone appears to be 

regulated by the same stimuli that regulate adrenal synthesis. At the vascular level, its 

production has been reported in both endothelial cells and VSMCs. However, the 

physiological relevance of this production is still under discussion (Cachofeiro et al. 2008). 

High circulating aldosterone concentration is acknowledged as a significant cardiovascular 

risk factor (Schmidt and Schmieder 2003, Schmidt et al. 2006), and independently of the 

circulating or local origin, aldosterone exerts actions in the vascular wall through genomic 

and non-genomic effects. 

Genomic actions imply the binding of aldosterone to cytoplasmatic mineralocorticoid 

receptors, a member of the nuclear receptor superfamily, and involve transcription and 

protein synthesis (Fuller and Young 2005). These receptors have been found in both 

endothelial cells and VSMCs and their expression can be increased in certain pathological 

situations such as hypertension (Fuller and Young 2005). The direct targets for aldosterone 

are the late distal convoluted tubules, the connecting tubules, and the principal cells of the 

cortical and medullary collecting ducts. Aldosterone binds to the receptor and translocates 

into the nucleus. The ligand-receptor complex then forms a homodimer, binds to the 
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specific DNA sequences and stimulates the transcription of its target genes (Nagase and 

Fujita 2008). 

The non-genomic effects of aldosterone are observed quickly after secretion or 

administration, and are insensitive to transcription inhibitors. To date, two different non-

genomic responses have been reported (Cachofeiro et al. 2008). One appears to involve 

mineralocorticoid receptors, whereas the second involves an unidentified membrane 

receptor. The signaling pathways include the modulation of intracellular calcium,  

Na+/H+-exchanger activity, and phosphorylation of signaling molecules, including protein 

kinase C, epidermal growth factor receptor, mitogen-activated protein (MAP) kinases, and 

cellular Src tyrosine kinase (C-Src) (Cachofeiro et al. 2008, Nagase and Fujita 2008). In 

fact, it was reported recently that aldosterone-induced activation of C-Src, extracellular 

signal-regulated kinases 1 and 2 (ERK1/2), and p38 MAP kinase is increased in 

spontaneously hypertensive rat vascular cells, suggesting that aldosterone plays an 

important role through the upregulation of C-Src signaling in vascular alterations observed 

in hypertensive rats (Cachofeiro et al. 2008). 

3.1.2. Angiotensin-converting enzyme and angiotensin II receptors 

Ang I is rapidly converted into the major effector of the RAAS, Ang II, by ACE, which is 

located on endothelial cells in many vascular beds and on membranes of various other cells 

including brush border membranes of proximal tubules (Mezzano et al. 2003). The 

localization of ACE within the kidney in various species has been well characterized. 

However, there are some important differences between humans and commonly used 

experimental animals. Indeed, it has been reported that kidneys from normal human 

subjects predominantly expressed ACE in the brush border of proximal tubular segments, 

and very little ACE expression was observed on vascular endothelial cells. ACE was not 

detectable in the vasculature of the glomerular tuft or even in the basolateral membranes of 

epithelial cells. In contrast, there was intense labeling on the endothelial cells of almost all 

of the renal microvasculature of rats (Kobori et al. 2007a). It has been reported that less 

than 10% of arterially delivered Ang I is converted to Ang II, which along with the 

reduced ACE expression on renal vascular endothelial cells in humans implies that the 

influence of intrarenal Ang II formed from circulating precursors may not be of major 

significance (Paul et al. 2006). 
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Most of the actions of Ang II on renal function are the consequence of activation of Ang II 

receptors, which are widely distributed in various regions and cell types of the kidney. Two 

major categories of Ang II receptors, type 1 (AT1R) and type 2 (AT2R), have been 

described, pharmacologically characterized, and cloned (Kobori et al. 2007a). 

Additionally, AT1R features two well characterized subtypes: 1a (AT1aR) and 1b (AT1bR), 

although recent evidence suggests that humans only express AT1aR (Higuchi et al. 2007). 

In literature, most of the hypertension-causing actions of Ang II are generally attributed to 

the AT1R, marking it as the bad receptor regarding the pathogenesis of hypertension (Ito et 

al. 1995). AT1R transcript has been localized to proximal tubules, the thick ascending limb 

of the loop of Henle, glomeruli, arterial vasculature, vasa recta, arcuate arteries, and 

juxtaglomerular cells (Tufro-McReddie and Gomez 1993). In rodents AT1aR is the 

predominant subtype in all nephron segments, whereas AT1bR is more abundant than 

AT1aR only in the glomerulus. In mature kidneys, AT1aR have been localized to the luminal 

and basolateral membranes of several segments of the nephron, as well as on the renal 

microvasculature in both cortex and medulla, VSMCs of afferent and efferent arterioles, 

epithelial cells of the thick ascending limb of Henle, proximal tubular apical and 

basolateral membranes, mesangial cells, distal tubules, collecting ducts, and macula densa 

cells (Harrison-Bernard et al. 1999). This evidence is consistent with the localization of the 

transcript for the AT1R subtypes in all of the renal tubular and vascular segments in rats 

(Miyata et al. 1999). 

The AT2R is highly expressed in human and rodent kidney mesenchyme during fetal life 

and decreases dramatically after birth (Kobori et al. 2007a). AT2R protein has been 

localized to the glomerular epithelial cells, proximal tubules, collecting ducts, and parts of 

the renal vasculature of the adult rat (Miyata et al. 1999). Although the role of AT2R in 

regulating renal function remains uncertain, it has been suggested that AT2R activation 

counteracts AT1R effects by stimulating formation of bradykinin and NO, thereby leading 

to increases in interstitial fluid concentration of cGMP (Siragy and Carey 1999). AT2R 

activation seems to influence proximal tubule sodium reabsorption either by a cell 

membrane receptor-mediated mechanism or by an interstitial NO-cGMP pathway (Jin et al. 

2001). Ang II infusion into AT2R-knockout mice leads to exaggerated hypertension and 

reductions in renal function, probably due to decreased renal interstitial fluid levels of 

bradykinin and cGMP available that counteract the direct effect of Ang II (Siragy and 
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Carey 1999). AT2R can thus be regarded as a protective component of RAAS that inhibits 

vasoconstriction. 

3.2. Novel components 

A little over a decade age, the RAAS was considered a linear process. However, this view 

first started to change in 2000, as the RAAS gained a new member called angiotensin-

converting enzyme 2 (ACE2) (Donoghue et al. 2000). Today, the conventional view of the 

RAAS has undergone significant change at several levels, with the identification of PRR 

(Nguyen et al. 2002), Mas oncogene, and AT4R receptor, as well as recognition of 

functionally active Ang II-derived peptides and intracellular RAS, and finally, the 

existence of locally regulated tissue RAS (Nguyen Dinh Cat and Touyz 2011) (Figure 2). 

ACE2 is expressed predominantly in vascular endothelial cells of the heart and kidney. 

ACE2 and ACE have different biochemical activities, as ACE2 converts Ang I to Ang 1–9 

with nine amino acids, whereas ACE converts it to Ang II with eight amino acids (Figure 

2). Ang II is a potent blood vessel constrictor. Ang 1–9 has no known effect on blood 

vessels but can be converted by ACE to a shorter peptide, Ang 1–7, which is a vasodilator 

(Pörsti et al. 1994). ACE2 can also produce Ang 1–7 by converting Ang II (Nguyen Dinh 

Cat and Touyz 2011). Thus, it has been suggested that ACE2 functions as one of the 

protective components of the RAAS suppressing the formation of the vasopressor Ang II 

(Boehm and Nabel 2002). The catalytic efficiency of ACE2 against Ang II is 400-fold 

higher than for Ang I, whereas it does not metabolize bradykinin (Simoes e Silva and 

Flynn 2012). CKD has been associated with a reduction in renal ACE2 expression. As  

Ang II is the primary substrate for ACE2 in renal tissue, the reduction of ACE2 expression 

and activity leads to local elevation of Ang II concentrations, which  may contribute to 

development of renal damage (Simoes e Silva and Flynn 2012). 

The PRR is a multifunctional receptor that also mediates effects independent of the RAAS 

(Hitom et al. 2010). PRRs are abundant in heart, brain and placenta, lower levels being 

found in the kidney and liver (Nguyen 2007). Visceral adipose tissue also expresses PRR, 

whereas less PRRs are expressed in the subcutaneous adipose tissue (Achard et al. 2007). 

PRR works by activating signaling molecules, and promoting cell growth and fibrosis, 

independently of Ang II, in cardiomyocytes, mesangial cells, podocytes, distal tubular 

cells, vascular endothelial cells and VSMCs (Danser and Nguyen 2008). The exact 
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physiological significance of the PRR remains unclear although it may act as an amplifier 

of tissue RAS (Nguyen Dinh Cat and Touyz 2011). 

The effects of Ang 1-7 are mainly relayed via the Mas proto-oncogene, which was first 

implicated as Ang 1-7 receptor by Santos et al. (Santos et al. 2003). Mas functions as the 

main effector conveying the vasodilatory, antiproliferative, anti-inflammatory and 

antifibrotic effects of Ang 1-7 (Simoes e Silva et al. 2013). In the proximal tubule Ang 1–7 

displays growth inhibitory properties and antagonizes the effects of Ang II, whereas in 

mesangial cells, it appears to stimulate cell growth pathways (Simoes e Silva and Flynn 

2012). The renoprotective effects of Ang 1-7 seem to involve the modulation of oxidative 

stress, leukocyte influx and activation, and fibrosis in renal tissues (Esteban et al. 2009). 

The data provided by human studies also indicate a beneficial role for the activation of this 

alternative RAS axis in patients with renal diseases (Simoes e Silva et al. 2013). In 

addition, it is hypothesized that the beneficial effects of ACEI and ARB in renal diseases 

might involve, at least in part, the elevation of plasma Ang 1-7 levels. These effects imply 

a counter-regulatory role against Ang II for this peptide within the RAAS (Simoes e Silva 

and Flynn 2012). 

The biologically active Ang IV peptide raised new interest with the founding of new a 

receptor, AT4R or originally transmembrane enzyme called insulin-regulated 

aminopeptidase (IRAP) (Albiston et al. 2007). Actions of Ang IV mediated by AT4R 

include renal vasodilation, hypertrophy and activation of nuclear factor- B (NF- B) 

leading to increased expression of platelet activator inhibitor-I, monocyte chemoattractant 

protein, interleukin-6 and tumor necrosis factor- (Chai et al. 2004). Ang IV also exerts a 

wide range of neural effects including the ability to enhance learning and memory recall, 

anti-convulsant and anti-epileptogenic properties and protection against cerebral ischemia. 

Some of these actions are mediated via the AT1R, but others are due to binding to AT4R. 

Exact mechanisms of action whereby Ang IV induces effects via AT4R are unclear and the 

biological significance remains to be elucidated (Nguyen Dinh Cat and Touyz 2011). 

Of all the novel components, the Ang III peptide is possibly the most potent effector of the 

RAAS. It is not exactly newly discovered, having been known to cause vasoconstriction 

and release of aldosterone for almost 40 years (Saito et al. 1978a), however, its importance 

has only very recently been appreciated. Ang III is generated from Ang II by 

aminopeptidase A. Ang III exerts its actions via AT1R and AT2R. While Ang II is 
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considered the main effector of RAAS, Ang III may be equally or even more important in 

some actions mediated by AT1R, such as the release of anti-diuretic hormone vasopressin 

(Fyhrquist and Saijonmaa 2008). In vitro, Ang III stimulates proliferation, production of 

pro-inflammatory mediators and deposition of ECM proteins (Wang et al. 2010). 

3.3. The intrarenal renin-angiotensin-system 

In recent years, the focus of interest on the role of the RAAS in the pathophysiology of 

hypertension and organ injury has changed to a major emphasis on the role of the local 

RAS in specific tissues. In the kidney, all of the RAS components are present, and 

intrarenal Ang II is formed by multiple independent mechanisms (Navar and Nishiyama 

2001). Proximal tubular angiotensinogen, collecting duct renin, and tubular Ang II 

receptors are positively augmented by intrarenal Ang II. In addition to the classic RAAS 

pathways, PRR and chymase are also involved in local Ang II formation in the kidney 

(Prescott et al. 2002, Miyazaki and Takai 2006). Moreover, circulating Ang II is actively 

internalized into proximal tubular cells by Ang II receptor-dependent mechanisms 

(Higuchi et al. 2007). Consequently, Ang II is compartmentalized in the renal interstitial 

fluid and the proximal tubular compartments with much higher concentrations than those 

existing in the circulation. Recent evidence has also revealed that inappropriate activation 

of the intrarenal RAS is an important contributor to the pathogenesis of hypertension and 

renal injury (Kobori et al. 2007a). Thus, it is necessary to understand the mechanisms 

responsible for independent regulation of the intrarenal RAS. 

The RAAS has been acknowledged as an endocrine, paracrine, autocrine, and intracrine 

system, and because of that, it has been almost impossible to distinguish the different 

contributions of the classic RAAS versus the local RAS (Navar et al. 2002, Kobori et al. 

2007a). Emerging evidence suggests that local formation is of major significance in the 

regulation of the Ang II levels in many organs and tissues. For example, there is substantial 

evidence that the Ang peptide levels in the brain are regulated in an autonomous manner 

(Kobori et al. 2007a). Although every organ system in the body has elements of the RAS, 

the kidney is unique in having every component of the RAS with compartmentalization in 

the tubular and interstitial networks as well as intracellular accumulation. Recent attention 

has been focused on the existence of unique RASs in various organ systems. Various 

studies have demonstrated the importance of the tissue RAS in the brain, heart, adrenal 

glands, and vasculature as well as in the kidney (Navar et al. 1995, Bader 2010). There is 
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substantial evidence that the major fraction of Ang II present in renal tissues is generated 

locally from angiotensinogen delivered to the kidney as well as from angiotensinogen 

locally produced by proximal tubule cells. Ang I delivered to the kidney can also be 

converted to Ang II (Komlosi et al. 2003). Renin secreted by the juxtaglomerular apparatus 

cells and delivered to the renal interstitium and vascular compartment also provides a 

pathway for the local generation of Ang I (Hackenthal et al. 1990, Kobori et al. 2007a). 

ACE is abundant in the rat kidney and has been located in the proximal and distal tubules, 

the collecting ducts, and renal endothelial cells. Therefore, all components necessary to 

generate intrarenal Ang II are present along the nephron (Paul et al. 2006, Kobori et al. 

2007a). 

Although most of the circulating angiotensinogen is produced and secreted by the liver, the 

kidneys also produce angiotensinogen (Kobori et al. 2007b). Intrarenal angiotensinogen 

mRNA and protein have been localized to proximal tubule cells, indicating that the 

intratubular Ang II could be derived from locally formed and secreted angiotensinogen. 

The angiotensinogen produced in proximal tubule cells seems to be secreted directly into 

the tubular lumen in addition to producing its metabolites intracellularly and secreting 

them into the tubule lumen (Lantelme et al. 2002). Proximal tubule angiotensinogen 

concentrations in rats have been reported in the range of 300 to 600 nM, which greatly 

exceed the free Ang I and Ang II tubular fluid concentrations (Navar and Nishiyama 

2001). Because of its substantial molecular size, it seems unlikely that much of the plasma 

angiotensinogen filters across the glomerular membrane, further supporting the concept 

that proximal tubule cells secrete angiotensinogen directly into the tubule (Kobori et al. 

2007a).
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3.4. The vascular renin-angiotensin system 

All the elements of the RAS are present also in the vasculature, indicating that the vascular 

system may act independently to generate Ang II (Nguyen Dinh Cat and Touyz 2011). 

Expression of renin, angiotensinogen, ACE, Ang I and Ang II has been demonstrated at the 

mRNA and protein levels within the endothelium of veins, large conduit arteries, and small 

resistance arteries (Nguyen Dinh Cat and Touyz 2011). The levels of Ang II and its 

metabolites may differ between tissues, and may even be higher in microvessels than in the 

plasma, because of local regulation of vascular RAS (Danser 2003). 

4. URIC ACID AND HYPERURICEMIA 

4.1. Uric acid synthesis and metabolism 

UA is generated during the catabolism of purines obtained by ingestion or from the 

breakdown of DNA, RNA and ATP (Watanabe et al. 2002, Johnson et al. 2008b). UA is a 

weak acid (pKa=5.75) distributed throughout the extracellular fluid compartment as 

sodium urate, and cleared from the plasma mainly by glomerular filtration (Waring et al. 

2000). The synthesizing enzyme is xanthine oxidoreductase, which promotes the last 

catalytic steps by converting hypoxanthine to xanthine and xanthine to UA (Doehner and 

Anker 2005). The substrates for hypoxanthine formation by adenine deaminase are adenine 

and adenosine, whereas inosine phosphorylase uses inosine as its substrate. Guanine also 

functions as a precursor for UA synthesis, but it is metabolised straight to xanthine by the 

guanine deaminase (Waring et al. 2000). 

Xanthine oxidoreductase is a flavoprotein that contains both iron and molybdenum and 

uses NAD+ as an electron acceptor. It exists in two interconvertible forms: xanthine 

dehydrogenase and xanthine oxidase (XO). In its XO form, this enzyme can function as a 

redox partner to molecular oxygen, generating free oxygen radicals superoxide anion and 

hydrogen peroxide, which may be converted to free hydroxyl radicals (Doehner and Anker 

2005). In 1968, the cytosolic XO was the first documented putative biologic generator of 

oxygen-derived free radicals, and since then, it is well known that XO is a major source of 

free oxygen radical production in the human body (Terada et al. 1992, Harrison 1997). 

This metabolic pathway is of particular significance in conditions of tissue hypoxia and 

ischemia/reperfusion because the increased degradation of ATP via adenosine leads to 
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increased substrate load for XO. Accordingly, an increase in serum UA level has been 

observed in hypoxic states such as obstructive pulmonary disease, neonatal hypoxia, 

cyanotic heart disease, and acute heart failure (Doehner and Anker 2005). Simultaneously, 

in ischemia and hypoxia, xanthine dehydrogenase increasingly transforms to XO, which 

further adds to accelerated radical production (Terada et al. 1992). 

In most mammals UA is further degraded to allantoin by the enzyme urate oxidase 

(uricase), resulting in serum UA levels in the range of 30-90 mol/l (Watanabe et al. 2002, 

Johnson et al. 2008b). Uricase is localized predominantly in liver and is associated with the 

peroxisome as a tetramer with a subunit molecular mass of 32-33 kDa (Wu et al. 1989). 

Depending on the species, allantoin may be further degraded by allantoinase to generate 

ammonia (Johnson et al. 2008b). The serum UA concentration of apes and humans and 

some New World monkeys is markedly higher than in other mammals. This increase is due 

to distinct mutations in the uricase gene that rendered it non-functional during the Miocene 

era (Wu et al. 1992). Elevated serum UA concentration is called hyperuricemia when it 

exceeds 360 mol/l in women, or 420 mol/l in men (Johnson et al. 2003). 

Hyperuricemia might be best known for its association with gout, which is a disease 

recognized for centuries (Terkeltaub 2006, Rivard et al. 2013). Gout is the most common 

inflammatory arthritis in men, affecting almost 2% of adult men in the Western world  

(Lee et al. 2006). Gout is caused by deposition of urate crystals in the joints in which they 

induce chronic inflammation and tissue damage. However, hyperuricemia is also known to 

be present without crystal formation in many CKD and CVD patients. Characteristically, 

patient groups with the highest cardiovascular risk coincidentally have highest mean serum 

UA concentrations. These include heavy alcohol users with increased UA generation and 

decreased excretion, as well as diuretic users with decreased UA excretion. Because of 

lower nephron count, people of African descent also have an increased risk for 

hyperuricemia (Johnson et al. 2003). Additionally, serum UA is typically higher in men 

and postmenopausal women than premenopausal women because of the uricosuric actions 

of estrogen, whereas high insulin concentration has been reported to decrease UA 

excretion (Muscelli et al. 1996). 

Altered serum UA concentrations, both above and below normal levels, have been linked 

to a number of disease states. Hyperuricemia has been associated with gout, hypertension, 

CVD, and CKD, whereas lower than normal UA concentration, hypouricemia, has been 
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linked to Parkinson's disease, Alzheimer's disease, and optic neuritis (Kutzing and Firestein 

2008). Several recent studies have also reported lower levels of UA in multiple sclerosis 

patients, while other studies found no such correlation (Spitsin and Koprowski 2008). 

Historically, elevated UA has been considered a marker of the above disease states, but 

recently published studies have provided evidence that UA may actually play a role in the 

development or progression of such diseases (Kutzing and Firestein 2008). As a result, the 

manipulation of UA concentrations is now either included in, or being investigated for, the 

treatment of a variety of disease states (Kutzing and Firestein 2008). 

 4.1.1. The benefits of uricase mutations 

In humans, the chimpanzee, and the gorilla, three uricase mutations have been identified. 

These include a nonsense mutation of codon 33, a nonsense mutation of codon 187, and a 

splice mutation in exon 3, while the human uricase gene totals 304 codons – 8 exons and 8 

introns. The mutation at codon 33 is also found to be present in the orangutan, whereas 

none of these mutations are present in the gibbon, in which a separate 13 bp reading-frame-

changing deletion was identified between codons 72 and 76 of exon 2 (Wu et al. 1992). 

Based on the phylogeny of hominoid evolution as assessed by DNA-DNA hybridization, it 

was proposed that the nonsense mutation affecting the hominoid lineage at codon 33 

occurred between 24 and 13 to 16 million years ago, and the 13 bp deletion in exon 2 

occurred sometime after the split of the gibbon from the other hominoids, which occurred 

around 22 to 24 million years ago (Wu et al. 1992, Watanabe et al. 2002). The current 

evidence now suggests that the loss of uricase in humans may have been stepwise, with a 

progressive loss in activity due to mutations in the promoter region followed by complete 

silencing of the gene (Oda et al. 2002, Johnson et al. 2008b). 

The biological reason for the loss of urate oxidase activity in hominoids is unknown, but 

there are a few reasonable hypotheses that are in agreement with the existent UA evidence. 

An evolutionary fact is that when a mutation completely silences the function of an 

enzyme, it either hampers its carrier, or gives the carrier an advantage over the wild-type 

population. When this kind of mutation sweeps all over the population and becomes the 

wild-type, we can safely assume that the mutation was highly advantageous in the 

contemporary environment. During the Miocene this was the situation that happened with 

the uricase gene. Non-functional uricase presented a new kind of survival advantage that 
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eventually lead to its complete precipitation in later hominoids (Watanabe et al. 2002, 

Johnson et al. 2008b). 

The most quoted hypothesis explaining the advantage associated with the non-functional 

uricase is that originally proposed by Ames et al. (Ames et al. 1981), who suggested that 

the uricase mutation may have occurred as a means to replace serum antioxidant activity 

after the loss of ascorbate, vitamin C, synthesis. Indeed, UA is a water-soluble antioxidant 

that can help maintain ascorbate levels and is also considered to be one of the most 

important antioxidants in the plasma (Ames et al. 1981, Johnson et al. 2008b). However, 

UA is not solely an antioxidant as it can also function as a pro-oxidant on a variety of cell 

types and in vivo, as evidenced by its reactions with peroxynitrite (Santos et al. 1999). 

According to the hypothesis, it was also suggested that the reason humans have longer life 

expectancy compared to other mammals may relate to the antioxidant benefits provided by 

the higher UA levels. Challenging this hypothesis, however, is the observation that neither 

ascorbate nor UA levels correlate with maximum life span in vertebrates (Lopez-Torres et 

al. 1993, Johnson et al. 2008b). 

Another hypothesis is that the increase in UA resulted in better reaction time and higher 

mental performance due to its putative neurostimulant properties based on its similarity in 

chemical structure with caffeine (Johnson et al. 2008b). While some epidemiological and 

experimental studies have supported this, the evidence has been weak at best. Other 

alternative hypotheses have linked the increase in UA with improved innate immune 

function and the ability to ward off infections or tumors. Specifically, UA is reported to aid 

in the immune recognition of dying cells, help activate the inflammasome critical for 

interleukin-1  release, and participate in the immune rejection of tumor cells (Shi et al. 

2003, Hu et al. 2004, Johnson et al. 2008b). 

The latest uricase hypothesis was postulated by Watanabe et al. in 2002 (Watanabe et al. 

2002) and it has generated mixed opinions in different medical fields (Ellman and Becker 

2006, Johnson et al. 2008a). According to this hypothesis, elevated UA would have 

benefited the hominoids of the Miocene by causing sodium retention, concurrently helping 

to maintain BP during the times of low sodium ingestion. Hominoids that could better 

conserve sodium and maintain BP might have prevailed during the harsh environment of 

the Miocene (Watanabe et al. 2002). In fact, there is evidence that during the early 

Miocene there was a marked increase in the number of ape species (Begun 2003). 
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However, by the mid Miocene there was global cooling called the Miocene Disruption, 

which caused extinction of numerous species, likely including many species of apes. 

During this period, large rain forests dried out leaving only deserts and grasslands, thus 

forcing early hominoids to elevate their posture and to modify their diet (Johnson et al. 

2008b). 

The Paleolithic diet was low in sodium (Eaton and Konner 1985), and hence survival 

would have been better with those species that could maintain BP and salt sensitivity. The 

increase in serum UA acutely increases BP and maintains sodium conservation because of 

the action of UA to enhance activation of the RAAS in response to a low-salt diet. 

However, UA can also induce renal microvascular disease by stimulating VSMC-

proliferation with the activation of MAP kinase and stimulation of platelet-derived growth 

factor, cyclooxygenase-2 (COX-2), and the RAAS (Watanabe et al. 2002). Microvascular 

disease, preglomerular arteriolar disease, and interstitial inflammation are associated with 

narrowing of renal afferent arteriolar lumens, thereby causing local vasoconstriction, 

glomerular hypertension, and salt sensitivity with a chronic increase in BP (Sanchez-

Lozada et al. 2002). The activation of these two main pathways, the RAAS and 

microvascular disease, results in a persistent elevation in BP with concurrent maintenance 

of sodium balance (Watanabe et al. 2002). Indeed, there is also clinical evidence that high 

serum UA levels are associated with increased proximal tubular sodium reabsorption in 

men (Cappuccio et al. 1993), while sodium sensitivity is considered a characteristic feature 

in hyperuricemia (Ward 1998). 

Extensive studies showing that hyperuricemia independently predicts the development of 

hypertension (Johnson et al. 2005a, Sundstrom et al. 2005) have been carried out recently. 

Hyperuricemia has been shown to be prevalent in early hypertension, and in one study it 

was present in almost 90% of hypertensive adolescents (Feig and Johnson 2003). 

Furthermore, recent clinical trials have found that lowering UA lowers BP in both 

adolescents and adults with hypertension (Feig et al. 2004, Feig and Johnson 2007). In 

addition to elevating BP, recent studies support UA as having a role in insulin resistance 

and obesity (Nakagawa et al. 2006, Sanchez-Lozada et al. 2007). It has been reported that 

fructose, which rapidly raises UA, induces metabolic syndrome in animals and this can be 

ameliorated by lowering serum UA (Nakagawa et al. 2006). The mechanism by which UA 

mediates features of the metabolic syndrome may result from the ability to block some of 
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the actions of insulin by reducing eNOS synthesis as well as due to direct effects of UA on 

the glomerular adipocytes (Sautin et al. 2007, Johnson et al. 2008b). 

The consequence of the uricase mutation is that humans not only have higher serum UA 

levels than most other mammals, but they also cannot regulate UA levels as effectively 

(Johnson and Rideout 2004, Johnson et al. 2005d). Interestingly, as the current Western 

diet is high in meats and fructose which both generate UA, humans today have higher UA 

levels (range 240-600 mol/l) compared to primates that lack uricase (typically 180-240 

mol/l range) (Johnson et al. 2005d). However, the most compelling finding is the 

elevation of mean serum UA levels in the USA during the last century. In men, mean 

serum UA levels reportedly increased from <210 mol/l in the 1920s to approximately 300 

mol/l in the 1950’s, and to 350-390 mol/l in the 1970’s (Nakagawa et al. 2008). Recent 

studies have shown that the Yanomamo Indians living in their original habitat and with 

their primitive diet have serum UA levels in the 120-240 mol/l range, suggesting that 

primitive humans had even lower UA levels than those in the beginning of the 1900 

(Johnson et al. 2008b). In our modern daily diets, we are ingesting significantly more 

fructose-containing sweeteners and purine-loaded meats than in the past, and those who 

obtain the highest UA levels could end up developing hypertension, kidney disease, insulin 

resistance and obesity (Johnson et al. 2008b), leading to significantly increased 

cardiovascular mortality (Fang and Alderman 2000). 

4.1.2. Uric acid excretion 

In humans, UA is mainly excreted through glomerular filtration, although bacterial 

degradation in the intestine also plays a small role in the elimination (Figure 3). The 

regulation of urinary UA excretion is complex. According to the classic notion, UA is 

freely filtrated at glomerulus, but almost completely reabsorbed in the proximal tubulus. 

As a consequence, only 10% of urate is excreted in urine (Nakagawa et al. 2008). Recent 

studies have focused on the specific transporters in the proximal tubules that are involved 

in reabsorption, and UA transporter 1 (URAT1) seems to be one of the major UA 

transporters present in the luminal border of human proximal tubular cells (Anzai et al. 

2007). URAT1 is an organic anion transporter that exchanges organic anions for urate. A 

key role for URAT1 in regulation of serum UA levels has been suggested, as mutation of 

URAT1 is known to cause hypouricemia in humans (Nakagawa et al. 2008).  



45 

 

4.1.3. Gout 

Gout is one of the most common inflammatory arthritis conditions, affecting up to 1–2% of 

men in Western countries, and causing morbidity, disability and poorer quality of life  

(Lee et al. 2006, Sivera et al. 2014). It has been recognized since antiquity, and commonly 

struck royalty, the rich and educated, and affected many leaders of the day. That is why 

gout was lovingly known in the 17th century England as “the king of diseases, and the 

disease of kings” (Rivard et al. 2013). 

Gout is the consequence of deposition of monosodium urate crystals in joints and other 

tissues as a result of persistent hyperuricemia. The metatarsal-phalangeal joint is the most 

commonly affected site for gouty inflammation at the base of the big toe (Sivera et al. 

2014). The principal aim in gout treatment is to reduce serum UA levels, thereby allowing 

urate crystals to dissolve. This should lead to the elimination of acute episodes of 

inflammation, the disappearance of tophi, and eventual cure of the disease (Pascual and 

Sivera 2007).  

4.2. Experimental hyperuricemia 

Experimental crystal-independent hyperuricemia model based on uricase inhibition was 

first published in 2001 by Mazzali et al. (Mazzali et al. 2001). Since then it has been used 

numerous times to model the events associated with non-gouty hyperuricemia. 

Experimental studies, where rats were made hyperuricemic by the ingestion of uricase 

inhibitor oxonic acid, 2.0% in diet for 4-7 weeks, have suggested that high UA may play a 

causal role in the development of hypertension (Mazzali et al. 2001, Kang et al. 2002, 

Mazzali et al. 2002, Sanchez-Lozada et al. 2002, Nakagawa et al. 2003, Sanchez-Lozada et 

al. 2005). The oxonic acid model of hyperuricemia has been shown to induce 

preglomerular arteriolar disease leading to tubular ischemia, interstitial infiltration of 

lymphocytes and macrophages, oxidant generation, and local vasoconstriction. These 

changes are associated with decreased GFR and lowered sodium filtration, as well as 

increased sodium reabsorption, which together result in salt sensitivity (Johnson et al. 

2002). 

The initial increase in BP in hyperuricemic rats is associated with increased number of 

renin-positive cells in the juxtaglomerular apparatus (Johnson et al. 2005b), and a direct 

correlation of serum UA with the percentage of renin-positive juxtaglomerular cells has 
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been reported in this model (Mazzali et al. 2001). Treatment of hyperuricemia with XO 

inhibitor allopurinol and uricosuric agents such as benziodarone have been repeatedly 

shown to prevent the pathological and pathophysiological changes induced by oxonic acid 

feeding (Mazzali et al. 2001, Kang et al. 2002, Mazzali et al. 2002, Sanchez-Lozada et al. 

2002, Nakagawa et al. 2003, Sanchez-Lozada et al. 2005). This effectively validates the 

model, as any possible harmful changes induced independently by the oxonic acid feeding 

would not have been prevented with UA-lowering treatment. 

4.2. Treatment of hyperuricemia 

The current treatment of hyperuricemia is mainly tailored for gout patients, as there is still 

no consensus on whether lowering of UA in CVD is necessary. Several drugs are known to 

lower UA. These drugs can influence uricosuria and increase UA excretion, block the final 

step in UA production via XO inhibition, or lead to direct UA breakdown (Figure 3). The 

most effective uricosuric drugs are probenecid and sulfinpyrazone, while fenofibrate and 

losartan, a common ARB, also have uricosuric activity (Dawson and Walters 2006). 

Rasburicase, on the other hand, is a recombinant uricase which converts UA to allantoin 

(Herrington and Dinh 2014). It is used in association with some anticancer treatments and 

is not suitable for repeated dosing (McBride et al. 2013). There are also two commercially 

available XO inhibitors, allopurinol and oxypurinol, which both are purine analogs. 

Allopurinol is rapidly metabolized to oxypurinol that binds to XO, thereby inhibiting its 

activity (Dawson and Walters 2006). A new non-purine XO inhibitor called febuxostat has 

also been developed (Sanchez-Lozada et al. 2008). It differs from allopurinol because it 

does not inhibit other enzymes in purine and pyrimidine metabolism pathways. Moreover, 

the XO inhibiting effect exerted by febuxostat in vitro and in vivo is more potent than that 

of allopurinol (Takano et al. 2005). Studies show that febuxostat inhibits the activity of XO 

simply by obstructing substrate binding and the inhibition is not influenced by changes in 

the redox status of the system (Okamoto et al. 2003, Sanchez-Lozada et al. 2008, Ye et al. 

2013). 
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Figure 3. Uric acid metabolism and the key target points for hyperuricemia treatment. Uric acid (UA) is 

present in the form of urate anion in blood. It is mainly produced in the liver by the enzyme xanthine 

oxidoreductase in its xanthine oxidase (XO) isoform. Additionally, XO in other organs (lung, intestine etc.) 

contributes to the urate reservoir in blood. UA is excreted mainly through glomerular filtration, while 

bacterial degradation in the intestine also contributes to the elimination. UA is actively reabsorbed from the 

proximal tubule by UA transporter 1 (URAT1), which exchanges organic anions for UA. Consequently, only 

10% of UA is normally excreted. Allopurinol and febuxostat decrease UA synthesis by inhibiting XO 

activity. Uricosuric drugs function by inhibiting the tubular reabsorption of UA; Figure by the author with 

data from Nakagawa et al. and Johnson et al. (Johnson et al. 2008b, Nakagawa et al. 2008). 

5. CALCIUM-PHOSPHATE METABOLISM 

Many of our essential physiological functions depend on tight control of plasma calcium 

and phosphorus (Renkema et al. 2008). Phosphorus is essential for the production and 

function of cell membranes and DNA synthesis (Takeda et al. 2004), as well as 

intracellular signal transduction and energy exchange (Tonelli 2013). Neuronal excitation, 

muscle contraction, and blood clotting all require Ca2+ ions (Renkema et al. 2008). Without 

doubt, the importance of both minerals on our bones is paramount (Tejwani and Qian 

2013). Although more than 80% of total body phosphorus is stored in bone and teeth, 

phosphorus is also found in the intracellular compartment and in serum, primarily in the 

form of anions such as H2PO4  and HPO4 , commonly referred to as phosphate 

(Blumsohn 2004, Tonelli et al. 2010). Calcium is stored in large amounts as the mineral 

hydroxyapatite (Ca10(PO4)6(OH)2) in the skeleton. In the circulation, calcium exists in 
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three forms: 50% as ionized Ca2+, 40% protein-bound, primarily to albumin, and 10% 

complexed. The ionized Ca2+ is the functional fraction (Tejwani and Qian 2013). 

Serum phosphate content is mainly controlled by the regulation of bone formation and 

resorption, dietary absorption, and renal excretion (Takeda et al. 2004). Many hormones 

are needed to control these processes, and the roles of the classic regulators such as PTH, 

calcitonin, and the active form of vitamin D, 1,25(OH)2D3, are already well established 

(Carney 1997, Holick 2000, Silver and Naveh-Many 2009). However, new factors such as 

Klotho and fibroblast growth factor 23 (FGF23) have been recently identified as essential 

to the regulation of calcium and phosphate homeostasis (Kuro-o 2006, Kurosu and Kuro-o 

2008). 

In a healthy individual, the phosphate balance is primarily maintained by renal excretion. 

When kidney function is impaired, the excretion of phosphate declines (Tonelli et al. 

2010). Notably, a drop in GFR below 30 ml/min/1.73m2 is usually needed for a substantial 

elevation in serum phosphate level (Levin et al. 2007). The regulation is so strict that large 

changes in calcium and phosphate ingestion only lead to small fluctuations in the 

circulating levels (Renkema et al. 2008). A Western adult consumes 1000 to 1200 mg of 

dietary phosphate daily, of which approximately 800 mg is ultimately absorbed (Hruska et 

al. 2008). The phosphate comes mainly from meats, dairy products, and whole grains. 

Sodium phosphate and other food additives may also contribute to dietary phosphate load, 

with intakes sometimes reaching as high as 500 mg per day (Sherman 2007). On the other 

hand, the normal adult daily diet contains roughly 1000 mg of Ca2+. Approximately 300 

mg of ingested Ca2+ is absorbed from the intestine, promoted by 1,25(OH)2D3. Bone 

mineral metabolism influences Ca2+ concentration by releasing or absorbing circulating 

Ca2+. When in balance, bone Ca2+ absorption equals bone Ca2+ resorption. Absorbed 

dietary Ca2+ is excreted by both the colon (100–150 mg/day) and the kidneys (150–200 

mg/day) (Tejwani and Qian 2013). 

5.1. Fibroblast growth factor 23 and Klotho 

Fibroblast growth factors comprise a family of 22 molecules, which can be grouped into 7 

subfamilies with the common ability to bind one of the four receptors, typically in a 

paracrine manner (Kovesdy and Quarles 2013). FGF23 is a 32 kDa protein secreted from 

osteocytes and osteoblasts, and it is one of the few endocrine fibroblast growth factors 
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(Kuro-o 2011). It reduces serum inorganic phosphorus and 1,25(OH)2D3 by stimulating 

endocytosis of the renal sodium-phosphate cotransporters NPT2a and NPT2c and by 

inhibiting 1- -hydroxylase and stimulating the catabolic 24-hydroxylase, respectively 

(Olauson and Larsson 2013). A more acute effect is achieved in parathyroid glands in 

which FGF23 stimulation suppresses PTH synthesis and release within minutes (Quarles 

2012). Excess FGF23 production results in hypophosphatemia and suppressed 

1,25(OH)2D3, as well as impaired bone and cartilage mineralization. FGF23 deficiency, on 

the other hand, results in hyperphosphatemia, elevated 1,25(OH)2D3 level, and soft tissue 

calcification (Liu and Quarles 2007). PTH levels generally align with the FGF23 

concentration in CKD, as high PTH is commonly concomitant to high FGF23, whereas 

low PTH is observed with low FGF23. 

FGF23 cell-target specificity is defined by the presence of receptor complexes formed 

between FGF receptors and Klotho. While FGF receptors are ubiquitously expressed, 

Klotho is largely confined to the renal distal tubuli and parathyroid chief cells, making the 

kidney and parathyroid gland the primary FGF23 target organs (Kovesdy and Quarles 

2013) (Figure 4). Klotho, named after an ancient Greek goddess of fate, is a putative aging 

suppressor gene. A defect in Klotho gene expression in mice confers penetrant phenotypes 

resembling human premature aging syndromes, whereas Klotho overexpression confers 

longevity exceeding the wild type (Kuro-o 2011). The Klotho gene encodes a single-pass 

transmembrane protein expressed predominantly in the kidney and parathyroid gland 

(Kuro-o 2006). Klotho is also released into circulation through ectodomain shedding from 

the cell surface by proteases, and independently of FGF23 mediates phosphaturic effects. 

Furthermore, soluble Klotho promotes calcium reabsorption by stabilization of the renal 

calcium channel TRPV5 (Olauson and Larsson 2013). 

The regulation of FGF23 is complex and incompletely understood. PTH, 1,25(OH)2D3, 

secreted Klotho, glucocorticoids, calcium and phosphate appear to regulate FGF23 

production, but the response is context dependent and the molecular mechanism underlying 

the transcriptional regulation of FGF23 remain unclear (Kovesdy and Quarles 2013). The 

principal regulator of FGF23 appears to be 1,25(OH)2D3, which stimulates FGF23 

production in the bone (Figure 4), whereas the role of other regulators of FGF23 remains 

controversial (Liu and Quarles 2007). Stimulation of FGF23 production by PTH has been 

shown in some, but not all studies. Recent investigations also suggest that bone 
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mineralization and remodeling may have a direct effect on FGF23 production, and 

mutations in genes that regulate bone mineralization increase FGF23 gene transcription 

(Quarles 2012). These local regulators may allow FGF23 to control renal phosphate 

metabolism according to the actual transport of calcium and phosphate to and from the 

bone. In addition, leptin, estrogen and glucocorticoids also regulate FGF23 (Tsuji et al. 

2010). Interestingly, although phosphate correlates with FGF23 levels in some settings, 

such as ESRD, changes in serum phosphate content does not appear to have a consistent 

effect on FGF23 production (Kovesdy and Quarles 2013). 

Klotho expression declines progressively in CKD as FGF23 expression increases, while 

high serum phosphate, PTH, and low 1,25(OH)2D3 accompany these changes (Kuro-o 

2011). The first measurable decline in urinary secreted Klotho expression occurs as early 

as stage 1 CKD and is potentially an early clinical marker of acute renal damage (Hu et al. 

2011). Klotho decline precedes FGF23 increase in CKD, and reducing FGF23 increases 

serum 1,25(OH)2D3 and renal Klotho expression. Parathyroidectomy, 1,25(OH)2D3 

supplementation, peroxisome proliferator- - agonists, and 

RAAS inhibitors can also increase Klotho expression (Kuro-o 2011). 

FGF23 and Klotho play crucial roles in the endocrine regulation of mineral metabolism 

(Kuro-o 2006, Liu and Quarles 2007). Today, pathological elevation of FGF23 and 

suppressed Klotho are recognized as hallmarks in CKD patients, and these factors appear 

to present promising biomarkers for prediction of adverse outcome and possibly 

therapeutic decision making in future treatment of CKD (Olauson and Larsson 2013). 

However, more research is needed to conclusively determine whether it is Klotho decline 

or increased FGF23 that is more important in the vicious cycle of phosphate pathology in 

CKD (Kuro-o 2011). 
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Figure 4. Fibroblast growth factor 23. In panel A, fibroblast growth factor 23 (FGF23) is secreted from the 

bone osteocytes with multiple stimuli. Via Klotho, FGF23 inhibits parathyroid hormone (PTH) secretion in 

the parathyroid gland, as well as reabsorption of phosphate and calcitriol (1,25(OH)2D3) synthesis in the 

kidney. PTH in turn increases phosphaturia, 1,25(OH)2D3 synthesis, and FGF23 secretion from the bone. 

1,25(OH)2D3 is responsible for increasing intestinal phosphate absorption. In panel B, increased FGF23 

levels induce several pathophysiological processes; CV = cardiovascular, LVH = left ventricular 

hypertrophy. Figure by the author with data by Nanes (Nanes 2013) and Kovesdy et al. (Kovesdy and 

Quarles 2013). 

5.2. Secondary hyperparathyroidism 

CRI is associated with several alterations in calcium-phosphate homeostasis (Slatopolsky 

2011). When renal function is impaired, reduced phosphate excretion leads to the elevation 

of plasma phosphate, and this together with reduced 1,25(OH)2D3 synthesis result in the 

development of SHPT (Slatopolsky et al. 2001). SHPT is an early and major complication 

in CKD, and progresses as GFR decreases (Slatopolsky et al. 1999). SHPT is already 
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present in stage 2-3 CKD and leads to the development of high bone turnover, pathological 

fractures, vascular calcification, and other systemic alterations (Slatopolsky 2011). 

Decreased synthesis of 1,25(OH)2D3 contributes to the characteristic lowering of plasma 

Ca2+ levels in CKD. In the parathyroid cells, reduced expression of VDR and Ca2+-sensing 

receptors (CaSR) have been reported, which may lead to hypocalcemia (Mihai and 

Farndon 2000). The extracellular Ca2+ concentration plays an important role in the 

regulation of plasma PTH levels via CaSR, which belongs to the G-protein-coupled 

receptor family and is present in the membrane of the parathyroid cells (Drüeke 2001, 

Silver et al. 2002). The synthesis and release of PTH are increased in response to low 

serum 1,25(OH)2D3, low Ca2+ content, and high serum phosphate (Slatopolsky et al. 

1999). Along with reduced intestinal calcium absorption due to low 1,25(OH)2D3 levels, 

hypocalcemia in CKD is frequently exacerbated by the decrease in dietary calcium intake 

(Drüeke 2001). Therefore, oral calcium supplementation is initiated early in order to 

combat the calcium deficiency, and to slow the development of SHPT. Supplemented 

calcium salts also bind phosphate in the intestine, thereby increasing its elimination and 

helping to suppress hyperphosphatemia (Drüeke 2001). 

Extracellular calcium is the main parathyroid regulator. Low levels stimulate PTH 

secretion, while elevated levels inhibit hormone release and induce degradation within the 

parathyroid gland (Silver et al. 2002, Cannata-Andia et al. 2010). PTH secretion from the 

parathyroid can rapidly react to hypocalcemia via CaSR-mediated mechanisms (Silver and 

Naveh-Many 2009). The Ca2+ content in extracellular fluid is recognized by the 

parathyroid CaSR, and even a small persistent decrease in Ca2+ concentration results in 

relaxation of CaSR, allowing the unrestrained secretion and synthesis of PTH with 

concomitant parathyroid cell proliferation (Silver and Naveh-Many 2009). The response of 

the parathyroid gland depends on the rapidity and duration of the hypocalcemic stress. 

PTH release in response to calcium occurs within seconds to minutes after signaling 

through the CaSR. Chronic hypocalcemia and hyperphosphatemia stimulate PTH 

expression and PTH synthesis within hours to days, while parathyroid cells proliferate over 

days to weeks (Naveh-Many et al. 1990, Naveh-Many et al. 1995, Brown 2000). 

The continuous stimulation of the parathyroid gland results in gland enlargement and 

uncontrolled excess of PTH. Until now, in order to control this situation, calcium 

supplements and high doses of VDR activators have been used in ESRD patients, inducing 
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unwelcome increases in serum Ca2+, which has consistently been associated with increased 

risk of death in observational studies (Block et al. 2004). Notably, a new class of drugs that 

stimulate CaSR has been developed to combat this issue. Calcimimetics interact with 

CaSR allosterically at different sites of the molecule, not at the calcium binding site 

(Mizobuchi et al. 2004, Rodriguez et al. 2007). They change the spatial form of CaSR, and 

increase the sensitivity of CaSR to calcium. Additionally, calcimimetics upregulate CaSR 

and VDR, thus, they are able to prevent or attenuate parathyroid hyperplasia (Mizobuchi et 

al. 2004). Calcimimetics can induce persistent long-term suppression of PTH release. 

However, due to its half-life, they also induce short-term suppression of PTH synthesis, 

allowing circadian fluctuations of the circulating PTH with potential anabolic effects on 

bone (Cannata-Andia et al. 2010). 

5.2.1. Vitamin D, vitamin D receptor, and paricalcitol 

Vitamin D is a prohormone that is metabolically converted to the active metabolite, 

1,25(OH)2D3, which is the endogenous activator of cellular VDR (Dusso et al. 2005). 

VDR is a cytoplasmic ligand-dependent transcription factor, which is activated upon 

binding to 1,25(OH)2D3 or other VDR activators, followed by rapid translocation to the 

nucleus along microtubules (Barsony and McKoy 1992). Subsequent recruitment of 

cofactors such as the retinoid X receptor (RXR) results in the VDR-RXR cofactor 

complex. The complex then binds to the vitamin D response element in the promoter 

region of its target genes, thereby regulating gene transcription (Dusso et al. 2005, Xiong 

et al. 2012). Vitamin D can be obtained from the diet and by the action of sunlight on the 

skin. Only a few natural food sources contain significant amounts, but many foods are now 

fortified with vitamin D3. Nonetheless, vitamin D insufficiency persists in most of the 

world due to nutritional deficit, as well as avoidance of sunlight and the use of sunscreens 

(Dusso et al. 2005). 

Vitamin D3 is produced in the skin by the photolytic cleavage of 7-dehydrocholesterol 

followed by thermal isomerization (Holick 2013). It is transported by the vitamin D 

binding protein to the liver, where it is converted to 25-hydroxycholecalciferol 

(25(OH)D3), the major circulating metabolite of vitamin D3 (Dusso et al. 2005). This 

reaction is not well regulated, and thus, the levels of 25(OH)D3 increase in proportion to 

vitamin D intake. For this reason, plasma 25(OH)D-levels are commonly used as an 

indicator of vitamin D status (Holick 1981). The final activation step,  
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1 -hydroxylation, occurs primarily in the kidney with 1 -hydroxylase. The reaction forms 

1,25(OH)2D3, the active hormonal form of the vitamin (Fraser and Kodicek 1970). 

Inactivation of 1,25(OH)2D3 is carried out by 24-hydroxylase, which catalyzes a series of 

oxidation steps resulting in side chain cleavage (Dusso et al. 2005). 

In CKD, the diseased kidneys progressively lose their ability to hydroxylate the  

1 -position of 25(OH)D3 (Coyne et al. 2006). The resulting lack of 1,25(OH)2D3 plays a 

major role in the early development of SHPT by decreasing intestinal absorption of 

calcium, and resulting in increased PTH production and hyperproliferation of parathyroid 

cells (Slatopolsky et al. 1999). The PTH gene transcription in parathyroid glands is 

decreased by 1,25(OH)2D3 via VDR activation (Slatopolsky et al. 1999). The density of 

VDR in the parathyroid glands has been reported to markedly reduce in both clinical and 

experimental CRI (Korkor 1987, Merke et al. 1987). During the progressive loss of renal 

function, the amount of VDR is further decreased, resulting in desensitization of the 

parathyroid to the effects of 1,25(OH)2D3 (Slatopolsky 2011). 

Paricalcitol, chemically 19-nor-1,25(OH)2D2, is a third-generation VDR activator 

developed in 1985 and used in the treatment of SHPT (Coyne et al. 2006). In vitro studies 

and experimental studies in rats indicate that paricalcitol can suppress PTH levels as 

effectively as 1,25(OH)2D3, but does not induce as strong an effect on serum calcium and 

phosphorus levels (Martin et al. 1998). Lately, paricalcitol has been increasingly studied in 

combination with ACEI (Tan et al. 2009). It is well known that 1,25(OH)2D3 functions as 

a negative endocrine regulator of the RAAS and suppresses renin biosynthesis (Li and 

Batuman 2009). As RAAS blockade generally causes reactive rise in PRA, combining a 

VDR activator with a RAAS inhibitor to suppress the renin increase may generate 

beneficial therapeutic effects and help ameliorate renal interstitial fibrosis and 

inflammation (Li and Batuman 2009). 

5.2.2. Vascular calcification 

Vascular calcification is a well-known risk factor for cardiovascular mortality even in the 

general population (Davies and Hruska 2001). Among patients with CKD, it is one of the 

principal causes of morbid cardiovascular events contributing to the excess mortality 

(Hruska et al. 2008). Two distinct sites of calcification have been described in CKD 

patients: arterial intimal and medial calcification (Shanahan 2013). Intimal calcification is 



55 

 

seen with advancing age, hypertension, dyslipidemia, and smoking, and takes the form of 

atherosclerotic vascular disease (Demer and Tintut 2008). It is a discontinuous and patchy 

process involving inflammatory macrophages and VSMCs in lipid-rich regions of the 

atherosclerotic plaque (Shroff et al. 2013). Medial calcification is more common in CKD, 

in which it involves sheet-like calcification of the tunica media with thickening of the 

vessel wall without the involvement of the intima. This phenomenon was originally 

assumed to be a degenerative age-related problem (Shanahan 2013). Arterial medial 

calcification is clinically pivotal, as it is the likely the most important factor in vascular 

stiffness and increased pulse pressure in CKD (Hruska et al. 2008). 

Recent evidence has established that vascular calcification is a strictly regulated cell-

mediated process that share many similarities with bone formation (Shroff et al. 2013). In 

bones and teeth where calcification is required, resident cells develop specific mechanisms 

to enable mineral nucleation and crystal growth in the ECM. Ectopic vascular calcification 

follows a very similar process. VSMCs are of mesenchymal origin and when facing stress 

can differentiate to several mesenchymal-derived cell types such as osteoblasts, 

chondrocytes, and adipocytes, leading to calcification, altered ECM production, and lipid 

accumulation. Before calcification, VSMCs undergo an osteochondrocytic differentiation 

and upregulate expression of regulatory proteins that are normally confined to bone and 

cartilage (Shanahan and Weissberg 1999). These regulators include a number of 

transcription factors, such as runt-related transcription factor 2 (Runx2), Osterix, Msx2, 

and Sox9 that together induce change of VSMCs to an osteochondrocytic phenotype 

(Tyson et al. 2003). 

To create an environment permissive of calcification, specialized membrane-bound matrix 

vesicles serve as initiation sites for hydroxyapatite (Hsu and Camacho 1999). Under 

normal conditions, VSMC-derived vesicles do not calcify because they carry inhibitors of 

mineralization such as matrix Gla protein (MGP) and Fetuin-A (Reynolds et al. 2005). 

However, on exposure to high extracellular Ca2+ or with intracellular Ca2+ release, and 

when calcification inhibitor levels are low, VSMCs start to produce vesicles that already 

contain preformed hydroxyapatite (Shanahan 2013, Shroff et al. 2013). To enable crystal 

growth, vesicles contain alkaline phosphatase, which provides a source of phosphate by 

degrading pyrophosphate, a powerful inhibitor of hydroxyapatite growth. Matrix vesicles 

also contain annexins, Na-dependent phosphate transporters, and phospholipid components 
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such as phosphatidylserine (Genge et al. 2007). The deposition of these vesicles to the 

vascular wall stiffens the vessel. There is currently no direct therapy to counteract vascular 

calcification processes. Therefore, the prevention of mineral dysregulation and lowering of 

circulating phosphate, starting from the earliest stages of CKD, remains essential to the 

reduction of cardiovascular mortality in CKD patients (Shroff et al. 2013). 

5.2.3. Phosphate binders 

Hyperphosphatemia commonly leads to painful fractures, brown tumors, and generalized 

osteopenia in CKD patients (Tonelli et al. 2010). Dietary restriction of phosphate has long 

been the cornerstone of therapy, but this measure is usually not sufficient to control 

hyperphosphatemia. As a result, oral phosphate binders are used in over 90% of patients 

with late stage CKD, at an annual cost of approximately $750 million U.S. dollars 

worldwide (Tonelli et al. 2010). 

Historically, treatment with oral phosphate binders was intended to prevent symptomatic 

SHPT. More recently, achieving tighter control of markers associated with abnormal 

mineral metabolism such as serum phosphate, calcium, and PTH levels, has become a 

specific therapeutic objective (Tonelli et al. 2010). Aluminium hydroxide was the first 

phosphorus binder available, and it was extensively used for many years (Cannata-Andia et 

al. 2010). It is the most potent phosphate binder, but also the most toxic one (Leung et al. 

1983, Cannata-Andia and Fernandez-Martin 2002). For this reason, it was progressively 

replaced in the 1980’s by calcium-containing binders. Their use also became widespread, 

but several disadvantages became apparent later on. It has been reported that the use of 

calcium salts, especially when exceeding doses of 1.5g daily, increases the risk of vascular 

calcification in ESRD patients (Cannata-Andia and Rodriguez-Garcia 2002), and can also 

lead to greater arterial stiffness (London et al. 2008). Magnesium-containing phosphate 

binders have also been used as an alternative, but they are generally less effective. The 

putative risk of cardiovascular and soft-tissue calcification has limited the clinical use of 

the calcium-containing binders and stimulated the synthesis of a new generation, including 

salts and polymers such as sevelamer and lanthanum carbonate (Cannata-Andia et al. 

2010). 

In experimental CRI, however, the increased intake of calcium carbonate has actually 

reduced kidney calcification, the probable mechanism being the lowering of plasma 
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phosphate (Cozzolino et al. 2002). Furthermore, most clinical and experimental studies 

concerning this complication have stated that high concurrent circulating levels of 

phosphate and calcium, or high Ca x Pi product, are risk factors for calcification, but have 

not given more information about the dietary calcium intake (Kimura and Nishio 1999, 

Raggi et al. 2002). Therefore, it seems that calcium-containing phosphate binders may only 

produce notable ectopic calcification if hyperphosphatemia is not in control (Chertow et al. 

2004). Without doubt, the control of the hyperphosphatemia and the increased Ca x Pi 

product are important measures in the treatment of SHPT in CKD (Locatelli et al. 2002). 

The ideal phosphate binder would efficiently bind dietary phosphate, have almost zero 

systemic absorption, no major side effects, low pill burden, and be inexpensive. 

Unfortunately, none of the currently available oral phosphate binders meet all these criteria 

(Tonelli et al. 2010). Sevelamer hydrochloride was the first non-aluminium, non-calcium 

phosphate binder commercially available (Cannata-Andia et al. 2010). Several studies have 

demonstrated that sevelamer is effective in lowering serum phosphate levels without 

increasing serum calcium, and may attenuate aortic calcification in comparison to calcium-

based phosphate binders (Chertow et al. 2002). Despite the fact that sevelamer 

hydrochloride offers several advantages, gastrointestinal disturbances and metabolic 

acidosis have been the limiting factors for its widespread use. Lanthanum carbonate 

became available in 2005, and preclinical animal studies demonstrated that this non-

aluminium, non-calcium binder had a binding capacity closer to that of aluminium with a 

better safety profile and a low systemic uptake (Cannata-Andia et al. 2010). As lanthanum 

can get enriched in bones, the long-term effects of this binder are questioned and more 

studies are needed to confirm its efficacy and safety. A number of new calcium-free 

phosphate binders are under currently study, but the high cost and safety concerns may 

keep the ideal phosphate binder still elusive (Tonelli et al. 2010).  
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AIMS OF THE STUDY 

The principal aim of this series of studies was to understand the putative changes in RAAS 

component gene expression and the ensuing effects on the kidneys and vasculature, using 

dietary and pharmacological interventions in a well-established experimental animal model 

of CRI. The model used was 5/6 nephrectomy (NX) in the rat with dietary and 

pharmacological interventions including oxonic acid-induced hyperuricemia, paricalcitol 

treatment, and phosphate loading or binding with calcium carbonate. 

The specific aims of the study were: 

1. To investigate the effects of oxonic acid-induced hyperuricemia on the circulating 

RAAS and the renal components of the RAS, carotid artery tone, and antioxidant 

capacity in experimental renal insufficiency. 

2. To find out whether delayed initiation of paricalcitol treatment in CRI could 

influence VDR-activation-induced suppression of RAS component gene expression 

in the kidney. 

3. To test the hypothesis whether dietary modification of phosphate influences kidney 

and vascular RAS gene expression at both the mRNA and protein levels in CRI. 

4. To examine the effects of dietary phosphate loading and binding with calcium 

carbonate on vascular function and NO metabolites in conduit-size arteries of NX 

rats. 

The interventions were designed to mimic some of the most common complications of 

CKD patients during the progression of the disease. Even though the studies are 

experimental, our results may help in understanding the fundamental processes present in 

patients suffering from CKD. Combined together, these studies aim to provide further 

insight into the elaborate metabolic modulation pattern of RAAS and oxidative stress 

during stage 3 experimental CRI. 
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MATERIALS AND METHODS 

1. ANIMALS AND EXPERIMENTAL DESIGN 

The present series of studies is based on male Sprague-Dawley (SD) rats with free access 

to water and food pellets. Rats were housed 2-4 per cage in an animal laboratory with a 

temperature of 22°C and a controlled environmental 12h light-dark cycle. 

Studies I and II 

Study populations in studies I and II consisted of 48 and 40 rats, respectively (Figure 5). 

Rats underwent NX or sham-operation at the age of 8 weeks under ketamine/diazepam 

anesthesia (75 and 2.5 mg/kg intraperitoneally, respectively). NX was carried out by 

removal of upper and lower poles of the left kidney, and the whole right kidney (Jolma et 

al. 2003, Kööbi et al. 2003). The sham rats underwent decapsulation of both kidneys. 

Antibiotics (metronidazole 60 mg/kg and cefuroxim 225 mg/kg) were given 

postoperatively, and pain was relieved with buprenorphine (0.2 mg/kg subcutaneously,  

3 times a day for 3 days). 

Three weeks later, at rat age 11 weeks, the animals were divided into 4 groups so that 

mean systolic BP, body weights and urine volumes were similar in the two Sham (Sham 

and Sham+Oxo) and the two NX groups (NX and NX+Oxo), respectively. Systolic BP was 

measured at 28°C by the tail-cuff method as averages of five successful recordings in each 

rat (Model 129 Blood Pressure Meter; IITC Inc., Woodland Hills, CA, USA). In study I the 

size of each experimental group was 12 rats, whereas in study II it was 10 rats. 

All groups were given standard laboratory chow (Lactamin R34, AnalyCen, Lindköping, 

Sweden). The chow contained 0.9% calcium, 0.8% phosphorus, 0.27% sodium, 0.2% 

magnesium, 0.6% potassium, 12550 kJ/kg energy, 16.5% protein, 4.0% fat, 58% nitrogen-

free extract, 3.5% fibre, 6.0% ash, and 10% water. After the 3rd study week, oxonic acid 

(20 g/kg chow, Sigma-Aldrich Chemical Co., St. Louis, MO, USA) was supplemented in 

the food of the Sham+Oxo and NX+Oxo groups. These diets continued for 9 weeks, and 

hyperuricemia was confirmed by tail vein samples at study week 5. The 24-hour fluid 

consumption and urine output was measured and collected in metabolic cages at the end of 

the 2nd and 11th study weeks. At the end of the study, at study week 12, the rats were 

weighed and anesthetized (urethane 1.3 g/kg), while blood samples from cannulated 
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carotid artery were drawn into chilled tubes with EDTA and heparin as anticoagulants, as 

appropriate. In study I, blood samples were not obtained from one NX and three Sham rats 

due to cardiac arrest during anesthesia. The hearts and the kidneys were removed and 

weighed. A kidney half from each rat was snap-frozen in isopentane at -40°C and stored at 

-80°C, whereas the other half was fixed in 4% formaldehyde for 24 hours, and embedded 

in paraffin. 

Study III 

Study population consisted of 40 rats, which underwent the same NX (n=30) and Sham 

(n=10) procedures as described above with studies I and II (Figure 5). Standard laboratory 

chow Lactamin R34 was used as food pellets before treatment period. Fifteen weeks after 

the operations, the remaining NX rats were divided into two groups (NX and NX+Pari; 

n=13 per group; 4 rats were lost to surgery complications) with equal systolic BP, body 

weight, urine output, and plasma creatinine. During the next 12 weeks the NX+Pari rats 

were given intraperitoneal injections of VDR activator paricalcitol (Zemplar® intravenous 

injection solution, 5 μg/ml, vehicle containing 30% propylene glycol and 20% ethanol; 

Abbott Laboratories, Abbott Park, IL, USA) 200 ng/kg three times a week. Total vehicle 

volume was only about 10 μl, and thus no vehicle-treated group was included into study. 

As the calcium content in standard Lactamin R34 chow is rather high, all groups were fed 

a diet containing 0.3% calcium and 0.5% phosphate during the treatment period in order to 

aggravate the degree of SHPT and minimize the risk of hypercalcemia. Due to the high 

mortality present in all experimental CRI studies of this duration, the final animal numbers 

at the end of the 27-week experiment were 12, 7, and 8, in the Sham, NX, and NX+Pari 

groups, respectively. 

Studies IV and V 

Study populations consisted of 49 rats in each study, as the same rat cohort was used in 

both studies (Figure 5). At the age of 8 weeks, the NX and Sham rats underwent similar 

surgeries as described above with studies I and II. The rats were fed standard Lactamin 

R34 chow before commencing study diets. 

Fifteen weeks after operations, at the age of 23 weeks, NX rats were divided into three 

groups with similar systolic BP, body weight, and plasma creatinine level. For the next 12 

weeks, Sham and NX groups were put on 0.3% Ca, 0.5% Pi, NX+Ca group on 3.0% Ca, 

0.5% Pi, and NX+Pi group on 0.3% Ca, 1.5% Pi diet. At the end of the study, 24-hour 
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urine excretion was collected in metabolic cages and water consumption measured. Tissue 

and blood collection was carried out as described above with studies I and II. 

 

Figure 5. Flow chart of study designs. Three different study designs were developed. Studies I and II 

followed the same protocol, while studies IV and V featured the same rats (calcium-phosphate metabolism). 

Ca = Phosphate-binding diet (3.0% Ca, 0,5% Pi), Pi = Phosphate-loading diet (0,3% Ca, 1,5% Pi) 
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2. IN VITRO AUTORADIOGRAPHY 

Studies I, IV, and V 

Frozen 20 μm thick kidney (I,IV) and aortic (V) sections were cut on a cryostat at 17°C, 

thaw mounted onto Super Frost R Plus slides (Menzel-Gläser GmbH, Braunschweig, 

Germany), dried in a dessicator under reduced pressure at 4°C overnight, and stored at  

80°C with silica gel until further processing (Bäcklund et al. 2001). 

2.1. Angiotensin-converting enzyme autoradiography 

A tyrosyl residue of lisinopril (MK351A, Merck, Sharp & Dohme Research Laboratories, 

West Point, PA, USA), was iodinated by chloramine T method, purified on SP-Sephadex 

C-25 column (Pharmacia, Piscataway, NJ, USA), and then a previously described 

technique was applied (Kohzuki et al. 1991, Bäcklund et al. 2001). Kidney or aortic 

sections were pre-incubated for 15 minutes at room temperature (RT) in 10 mM sodium 

phosphate buffer, pH 7.4, containing 150 mM NaCl  and 0.2% bovine serum albumin 

(BSA), followed by incubation for 1 hour at RT in fresh volume of the same buffer 

containing 0.3 μCi/ml of 125I-351A. Non-specific binding was determined in parallel 

incubations in the same buffer containing 1 mM Na2-EDTA. After incubation, the sections 

were washed 4 times for 1 minute in ice-cold buffer without BSA and 125I-351A to remove 

unbound radioligand, and dried under a stream of cool air. For quantification of ACE 

binding, the sections were placed on a Fuji Imaging Plate BAS-TP2025 (Tamro, Finland) 

for 3 hours. The optical densities were quantified by an image analysis system (AIDA 2D 

densitometry) coupled to FUJIFILM BAS-5000 phosphoimager (Tamro, Finland) from 

four kidney or aortic sections per rat, six representative areas per section, altogether 24 

analyses per each kidney. Specific binding was calculated as total binding minus  

non-specific binding. 

2.2. AT1R and AT2R autoradiography 

In studies I and IV, Sar1,Ile8-Ang II (Sigma, St. Louis, MO, USA) was iodinated by 

chloramine T method and purified on a Sep-Pack C18 cartridge with methanolic gradient 

elution. Autoradiographic quantification of angiotensin receptors with [125I]-Sar1,Ile8-Ang 

II was performed using a published modification (Stewen et al. 2003) of a previously 

described method (Zhuo et al. 1999). Kidney sections were pre-incubated for 15 minutes at 
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RT in 10 mM sodium phosphate buffer, pH 7.4, containing 150 mM NaCl, 5 mM Na2-

EDTA, and 0.2 % BSA, followed by a 1 hour incubation at 37ºC in fresh volume of the 

same buffer containing 0.2 μCi/ml of 125I-[Sar1,Ile8]Ang II. Non-specific binding was 

determined in the presence of 1 μmol/l unlabeled Ang II (Sigma). The density of AT1R was 

determined in presence of the AT2R antagonist PD 123,313 (10 μM), and the density of 

AT2R in presence of the AT1R antagonist losartan (10 μM). After incubation, the sections 

were washed 4 times for 1 minute in ice-cold buffer without BSA and radioligand and 

dried under stream of cool air. The optical densities of angiotensin receptor binding from 

10 kidney sections per rat was quantified as described above for ACE from six 

representative cortical and six medullary areas per each section: four sections were used 

for total specific binding, two sections for AT1R binding, two sections for AT2R binding, 

and two sections for non-specific binding. 

The outcome in each group was related to the mean value of the Sham group, except for 

the medullary:cortical AT1R density ratio, where the respective densities in each rat kidney 

were related to each other. 

3. REAL-TIME QUANTITATIVE RT-PCR 

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. 

Study I 

The expressions of ACE, ACE2, AT1aR, and AT2R mRNAs were studied using real-time 

quantitative RT-PCR. PCR were performed either with SYBR Green chemistry (ACE and 

AT1aR) or TaqMan chemistry (ACE2 and AT2R) using ABI PRISM 7000 sequence 

detection system (Applied Biosystems, Foster City, CA, USA). PCR for ACE and AT1aR 

were performed in duplicate in a 25 l final volume containing 1X SYBR Green Master 

mix (Applied Biosystems) and 300 nM of primers (Table 2). PCR for ACE2 and AT2R 

were performed in duplicate in a 25 l final volume containing 1X TaqMan Master mix 

(Applied Biosystems), 300 nM of primers and 100 nM of ACE2, 150 nM of AT2R TaqMan 

probe (Table 2). PCR cycling conditions were 10 min at 95ºC and 40 cycles of 20 seconds 

at 95ºC and 1 min at 60ºC. Data were analyzed using the absolute standard curve method 

and the amplification of a housekeeping gene 18S was used for normalizing the results.  
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The unnormalized expression of 18S mRNA did not differ between the experimental 

groups (data not shown) enabling its use as the control housekeeping gene in the present 

study. The intra- and inter-assay coefficients of variations for the studied mRNAs were

 

Table 2. Primer and probe sequences used in the real-time RT-PCR amplification. 

Gene Primer nucleotide sequence 

ACE 

 

AT1aR 

 

ACE2 

 

AT2R 
 

AT4R 

 

PRR 

 

CTGF 

 

HO-1 

 

Mas 

 

GAPDH 

Forward 5'-GGAGACGACTTACAGTGTAGCC-3'  * 

Reverse 5'-CACACCCAAAGCAATTCTTC-3'  * 

Forward 5'-GGCAGCCTCTGACTAAATGGC-3' 

Reverse 5'-ACGGCTTTGCTTGGTTACTCC-3' 

Forward 5'-ACCCTTCTTACATCAGCCCTACTG-3'  † 

Reverse 5'-TGTCCAAAACCTACCCCACATAT-3'  † 

Forward 5'-TGTCTGTCCTCATTGCCAACA-3' 
Reverse 5'-TTCATTAAGGCAATCCCAGCA-3' 

Forward 5'-TGACAAAGACCGAGCCAACCT-3' 

Reverse 5'-TCAAATCGAATGCCATCTGAAGA-3' 

Forward 5'-AGCATCTCGCCAAGGATCAT-3' 

Reverse 5'-TCCATAACGCTTCCCAAGCT-3' 

Forward 5'-GTGTGTGATGAGCCCAAGGA-3' 

Reverse 5'-GCAGTTGGCTCGCATCATAG-3' 

Forward 5'-CACAAAGACCAGAGTCCCACACAG-3'  ‡ 

Reverse 5'-AAATTCCCACTGGCACGGT-3'  ‡ 

Forward 5'-TCATGTGTATTGACAGCGGAGAA-3' 

Reverse 5'-CACTAACATGAGCGGAGTGAAGA-3' 

Forward 5'-GCCAAGTATGATGACATCAAG-3' 

Reverse 5'-AAGGTGGAAGAATGGGAG-3' 

Gene Probe nucleotide sequence 

ACE2 

AT2R 

CTGF 

5'FAM-ATGCCTCCCTGCTCATTTGCTTGGT-TAMRA  † 

5'FAM-TCAGAACCATTGAATACTT-MGB 

5'FAM-CCAAATGTGTCTTCCAG-MGB 

FAM = 6-carboxyfluorescein, TAMRA = tetramethylrhodamine, MGB = dihydro-cyclopyrroloindole 

tripeptide (minor groove binder); *(Harada et al. 2001), †(Tikellis et al. 2003), ‡(Essig et al. 1997) 
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Study III 

RT-PCRs for AT1aR, AT2R, ACE, and ACE2 were carried out as described above with 

study I. PCRs for AT4R, Mas, and PRR 

containing 1X SYBR Green Master mix (Applied Biosystems) and 300 nM of primers 

(Table 2). PCRs for connective tissue growth factor (CTGF) were performed in duplicate 

primers and 150 nM of AT2R or 200 nM of CTGF TaqMan probe, respectively (Table 2). 

Master mix (Applied Biosystems) and 1X 18S TaqMan Gene Expression Assay primer and 

probe mix (Hs999999_s1, Applied Biosystems). 

Study IV 

RT-PCRs were performed with SYBR Green or TaqMan chemistry using ABI PRISM 

7000 sequence detection (Applied Biosystems). GAPDH and 18S were used as 

housekeeping genes. 

PCRs for AT4R, Mas, PRR, and CTGF were performed as above with study III. PCRs for 

AT1aR, heme oxygenase-1 (HO-1), and 

volume containing 1X SYBR Green Master mix (Applied Biosystems) and 300 nM of 

primers (Table 2). PCRs for AT2R 

containing 1X TaqMan Master mix (Applied Biosystems), 300 nM of primers and 150 nM 

of AT2R or 200 nM of CTGF TaqMan probe, respectively (Table 2). PCRs for 18S were 

Biosystems) and 1X 18S TaqMan Gene Expression Assay primer and probe mix 

(Hs999999_s1, Applied Biosystems). 

PCR cycling conditions for GAPDH were 10 min at 95ºC and 40 cycles of 20 seconds at 

95ºC and 1 min at 56ºC. PCR cycling conditions for other mRNAs were 10 min at 95ºC 

and 40 cycles of 20 seconds at 95ºC and 1 min at 60ºC. Data were analyzed using the 

absolute standard curve method (Lakkisto et al. 2002). The amplification of 18S was used 

for normalizing the results of AT4R, Mas, and PRR mRNAs. The amplification of GAPDH 

was used for normalizing the results of AT1aR, AT2R, CTGF and HO-1 mRNAs. The 

unnormalized expressions of 18S and GAPDH did not differ in the groups, allowing their 

use as control genes. 
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4. WESTERN BLOTTING 

Study IV 

Frozen tissues (100 mg) were lysed in 1 ml of sodium dodecyl sulphate (SDS) buffer 

containing 10 mM Tris-HCl, pH 7.4, 2% SDS, and protein inhibitors (Complete  Mini 

EDTA-free, Roche Diagnostics GmbH, Mannheim, Germany). Nuclear and other debris 

was removed by centrifugation (10.000g, 15 min), and protein concentrations were 

determined by Bio-Rad Protein Assay system (Bio-Rad Laboratories Inc., Richmond, CA, 

USA). 

Aliquots of homogenate containing 50 μg of protein in loading buffer (10% glycerol, 2% 

SDS, 60 mM Tris-HCl, pH 6.8, 0.01% bromophenol blue, and 100 mM dithiothreitol) were 

boiled for 5 minutes before electrophoresis on 12% SDS-polyacrylamide gels. The proteins 

in the gel were electrophoretically transferred to Immun-Blot PVDF membrane (Bio-Rad 

Laboratories Inc.) in 25 mM Tris-HCl, pH 8.0, 192 mM glycine, and 20% methanol at 50 

volts overnight. After washing in H2O and TBS-T (20 mM Tris-HCl, pH 7.6, 136 mM 

NaCl, 0.3% Tween-20), membranes were blocked in 5% non-fat milk powder in TBS-T 

(RT, 1 hour), and incubated for 3 hours with goat polyclonal antibody against rat ACE 

(Santa Cruz Biotechnology Inc., Dallas, TX, USA) diluted 1:200 in 5% milk in TBS-T 

buffer. After extensive washing with 2.5% milk/TBS-T buffer, membranes were incubated 

with 1:2000 dilution of horseradish peroxidase-conjugated rabbit antigoat IgG for 1 hour 

(Sigma-Aldrich Co.). Antibody binding was detected by chemiluminescence (WB 

Chemiluminescent Reagent plus, NEN Inc., Boston, MA, USA), and the autoradiograph 

was analyzed with Image Gauge 3.3 software (Fuji Photo Film Company, Tokyo, Japan). 

Study V 

Frozen tissues were homogenized in 400μl distilled H2O containing protease inhibitors 

(CompleteTM Mini EDTA-free, Roche Diagnostics GmbH) by Ultra-Turrax T25 

homogenizer (Janke & Kunkel GmbH & Co, IKA -Labortechnik, Staufen, Germany). 

After removal of tissue debris in centrifugation (12,000g for 15min at 4°C), protein 

concentrations of the supernatants 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 primary 

antibodies used were: 1:2500 dilution of mouse eNOS antibodies (BD Biosciences 



67 

 

Pharmingen, CA, USA), 1:4000 dilution of rabbit NOS2 polyclonal antibodies (Santa Cruz 

Biotechnology) and 1:3333 dilution of mouse nitrotyrosine monoclonal antibody (Cayman 

Chemical, Ann Arbor, MI, USA). Antibody binding was detected by SuperSignal  West 

Pico chemiluminescent substrate (Pierce). The chemiluminescence signal was analyzed 

with FluorChem software version 3.1. (FluorChem 8800 imaging system, Alpha Innotech 

Corporation, San Leandro, CA, USA). 

5. IN VITRO VASCULAR FUNCTION 

5.1. Carotid artery responses in vitro 

In study II, the carotid artery was chosen for closer inspection because of the controversial 

results concerning UA, central circulation and stroke (Lehto et al. 1998, Yu et al. 1998, 

Squadrito et al. 2000, Chamorro et al. 2002, Weir et al. 2003). In the rat carotid artery, the 

vasorelaxation to acetylcholine (Ach) is largely mediated via endothelium-derived NO 

(Arvola et al. 1999), which likely makes this vessel sensitive to changes in the antioxidant 

status in vivo (Vaziri et al. 2002). A two-millimeter-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 (PSS; pH 7.4) containing (mM): NaCl 119.0, 

NaHCO3 25.0, glucose 11.1, CaCl2 1.6, KCl 4.7, KH2PO4 1.2, MgSO4 1.2. The PSS was 

aerated with 95% O2 and 5% CO2 and the ring was equilibrated for 1½ h at 37°C with a 

resting preload of 3.7 mN/mm to induce maximal contractile force generation in the carotid 

ring (Arvola et al. 1999), measured using isometric force-displacement transducers (FT 03, 

7 E Polygraph, Grass Instrument Co., Quincy, MA, USA).  

The rings were allowed 30 min at baseline tension in between each concentration-response 

challenge. Contractions to norepinephrine (NE) were cumulatively elicited, and relaxations 

to the NO donor nitroprusside and -adrenoceptor agonist isoprenaline were examined in 

rings precontracted with 1 μM NE. The relaxations to Ach, in the absence and presence of 

the NO synthase inhibitor NG-nitro-L-arginine methyl ester (L-NAME, 0.1 mM), were 

examined in rings precontracted with 1 μM NE. 
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5.2. Mesenteric artery responses in vitro 

In study V, the main branch of the mesenteric artery was carefully cleaned from adjacent 

connective tissue. Three successive standard ring sections (3 mm in length) were cut, 

beginning 5 mm distally from the mesenteric artery-aorta junction. In two proximal rings 

the endothelium were left intact, and it was removed from the last piece (Arvola et al. 

1992). The rings were placed between stainless steel hooks (diameter 0.3 mm) and 

suspended in organ bath chambers (20 ml) with physiological salt solution (PSS; pH 7.4) 

containing (mmol/L): NaCl 119.0, NaHCO3 25.0, glucose 11.1, CaCl2 1.6, KCl 4.7, 

KH2PO4 1.2, MgSO4 1.2, and aerated with 95% O2 and 5% CO2. All rings were initially 

equilibrated for about 2 hours at 37ºC with a resting preload of 4.905 mN/mm, and 

challenged with 125 mmol/L KCl several times. The force of contractions was measured 

with isometric force-displacement transducers and recorded on a polygraph (FT-03 

transducer, Model 7E Polygraph; Grass Instrument Co.). The presence of intact 

endothelium was confirmed by a clear relaxation to 1 l Ach in 1 l  

NE-precontracted ring, and the absence of endothelium by the lack of this response. 

6. RADIOIMMUNOASSAYS 

In study I, PRA and plasma aldosterone concentration were determined using 

GammaCoat® PRA radioimmunoassay (RIA) kit and ALDOCTK-2 RIA kit (Diasorin 

S.p.A., Saluggia, Italy) according to the manufacturer’s instructions. PRA was also 

measured in studies III and IV. 

6.1. Aldosterone radioimmunoassay 

For the measurement of aldosterone concentration, deep frozen (-80ºC) EDTA plasma 

samples were rapidly thawed to RT before assaying in duplicate. The assay is based on 

competition for a limited number of fixed antibody binding sites between the 125I-labeled 

125I-labeled aldosterone tracer were dispensed on the bottom of an 

anti-aldosterone antibody coated tube, then mixed thoroughly on vortex, and incubated 

overnight at RT. Zero and control calibrators were subjected to the same protocol as the 

measured samples. After the overnight incubation, all tubes were carefully aspirated so that 

no liquids were present during the actual measurement. Radioactivity measurements were 



69 

 

performed on a gamma counter (Wallac Wizard 1470, PerkinElmer Inc., Waltham, MA, 

USA), and the aldosterone concentrations were calculated using the obtained calibration 

curve. In this assay, the amount of 125I-labeled aldosterone bound to the rabbit anti-

aldosterone antibody on the tube walls is inversely related to the concentration of 

unlabeled aldosterone present in calibrators or samples, while the use of coated tubes gives 

the advantage of bound/free separation, as only the bound aldosterone is present after a 

complete aspiration of the incubation mixture. 

6.2. Plasma renin activity radioimmunoassay 

For the PRA measurement, deep frozen (-80ºC) EDTA plasma samples were rapidly 

thawed to RT before assaying in duplicate. The principle of this assay is that PRA is 

measured via its Ang I producing capability. Therefore, an incubation for Ang I generation 

was performed before the actual measurement. One ml of plasma per sample was 

dispensed in an uncoated plastic tube l 

laced in an ice 

bath (marked number 4) and the other in a 37ºC (marked number 37) water bath for 90 

minutes of Ang I generation. After 90 minutes, the tubes in water bath were transferred to 

ice bath in order to stop Ang I generation for the beginning of the actual PRA assay. This 

part of the assay is based on competition for a limited number of fixed antibody binding 

sites between the 125I-labeled Ang I and the Ang I contained in calibrators or samples. 

Rabbit anti-Ang I antibody co

sample and 1.0 ml of tracer were mixed thoroughly in a coated tube, and incubated for 

three hours in RT. All controls were subjected to the same protocol as the measured 

samples. After incubation, the liquid in all the tubes were aspirated completely, and the 

radioactivity in each tube was measured using a gamma counter (Wallac). PRA values for 

each sample were obtained by first deducting the measured value of each number 4 tube 

from the corresponding number 37 tube, and then calculating correct value using the 

calibration curve as reference. 
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6.3. 8-iso-PGF  radioimmunoassay 

In study II, the urinary 8-iso-PGF  RIA was performed as previously described (Rossi et 

al. 2004). Urine samples were first vortexed and centrifuged at 3000g for 5 min. Three 

thousand disintegrations per minute of labeled 8-iso[3H]-PGF2  was added to 1 ml of 

supernatant (pH 3.0), and incubated overnight at 22ºC 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-iso[125I]-PGF2  methyl 

tyrosinate was diluted in 50mM phosphate buffer (pH 7.4) for the use as a tracer in RIA. A 

series of standards was diluted in 50mM phosphate buffer (pH 7.4) using non-labeled  

8-iso-PGF2  in the concentration range of 0-5 ng/ml (0-500 pg/tube). Dextran-coated 

charcoal 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 phosphate buffer (pH 7.4) containing 0.1% gelatine. The assay mixture 

contained 0.1 ml of antibody, 0.1 ml of 8-iso[125I]-PGF2  tracer, and 0.1 ml of 8-iso-PGF2  

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 4ºC 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 4ºC and 

centrifuged at 2000g for 10 min at the same temperature. 8-iso[125I]-PGF2  radioactivity 

was measured from supernatant aliquots of 0.6 ml in a gamma counter (Wallac). The  

8-iso-PGF  concentrations were log-transformed before determination of the final values. 

7. OTHER PLASMA AND URINE DETERMINATIONS 

Study I 

Plasma and urine creatinine was determined using Jaffe’s colorimetric assay, and plasma 

urea using colorimetric enzymatic dry chemistry (Vitros 950 analyzer, Johnson & Johnson 

Clinical Diagnostics, Rochester, NY, USA). UA was measured by an enzymatic 

colorimetric method (Praetorius and Poulsen 1953). 



71 

 

Study II 

Plasma and urine creatinine, plasma urea, and UA were measured as above in study I. 

Triglycerides, total and high-density lipoprotein (HDL) cholesterol concentrations were 

analyzed using Cobas Integra 800 automatic analyzer (Roche Diagnostics GmbH, 

Mannheim, Germany). 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 (ABAP; Polysciences, Warrington, PA, USA), as previously described 

(Alanko et al. 1999, Dugue 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. A 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. 

Study IV 

Creatinine, phosphate, and calcium measurements were carried out on Cobas Integra 800 

Clinical Chemistry analyzer (Roche Diagnostics GmbH). Plasma phosphate was measured 

using a direct phosphomolybdate method according to Daly and Ertingshausen (Daly and 

Ertingshausen 1972). Plasma creatinine was measured by an enzymatic colorimetric 

method and Cobas Integra Creatinine plus (CREP2) reagents (Junge et al. 2004). Calcium 

levels were determined according to Schwarzenbach with o-cresolphthalein complexone 

(Schwarzenbach 1955). 
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Study V 

Creatinine, phosphate, and calcium measurements were carried out on Cobas Integra 800 

Clinical Chemistry analyzer (Roche Diagnostics GmbH) as described above with study IV. 

The NO metabolite (NOx) concentrations in plasma and urine were measured by 

conversion of nitrite and nitrate to NO, which was quantified by the ozone-

chemiluminescense method (Kalliovalkama et al. 1999). The samples of plasma or urine 

were first treated with ethanol at 20°C for two hours to precipitate proteins. A 20 μl sample 

was then injected into solution of a cylinder containing saturated vanadium (III) chloride 

(VCl3) in HCl (0.8 g VCl3 / 100 ml of 1 mol/L HCl) at 95°C, and NO formed under these 

reducing conditions was measured by the NOA 280 analyzer (Sievers Instruments, 

Boulder, CO, USA) using sodium nitrate as the standard (Braman and Hendrix 1989). 

8. IMMUNOSTAINING AND GRADING OF CALCIFICATIONS 

Study II 

For immunostaining determinations, five-μm-thick kidney sections were stained with 

hematoxylin-eosin and processed for light microscopic evaluation by an expert blinded to 

the treatments. The glomerulosclerosis 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 = diffuse sclerosis >50% of the tuft, 5 = diffuse glomerulosclerosis, total tuft 

obliteration and collapse (Pörsti et al. 2004). 

Study V 

Aortic calcifications were determined from von Kossa-stained aortic sections at 200X 

magnification. The total area of each aortic section and area of calcification was measured 

using a computerized interactive system (Scion Image Beta 4.02, Frederick, MD, USA). 

The index of calcification for each rat was expressed as percentage of the calcified area 

related to the total area of the aortic cross-section. 

9. DRUGS AND DIETARY COMPOUNDS 

The following drugs and chemicals were used: cefuroxim, diazepam (Orion Pharma Ltd., 

Espoo, Finland), ketamine (Parke-Davis Scandinavia AB, Solna, Sweden), metronidazole 

(B. Braun AG, Melsungen, Germany), buprenorphine (Reckitt & Colman, Hull, England), 
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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), 

paricalcitol (Zemplar® intravenous injection solution, 5 μg/ml, vehicle containing 30% 

propylene glycol and 20% ethanol; Abbott Laboratories, Abbott Park, IL, USA). The stock 

solutions used in the in vitro studies were made by dissolving the compounds in distilled 

water. All solutions were freshly prepared before use and protected from light. 

10. STATISTICAL METHODS 

The statistical analysis was carried out using one-way and two-way analyses of variance 

(ANOVA) supported by the Bonferroni test when making pairwise comparisons between 

the test groups. Correlation analyses (r) were done using Spearman’s Rho. The least 

significant difference test was used for post-hoc analyses. ANOVA for repeated 

measurements was applied for data consisting of repeated observations at successive 

observation points. If the distribution of the variables was skewed, the Kruskal-Wallis test 

was applied, and post-hoc analyses were performed with the Mann-Whitney U-test, the P 

values being corrected with the Bonferroni equation. Results were expressed as mean ± 

SEM, and differences were considered significant when P<0.05. 

The contractile responses were expressed as wall tension (mN/mm). The EC50 for these 

contractions in each ring were calculated as a percentage of maximal response and 

presented as the negative logarithm (pD2), which values were also used in the statistical 

analysis. The relaxations in response to Ach, and nitroprusside were presented as a 

percentage of pre-existing contractile force. The areas under concentration response curve 

(AUC) analyses of Ach were used to present the change in AUC by L-NAME per group, 

and to show the contributions of NO in the endothelium-dependent relaxations. The areas 

under each individual curve of nitroprusside responses were determined and expressed in 

arbitrary units. The data in studies I-III were analyzed using SPSS 11.5 and data in studies 

IV-V using SPSS 17.0 (SPSS Inc., Chicago, IL, USA)  
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11. ETHICAL ASPECTS 

The experimental design of these studies 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. The investigations conform to 

the Guiding Principles for Research Involving Animals. 
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RESULTS 

1. ANIMAL DATA 

Blood pressure 

In studies I and II, systolic BPs did not differ between the groups in the beginning of the 

oxonic acid feeding period (Table 3). However, at study week 9 of study I, the BP in the 

NX+Oxo group was higher than in the Sham group. No such difference was seen in study 

II, and no significant differences in BP were detected between the other groups. In study 

III, the systolic BPs were higher than Sham in both NX groups when measured at weeks 15 

and 27. At the end of studies IV and V, the systolic BPs were higher in all NX groups than 

in Sham, whereas the NX+Ca group showed lower BP than the other NX groups. 

Body weight, heart/body weight ratio, urine output, and rat count 

In study I, the final body weight in the NX+Oxo group was slightly lower when compared 

with the NX group, and when analyzed using two-way ANOVA, a significant lowering 

influence on body weight was associated with oxonic acid feeding (p=0.004). In study II, 

the average body weight gain was comparable in all groups. The heart to body weight ratio 

and 24-hour urine output were higher in both NX groups when compared to Sham rats 

(Table 3). 

In study III, due to the high mortality of all experimental CRI studies of this duration, the 

final animal numbers at the end of the 27-week experiment were 12, 7, and 8, in the Sham, 

NX, and NX+Pari groups, respectively (Table 3). The body weights at the end of the study 

did not differ between the groups, while heart weight/body weight ratio was lower in both 

NX groups when compared with Sham. 

Studies IV and V were carried out using the same rats. The NX+Ca and NX+Pi rats had 

lower final body weights than Sham, whereas no difference was seen between the NX 

groups. The heart/body weight ratios were higher in all NX groups than in Sham rats. The 

initial animal count in all NX groups was 12-13. At the end of the study, lower rat count 

was observed in the NX (5 lost rats) and NX+Pi (6 lost rats) than Sham and NX+Ca (1 lost 

rat) groups (Table 3). 



76 

 

2. LABORATORY FINDINGS 

2.1. Blood, plasma, and histological grading 

In study I, the blood pH was slightly lower in the NX group than in Sham rats, while 

hemoglobin was decreased in the NX+Oxo group when compared with Sham (Table 4). 

The oxonic acid feeding elevated plasma UA by 80-90 μmol/l in both Sham and NX rats, 

as expected. Creatinine clearance was similarly reduced by approximately 60% in both NX 

groups, and also by about 25% in hyperuricemic Sham rats (Figure 7B). Plasma 

concentration of urea was over 2-fold higher in the NX group when compared to Sham 

rats, while no difference between the NX and NX+Oxo groups was observed (Table 4). 

Hyperuricemia had a clear elevating effect on PRA (Figure 7A) and plasma aldosterone 

concentration (Figure 7C) in study I. In the Sham+Oxo group PRA increased 1.2-fold and 

plasma aldosterone 1.4-fold, while in the NX+Oxo group the increases were 2.5 and 2.3-

fold, respectively. As 5/6 NX is a low-renin model of CRI, PRA was decreased in NX and 

NX+Pari groups when compared with Sham in study III (Table 5). In study I, the plasma 

aldosterone:renin ratios in the experimental groups were (mean±SEM) 12±2, 14±2, 

360±208* and 213±110* in the Sham, Sham+Oxo, NX and NX+Oxo groups, respectively 

(*P<0.001 both NX groups vs. both Sham groups). 

At the end of study II, the oxonic acid diet elevated plasma UA concentration  

3.4-fold in the Sham+Oxo rats and 2.4-fold in the NX+Oxo rats, respectively (Table 4). 

Plasma creatinine and urea concentrations were approximately doubled in the NX rats 

when compared with Sham, and were not affected by oxonic acid diet. Creatinine 

clearance was reduced by approximately 60% in both NX groups, and also by 33% in 

hyperuricemic Sham rats. The plasma concentrations of TRAP were increased 1.5-fold in 

groups ingesting the oxonic acid diet (Table 4), and there was a linear correlation between 

plasma UA concentration and TRAP in all groups (Figure 7G). 

Plasma total cholesterol, HDL cholesterol, and non-HDL cholesterol concentrations were 

elevated in NX rats of study II (Table 4). When analyzed using two-way ANOVA, an 

elevation of plasma triglycerides was also uncovered in NX rats when compared with 

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

However, 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 
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Sham+Oxo groups were completely devoid of glomerular changes (damage index was 0 in 

both groups). 

Table 3. Experimental animal data. 

Study I Sham 
(n=9-12) 

Sham+Oxo 
(n=12) 

NX 
(n=11-12) 

NX+Oxo 
(n=12) 

Systolic BP at week 0 (mmHg) 120 4 121 5 127 5 125 5 
Systolic BP at week 9 (mmHg) 134 7 136 5 142 6 152 4* 
Body weight at week 0 (g) 339 6 338 7 333 8 332 7 
Body weight at week 9 (g) 433 8 412 11 448 10 411 8† 
Heart weight/body weight (g/kg) 3.97 0.05 4.12 0.09 4.95 0.27* 5.18 0.33* 
Urine volume (ml/24h) 25.2 1.7 25.8 1.8 53.3 3.8* 49.3 3.9* 

Study II Sham 
(n=10) 

Sham+Oxo 
(n=10) 

NX 
(n=10) 

NX+Oxo 
(n=10) 

Systolic BP at week 3 (mmHg) 122±4 122±5 127±5 127±7 
Systolic BP at week 12 (mmHg) 139±7 137±6 140±7 149±5 
Heart weight/body weight (g/kg) 3.99±0.05 4.17±0.10 5.09±0.30* 5.25±0.39* 
Body weight at week 3 (g) 333±5 334±6 327±8 330±7 
Body weight at week 12 (g) 416±8 404±9 430±11 409±6 

Study III Sham 
(n=12) 

NX 
(n=7) 

NX+Pari 
(n=8) 

 

Rat count at week 27 12 7 8  

Systolic BP at week 15 (mmHg) 135±4 152±5* 155±3*  

Systolic BP at week 27 (mmHg) 130±2 171±4* 167±5*  
Body weight at week 27 (g) 565±8 507±41 503±32  
Heart weight/body weight (g/kg) 3.25±0.04 4.15±0.50* 4.55±0.30*  
Creatinine clearance (ml/min) 1.84±0.11 0.85±0.17* 0.71±0.15*  

Studies IV and V Sham 
(n=11) 

NX 
(n=7) 

NX+Ca 
(n=12) 

NX+Pi 
(n=7) 

Systolic BP at week 27 (mmHg) 129 2 173 4* 145 3*† 161 4*†‡ 
Body weight at week 27 (g) 557 7 507 38 488 13* 431 35* 
Heart weight/body weight (g/kg) 3.21 0.03 4.19 0.43* 4.03 0.13* 4.46 0.40* 
Rat number at week 15 11 12 13 13 
Rat number at week 27 11 7* 12† 7*‡ 
Creatinine clearance (ml/min) 1.84±0.10 0.85±0.15* 0.84±0.07* 0.69±0.17* 

Values are mean  SEM, *P 0.05 compared with the Sham group, †P 0.05 compared with the NX group, 
‡P 0.05 versus NX+Ca; BP = blood pressure. 

Similarly to study III (Table 3), creatinine clearance was reduced in all NX groups in study 

IV (Table 4). Plasma ionized calcium did not differ from Sham in the NX group, but was 

increased in the NX+Ca, and decreased in the NX+Pi group. In comparison with Sham, 

plasma phosphate and calcium-phosphorus product were over doubled in the NX and three 
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to fivefold increased in the NX+Pi, but were decreased in the NX+Ca group. Plasma PTH 

and FGF23 were increased in the NX group and elevated 40 to 60-fold in the NX+Pi group 

when compared with Sham, while both were suppressed in the NX+Ca group. PRA, 

25(OH)D3, and 1,25(OH)2D3 levels were decreased in all NX groups. The indices of 

glomerulosclerosis (Figure 6A) and tubulointerstitial damage (Figure 6B) were increased 

in all NX groups. However, less tissue damage was seen in the NX+Ca than in the NX and 

NX+Pi groups. In study V, plasma NOx was increased in all NX groups when compared 

with Sham. The index of aortic calcification was increased in the NX and NX+Pi groups 

when compared with the NX+Ca and Sham groups (Figure 6C). 

2.2. Urinary determinations 

A clear K+-loss/Na+-retention -effect was observed in both hyperuricemic groups of  

study I. Subsequently, urine K+ to Na+ ratio was elevated 2-fold in the Sham+Oxo group 

and 1.6-fold in the NX+Oxo group (Figure 7D). The 24-hour urinary calcium excretion 

was 1.7-fold increased in the Sham+Oxo group, while no significant changes were 

observed in the NX groups (Table 4). 

Before the oxonic acid diet was initiated in study II, no significant differences were found 

in the 24-hour urinary excretion of 8-iso-PGF , a marker of oxidative stress in vivo 

(Figure 7E). During the 9th week on the 2.0% oxonic acid diet, the 24-hour excretion of  

8-iso-

90% in the Sham+Oxo and NX+Oxo groups, respectively, when compared with their 

respective controls (Figure 7F). In study V, urinary NOx was increased in all NX groups 

when compared with Sham (Table 4). 

 

Figure 6. Kidney glomerulosclerosis index, tubulointerstitial damage index, and aortic calcification. 

*P 0.05 compared with the Sham group, †P 0.05 compared with the NX group, ‡P 0.05 versus NX+Ca.
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Table 4. Blood, plasma, and urine determinations in studies I, II, IV, and IV. 

Study I Sham 
(n=9-12) 

Sham+Oxo 
(n=12) 

NX 
(n=11-12) 

NX+Oxo 
(n=12) 

Blood and plasma determinations     
Uric acid (μmol/l) 36 11 117 21* 63 19 152 19*† 
Urea (mmol/l) 6.62 0.34 8.33 0.42 13.54 0.87* 14.54 2.00* 
pH 7.42 0.028 7.37 0.023 7.34 0.034* 7.37 0.023 
Hemoglobin (g/l) 167.5 3.2 168.5 2.7 157.9 4.7 149.8 4.1* 
Potassium (mmol/l) 4.12 0.13 3.79 0.08 4.28 0.19 4.42 0.18 
Sodium (mmol/l) 136.5 0.5 137.3 0.6 136.7 0.9 137.0 0.5 

Urine determinations     
Potassium (mmol/24h) 2.84 0.14 4.56 0.20* 2.93 0.09 3.73 0.21*† 
Sodium (mmol/24h) 8.47 0.41 6.60 0.25* 7.62 0.25 6.44 0.65* 

24h) 28.65 4.47 47.45 5.47* 40.03 6.18 34.79 4.38 

Study II Sham 
(n=10) 

Sham+Oxo 
(n=10) 

NX 
(n=10) 

NX+Oxo 
(n=10) 

Blood and plasma determinations     
Uric acid at week 5 (μmol/l) 50.3±13.0 106.8±15.5* 49.1±10.2 86.6±9.6* 
Uric acid at week 12 (μmol/l) 37.4±13.4 126.4±24.2* 65.9±23.2 156.6±22.7*† 
Creatinine (μmol/l) 37.8±5.8 48.8±3.6 81.6±3.9* 84.1±9.8* 
Creatinine clearance (ml/min) 3.0±0.4 2.0±0.2* 1.2±0.1* 1.2±0.1* 
Urea (mmol/l) 6.8±0.4 8.6±0.5 13.7±1.0* 15.1±2.4* 
TRAP (μmol/l) 422±52 611±70* 491±70 714±60*† 
Cholesterol (mmol/l) 2.25±0.10 2.14±0.13 4.80±0.47* 5.09±0.65* 
HDL (mmol/l) 1.64±0.09 1.62±0.10 3.55±0.37* 3.50±0.41* 
Non-HDL (mmol/l) 0.61±0.03 0.51±0.04 1.25±0.21* 1.59±0.27* 
Triglycerides (mmol/l) 1.16±0.11 0.96±0.08 1.46±0.09º 1.77±0.34º 
Blood pH 7.44±0.04 7.39±0.03 7.37±0.04 7.41±0.03 

Studies IV and V Sham 
(n=11) 

NX 
(n=7) 

NX+Ca 
(n=12) 

NX+Pi 
(n=7) 

Plasma determinations     
Phosphate (mmol/l) 1.16 0.06 2.52 0.46* 0.81 0.08*† 5.47 1.12*†‡ 
PTH (pg/ml) 88 12 1172 343* 3.7 0.5*† 3620 236*†‡ 
Ionized calcium (mmol/l) 1.36 0.06 1.34 0.03 1.55 0.03*† 0.93 0.09*†‡ 
Calcium-phosphorus product 1.55±0.07 3.51±0.65* 1.11±0.09*† 4.41±0.53*†‡ 
25(OH)D3 (nmol/l) 33.4±2.8 19.8±4.0* 13.8±0.9* 16.0±1.3* 
1,25(OH)2D3 (pmol/l) 285±27 71±23* 106 ±22* 105±43* 
logFGF23 (pg/ml) 2.32±0.05 2.96±0.06* 1.88±0.07*† 3.99±0.18*†‡ 
NOx (μmol/l) 8.9 0.4 11.4 0.9* 14.2 5.1* 18.4 5.1* 

 Urinary determinations     
NOx (μmol/24h) 0.03 0.01 1.36 0.66* 1.49 0.84* 0.80 0.36* 

TRAP = total peroxyl radical-trapping antioxidant capacity; Values are mean  SEM, *P 0.05 compared 

with the Sham group, †P 0.05 versus the NX group, ‡P 0.05 versus NX+Ca, ºP 0.05 NX groups compared 

with the Sham groups using two-way ANOVA. 
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Figure 7. Plasma and urinary determinations in experimental hyperuricemia. PRA (I), plasma aldosterone 

(I), creatinine clearance (I), urinary K+ to Na+ ratio (I), urinary 8-iso-PGF  at weeks 2 and 11 (II), the 

correlation of plasma TRAP (II) versus plasma uric acid, as well as the correlation between maximum 

acetylcholine relaxation in carotid artery and plasma uric acid (II) were determined; *P 0.05 compared with 

the Sham group, †P 0.05 compared with the NX group. 
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3. AUTORADIOGRAPHY, WESTERN BLOTTING, AND RT-PCR 

3.1. Kidney angiotensin-converting enzymes 

Protein measurements 

When kidney tissue ACE content was analyzed in study I using quantitative in vitro 

autoradiography, which measures binding to the active site of ACE protein, no difference 

was observed in the NX groups when compared with the Sham rats (Figures 8C). Highest 

ACE signal was detected in a circular fashion in the inner cortex and outer medulla in the 

Sham-operated groups, whereas ACE was more widely distributed in the remnant kidneys 

of the NX groups (Figure 8A).  

In study IV, the in vitro autoradiography revealed lower kidney ACE protein content in the 

NX+Ca group in comparison with NX, while ACE was highest in the NX+Pi group 

(Figure 8D). The distribution of renal ACE was also different between NX and Sham rats; 

similarly to study I, the highest ACE signal was detected in a circular fashion in the inner 

cortex and outer medulla in Sham rats, whereas ACE was more widely distributed 

throughout the remnant kidney in the NX and NX+Pi groups (Figure 8B). The outcome of 

Western blotting confirmed lower renal ACE protein in the NX+Ca than the NX group, 

and increased ACE protein in the NX and NX+Pi groups versus Sham (Figure 9E). 

PCR measurements 

In study I, when kidney ACE mRNA was determined using real-time quantitative RT-PCR 

both NX groups showed significantly lower levels than the respective Sham rats  

(Figure 9A). In addition, kidney tissue ACE2 mRNA levels were also lower in both NX 

groups than in the Sham rats (Figure 9B). In study III, the level of ACE mRNA was 

increased and ACE2 mRNA decreased in NX and NX+Pari rats versus Sham (Table 5). 

RT-PCR analyses in study IV showed increased renal ACE mRNA content in the NX and 

NX+Pi groups, but not in NX+Ca rats, when compared with Sham. Highest values were 

seen in NX+Pi rats, as ACE mRNA was almost 2.5-fold higher than in NX+Ca and Sham 

rats (Figure 9C). The amount of ACE mRNA correlated well with ACE protein determined 

using autoradiography (Figure 9F; r=0.830; P<0.001) and Western blotting (0.787; 

P<0.001). Positive correlations (P<0.001) were also observed between ACE mRNA and 

calcium-phosphate product (r=0.825), phosphate (r=0.771), PTH (r=0.766),  
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FGF23 (r=0.670), and ionized calcium (r=0.659). Kidney ACE2 mRNA was decreased in 

all NX groups (Figure 9D). 

 

Figure 8. Autoradiography measurement of kidney angiotensin-converting enzyme in vitro. Kidney ACE 

autoradiography in studies I and IV. In panels A and B, ACE signal (red coloring) is located mainly in the 

inner cortex and outer medulla of kidney tissue; *P 0.05 compared with the Sham group, †P 0.05 compared 

with the NX group, ‡P 0.05 versus NX+Ca. 
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Figure 9. Angiotensin-converting enzymes in studies I and IV. Kidney ACE and ACE2 mRNA were 

determined using RT-PCR, and kidney ACE protein using Western blotting. Panel F shows the correlation 

between ACE mRNA and ACE protein by autoradiography in study IV; *P 0.05 compared with the Sham 

group, †P 0.05 compared with the NX group, ‡P 0.05 versus NX+Ca. 

3.2. Aortic and cardiac angiotensin-converting enzymes 

In a 12-week pilot of study V, autoradiography results of randomly selected 8-10 rats in 

each group showed a decrease in aortic and cardiac ACE protein content after 8 weeks of 
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phosphate-binding diet (Figures 10A and 10B). In the 27-week study V, aortic ACE 

protein content was higher in the NX and NX+Pi groups than in Sham rats (Figures 10C 

and 10D). Notably, aortic ACE content was clearly lower in the NX+Ca group when 

compared with the NX and NX+Pi groups. 

 

Figure 10. Cardiac and aortic angiotensin-converting enzyme in study V. Cardiac ACE was solely 

determined in the shorter 12-week pilot study. Aortic ACE was determined in both the 12-week and 27-week 

studies; *P 0.05 compared with the Sham group, †P 0.05 compared with the NX group, ‡P 0.05 versus 

NX+Ca. 

3.3. Renin-angiotensin system receptors 

Protein measurements 

When analyzed using autoradiography in study I, AT1R densities in kidney cortex did not 

differ from Sham in the NX groups. However, cortical AT1R density was approximately 
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25% higher in the NX+Oxo than NX rats (Figure 11A). In renal medulla, no difference in 

AT1R density between the two NX groups was observed, while the density was about 43% 

higher in the NX+Oxo group when compared to Sham rats (Figure 11B). The Sham+Oxo 

rats featured no changes in renal AT1R density. In all groups, AT1R density in the kidney 

medulla was higher than in the cortex. In addition, the ratio of medullary to cortical AT1R 

density was increased in both NX groups, the ratios being 2.27±0.08, 2.00±0.15, 

3.25±0.34*, 3.04±0.24* in the Sham, Sham+Oxo, NX and NX+Oxo groups, respectively 

(*P<0.02 both NX groups vs. both Sham groups). AT2R densities in cortex and medulla 

were similar in all study groups (not shown), and the AT2R binding comprised only 1.2-

2.1% of all Ang II receptor binding in the cortex, and 0.7-1.2% of all binding in the 

medulla. 

In autoradiography analyses of study IV, AT1R density in kidney cortex was lower in the 

NX+Ca and higher in the NX+Pi group versus Sham, while no significant differences in 

AT1R density in the medulla were found (Table 5). In autoradiography analyses the 

proportion of AT2R was low when compared with AT1R (0.3-0.6% in cortex, 0.1-0.4% in 

medulla), and no significant differences in AT2R density (not shown) were found between 

the groups. 

PCR measurements 

In study I, hyperuricemia had no effect on kidney tissue AT1aR mRNA content, the levels 

of which were significantly lower in both NX groups than in Sham rats (Figure 11C). 

Kidney tissue AT2R mRNA level was also lower in the NX group than in the Sham rats, 

and was not significantly affected by hyperuricemia (Figure 11D). 

At the end of study III, the mRNA values of AT1aR, AT2R, and PRR were decreased in NX 

and NX+Pari groups when compared with sham-operated rats (Table 5). AT4R mRNA was 

increased, while Mas mRNA was unaffected. However, no suppression of RAS genes 

between untreated and paricalcitol-treated NX rats was observed at the mRNA level. Due 

to high mortality, the final animal numbers at the end of the 27-week experiment were 10, 

7, and 8, in the Sham, NX, and NX+Pari groups, respectively. 

In study IV, kidney AT1aR mRNA content was lower in the NX+Pi group versus Sham and 

NX+Ca groups, while no other differences were seen between the groups (Figure 11E). 

Kidney AT2R mRNA content was decreased in the NX group in comparison with Sham 

(Figure 11F). Kidney AT4R mRNA (Figure 12A) was increased and PRR mRNA  
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(Figure 12B) decreased in the NX and NX+Pi groups versus Sham, while the NX+Ca rats 

did not differ from Sham. Kidney Mas mRNA showed no significant differences between 

the groups (Table 5). 

Table 5. The renin-angiotensin system determinations in studies III, IV, and V. 

Study III Sham 

(n=12) 

NX 

(n=7) 

NX+Pari 

(n=8) 

Kidney autoradiography     

Cortical AT1R (vs. Sham) 1.00 0.06 1.18 0.05 1.05 0.08  
Medullary AT1R (vs. Sham) 1.00 0.10 1.14 0.07 1.00 0.08  
Cortical AT2R share (%) 0.27 0.16 0.37 0.30 0.40 0.18  
Medullary AT2R share (%) 0.40 0.17 0.17 0.10 0.12 0.05  
ACE (vs. Sham) 1.00 0.09 1.39 0.26 1.68 0.17*  
CTGF 0.67 0.12 2.50 0.20* 1.89 0.29*  

Kidney mRNA     
AT1aR (x104 / ng total RNA) 0.99 0.04 0.83 0.08* 0.80 0.05*  
AT2R (x102 / ng total RNA) 0.76 0.15 0.32 0.06* 0.19 0.03*  
AT4 (x103 / ng total RNA) 2.99 0.21 3.76 0.28* 3.90 0.24*  
PRR (x104 / ng total RNA) 2.31 0.15 1.77 0.11* 1.74 0.08*  
MAS (x102 / ng total RNA) 4.80 0.34 4.92 0.48 4.77 0.41  
ACE (x104 / ng total RNA) 0.98 0.68 1.72 0.21* 2.06 0.20*  
ACE2 (x104 / ng total RNA) 1.10 0.08 0.65 0.14* 0.49 0.09*  
CTGF (x104 / ng total RNA) 1.74 0.11 2.76 0.49* 2.84 0.19*  

Plasma renin activity  24.3 3.0 1.7 1.0* 1.4 0.7*  

Studies IV and V Sham 

(n=11) 

NX 

(n=7) 

NX+Ca 

(n=12) 

NX+Pi 

(n=7) 

Plasma renin activity (ng of Ang I/ml/h) 22.0±2.9 1.7±1.0* 1.7±0.6* 1.8±0.6* 
Kidney AT1R autoradiography (vs. Sham)     

AT1R in cortex  1.00 0.06 1.18 0.05* 0.78 0.03*† 1.21 0.10*‡ 
AT1R in medulla 1.00 0.11 1.14 0.07 1.04 0.07 1.24 0.07 

Mas mRNA (copies x 102
 / ng total RNA) 4.80±0.34 4.92±0.48 5.06±0.68 5.13±0.32 

Values are mean  SEM, n=7-13 for all groups; *P 0.05 compared with the Sham group, †P 0.05 compared 

with the NX group, ‡P 0.05 versus NX+Ca. 
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Figure 11. Angiotensin II type 1 and type 2 receptor determinations. AT1R and AT2R densities were 

determined from kidney cortex and medulla using in vitro autoradiography in study I. AT1aR and AT2R 

mRNA levels were determined by RT-PCR in studies I and IV; *P 0.05 compared with the Sham group, 
†P 0.05 compared with the NX group, ‡P 0.05 versus NX+Ca. 
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3.4. Other measured proteins and mRNAs 

In study III, renal CTGF mRNA was elevated in NX and NX+Pari rats versus sham-

operated rats (Table 5). Similarly in study IV, renal CTGF mRNA was higher in NX and 

NX+Pi groups versus Sham rats, and also increased in NX+Pi rats versus NX+Ca rats 

(Figure 12C). Kidney HO-1 mRNA was up-regulated in all NX groups versus Sham 

(Figure 12D). 

At the end of study V, aortic eNOS protein content, determined using Western blotting, 

was similarly decreased in all NX groups when compared with Sham rats (Figure 12E). 

However, no difference was detected in aortic iNOS protein (not shown) between the study 

groups, with average values ranging ±18% of the level observed in Sham rats. Aortic 

nitrated protein content, measured using Western blotting, was higher in the NX and 

NX+Pi groups versus Sham, but was lower in the NX+Ca than in NX and NX+Pi rats 

(Figure 12F). 
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Figure 12. Kidney AT4R, (pro)renin receptor, CTGF, and heme oxygenase-1 mRNA by RT-PCR, and aortic 

eNOS and nitrated proteins by Western blotting. Kidney AT4R, (pro)renin receptor, CTGF, and heme 

oxygenase-1 mRNA were determined using RT-PCR in study IV. Aortic eNOS and nitrated protein content 

were determined using Western blotting in study V; *P 0.05 compared with the Sham group, †P 0.05 

compared with the NX group, ‡P 0.05 versus NX+Ca. 
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4. FUNCTIONAL RESPONSES OF ISOLATED ARTERIAL RINGS 

4.1. Carotid artery responses in vitro 

In study II, the carotid artery contractile responses to NE were similar between the study 

groups (Figure 13A and 13B). Thus, differences in vasoconstrictor sensitivity cannot 

explain the differences in vasorelaxations. The relaxations to Ach were reduced in NX rats 

when compared with Sham rats, while the maximal response to Ach was improved in the 

NX+Oxo group when compared with the NX group (Figure 12C; P=0.027). Hyperuricemia 

had no effect on the response to Ach in Sham rats. In both NX and NX+Oxo groups, 

plasma UA concentration correlated with the maximal relaxation to Ach (Figure 7H), 

while no correlation was observed between maximal Ach response and plasma levels of 

creatinine, urea, lipids or BP (not shown). Plasma TRAP also correlated with maximal Ach 

response in NX rats (r=0.73, P=0.026). 

The NOS inhibitor L-NAME practically abolished the relaxation to Ach in all groups 

(Figure 13D), indicating that the response was mediated via NO. Vasorelaxation induced 

by isoprenaline was similar in all groups (Figure 13E). The relaxations to nitroprusside 

were reduced in both NX groups vs. Sham groups, while the reduction was less marked in 

the NX+Oxo group (Figure 13F). Higher relaxation to 10 nmol/l nitroprusside was 

detected in the NX+Oxo group when compared with the NX group (P=0.027).  
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Figure 13. Carotid artery in vitro. Responses of carotid artery rings to norepinephrine (noradrenaline), 

acetylcholine (with and without L-NAME), isoprenaline, and nitroprusside were studied in study II; *P 0.05, 

ANOVA for repeated measurements, †P<0.05 compared with the corresponding individual concentration in 

the NX group. 
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4.2. Mesenteric artery responses in vitro 

In study V, vasorelaxation to the NO donor nitroprusside in endothelium-denuded rings 

was slightly decreased in the NX+Pi group when compared with Sham and NX+Ca rats, 

but did not differ between the Sham, NX and NX+Ca groups (Figure 14A). The relaxations 

induced by Ach in NE-precontracted endothelium-intact mesenteric artery rings were 

impaired in the NX and NX+Pi groups, but did not differ from Sham in the NX+Ca group 

(Figure 14B). The NOS inhibitor L-NAME reduced the relaxations to Ach in all study 

groups (Figure 14C), but the effect was more pronounced in the NX+Ca than the NX and 

NX+Pi groups, as the Ach response no more differed between the NX groups in the 

presence of L-NAME. The change in the AUC of the Ach-response induced by L-NAME 

suggested that the contribution of NO to the relaxation was reduced in the NX and NX+Pi 

groups, but did not differ from Sham in the NX+Ca group (Figure 14D). The addition of 

exogenous L-arginine (1 mmol/l) in vitro had no significant effects on the Ach-induced 

relaxations (data not shown).  

Vasoconstrictor sensitivity and maximal responses of mesenteric arterial rings to NE did 

not differ between the Sham, NX and NX+Ca groups, while sensitivity to NE was slightly 

higher in the NX+Pi than Sham and NX+Ca groups, and maximal response was lower in 

the NX+Pi than Sham group (Table 6). The sensitivity and maximal responses to KCl did 

not significantly differ between the study groups. Vasoconstrictor sensitivity to Ang II was 

lower in the NX+Ca than Sham group, while maximal wall tension in response to Ang II 

was higher in the NX versus Sham group, and lower in the NX+Ca versus NX group. 
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Table 6. Contractile responses of isolated mesenteric arterial rings in study V. 
Study V Sham 

(n=11) 
NX 
(n=7) 

NX+Ca 
(n=12) 

NX+Pi 
(n=7) 

Norepinephrine  (+E)     
pD2 (-log mol/L) 6.45±0.11 6.73±0.11 6.44±0.07 6.98±0.20*‡ 
Maximal wall tension (mN/mm) 5.46±0.32 4.56±0.38 5.25±0.36 4.15±0.49* 

Angiotensin II (+E)     
pD2 (-log mol/L) 8.21±0.09 7.99±0.07 7.92±0.13* 8.12±0.10 
Maximal wall tension (mN/mm) 0.50±0.12 0.97±0.18* 0.46±0.12† 0.63±0.11 

Potassium Chloride  (-E)     
pD2 (-log mol/L) 1.54±0.01 1.55±0.02 1.55±0.02 1.58±0.02 
Maximal wall tension (mN/mm) 4.89±0.37 4.79±0.42 5.42±0.48 3.70±0.59 

Values are mean±SEM; +E and -E, endothelium-intact and -denuded arterial rings respectively; pD2, 

negative logarithm of concentration of agonist producing 50% of maximal contractile force; *P<0.05 versus 

Sham, †P<0.05 versus NX, ‡P 0.05 versus NX+Ca. 

 
Figure 14. Mesenteric artery in vitro. Responses of mesenteric artery rings to nitroprusside and acetylcholine 

were studied in study V; *P<0.05, ANOVA for repeated measurements (A, B, C), *P<0.05 versus Sham, 
†P<0.05 versus NX, ‡P 0.05 versus NX+Ca (D). 
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DISCUSSION 

1. STUDY DESIGN AND METHODS 

In addition to the loss of renal function, CKD is linked to several disturbances of the 

normal homeostasis. Progressing kidney damage may alter cardiovascular physiology and 

lead to inflammation, arterial remodeling and elevated BP, as well as increase the 

damaging oxidative stress. This is the principal reason why CKD cannot simply be 

regarded as a disease of the kidney, but a syndrome that enacts on the whole body. 

Experimental animal models provide a means to study disorders that cannot be otherwise 

investigated. The present series of studies featured a rat model of experimental CRI, the 

NX, which was induced by the removal of upper and lower poles of the left kidney, and the 

whole right kidney (Jolma et al. 2003, Kööbi et al. 2003). The sham rats underwent 

decapsulation of both kidneys. Animal models of CRI approximate the human disease and 

are essential to understanding its pathogenesis, as well as developing successful treatment 

strategies. While not perfect, the careful use of animal experiments offers the opportunity 

to examine individual mechanisms in an accelerated time frame (Becker and Hewitson 

2013). 

Dietary and pharmacological interventions in these studies included 2.0% oxonic acid-

induced hyperuricemia (I, II), paricalcitol treatment (III), and phosphate loading or 

phosphate binding with 3.0% calcium carbonate (IV, V). The studies were designed to 

mimic some of the most common complications associated with kidney disease. 

1.1. Experimental models 

Experimental chronic renal insufficiency 

In all of the studies, characteristic findings of decreased renal function (Pörsti et al. 2004) 

were observed in the NX rats. As the best indicator of successful CRI, creatinine clearance 

of all NX rats was reduced (Figure 7, Tables 3 and 4). The shorter study duration, 12 

weeks of CRI (I, II), did not unearth a significant BP elevation in the NX rats on the 

normal diet, however, in all 27-week studies systolic BP was clearly elevated in these rats 

(III-V). Longer study durations in previous studies have shown that after a follow-up of 20 

weeks, the NX rats develop clear hypertension, so that systolic BP is elevated by 30 mmHg 

(Kööbi et al. 2006). The NX rats also develop polyuria, and here they exhibited a twofold 
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increase in 24-hour urine volume (Table 3) (I). Increased volume diuresis and the 

subsequent kaliuresis (Gennari 1998) are the likely explanations for the absence of 

hyperkalemia in the NX. The observed increase in heart weight/body weight ratios of all 

NX rats is in agreement with the view that this model is characterized by volume overload 

(Kööbi et al. 2003) (I-V). 

Many experimental models of CRI are available and they all have their own specific 

characteristics (Becker and Hewitson 2013). The NX is characterized by low renin 

secretion from the remnant kidney. This inherently decreases PRA, which leads to effects 

in several other down-stream factors of regulation. One of the high-renin models of 

experimental CRI is unilateral ureteral obstruction, which is usually used for the studies on 

tubulointerstitial fibrosis (Yang et al. 2010). In comparison to the NX, unilateral ureteral 

obstruction is more easily reproduced without fatalities from surgery complications, 

progresses in a shorter time-course, and maintains the contralateral kidney as a control. 

However, the disadvantages include a normal serum creatinine level and the lack of 

proteinuria because the injured kidney is completely obstructed and therefore has no urine 

output. As a final point, the model does not induce hypertension (Yang et al. 2010). 

The subtotal nephrectomy can also be induced by ligation in which branches of the renal 

artery in the rat are ligated after contralateral uninephrectomy. This model is typically 

associated with a more severe proteinuria and hypertension than the NX, and features a 

high level of PRA. The more severe hypertension with ligation is likely due to the notable 

up-regulation of the RAS near the infarcted tissue areas (Ma et al. 2005, Yang et al. 2010). 

For the present series of studies, the NX model proved to be appropriate and showed a 

reproducible loss of creatinine clearance and a steady progression of kidney disease (I-V). 

Oxonic acid-induced hyperuricemia 

The oxonic acid diet induces hyperuricemia by inhibiting the hepatic uricase enzyme 

(Mazzali et al. 2001, Kang et al. 2002, Nakagawa et al. 2003, Sanchez-Lozada et al. 2005). 

Previous studies with 2.0% oxonic acid in rats have demonstrated a 1.3 to 2.8-fold rise in 

serum UA (Mazzali et al. 2001, Nakagawa et al. 2003, Sanchez-Lozada et al. 2005), which 

corresponds well to the 2.4 to 3.4-fold increase observed in these studies (Table 4) (I, II). 

Treatment of hyperuricemia was not included in the present study protocol, as allopurinol 

and uricosuric agents have been repeatedly shown to prevent the pathological and 

pathophysiological changes induced by the oxonic acid feeding (Mazzali et al. 2001, Kang 
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et al. 2002, Mazzali et al. 2002, Sanchez-Lozada et al. 2002, Nakagawa et al. 2003, 

Sanchez-Lozada et al. 2005). Corresponding to previous findings showing preglomerular 

arterial disease after oxonic acid diet (Johnson et al. 2002), we found that hyperuricemia 

decreased creatinine clearance in the Sham rats (Figure 7, Table 4) (I, II). It should be 

noted that hyperuricemia is also associated with decreased renal blood flow in man 

(Messerli et al. 1980). However, experimental hyperuricemia did not further reduce 

creatinine clearance in NX rats, suggesting that this form of hyperuricemia is not 

associated with reduced GFR in the present model of CKD (I, II). An explanation may be 

the higher PRA values in Sham rats resulting in higher Ang II, which is the major 

modulator of glomerular blood flow and GFR. Experimental hyperuricemia did not 

influence 24-hour urine volume (Table 3), but increased urinary K+ excretion (Table 4) (I). 

The NX+Oxo rats of study I presented with elevated BP after 9 weeks of diet, which 

probably resulted from the hyperuricemia-associated sodium retention. Such an effect was 

not observed in study II, however. Sodium sensitivity is considered a characteristic feature 

in hyperuricemia (Ward 1998). Hyperuricemia did not have an effect on heart weight  

(I, II). 

The present model of experimental hyperuricemia was effortless to produce via dietary 

intervention, and presented with successful hyperuricemia. Although the observed plasma 

UA values were lower than those generally observed in hyperuricemic patients, mainly due 

to dietary lack of excess purines and fructose (Johnson et al. 2013b), this model is a 

valuable tool in the effort to find evidence on the putative harmfulness of elevated UA. 

Paricalcitol treatment 

The treatment with paricalcitol (intraperitoneal injections, 200 ng/kg three times per week) 

was aimed to test its effects on the kidney RAS component genes (III). Pharmacological 

treatment model is very similar to dietary interventions, however, the drug was injected, 

which produces extra stress to the animals when compared to dietary interventions. The 

advantage in this situation is the exact dosing, which may be more difficult to reproduce 

with similar precision using orally administered drug models in rats. In study III, 

paricalcitol did not influence the RAS component genes in the kidney, but there were no 

technical complications with this model in the present study that would render the outcome 

unreliable. 
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Calcium-phosphate metabolism 

The dietary intervention to alter calcium-phosphate metabolism (IV, V) was carried out 

using phosphate loading with 1.5% dietary phosphate or phosphate binding with 3.0% 

calcium carbonate, both of which induced clear changes in all variables of the calcium-

phosphate metabolism. Indeed, plasma phosphate, PTH, and FGF23 levels were different 

in all study groups (Table 4). The phosphate-loading and phosphate-binding diets had 

opposite influences on plasma calcium concentration. The observed changes in kidney 

tissue RAS components may have resulted from changes in all of the above variables. In 

general, when phosphate balance is altered this will always be reflected on calcium 

metabolism, and it is difficult to make the distinction which one of these two was the key 

player modulating renal tissue RAS components. However, the pathogenic influence of 

excess phosphate is increasingly recognized, and recent clinical evidence has linked high 

dietary phosphate intake to increased carotid intima-media thickness even in the general 

population (Itkonen et al. 2013). Dietary models are generally preferable to invasive 

approaches due to lower stress on the animals. Accordingly, this model was very easy to 

reproduce and functioned as expected. 

1.2. Measurement methods 

The measurement methods used in the present studies were found to be consistent and 

reproducible in the analysis of the underlying hypotheses. No significant problems were 

encountered during the experiments or laboratory determinations. The RIA determinations 

produced results that aligned well with the earlier observations in experimental 

hyperuricemia (I, II) (Ramsay et al. 1975, Mazzali et al. 2001). Taken together, the general 

reliability of the present results appears to be high, even though some alterations were 

observed between the determinations of the RAS components at the protein level versus 

the mRNA level. It is well known that wide-ranging post-transcriptional modulation may 

alter the ratios of mRNA to the final protein product (Gingold and Pilpel 2011), and thus 

knowledge of both levels is pivotal in determination of gene expression. 

In vitro autoradiography 

The in vitro autoradiography provides data on the localization and quantity of the assayed 

proteins in a histological sample. Generally, its shortcoming is the same as with any other 

histology-based assay, as the sample fixing procedure may sometimes cause interfering 

artefacts, which hamper the reliability of the obtained results. In this series of studies, no 
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artefact-causing fixatives were used, as the samples were cut frozen, thaw mounted, and 

then desiccated (I, IV, V). It can be speculated 

kidney tissue represented the whole kidney. Nevertheless, altogether 24 analyses per each 

kidney were performed, and this approach certainly increased the dependability of the 

present autoradiography results. 

Real-time quantitative RT-PCR 

The real-time quantitative RT-PCR is a reliable method of determining gene transcription 

activity levels via amplification of the gene transcript. In regular real-time PCR the amount 

of product formed is monitored during the course of the reaction by monitoring the 

fluorescence of dyes or probes introduced into the reaction that is proportional to the 

amount of product formed, while the number of amplification cycles required to obtain a 

particular amount of DNA molecules is registered. When certain amplification efficiency is 

assumed, it is possible to calculate the number of DNA molecules of the amplified 

sequence that were initially present in the sample (Kubista et al. 2006). In the real-time 

RT-PCR, RNA is first isolated and reverse-transcribed using random hexamers as primers 

to form cDNA. The resulting cDNA is then assayed as in regular real-time PCR. While the 

real-time quantitative RT-PCR is not without limitations, it can provide unmatched 

sensitivity and speed for determining levels of specific transcripts when using proper 

controls, careful initial reaction characterization, and quality control (Wagner 2013). The 

quality analyses of RT-PCR measurements in this study were constant, and the intra-assay 

and inter-assay coefficients of variance were under 1.2% and 2.8%, respectively  

(I, III, IV). 

As the determination of the exact original macroscopic source of the extracted RNA in 

tissue samples is not possible, the obtained result is presumed to represent the mean 

transcriptional level of the whole cell population. However, in theory, a marginal number 

of cells with thousands of times higher or lower transcription levels may shift the result, 

and subsequently the outcome may indicate a higher or lower overall transcription level in 

the tissue. This makes RT-PCR determinations using tissue samples challenging, and 

therefore the method should optimally be used in combination with another method that 

provides information about the quantity and macroscopic localization of the gene product. 

Therefore, the combination of autoradiography and RT-PCR was able to reveal a better-

focused snapshot of the gene expression activity. 
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Western blotting 

Western blotting is commonly used to identify, quantify, and determine the molecular size 

of specific proteins. It evolved from Southern blotting, which is used to detect specific 

DNA sequences among DNA fragments separated by gel electrophoresis, and northern 

blotting, which is used to detect and quantify RNA and to determine its size (Jensen 2012). 

In this series of studies Western blotting was used to offer another means of protein 

quantification together with autoradiography (IV, V). The quantification was  

semi-quantitative, as absolute quantification using only densitometric values is not 

achievable (Gassmann et al. 2009). Computerized image analysis was used to measure 

antibody binding, which provides higher sensitivity compared to earlier methods. The 

present Western blotting measurements were uncomplicated and reliable, however, the 

conditions need to be observed and well optimized to specifically suit the measured protein 

(MacPhee 2010). 

In vitro vascular function 

The in vitro vascular function measurements provide a technique to assay the contractile 

force of various vascular tissues. Optimally it produces highly reliable results, but care 

needs to be taken when preparing samples for measurement. Delicate handling ensures that 

the endothelial and smooth muscle layers remain intact and functional, while nonfunctional 

samples can be identified by hindered responses. In this series of studies, carotid (II) and 

mesenteric arteries (V) were measured. Both yielded consistent data for further analysis, 

while the differing effects of the used experimental treatments were also clearly noticeable 

in both vessels.  

2. RESULTS AND FINDINGS 

2.1. The renin-angiotensin-aldosterone system components 

The circulating RAAS and the tissue-level RAS have generated a wealth of scientific 

interest in the recent years (Fyhrquist and Saijonmaa 2008, Nguyen Dinh Cat and Touyz 

2011, Simoes e Silva and Flynn 2012, Simoes e Silva et al. 2013). This can well be 

understood, as they have traditionally been regarded as major regulators of various 

cardiovascular processes, while today these systems are known to regulate even the 

intracellular processes of diminutive systemic importance (Nguyen Dinh Cat and Touyz 
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2011). This virtually means that the effects of the RAAS and the various local RASs can 

be observed throughout the body. 

As experimental hyperuricemia has been associated with increased number of renin-

positive cells in the juxtaglomerular apparatus (Mazzali et al. 2001, Johnson et al. 2003), 

the circulating RAAS and renal components of RAS were investigated (I). 

Immunohistochemical staining of renin-positive cells has been previously used as a marker 

of the tissue-level renin expression (Mazzali et al. 2001), but knowledge of circulating 

PRA in hyperuricemia has remained scarce. Experimental models of hyperuricemia are 

characterized by preglomerular arteriolar disease, leading to tubular ischemia and local 

vasoconstriction. As the severity of the arteriolar disease varies between nephrons, some 

nephrons will be underperfused and ischemic, whereas others may be overperfused. This 

leads to heterogeneity in renin expression and a failure to suppress renin release for the 

degree of sodium intake, resulting in sodium sensitivity (Sealey et al. 1988, Johnson et al. 

2005b). Because of the putative nephron heterogeneity, we chose to measure PRA instead 

of renin staining to examine possible changes in the renin status during hyperuricemia (I). 

While the NX rat is a low renin CRI model (Pörsti et al. 2004), clear increases in PRA 

were observed in both Sham and NX rats after the oxonic acid diet (Figure 7) (I). This 

corresponds well with the results of previous clinical studies suggesting a correlation 

between hyperuricemia and elevated PRA (Saito et al. 1978b, Gruskin 1985). The finding 

that plasma aldosterone/renin ratio was not affected by oxonic acid feeding suggests that 

increased PRA was the probable explanation for the observed increase of plasma 

aldosterone in NX rats. High circulating aldosterone concentration is acknowledged as a 

significant cardiovascular risk factor (Schmidt and Schmieder 2003, Schmidt et al. 2006), 

however, during hyperuricemia its role has received little attention. It should be noted that 

the present rats were not subjected to a metabolic balance study, and claims of a constant 

Na+ retention and K+ loss cannot be presented from these results. The possibility exists that 

the influence of plasma aldosterone on electrolyte balance became more evident in the 

unfamiliar environment of a metabolic cage. However, our results imply that increased 

plasma aldosterone may mediate the Na+ retention associated with high serum UA. 

Knowledge of the possible hyperuricemia-associated changes in renal tissue components of 

RAS is limited. Our aim was, therefore, to examine if some of the detrimental effects of 

elevated serum UA could be accounted for by alterations in renal RAS components. 

Kidney ACE, ACE2, AT1R, and AT2R were measured at protein and mRNA levels using  
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in vitro autoradiography and real-time quantitative RT-PCR, respectively (I). The 

autoradiography analyses did not unearth any changes that could explain the 

hyperuricemia-induced alteration in Na+-K+ -balance (Figure 7). There were no differences 

in kidney ACE content between the study groups (Figure 8), while changes in cortical and 

medullary AT1R densities were only observed in the NX+Oxo group: about 25% higher 

cortical AT1R density than in the NX group, and 43% higher medullary AT1R density than 

in the Sham group (Figure 11). Thus, hyperuricemia may be associated with increases in 

renal AT1R density in CRI, but neither of these changes could explain the altered Na+-K+ -

balance, as increased renal K+ wasting was also observed in the Sham+Oxo group in the 

absence of alterations in renal AT1R density. 

When determined using RT-PCR, both NX groups showed significantly lower ACE and 

ACE2 mRNA levels than the respective Sham rats (Figure 9) (I). Kidney AT1aR and AT2R 

mRNA contents were also lower in both NX groups than in Sham rats. Importantly, the 

oxonic acid diet did not influence ACE, ACE2, AT1aR or AT2R mRNA in kidney tissue of 

either Sham or NX rats. As the RT-PCR analyses were performed from kidney extracts, no 

macroscopic localization of the mRNA molecules could be obtained. In the case of AT 

receptors, the in vitro autoradiography provided information about distribution at the tissue 

level, i.e. localization in the cortex or medulla. Experimental CRI was also associated with 

an approximately 40% increase in the medullary/cortical ratio of AT1R density, which was 

not influenced by 2.0% oxonic acid feeding. Moreover, highest ACE labeling was detected 

in the corticomedullary region in the sham-operated rats, but in the NX groups kidney 

ACE showed patchy and wider tissue distribution than in normal kidneys (Figure 8). 

Altogether, the investigated RAAS components showed no changes at the mRNA level 

that would explain the influence of hyperuricemia on Na+-K+ -balance (I). Because the 

mRNA levels, but not the corresponding protein contents, were reduced in the two NX 

groups, the above RAAS components were probably subject to post-transcriptional 

modulation in experimental CRI. This may be related to the lower PRA and reduced 

circulating RAAS activity in this form of renal insufficiency. 

Previously adrenal aldosterone production has been found to be increased 8 days after NX 

operation in rats despite a decrease of PRA. The putative stimulus for the adrenal 

aldosterone synthesis was suggested to be up-regulated adrenal renin synthesis (Endemann 

et al. 2004). In concert with these findings, subtotal nephrectomy was associated with a 

marked increase in plasma aldosterone/renin ratio in the present study (I). 
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It has been previously shown that increased calcium intake reduces kidney ACE protein 

content in the NX rats (Pörsti et al. 2004), whereas the effects of calcium-phosphate 

balance on ACE mRNA and other kidney RAS components has remained largely 

uncharted. Translational efficiency depends on multiple determinants that can modulate 

protein synthesis (Gingold and Pilpel 2011), and awareness of both mRNA and protein 

levels is necessary for the assessment of gene function. In study IV, ACE mRNA and 

protein were elevated in NX rats, while phosphate loading induced a further increase in 

kidney ACE (Figures 8 and 9) (IV). In contrast, the phosphate-lowering high calcium diet 

helped maintain both ACE mRNA and protein on a level comparable to that in Sham rats. 

The distribution of ACE protein was also altered in all NX groups so that the ACE signal 

was detected more widely throughout the remnant kidney (Figure 8). As ACE is one of the 

key targets of pharmacotherapy in kidney diseases, these findings stress the importance of 

effective plasma phosphate control in the treatment of CKD. 

A clear decrease in kidney ACE2 mRNA levels in all NX groups was observed in study IV 

(Figure 9). ACE2 is considered a protective RAS component, since it degrades the 

vasoconstrictor Ang II and generates the vasodilator and natriuretic peptide Ang 1-7 

(Ferrario 2006). Therefore, reduced ACE2 transcription shifts balance towards enhanced 

vasoconstrictive RAS activity (Fyhrquist and Saijonmaa 2008). The effects of Ang 1-7 are 

thought to be mediated via the recently identified receptor, Mas, which can also 

beneficially influence fibrogenesis in the kidney (Fyhrquist and Saijonmaa 2008, Pinheiro 

et al. 2009). In this study no differences were seen in Mas mRNA between the groups (IV). 

The main effector of the classic RAAS, Ang II, exerts its actions mainly through AT1R and 

AT2R (Fyhrquist and Saijonmaa 2008). AT1R mediate the potentially harmful 

consequences, while AT2R are thought to predominantly mediate vasodilatation and anti-

proliferative effects (Fyhrquist and Saijonmaa 2008). However, the beneficial effects of 

AT2R stimulation have been controversial and the clinical proof is lacking (Carey 2005). 

These results showed lower kidney AT2R mRNA content in the NX group versus Sham 

(Figure 11) (IV). Thus, lower Ang II action via the AT2R may participate in the renal 

pathology and pathophysiology in the NX model of CRI. 

The receptor for Ang IV peptide, AT4R, is also known as IRAP (Fyhrquist and Saijonmaa 

2008). Ang IV has regulatory functions in cognition, renal metabolism and cardiovascular 

damage, and the AT4R mediated actions include renal vasodilatation, hypertrophy, and  

NF- onse (Fyhrquist 
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and Saijonmaa 2008). In study IV, increased levels of kidney AT4R mRNA content was 

found in the NX and NX+Pi groups versus Sham (Figure 12). To our knowledge, this is the 

first time that increased AT4R content has been reported in the NX model (IV). Notably, 

phosphate-lowering high calcium diet was not associated with increased kidney AT4R 

transcription, agreeing with the overall suppression of renal tissue RAS components 

achieved with improved plasma calcium-phosphate balance. 

The PRR, which can bind both renin and prorenin, has been recently identified as a RAAS 

member (Nguyen 2007, Fyhrquist and Saijonmaa 2008). Experimental studies have 

suggested a potential role for this receptor in tissue fibrosis (Nguyen 2007). The PRR is 

highly expressed in podocytes, and it appears to be essential for normal podocyte function 

and survival (Riediger et al. 2011). In the present study (II), kidney PRR mRNA was 

decreased in the NX and NX+Pi groups (Figure 12), but not in the NX+Ca group, when 

compared with Sham. In addition, PRR mRNA inversely correlated with 

glomerulosclerosis in the groups (r=-0.50, p=0.002). Thus, reduced PRR expression may 

have contributed to glomerular damage in the NX model. Interestingly, PRR mRNA was 

also modulated by alterations in calcium-phosphate balance, as phosphate binding 

suppressed the CRI-induced decrease of PRR mRNA level (IV). 

In study IV, calcium-phosphate balance was found to influence ACE content in kidney 

tissue, while the results of the preliminary 12-week pilot study of study V showed that the 

phosphate-binding diet also reduced the amount of ACE in the heart and aorta (Figure 10) 

(V). In the 27-week study, aortic ACE protein was decreased after 12 weeks of oral 

calcium carbonate treatment (Figure 10) (V). In study IV, the correlation between ACE 

protein and ACE mRNA content in kidney tissue was good (r=0.83), and this suggests that 

changes in tissue ACE are probably explained by alterations at the level of gene 

expression. In contrast to the results on kidney ACE in study IV, the content of ACE in the 

aorta was not increased after phosphate loading in NX rats (V). This may be attributed to 

the abundant calcifications in the aortas of NX+Pi rats, as calcified tissue sections would 

not contain ACE to bind the iodinated autoradiography-tracer. Of note, the 

autoradiography tracings showed that aortic ACE protein was present throughout the 

vascular wall in all study groups and was not limited to the endothelium (Figure 10) (V). 
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2.2. Vascular function, nitric oxide, plasma lipids, and oxidative stress 

In study II, the principal focus was on the putative changes in NO-mediated 

vasorelaxation, and therefore the functional responses in the carotid artery were studied. In 

many vessels the vasorelaxation to Ach is mediated via NO, prostacyclin and endothelium-

derived hyperpolarization (Roman 2002), but in the rat carotid artery the vasorelaxation is 

largely mediated via endothelium-derived NO (Arvola et al. 1999). Carotid vasorelaxation 

via both endothelial NO (Ach) and exogenous NO (nitroprusside) was found to be 

impaired in experimental CRI (II). Unexpectedly, hyperuricemia improved vasorelaxation 

in response to NO in NX rats, and the plasma concentration of UA correlated positively 

with maximal Ach-mediated relaxation. In contrast, the vasorelaxation via cyclic AMP 

(isoprenaline) was not affected by hyperuricemia. Thus, the differences in carotid artery 

vasorelaxation were related to alterations in NO-mediated responses (II). 

The present results of study II appear to contradict with previous findings in vitro 

suggesting that UA inhibits NO production in cultured aortic endothelial cells (Khosla et 

al. 2005), and that UA induces oxidative stress through stimulation of RAS in cultured 

VSMCs (Corry et al. 2008). In addition, experimental studies have suggested that UA is a 

mediator of CVD and CKD (Mazzali et al. 2001, Kang et al. 2002, Nakagawa et al. 2003, 

Khosla et al. 2005, Sanchez-Lozada et al. 2005). Altogether, the antioxidant properties of 

UA may mitigate the harmful influences of RAAS stimulation associated with increased 

UA concentration. In addition, 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 (Mazzali et al. 2001, Kang et al. 2002, Nakagawa et al. 2003), while 

administration of oxonic acid by gastric gavage (750 mg/kg/day) was used in others 

(Sanchez-Lozada et al. 2005, Sanchez-Lozada et al. 2007, Sanchez-Lozada et al. 2008). It 

seems likely that the effects of oxonic acid administration by gavage on the kinetics of 

plasma UA differ from those following 2.0% oxonic acid dietary intake. 

Although hyperuricemia has in general been considered a cardiovascular risk factor 

(Patetsios et al. 2001, Johnson et al. 2003), conflicting data also exists. UA serves as a 

scavenger of various free radicals (Davies et al. 1986, Becker et al. 1991, Squadrito et al. 

2000). Intravenous UA infusion increases serum free-radical scavenging capacity in 

healthy volunteers (Waring et al. 2001), and improves endothelial function in the forearm 

vascular bed of smokers and patients with type 1 diabetes mellitus (Waring et al. 2006). 
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Higher UA concentration is also associated with increased serum antioxidant capacity and 

reduced oxidative stress during acute physical exercise (Waring et al. 2003). However, the 

antioxidant role of UA is complicated by the generation of superoxide anion as a  

by-product in the reaction of xanthine with XO to produce UA (Johnson et al. 2003). 

Furthermore, the reaction of superoxide with NO leads to the formation of highly toxic 

peroxynitrite with possible further formation of secondary free radicals (Squadrito et al. 

2000). Yet, UA can indirectly protect against the harmful effects of peroxynitrite by 

scavenging these secondary radicals (Squadrito et al. 2000). 

Increased oxidative stress is a characteristic feature of CRI (Vaziri et al. 2002). Indeed, a 

marked increase was observed in the urinary 8-iso-PGF  excretion after 11 weeks of CRI 

in the present study (Figure 7), a finding that has not been reported previously in NX rats 

(II). Interestingly, 8-iso-PGF  excretion was not increased during the third week after 

subtotal nephrectomy, indicating that increased oxidative stress is not a straightforward 

result of renal mass reduction but develops later in the course of chronically impaired renal 

function. 

The levels of UA are higher in humans than in most other mammals (Johnson et al. 2003). 

Moreover, the relation of the UA levels with CVD in humans has been suggested to show a 

J-shaped curve with the nadir of risk being in the second quartile (Fang and Alderman 

2000, Johnson et al. 2003, Hsu et al. 2004). The increased risk for the lowest quartile may 

reflect the decreased plasma antioxidant activity, whereas the increased risk at the higher 

levels may reflect the role of UA in inducing CVD, leaving the antioxidant role of UA 

insignificant. In the 2.0% oxonic acid rat model of hyperuricemia, the levels of plasma UA 

are still rather low when compared with humans (Table 4), and higher levels may be 

required to induce vascular damage in rats (I, II). 

CRI is also associated with unfavorable changes in plasma lipids (Vaziri et al. 2001). The 

impaired vasorelaxation may result from the increased level of LDL cholesterol, which 

inhibits endothelium-dependent vasodilatation (Mougenot et al. 1997), while the 

underlying mechanisms are impaired vascular NO production and increased superoxide 

anion generation that inactivates NO (Vaziri et al. 2002). In line with these findings, 

plasma lipid values were increased by 2 to 3-fold in the NX rats in the present study (Table 

4) (II). Higher UA level may also provide antioxidant protection against the detrimental 

effects of LDL cholesterol on NO-mediated vasorelaxation. 
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Deficient endothelium-mediated vasodilatation is a common finding in CRI (Joannides et 

al. 1997, Rabelink and Koomans 1997, van Guldener et al. 1997, Kööbi et al. 2006). 

Previously, we observed that the correction of abnormal calcium, phosphate and PTH 

levels in NX rats improved endothelium-mediated vasorelaxation via K+-channels in small 

3rd order mesenteric arterial branches (Jolma et al. 2003), and enhanced vasorelaxation via 

NO and K+ channels in slightly larger 2nd order mesenteric arterial rings (Kööbi et al. 

2006). In the present study V, we examined arterial tone in a conduit-size artery due to the 

greater contribution of endothelium-derived NO to vasodilatation in larger vessels 

(Garland et al. 1995, Boegehold 1998), and found that phosphate binding reversed the 

impaired relaxation to Ach in the main branch of the mesenteric artery (Figure 14) (V). As 

the improved vasorelaxation was entirely inhibited by the NOS inhibitor L-NAME, and the 

change in AUC induced by L-NAME was more pronounced in the NX+Ca than NX and 

NX+Pi groups, the beneficial effect may be attributed to enhanced NO-mediated 

component in the Ach response. Dietary phosphate loading did not decrease the relaxation 

to Ach, and the contribution of endothelium-derived NO to the vasorelaxation was 

corresponding in the NX and NX+Pi groups, as judged by the change in AUC induced by 

L-NAME (Figure 14). Of note, enhanced vasorelaxation after calcium carbonate was not 

explained by changes in NO sensitivity in arterial smooth muscle, as the endothelium-

independent response to nitroprusside did not differ between the Sham, NX and NX+Ca 

groups. Moreover, vasorelaxation via exogenous NO was slightly impaired in the NX+Pi 

group (V). 

Many previous studies have examined the effect of CRI on L-arginine metabolism and 

functional role of the NOS enzymes with somewhat contradictory results (Aiello et al. 

1997, Vaziri et al. 1998, Thuraisingham et al. 2002, Thuraisingham and Yaqoob 2003). In 

study V, eNOS content in the abdominal aorta was found to be equally reduced in all NX 

groups (Figure 12) (V). Thus, the enhanced endothelium-mediated vasorelaxation in the 

NX+Ca group was not explained by changes in the amount of eNOS, as the modulation of 

calcium-phosphate balance was without effect on the quantity of eNOS protein. 

The major effector-peptide of the classic RAAS, Ang II, can reduce NO bioactivity 

through increased production of superoxide radicals, which rapidly inactivate NO and thus 

prevent its dilatory actions in vascular smooth muscle (Enseleit et al. 2001, Chabrashvili et 

al. 2003). At the molecular level Ang II, generated predominantly via the action of ACE, 

up-regulates and activates NADPH oxidases in the vascular wall, resulting in increased 
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superoxide release (Förstermann 2010). Vascular oxidative stress is considered one of the 

culprits leading to the loss of NO-mediated vasodilatation (Förstermann 2010). 

Furthermore, when superoxide radicals react with NO, the highly reactive radical 

peroxynitrite is formed, at a reaction rate that is several-fold faster than the scavenging of 

superoxide by SOD (Beckman and Koppenol 1996, Bouloumie et al. 1997, Thuraisingham 

and Yaqoob 2003). Peroxynitrite, in turn, can modify tyrosine-residues in proteins to create 

nitrotyrosine, thus leaving a detectable footprint of oxidative stress in tissues (Beckman 

and Koppenol 1996). Here we determined aortic nitrated proteins using Western blotting, 

and found that the levels were increased in the NX and NX+Pi group, but were 

significantly reduced in the NX+Ca group (Figure 12) (V). Therefore, phosphate binding 

with calcium carbonate reduced oxidative stress in vascular tissue. One mechanism leading 

to reduced local Ang II and superoxide generation may be the reduced amount of arterial 

tissue ACE (Figure 10). Furthermore, reduced superoxide generation in the vascular wall 

would result in increased bioactivity of endothelium-derived NO, and this mechanism may 

explain the enhanced Ach response in the NX+Ca when compared with the NX group. 

NO has a short half-life, and thereby NOx determination as the stable end-product of NO 

metabolism was used to evaluate NO production in vivo (V). Plasma NOx concentration 

was increased in all NX rats after 27 weeks of CRI (Table 5), in agreement with previous 

results in experimental and clinical CRI (Aiello et al. 1997, Thuraisingham and Yaqoob 

2003). Urine NOx was also increased in all NX groups. The elevated NOx is considered to 

reflect oxidative stress and inflammation in CRI (Thuraisingham et al. 2002, 

Thuraisingham and Yaqoob 2003). The source of NOx remains unknown from the present 

results, as reduced eNOS and no differences in abdominal aortic iNOS content were 

detected after 27 weeks of CRI. Previously, studies examining NO release have shown 

increased production, whereas those examining NO bioactivity have shown attenuated 

responses in CRI, and even endothelial cells cultured with uremic plasma in vitro have 

shown increased NO release (Thuraisingham and Yaqoob 2003). Thus, elevated plasma 

NOx could result from the effects of uremic milieu on NOS activity in vivo, while reduced 

NO bioactivity in uremia has been strongly related to excess NO consumption due to 

oxidative stress (Thuraisingham and Yaqoob 2003). Of note, elevated NOx could also 

result from the increased oxidative stress in CRI, as peroxynitrite can break down to form 

NOx (Moncada and Higgs 1991, Thuraisingham et al. 2002). 
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The arterial contractions were examined in study V to uncover possible differences in 

vasoconstrictor sensitivity that would interfere with the interpretation of the relaxation 

experiments (Table 6). No differences were found in responses elicited by membrane 

depolarisation with KCl, and contractions elicited by NE were also corresponding in the 

Sham, NX and NX+Ca groups (V). Therefore, alterations in vasoconstrictor sensitivity did 

not explain enhanced vasorelaxation in NX+Ca rats when compared with NX rats. The 

NX+Pi group exhibited lower maximal response but higher sensitivity to NE when 

compared with Sham rats (Table 6), and increased vasoconstrictor sensitivity to NE may 

thus partially explain impaired vasodilator response to exogenous NO after phosphate 

loading. Finally, mesenteric arterial rings in the NX group exhibited increased maximal 

wall tension induced by Ang II, while the response in the NX+Ca group did not differ from 

Sham rats, and contractile sensitivity to Ang II was even lower in NX+Ca than Sham rats. 

This implies that phosphate binding with oral calcium carbonate reduced Ang II-mediated 

responses in arterial tissue even at the level of the AT1R or its signal transduction cascade. 

2.3. Other findings 

Increased expression of CTGF, a key mediator of fibrosis, has been reported in both 

clinical and experimental kidney disease (Gupta et al. 2000). In injured kidneys, CTGF 

expression correlates with cellular proliferation and ECM accumulation (Gupta et al. 

2000), and is up-regulated by Ang II (Ruperez et al. 2003). Our measurements in study IV 

showed up-regulated kidney CTGF mRNA versus Sham rats in the NX and NX+Pi groups, 

but not in the NX+Ca group (Figure 12) (IV). This suggests that phosphate lowering can 

decrease fibrosis signaling, which also translated to kidney histology: glomerulosclerosis 

and tubulointerstitial damage indices were increased in all NX groups, but the phosphate-

lowering high calcium diet helped to decelerate tissue damage in comparison with the NX 

and NX+Pi groups (Figure 6) (IV). It is also of note that the beneficial influences of 

hyperuricemia were not limited to carotid vasorelaxation, as glomerulosclerosis was 

additionally alleviated by the oxonic acid-induced hyperuricemia in NX rats (II). 

HO provides the rate-limiting step in the catabolism of heme with two isoenzymes, the 

inducible HO-1 and the constitutive HO-2 (Abraham and Kappas 2008). HO-1 is induced 

by several agents that cause oxidative stress and is thought to offer cellular protection after 

injury (Abraham and Kappas 2008). In study IV, the transcription of kidney HO-1 was 

elevated in all NX groups compared to Sham rats, which was likely triggered to counter the 
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elevated oxidative stress after partial nephrectomy (Figure 12) (IV). Abnormal calcium, 

phosphate, and PTH metabolism are known causes for increased cardiovascular 

calcification in CRI (Marco et al. 2003, Tyralla and Amann 2003), and in the present  

study V phosphate binding with calcium carbonate reduced aortic calcifications in NX rats, 

as expected (Pörsti et al. 2004) (Figure 6) (V). 

3. STUDY IMPLICATIONS 

The effects of hyperuricemia are currently researched intensely due to the influence of 

sugar-sweetened foods and drinks, mainly fructose, on UA levels (Johnson et al. 2013a, 

Johnson et al. 2013b, Kanbay et al. 2013). It seems that the harmful effects are brought 

forward with relentless force, whereas the disorders associated with low UA levels are 

mainly swept aside. However, the J-shaped curve hypothesis (Fang and Alderman 2000, 

Johnson et al. 2003, Hsu et al. 2004) still holds firm, and we should not forget that UA is 

indeed a significant antioxidant with pivotal function in vitamin C recycling  

(Lopez-Torres et al. 1993, Johnson et al. 2008b). Oxidative stress is a constant menace to 

each and every cell and tissue of our bodies, while antioxidants offer a means to combat 

this threat. In study II, elevated UA reduced oxidative stress and increased antioxidant 

capacity in vivo. In parallel, hyperuricemia enhanced vasorelaxation via NO in the carotid 

artery in the NX, independently of the level of BP and renal function (II). If the optimal 

level of UA could be found, it would be much easier to form a consensus on the need for 

UA lowering treatment versus recommendations on UA promoting food and drink. Today, 

no such consensus exists, but the work towards it continues. 

Nonetheless, the potentially harmful effects of hyperuricemia are factual. In this series of 

studies, experimental hyperuricemia induced by 2.0% oxonic acid diet activated the 

circulating RAAS (I), as evidenced by increased PRA and aldosterone in both Sham and 

NX rats. This finding clearly highlights the role of aldosterone in the hyperuricemia-

induced sodium retention and BP elevation. As this series of investigations comprise 

experimental findings, no direct implications to human CKD should be made. However, 

these results may open up new ideas for further research in clinical settings. The RAAS is 

already a key target for pharmacotherapy of many disorders, while these findings may 

provide another view point to consider. 



110 

 

Without doubt, the NX operation produces a shock that alters gene expression in the 

remnant kidney and the cardiovascular system. Therefore it seems highly unlikely that 

these processes should stabilize in only four days. In the well-known study by Freundlich 

et al., the NX rats were put on paricalcitol (100 ng/kg or 300 ng/kg) already four days after 

surgery (Freundlich et al. 2008). In our experiment with paricalcitol (III), the treatment 

started 15 weeks after surgery in a well-established stage of CRI. This situation more 

closely resembles the clinical CKD, and may be the reason behind the discrepancy of 

observations with paricalcitol treatment. Paricalcitol treatment therefore does not always 

suppress RAS components in the kidney, and the timing of the treatment may be pivotal in 

determining its efficacy. This implies that the early diagnosis and initiation might 

correspondingly be major factors in clinical treatment of SHPT. Importantly, in their 

response, Freundlich et al. (Freundlich et al. 2009) later admitted that their unpublished 

observations also indicated that delaying paricalcitol treatment for 8 weeks after 

nephrectomy essentially abrogated the functional and histological improvement of VDR 

activator treatment in the renal ablation model. 

Disturbances of calcium-phosphate metabolism are ubiquitous in later stage CKD. In our 

studies on calcium-phosphate metabolism (IV, V), dietary phosphate loading was 

associated with elevated kidney, cardiac, and vascular ACE expression, increased kidney 

tissue damage, as well as increased aortic calcification in the NX rats. Phosphate binding 

had opposite effects on ACE and kidney damage, as well as reduced nitrated proteins in the 

aorta and enhanced vasorelaxation via increased bioactivity of endothelium-derived NO. 

Hypertension in the NX model was also associated with impaired NO-mediated 

vasorelaxation in the mesenteric artery, decreased eNOS, increased ACE and nitrated 

proteins in the aorta, as well as elevated levels of plasma and urine NO metabolites. These 

findings strongly underline the importance of effective phosphate management together 

with successful BP treatment in CKD. In addition, control of the above harmful factors 

may beneficially influence the expression of RAS components in both kidneys and 

vasculature. 



111 

 

SUMMARY AND CONCLUSIONS 

The present series of studies was designed to investigate several different interventions in 

the experimental NX rat model of CRI. In the first two 12-week studies, hyperuricemia 

was induced by feeding 2.0% oxonic acid diet, which effectively inhibits the uricase 

enzyme responsible for breakdown of uric acid into allantoin. The effect of VDR activator 

paricalcitol, 200 ng/kg three times weekly, was studied in a 27-week study, which assessed 

the levels of RAS component gene transcription. The final two 27-week studies involved 

analysis of altered calcium-phosphate metabolism induced by phosphate loading with 1.5% 

phosphate diet or phosphate binding with 3.0% calcium carbonate. 

The major findings and conclusions are: 

1. Hyperuricemia induced by 2.0% oxonic acid diet did not induce changes in the 

local components of the RAS in renal tissue, but activated the circulating RAAS, 

reflected as increased PRA and aldosterone in both Sham and NX rats. The role of 

aldosterone is emphasized in the hyperuricemia-induced sodium retention and 

subsequent BP elevation. 

2. Experimental hyperuricemia reduced oxidative stress and increased antioxidant 

capacity in vivo, as evidenced by the reduced 24-hour urinary 8-iso-PGF  

excretion and increased plasma TRAP, respectively. Hyperuricemia also enhanced 

vasorelaxation via NO in the carotid artery, independently of the level of BP and 

renal function. These findings show that increased uric acid level is not solely 

harmful on the cardiovascular system, but can also provide beneficial effects as a 

powerful antioxidant. 

3. Delayed initiation of paricalcitol treatment decreases treatment efficacy, as 

exhibited by the reduced suppression of kidney RAS component gene transcription. 

An earlier study reported major suppression of RAS gene expression in the NX 

model when the treatment was initiated only four days after the NX operation. In 

the present study, the commencement of treatment was delayed for 15 weeks and 

no suppression of RAS transcription was observed. In order to maximize the 

possible benefits on the RAS, the early initiation of paricalcitol treatment seems 

vital. 
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4. Dietary phosphate loading was associated with elevated kidney ACE expression, 

increased tissue damage, and lower AT1a transcription in the NX rats. Phosphate 

binding with 3.0% calcium carbonate had opposite effects on kidney ACE and 

kidney damage. According to these findings, effective phosphate control in CKD 

may beneficially influence the expression of RAS components in kidney tissue. 

5. In the 27-week study, elevated BP was associated with impaired vasorelaxation via 

endothelium-derived NO in the mesenteric artery. Elevated BP also involved 

decreased eNOS content, increased aortic ACE, and increased nitrated proteins in 

the aorta, as well as elevated levels of plasma and urine NO metabolites. Phosphate 

binding with 3.0% calcium carbonate reduced ACE and nitrated proteins in the 

aorta, and enhanced vasorelaxation via increased bioactivity of endothelium-

derived NO. Therefore, correction of the disturbances of calcium-phosphate 

metabolism seems to beneficially influence vascular pathophysiology in CKD also 

via influences on arterial wall ACE and NO bioactivity. 
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Oxonic acid-induced hyperuricemia elevates plasma
aldosterone in experimental renal insufficiency
Arttu Erärantaa,b, Venla Kurrac, Anna M. Tahvanainenb, Tuija I. Vehmasb,d,
Peeter Kööbid,e, Päivi Lakkistof,g, Ilkka Tikkanenf,h, Onni J. Niemeläi,
Jukka T. Mustonenb,j and Ilkka H. Pörstib,j

Background Hyperuricemia is associated with renal

insufficiency and may predispose to Naþ retention and

hypertension. Whether hyperuricemia plays a causal role in

the pathogenesis of cardiovascular disease remains

controversial.

Objective We examined the effects of hyperuricemia on

circulating and renal components of the renin–

angiotensin–aldosterone system in experimental renal

insufficiency.

Methods Three weeks after 5/6 nephrectomy or sham-

operation, rats were put on 2.0% oxonic acid diet for 9

weeks. Blood pressure was monitored using tail-cuff, and

blood, urine, and kidney samples were taken, as

appropriate. Kidney angiotensin-converting enzyme ,

angiotensin-converting enzyme 2 and angiotensin II

receptors (AT1R, AT2R) were examined using real-time

reverse transcriptase-PCR and autoradiography.

ResultsOxonic acid diet increased plasma uric acid by 80–

90mmol/l, while blood pressure was elevated only in

hyperuricemic 5/6 nephrectomy rats (18mmHg). Creatinine

clearance was reduced by 60% in both 5/6 nephrectomy

groups and by 25% in hyperuricemic Sham rats. The 5/6

nephrectomy group showed over 90% suppression of

plasma renin activity, whereas the ShamRoxonic acid diet

group showed 1.2 and 1.4-fold, and 5/6 nephrectomy R
oxonic acid diet group 2.5 and 2.3-fold increases in plasma

renin activity and plasma aldosterone, respectively.

Hyperuricemia increased Kþ and decreased Naþ excretion

in Sham and 5/6 nephrectomy rats, leading to a more than

1.6-fold increase in urine Kþ to Naþ ratio. No changes in

kidney angiotensin-converting enzyme, angiotensin-

converting enzyme 2, AT1R or AT2R were detected that could

explain the hyperuricemia-induced alteration in Naþ–Kþ

balance.

Conclusion As oxonic acid diet increased plasma renin

activity, plasma aldosterone, and urine Kþ to Naþ ratio,

these changes may play a significant role in the harmful

cardiovascular actions of hyperuricemia. J Hypertens

26:1661–1668 Q 2008 Wolters Kluwer Health | Lippincott

Williams & Wilkins.
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Introduction
Hyperuricemia is a typical finding in patients with hy-

pertension, metabolic syndrome and renal disease [1,2].

Uric acid is generated during purine metabolism and, in

most mammals, is further metabolized to allantoin by

uricase (urate oxidase). In humans, the uricase gene was

rendered nonfunctional during evolution, causing sig-

nificant increases in serum uric acid [3]. This may have

helped to maintain blood pressure (BP) under low-

sodium intake, as high serum uric acid levels are associ-

ated with increased proximal tubular sodium reabsorp-

tion in men [4]. However, the relatively recent switch to

high-salt intake coupled with high serum uric acidmay be

a culprit in the current epidemic of hypertension [5].

Elevated uric acid correlates with increased cardiovascu-

lar mortality [6], but the contribution of uric acid to the

pathogenesis of cardiovascular disease remains contro-

versial [1].

Experimental studies [7–12], in which rats were made

hyperuricemic by the ingestion of uricase inhibitor oxonic

acid (2.0% in diet for 4–7 weeks), have suggested that

high uric acid may play a causal role in the development

of hypertension. The oxonic acid model of hyperuricemia
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has been shown to induce preglomerular arteriolar dis-

ease leading to tubular ischemia, interstitial infiltration of

lymphocytes and macrophages, oxidant generation, and

local vasoconstriction. These changes are associated with

a decreased glomerular filtration rate and thus sodium

filtration and increased sodium reabsorption, thus result-

ing in salt sensitivity [13]. Additionally, ischemia may

increase uric acid synthesis, whereas release of lactate can

block uric acid secretion in the proximal tubule [1]. As the

renal microvascular disease progresses, hypertension may

switch to a salt-sensitive form independent of uric acid

levels and is driven by the kidney [5,14].

The initial increase in BP in hyperuricemic rats is associ-

ated with an increased number of renin-positive cells in

the juxtaglomerular apparatus [14], and a direct corre-

lation of serum uric acid with the percentage of renin-

positive juxtaglomerular cells has been reported [8]. A

close correlation between plasma renin activity (PRA)

and serum uric acid has also been found in patients with

essential hypertension [15] and PRA has been found to be

higher in hyperuricemic than normouricemic children

[16]. Plasma uric acid has also been reported to correlate

positively with aldosterone excretion to the urine in

healthy men [17].

The detrimental effects of uric acid may be mediated via

enhanced renin release and, in experimental models, the

renal vasculopathy and hypertension can be prevented by

the blockade of the renin–angiotensin system (RAS)

[8,9,12]. However, information about the circulating

PRA and aldosterone concentration in the oxonic acid

model is lacking. Therefore, the present study aimed to

examine the effects of oxonic acid-induced hyper-

uricemia on components of the RAS in the circulation

and in renal tissue, with a special interest in putative

changes of plasma aldosterone concentration.

Methods
Animals and treatment
Male Sprague–Dawley rats were used (n¼ 48) with free

access to water and food pellets (Lactamin R34, Analy-

Cen, Lindköping, Sweden). The chow contained 0.9%

calcium, 0.8% phosphorus, 0.27% sodium, 0.2% magnes-

ium, 0.6% potassium, 12550 kJ/kg energy, 16.5% protein,

4.0% fat, 58% nitrogen-free extract, 3.5% fiber, 6.0% ash,

and 10% water. Surgery was performed at 8 weeks of age:

5/6 nephrectomy (NX) was carried out by removal of

upper and lower poles of the left kidney and the whole

right kidney [18,19], while sham-operation was per-

formed by kidney decapsulation. Anesthesia, antibiotics,

postoperative pain relief, and measurement of systolic BP

by tail-cuff were as previously reported [18,19].

Three weeks after NX (rat age 11 weeks), the animals

were divided into four groups so that systolic BPs and

body weights in the Sham, Shamþ oxonic acid diet

(Oxo), and NX and NXþOxo groups, respectively,

(n¼ 12 in each) were similar. After division, the

ShamþOxo and NXþOxo rats were switched to chow

containing additional 2.0% oxonic acid.

These diets continued for 9 weeks, and 24-h fluid

consumption and urine output were measured during

the last study week. The rats were anesthetized

(urethane 1.3 g/kg) and blood samples from cannulated

carotid artery were drawn with EDTA and heparin as

anticoagulants, as appropriate. Blood samples were not

obtained from one NX and three Sham rats due to

cardiac arrest during anesthesia. The hearts and the

kidneys were removed and weighed. A kidney half from

each rat was snap-frozen in isopentane at �408C and

stored at �808C. The experimental design of the study

was approved by the Animal Experimentation Commit-

tee of the University of Tampere and the Provincial

Government of Western Finland Department of Social

Affairs and Health, Finland. The investigation con-

forms to the Guiding Principles for Research Involving

Animals.

In-vitro autoradiography
Frozen kidney sections (20mm thick) were cut on a

cryostat at �178C, thaw mounted onto Super Frost R

Plus slides (Menzel-Gläser, Braunschweig, Germany),

dried in a desiccator under reduced pressure at 48C
overnight, and stored at �808C with silica gel until

further processing [20].

Angiotensin-converting enzyme autoradiography
A tyrosyl residue of lisinopril (MK351A, Merck, Sharp &

Dohme Research Laboratories, West Point, Pennsylva-

nia, USA) was iodinated by chloramine T method, pur-

ified on SP-Sephadex C-25 column (Pharmacia, Piscat-

away, New Jersey, USA), and then a previously described

technique was applied [20,21]. Kidney sections were

preincubated for 15min at room temperature (RT) in

10mmol/l sodium phosphate buffer, pH 7.4, containing

150mmol/l NaCl and 0.2% bovine serum albumin (BSA),

followed by incubation for 1 h at RT in fresh volume of

the same buffer containing 0.3mCi/ml of 125I-351A. Non-

specific binding was determined in parallel incubations in

the same buffer containing 1mmol/l Na2-EDTA. After

incubation, the sections were washed four times for 1min

in ice-cold buffer without BSA and 125I-351A to remove

unbound radioligand and dried under a stream of cool air.

For quantification of ACE binding, the sections were

placed on a Fuji Imaging Plate BAS-TP2025 (Tamro,

Finland) for 3 h. The optical densities were quantified by

an image analysis system (AIDA 2D densitometry) cou-

pled to FUJIFILM BAS-5000 phosphoimager (Tamro,

Finland) from four kidney sections per rat, six represen-

tative areas per section, altogether 24 analyses per each

kidney. Specific binding was calculated as total binding

minus nonspecific binding.
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AT1R and AT2R autoradiography
Sar1,Ile8-angiotensin II (Ang II) (Sigma, St Louis,

Missouri, USA) was iodinated by chloramine T method

and purified on a Sep-Pack C18 cartridge with methanolic

gradient elution. Autoradiographic quantification of angio-

tensin receptorswith [125I]-Sar1,Ile8-Ang IIwas performed

using amodification [22] of a previously describedmethod

[23]. Kidney sections were preincubated for 15min at RT

in 10mmol/l sodium phosphate buffer, pH 7.4, containing

150mmol/l NaCl, 5mmol/l Na2-EDTA, and 0.2% BSA,

followed by a 1h incubation at 37oC in fresh volume of the

samebuffer containing 0.2mCi/ml of 125I-[Sar1,Ile8]Ang II.

Nonspecific binding was determined in the presence of

1 mmol/l unlabelled Ang II (Sigma). The density of AT1R

was determined in presence of the AT2R antagonist PD

123 313 (10mmol/l) and the density of AT2R in presence of

theAT1R antagonist losartan (10mmol/l). After incubation,

the sections were washed four times for 1min in ice-cold

buffer without BSA and radioligand and dried under

stream of cool air. The optical densities of angiotensin

receptor binding from 10 kidney sections per rat were

quantified as described above for ACE from six represen-

tative cortical and sixmedullary areasper each section: four

sections were used for total specific binding, two sections

for AT1R binding, two sections for AT2R binding, and two

sections for nonspecific binding.

The outcome in each group was related to themean value

of the Sham group, except for the medullary:cortical

AT1R density ratio, in which the respective densities

in each rat kidney were related to each other.

Real-time quantitative reverse transcriptase-PCR
Total RNA was isolated from rat kidney tissue using

Trizol reagent (Invitrogen, Carlsbad, California, USA)

and reverse transcription of RNA was performed using

M-MLV reverse transcriptase (Invitrogen) according to

the manufacturer’s instructions.

The expression of ACE, ACE2, AT1aR, and AT2RmRNAs

was studied using real-time quantitative reverse transcrip-

tase-PCR. PCR was performed either with SYBR Green

chemistry (ACE andAT1aR) or TaqMan chemistry (ACE2

and AT2R) using an ABI PRISM 7000 sequence detection

system (Applied Biosystems, Foster City, California,

USA). PCRs for ACE and AT1aR were performed in dupli-

cate in a 25ml final volume containing 1X SYBR Green

Master mix (Applied Biosystems) and 300nmol/l of pri-

mers (Table 1) [24,25]. PCRs for ACE2 and AT2R were

performed in duplicate in a 25ml final volume containing

1XTaqManMaster mix (Applied Biosystems), 300nmol/l

of primers and 100nmol/l of ACE2, 150nmol/l of AT2R

TaqMan probe (Table 1). PCR cycling conditions were

10min at 958C and 40 cycles of 20 s at 958C and 1min at

608C. Data were analyzed using the absolute standard

curve method, and the amplification of a housekeeping

gene 18S was used for normalizing the results. The unnor-

malized expression of 18S mRNA did not differ between

the experimental groups (data not shown), enabling its use

as the controlhousekeepinggene in thepresent study.The

intra-assay and inter-assay coefficients of variations for the

studied mRNAs were 1.2 and 2.8% or less, respectively.

Plasma renin activity, aldosterone, electrolytes, urea
nitrogen, protein, hemoglobin, and creatinine clearance
PRA and plasma aldosterone concentrations were deter-

mined using radioimmunoassays (GammaCoat PRA RIA

kit and ALDOCTK-2 RIA kit, Diasorin SpA Saluggia,

Italy) according to the manufacturer’s instructions. All

other determinations were carried out as previously

described [18,19].

Data presentation and analysis of results
The amounts of ACE and AT1R in renal tissue were

depicted in relation to the mean value of the Sham group.

Statistics were by one-way and two-way analyses of

variance (ANOVA), and the least significant difference

test was used for posthoc analyses (SPSS 11.5, SPSS Inc.,

Chicago, Illinois, USA). If the distribution of the variables

was skewed, the Kruskal–Wallis test was applied,

and posthoc analyses were performed with the Mann–

Whitney U-test, the P-values being corrected with the

Bonferroni equation. Results were expressed as mean

�SEM, and differences were considered significant

when P< 0.05.

Results
Animal data
Systolic BPs at the beginning of the oxonic acid feeding

period did not differ between the groups, while, at study

week 9, BP in the NXþOxo group was higher than that

in the Sham group (Table 2). No significant difference in
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Table 1 Primers and probes used in real-time reverse transcriptase-PCR amplification

Gene Primer nucleotide sequence Probe sequence

ACE Forward 50-GGAGACGACTTACAGTGTAGCC-30 [24]
Reverse 50-CACACCCAAAGCAATTCTTC-30 [24]

AT1aR Forward 50-GGCAGCCTCTGACTAAATGGC-30

Reverse 50-ACGGCTTTGCTTGGTTACTCC-30

ACE2 Forward 50-ACCCTTCTTACATCAGCCCTACTG-30 [25] 50FAM-ATGCCTCCCTGCTCATTTGCTTGGT-TAMRA [25]
Reverse 50-TGTCCAAAACCTACCCCACATAT-30 [25]

AT2R Forward 50-TGTCTGTCCTCATTGCCAACA-30 50FAM-TCAGAACCATTGAATACTT-MGB
Reverse 50-TTCATTAAGGCAATCCCAGCA-30

ACE, angiotensin-converting enzyme.



BP was detected between the other groups. Final body

weight in the NXþOxo group was slightly lower when

compared with the NX group and, when analyzed using

two-way ANOVA, a significant lowering influence on

body weight was associated with oxonic acid feeding

(P¼ 0.004). The heart to body weight ratio and 24-h

urine output were higher in both NX groups when

compared with Sham rats (Table 2).

Laboratory findings
The oxonic acid feeding elevated plasma uric acid by

80–90mmol/l in both Sham and NX rats, as expected

(Table 2). Creatinine clearance was similarly reduced by

approximately 60% in both NX groups and also by about

25% in hyperuricemic Sham rats (Fig. 1a). Plasma con-

centration of urea was over two-fold higher in the

NX group when compared with Sham rats, whereas no
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Table 2 Experimental group data and laboratory findings

Sham (n¼9–12) ShamþOxo (n¼12) NX (n¼11–12) NXþOxo (n¼12)

Systolic BP at week 0 (mmHg) 120�4 121�5 127�5 125�5
Systolic BP at week 9 (mmHg) 134�7 136�5 142�6 152�4M

Body weight at week 0 (g) 339�6 338�7 333�8 332�7
Body weight at week 9 (g) 433�8 412�11 448�10 411�8y

Heart weight/body weight (g/kg) 3.97�0.05 4.12�0.09 4.95�0.27M 5.18�0.33M

Urine volume (ml/24 h) 25.2�1.7 25.8�1.8 53.3�3.8M 49.3�3.9M

Blood and plasma determinations
Uric acid (mmol/l) 36�11 117�21M 63�19 152�19M,y

Urea (mmol/l) 6.62�0.34 8.33�0.42 13.54�0.87M 14.54�2.00M

pH 7.42�0.028 7.37�0.023 7.34�0.034M 7.37�0.023
Hemoglobin (g/l) 167.5�3.2 168.5�2.7 157.9�4.7 149.8�4.1M

Potassium (mmol/l) 4.12�0.13 3.79�0.08 4.28�0.19 4.42�0.18
Sodium (mmol/l) 136.5�0.5 137.3�0.6 136.7�0.9 137.0�0.5

Urine determinations
Potassium (mmol/24 h) 2.84�0.14 4.56�0.20M 2.93�0.09 3.73�0.21M,y

Sodium (mmol/24 h) 8.47�0.41 6.60�0.25M 7.62�0.25 6.44�0.65M

Calcium (mmol/24h) 28.65�4.47 47.45�5.47M 40.03�6.18 34.79�4.38

Values are mean�SEM. NX, 5/6 nephrectomy; Oxo, oxonic acid diet. MP<0.05 compared with the Sham group, yP<0.05 compared with the NX group.

Fig. 1

Bar graphs show creatinine clearance (a, n¼9–12 in each group), plasma renin activity (b, n¼8–12), plasma aldosterone (c, n¼8–12), and urine
K to Na ratio (d, n¼12) in sham-operated (Sham) and 5/6 nephrectomized (NX) rats, ingesting either normal or 2.0% oxonic acid diet (Oxo);
mean�SEM; �P<0.05 vs. Sham, yP<0.05 vs. 5/6 nephrectomy.



difference between the NX and NXþOxo groups was

observed (Table 2). Blood pH was slightly lower in the

NX group than in Sham rats, while hemoglobin was

decreased in the NXþOxo group when compared with

Sham rats.

Hyperuricemia had a clear elevating effect on PRA and

plasma aldosterone concentration (Fig. 1b,c). In the

ShamþOxo group, PRA increased 1.2-fold and plasma

aldosterone 1.4-fold, whereas in the NXþOxo group the

increases were 2.5-fold and 2.3-fold, respectively. The

plasma aldosterone : renin ratios in the experimental

groups were (mean�SEM) 12� 2, 14� 2, 360� 208�
and 213� 110� in the Sham, ShamþOxo, NX and

NXþOxo groups, respectively (P< 0.001 both NX

groups vs. both Sham groups). A clear Kþ loss/Naþ

retention-effect was observed in both hyperuricemic

groups (Table 2). Subsequently, urine Kþ to Naþ ratio

was elevated two-fold in the ShamþOxo group and 1.6-

fold in the NXþOxo group (Fig. 1d). The 24-h urinary

calcium excretion was 1.7-fold increased in the

ShamþOxo group, whereas no significant changes were

observed in the NX groups (Table 2).

Autoradiography and real-time quantitative reverse
transcriptase-PCR
When kidney tissue ACE content was analyzed using

quantitative in-vitro autoradiography, which measures

binding to the active site of ACE protein [26], no differ-

ence was observed in the NX groups when compared

with Sham rats (Fig. 2a,b). Highest ACE signal was

detected in a circular fashion in the inner cortex and

outer medulla in the Sham-operated groups, whereas

ACEwas more widely distributed in the remnant kidneys

of the NX groups (Fig. 2a). However, when determined

using real-time quantitative reverse transcriptase-PCR,

both NX groups showed significantly lower ACE mRNA

levels than the respective Sham rats (Fig. 2c). In addition,

kidney tissue ACE2mRNA levels were also lower in both

NX groups than in the Sham rats (Fig. 2d).

When analyzed using autoradiography, AT1R densities in

kidney cortex did not differ from Sham in the NX groups.

However, cortical AT1R density was approximately 25%

higher in NXþOxo than NX rats (Fig. 3a). In renal

medulla, no difference in AT1R density between the

two NX groups was observed, whereas the density was
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Fig. 2

Representative original tracings [a, intensity of red coloring reflects active binding to angiotensin-converting enzyme (ACE)] and bar graphs
show ACE determined using autoradiography (b, values related to the mean value of the Sham group); and bar graphs show ACE mRNA (c) and
ACE2 mRNA (d) determined using PCR; groups as in Fig. 1, n¼11–12, mean�SEM; �P<0.05 vs. Sham. NX, 5/6 nephrectomy; Oxo, oxonic
acid diet.



about 43% higher in the NXþOxo group when com-

pared with Sham rats (Fig. 3b). The ShamþOxo rats

featured no changes in renal AT1R density. In all groups,

AT1R density in the kidney medulla was higher than that

in the cortex (data not shown). In addition, the ratio of

medullary to cortical AT1R density was increased in both

NX groups, the ratios being 2.27� 0.08, 2.00� 0.15,

3.25� 0.34�, 3.04� 0.24� in the Sham, ShamþOxo,

NX and NXþOxo groups, respectively (�P< 0.02 both

NX groups vs. both Sham groups).

Hyperuricemia had no effect on kidney tissue AT1aR

mRNA content, the levels of which were significantly

lower in both NX groups than in Sham rats (Fig. 3c).

AT2R densities in cortex and medulla were similar in all

study groups (not shown), and the AT2R binding com-

prised only 1.2–2.1% of all AT receptor binding in the

cortex and 0.7–1.2% of all binding in themedulla. Kidney

tissue AT2R mRNA level was also lower in the NXþOxo

group than in the Sham rats and was not significantly

affected by hyperuricemia (Fig. 3d).

Discussion
The present study demonstrated that hyperuricemia,

induced by 2.0% oxonic acid diet for 9 weeks, was

associated with increased PRA and plasma aldosterone

concentrations. Hyperuricemia also increased Kþ

excretion and reduced Naþ excretion, leading to an

elevated Kþ to Naþ ratio in the urine. This may be

largely explained by the elevation in plasma aldosterone

levels and the subsequent increase in Naþ reabsorption

in the distal nephron.

As expected, the 2.0% oxonic acid diet was successful in

raising plasma uric acid values in both oxonic acid-treated

groups [7,9,11]. Treatment of hyperuricemia was not

included in the present study protocol, as allopurinol

and uricosuric agents have been repeatedly shown to

prevent the pathological and pathophysiological changes

induced by oxonic acid feeding [7–12]. Renal insuffi-

ciency was induced by surgical 5/6 nephrectomy, and the

NX rats showed several characteristic findings of chronic

renal insufficiency (CRI) (Table 2). Creatinine clearance

was reduced, and blood urea was increased in both NX

groups. Corresponding to previous findings showing preg-

lomerular arterial disease after oxonic acid diet [13], we

found that hyperuricemia decreased creatinine clearance

in Sham rats. It should be noted that hyperuricemia is also

associated with decreased renal blood flow in humans

[27]. However, the present hyperuricemia did not reduce
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Fig. 3

Bar graphs show AT1R densities in kidney cortex (a) and medulla (b) determined using autoradiography, and AT1aR (c) and AT2R (d) mRNA
determined using PCR; groups as in Fig. 1, n¼11–12, mean�SEM; �P<0.05 vs. Sham, yP<0.05 vs. 5/6 nephrectomy (NX). Oxo, oxonic
acid diet.



creatinine clearance in NX rats. An explanation for this

may be the higher PRA values in Sham rats resulting in

higher Ang II, which is the major modulator of glomerular

blood flow and filtration rate. Both NX groups developed

polyuria and exhibited two-fold increases in 24-h urine

volume. Increased volume diuresis and the subsequent

kaliuresis [28] is a likely explanation for the absence of

hyperkalemia in the NX groups.

The 12 weeks of CRI in this study did not reveal a

significant BP elevation in the NX rats on the normal

diet. Our previous studies have shown that, after an

additional 8 weeks (total follow-up of 20 weeks), the

NX rats developed clear hypertension, so that systolic BP

was elevated by 30mmHg [29]. However, the NXþOxo

rats presented with elevated BP after 9 weeks of diet,

which probably resulted from the hyperuricemia-associ-

ated sodium retention. Sodium sensitivity is considered a

characteristic feature in hyperuricemia [30]. BothNX and

NXþOxo groups exhibited increased heart to body

weight ratios, an apparent result of the increased volume

load in CRI [29].

As experimental hyperuricemia has been associated with

an increased number of renin-positive cells in the juxta-

glomerular apparatus [1,8], we scrutinized the circulating

and renal components of RAS. Immunohistochemical

staining of renin-positive cells has been used previously

as a marker of the tissue-level renin expression [8], but

knowledge about circulating renin activity in hyperur-

icemia is scarce. Experimental models of hyperuricemia

are characterized by preglomerular arteriolar disease,

leading to tubular ischemia and local vasoconstriction.

As the severity of the arteriolar disease varies between

nephrons, some nephrons will be underperfused and

ischemic, whereas others may be overperfused. This

leads to heterogeneity in renin expression and a failure

to suppress renin release for the degree of sodium intake,

resulting in sodium sensitivity [14,31]. Because of the

putative nephron heterogeneity, we chose to measure

PRA instead of renin staining to examine possible

changes in the renin status during hyperuricemia.

The 5/6 nephrectomy rat is a low renin CRI model [32],

but clear increases in PRA were observed in both Sham

and NX rats after the oxonic acid diet. This corresponds

well with the results of previous clinical studies [15,16],

suggesting a correlation between hyperuricemia and

elevated PRA. Previously, adrenal aldosterone pro-

duction has been found to be increased 8 days after

5/6 nephrectomy in rats despite a decrease in plasma

renin activity, the putative stimulus for the aldosterone

synthesis being upregulated adrenal renin synthesis [33].

In concert with these findings, subtotal nephrectomy was

associated with a marked increase in plasma aldostero-

ne : renin ratio in the present study. However, this ratio

was not affected by oxonic acid feeding, which suggests

that increased plasma renin activity was the probable

explanation for the observed increase in plasma aldoster-

one. High circulating aldosterone concentration is

acknowledged as a significant cardiovascular risk factor

[34,35] but, during hyperuricemia, its role has received

little attention. It should be noted that the present rats

were not subjected to a metabolic balance study, and

claims of a constant Naþ retention and Kþ loss cannot be

presented from these results. The possibility exists that

the influence of plasma aldosterone on electrolyte bal-

ance becamemore evident in the unfamiliar environment

of a metabolic cage. However, our results imply that

increased plasma aldosterone may mediate the Naþ

retention associated with high serum uric acid.

The knowledge of the possible hyperuricemia-associated

changes in renal tissue components of RAS is limited.

Our aim was, therefore, to determine whether some of

the detrimental effects of elevated serum uric acid could

be accounted for by alterations in renal RAS components.

Kidney ACE, ACE2, AT1R, and AT2R were measured at

protein and mRNA levels using in-vitro autoradiography

and real-time quantitative reverse transcriptase-PCR,

respectively. The autoradiography analyses did not

reveal any changes that could explain the hyperurice-

mia-induced alteration in Naþ–Kþ balance. There were

no differences in kidney ACE content between the study

groups, whereas changes in cortical and medullary AT1R

densities were only observed in the NXþOxo group:

about 25% higher cortical AT1R density than in the NX

group, and 43% higher medullary AT1R density than in

the Sham group. Thus, hyperuricemia may be associated

with increases in renal AT1R density in CRI, but neither

of these changes could explain the altered Naþ–Kþ

balance, as increased renal Kþ wasting was also observed

in the ShamþOxo group in the absence of alterations in

renal AT1R density.

When determined using reverse transcriptase-PCR, both

NX groups showed significantly lower ACE and ACE2

mRNA levels than the respective Sham rats. Kidney

AT1aR and AT2R mRNA contents were also lower in

both NX groups than in Sham rats. Importantly, the

oxonic acid diet did not influence ACE, ACE2, AT1aR

or AT2R mRNA in kidney tissue of either Sham or NX

rats. As the reverse transcriptase-PCR analyses were

performed from kidney extracts, no macroscopic localiz-

ation of the mRNA molecules could be obtained. In the

case of AT receptors, the in-vitro autoradiography pro-

vided information about distribution at the tissue level

(i.e. localization in the cortex or medulla). Experimental

renal insufficiency was also associated with an approxi-

mately 40% increase in the medullary : cortical ratio of

AT1R density, which was not influenced by 2.0% oxonic

acid feeding. Moreover, highest ACE labeling was

detected in the corticomedullary region in the sham-

operated rats but, in the 5/6 nephrectomized rats, kidney
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ACE showed patchy and wider tissue distribution than in

normal kidneys [32]. Altogether, the RAS components

investigated showed no changes at the mRNA level that

would explain the influence of hyperuricemia on Naþ–
Kþ balance. As the mRNA levels, but not the correspond-

ing protein contents, were reduced in the two NX groups,

the above RAS components were probably subject to

post-transcriptional modulation in experimental CRI.

This may be related to the lower PRA and reduced

circulating RAS activity in this form of renal insufficiency.

In conclusion, hyperuricemia induced by 2.0% oxonic

acid diet did not induce changes in the local components

of RAS in renal tissue, but activated the circulating RAS,

reflected as increased PRA and aldosterone in both Sham

and NX rats. The present results emphasize the role

of aldosterone in the hyperuricemia-induced sodium

retention and BP elevation.
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Abstract 

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  excretion and plasma total peroxyl radical-trapping 

capacity, respectively. 

Results. Plasma creatinine was elevated 2-fold in NX rats, but neither NX nor oxonic acid diet 

influenced blood pressure. Urinary 8-isoprostaglandin F excretion was increased over 2.5-fold 

in NX rats on control diet. Oxonic acid diet increased plasma uric acid 2 to 3-fold, total peroxyl 

radical-trapping capacity 1.5-fold, and reduced urinary 8-isoprostaglandin F excretion by 60-

90%. Carotid vasorelaxation to acetylcholine in vitro, which could be abolished by nitric oxide 

synthase inhibition, was reduced following NX, while maximal response to acetylcholine was 

augmented in hyperuricemic NX rats. Vasorelaxation to nitroprusside was impaired in NX rats, 

while 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-isoprostaglandin F excretion, increased plasma total peroxyl radical-trapping 

capacity, and improved nitric oxide-mediated vasorelaxation in the carotid artery in 

experimental renal insufficiency. 

Keywords: arterial smooth muscle; chronic renal insufficiency; endothelium; nitric oxide; uric 

acid
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1. Introduction 

Hyperuricemia is a typical finding in subjects with metabolic syndrome and renal 

disease.1,2 Elevated uric acid correlates with increased cardiovascular mortality,3 but the 

contribution of uric acid to the pathogenesis of cardiovascular disease remains controversial.1 

However, hyperuricemia may predispose to hypertension by increasing renal sodium 

reabsorption.4,5 

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 

cardiovascular disease.6-9 Oxonic acid diet has resulted in renal injury consisting of afferent 

arteriolopathy and renal cortical vasoconstriction, glomerulosclerosis and increased fibrosis.6,8,9 

The hyperuricemia-induced renal vasculopathy could be prevented by blockade of the renin-

angiotensin system (RAS), stimulation of nitric oxide (NO) synthesis with dietary L-arginine, or 

administration of the superoxide scavenger, tempol.7,10,11 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 concentration in serum.12 Collectively these 

findings suggest that the detrimental effects of uric acid may be mediated via impaired NO-

mediated responses or enhanced RAS activity.  

High uric acid concentration is a risk factor for atherosclerosis,13 while hyperuricemia is a 

predictor of stroke in patients with type II diabetes.14 Increased amounts of uric acid have been 

found in atherosclerotic plaques, suggesting a role for uric acid in the aetiology of 

atherosclerosis.15 Yet, uric acid is an antioxidant, as its soluble form urate can scavenge various 

radicals.16,17 Uric acid provides protection against oxidative stress induced by peroxynitrite, a 

toxic product formed in the reaction between superoxide anion and NO.17 Uric acid also 

prevents the degradation of extracellular superoxide dismutase (SOD), an enzyme maintaining 
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normal NO levels and endothelial function.18 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 been examined in the glomerular afferent arteriole.8 

Here we tested the hypothesis whether oxonic acid-induced hyperuricemia 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,19 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, while oxonic acid diet improved vasorelaxation, possibly because 

of the antioxidant properties of uric acid. 

2. Methods 

2.1. 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 anaesthesia (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.20,21 In the sham groups both kidneys were decapsulated. Antibiotics 

(metronidazole 60 and cefuroxim 225 mg/kg) were given postoperatively, and pain was relieved 

with buprenorphine (0.2 mg/kg subcutaneously, 3 times a day, 3 days). Three weeks later the 

rats were divided into 4 groups (n=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 Inc., Woodland Hills, Ca., USA) (flow chart in Figure 1). 
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All groups were given standard chow (Lactamin R34, AnalyCen, Lindköping, Sweden). 

After the 3rd study week, oxonic acid (20 g/kg chow, Sigma-Aldrich Chemical Co, St Louis, 

Mo., USA) 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-hour urine was 

collected in metabolic cages at the end of the 2nd and 11th study weeks (Figure 1). 

After 9 diet weeks the rats were weighed and anaesthetized (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 hearts and kidneys were removed and weighed, and the kidneys 

fixed in 4% formaldehyde for 24 hours, 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). 

2.2. Carotid artery responses in vitro 

The carotid artery was chosen for the studies because of the controversial results 

concerning uric acid, central circulation and stroke.14,17,23-25 In the rat carotid artery the 

vasorelaxation to acetylcholine (Ach) is largely mediated via endothelium-derived NO,26 which 

probably makes this vessel sensitive to changes in the antioxidant status in vivo.19 A two-

millimeter-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 (PSS; pH 7.4) 

containing (mM): NaCl 119.0, NaHCO3 25.0, glucose 11.1, CaCl2 1.6, KCl 4.7, KH2PO4 1.2, 

MgSO4 1.2. The PSS was aerated with 95% O2 and 5% CO2 and the ring was equilibrated for 

1½ h at +37°C with a resting preload of 3.7 mN/mm to induce maximal contractile force 
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generation in the carotid ring,26 measured using isometric force-displacement transducers 

(FT 03, 7 E Polygraph, Grass Instrument Co., Quincy, Ma., USA).  

The rings were allowed 30 min at baseline tension in between each concentration-response 

challenge. Contractions to NA were cumulatively elicited, and relaxations to the NO donor 

nitroprusside and -adrenoceptor agonist isoprenaline were examined in rings precontracted 

with 1 μM NA. The relaxations to Ach, in the absence and presence of the NO synthase (NOS) 

inhibitor NG-nitro-L-arginine methyl ester (L-NAME, 0.1 mM), were examined in rings 

precontracted with 1 μM NA.  

2.3. Plasma creatinine, urea, uric acid, and TRAP, urine 8-isoprostaglandin F  (8-iso-PGF ) 

excretion, and glomerular histology 

Plasma and urine creatinine was determined using Jaffe’s colorimetric assay, and plasma 

urea using colorimetric enzymatic dry chemistry (Vitros 950 analyzer, Johnson & Johnson 

Clinical Diagnostics, Rochester, NY, USA). Uric acid was measured by an enzymatic 

colorimetric method,27 and triglycerides, total and high density lipoprotein (HDL) cholesterol 

concentrations were analyzed using Cobas Integra 800 automatic analyzer (Hoffman-La Roche 

Ltd, 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 

(ABAP; Polysciences, Warrington, Pa., USA), as previously described.28,29 The 8-iso-PGF  

assay was also performed as previously described.30 Briefly, urine was extracted on a C2 silica 

cartridge (Applied Separation, Allentown, Pa., USA) and 8-iso-PGF  was determined using 

8-iso[125I]-PGF radioimmunoassay.  
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Five-μm-thick kidney sections were stained with hematoxylin-eosin and processed for 

light microscopic evaluation by an expert blinded to the treatments. The glomerulosclerosis 

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=diffuse sclerosis >50% of the tuft, 5=diffuse 

glomerulosclerosis, total tuft obliteration and collapse.22 

2.4. 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 pre-existing contractile force. 

Statistical analyses were by one-way and two-way analyses of variance (ANOVA), as 

appropriate, and the least significant difference test was used for post-hoc analyses (SPSS 11.5, 

SPSS Inc., Chicago, Il., USA). ANOVA for repeated measurements was applied for data 

consisting of repeated observations at successive observation points. Spearman’s two-tailed 

correlation coefficient (r) was used, and the results were expressed as means and standard errors 

of the mean (SEM). P<0.05 was considered significant. Unless otherwise indicated the P values 

in the text refer to one-way ANOVA. 

2.5. Drugs 

Ketamine (Parke-Davis Scandinavia AB, Solna, Sweden), cefuroxim, 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, noradrenaline bitartrate (Sigma-Aldrich 

Chemical Co, St Louis, Mo., USA) and sodium nitroprusside (Fluka Chemie AG, Buchs SG, 

Switzerland).  
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3. Results 

3.1. 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). 

3.2. 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 approximately 60% in both NX groups, and also by 33% in hyperuricemic Sham 

rats.  

Before the oxonic acid diet was started, no significant differences were found in the 

24-hour urinary excretion of 8-iso-PGF , a marker of oxidative stress in vivo (Figures 1 and 

2A).31 During the 9th week on the 2.0% oxonic acid diet the 24-hour excretion of 8-iso-PGF  

was increased in the NX group, but was reduced by approximately 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 
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plasma uric acid concentration and TRAP in all groups (Figure 2C). Plasma total cholesterol, 

HDL cholesterol, and non-HDL cholesterol concentrations were elevated in NX rats (Table 2). 

When analysed using two-way ANOVA, an elevation of plasma triglycerides was also 

uncovered in NX rats when compared with Sham rats (P=0.006, two-way ANOVA). No 

differences in blood pH were detected (Table 2). 

3.3. Functional responses of isolated carotid arterial rings 

Contractile responses to NA were similar between the study groups (Figures 3A and 3B). 

Thus, differences in vasoconstrictor sensitivity cannot explain the differences in vasorelaxations. 

The relaxations to Ach were reduced in NX rats when compared with Sham rats, while 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), while no correlation was observed between maximal Ach 

response and plasma levels of creatinine, urea, lipids or blood pressure (not shown). Plasma 

TRAP also correlated with maximal Ach response in NX rats (r=0.73, P=0.026).  

The NOS 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, while the reduction was less marked in the 

NX+Oxo group (Figure 4C). Higher relaxation to 10 nmol/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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4. Discussion 

Here we demonstrated for the first time that oxonic acid-induced hyperuricemia reduced 

oxidative stress and increased total peroxyl radical-trapping capacity 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 vasorelaxation via NO in NX rats, the 

improvement of which correlated significantly with plasma concentration of uric acid. These 

findings suggest that by counterbalancing the oxidative stress associated with CRI,19 uric acid 

improved NO-mediated vasorelaxation independently of the level of blood pressure. 

The oxonic acid diet induces hyperuricemia by inhibiting the hepatic uricase.6-9 Previous 

studies with 2.0% oxonic acid in rats have demonstrated a 1.3 to 2.8-fold rise in serum uric 

acid,7-9 corresponding to the present 2.4 to 3.4-fold increase. Since allopurinol and uricosuric 

agents have been shown to prevent the pathological and pathophysiological changes induced by 

2.0% oxonic acid feeding in several studies, treatment of hyperuricemia was not included in the 

present study.6-9 The NX rats showed several characteristic findings of moderate renal 

insufficiency,5,21,22 while the observed increase in heart weight is in agreement with the view 

that this model is characterized by volume overload.21 

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 vasorelaxation 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.26 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 maximal 

Ach-mediated relaxation. In contrast, the vasorelaxation via cyclic AMP (isoprenaline) was not 
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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 findings in vitro suggesting that uric 

acid inhibits NO production in cultured aortic endothelial cells,12 and that uric acid induces 

oxidative stress through stimulation of RAS in cultured vascular smooth muscle cells.33 In 

addition, experimental studies have suggested that uric acid is a mediator of cardiovascular and 

renal disease.6-9,12 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.5 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 RAS stimulation associated with 

increased uric acid concentration. In addition, 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,5-7,9 while administration of oxonic acid by gastric gavage (750 

mg/kg/day) was used in others.8,10,11 It 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,1,15 

conflicting data also exists. Uric acid serves as a scavenger of various free radicals.16,17,34 

Intravenous uric acid infusion increases serum free-radical scavenging capacity in healthy 

volunteers,35 and improves endothelial function in the forearm vascular bed of smokers and 

patients with type 1 diabetes.36 Higher uric acid concentration is also associated with increased 

serum antioxidant capacity and reduced oxidative stress during acute physical exercise.37 
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However, the antioxidant role of uric acid is complicated by the generation of superoxide anion 

as a by-product in the reaction of xanthine with xanthine oxidase to produce uric acid.1 

Furthermore, the reaction of superoxide with NO leads to the formation of the highly toxic 

peroxynitrite, with possible further formation of secondary free radicals.17 Yet, uric acid can 

indirectly protect against the harmful effects of peroxynitrite by scavenging these secondary 

radicals.17 

Increased oxidative stress is a characteristic feature of CRI.19 Indeed, we observed a 

marked increase in the urinary 8-iso-PGF  excretion after 11 weeks of renal insufficiency in the 

present study, a finding that has not been reported previously in NX rats. Interestingly, 8-iso-

PGF  excretion was not increased during the third week after subtotal nephrectomy, indicating 

that increased oxidative stress is not a straightforward 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 vasorelaxation, 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.1 Moreover, the 

relation of the uric acid levels with cardiovascular disease in humans has been suggested to 

show a J-shaped curve with the nadir of risk being in the second quartile.1,3,38 The increased risk 

for the lowest quartile may reflect the decreased plasma antioxidant activity, whereas the 

increased risk at the higher levels may reflect the role of uric acid in inducing cardiovascular 

disease, leaving 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 damage in rats.  

CRI is also associated with unfavourable changes in plasma lipids,39 and impaired 

vasorelaxation could result from the increased level of LDL cholesterol, which inhibits 

endothelium-dependent vasodilatation.40 The underlying mechanisms are impaired vascular NO 
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production and increased superoxide anion generation that inactivates NO.19 In line with these 

findings, plasma lipid values were increased by 2 to 3-fold in the NX rats in the present study. 

Higher uric acid level may also provide antioxidant protection against the detrimental effects of 

LDL 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 evidenced by 

reduced 24-hour urinary 8-iso-PGF excretion and increased plasma TRAP, respectively. In 

parallel, oxonic acid diet enhanced vasorelaxation via NO in the carotid artery in experimental 

CRI, independently of the level of blood pressure and renal function. Therefore, this form of 

experimental hyperuricemia is not always associated with a deleterious influence on the 

cardiovascular system. 
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Figure legends 

Figure 1. Flow chart of the study; NX = 5/6 nephrectomized rat, Sham = sham-operated rat, 

Oxo = 2.0% oxonic acid diet, 8-iso-PGF  = 8-isoprostaglandin F TRAP = total peroxyl 

radical-trapping capacity. 

Figure 2. Bar graphs show 24-hour urinary excretion of 8-isoprostaglandin F  before the 2.0% 

oxonic acid feeding period at the end of study week 2 (A), and during the 2.0% oxonic acid diet 

at the end of study week 11 (B). Scatter plots show plasma uric acid and total peroxyl radical-

trapping capacity (TRAP) (C), and plasma uric acid and maximal relaxation induced by Ach (D) 

after 12 study weeks in the experimental groups; group codes as in Figure 1; *P 0.05 vs. the 

Sham group, †P 0.05 vs. the NX group. 

Figure 3. Line graphs show contractile responses induced by noradrenaline as developed 

tension (A) and percent of maximum (B) in the experimental groups; group codes as in Figure 1.
 
 

Figure 4. Line graphs show relaxations induced by acetylcholine in the absence (A) and 

presence (B) of 0.1 mmol/l L-NAME, and relaxations elicited by nitroprusside (C) and 

isoprenaline (D) in the experimental groups; *P 0.05, ANOVA for repeated measurements; 

†P 0.05 compared with the corresponding individual concentration in the NX group; group 

codes as in Figure 1. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Table 1. Experimental group gross data (oxonic acid feeding period from week 3 to 12). 

 Sham Sham+Oxo NX NX+Oxo 

Systolic blood pressure (mmHg)     

Week 3 122±4 122±5 127±5 127±7 

Week 12 139±7 137±6 140±7 149±5 

Heart / body weight (g/kg) 3.99±0.05 4.17±0.10 5.09±0.30* 5.25±0.39* 

Body weight (g)     

Week 3 333±5 334±6 327±8 330±7 

Week 12 416±8 404±9 430±11 409±6 

Values are mean±SEM, n=10 for all groups.  

*P 0.05 compared with the Sham group, †P 0.05 compared with the NX 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 (μmol/l)     

Week 5 50.3±13.0 106.8±15.5* 49.1±10.2 86.6±9.6* 

Week 12 37.4±13.4 126.4±24.2* 65.9±23.2 156.6±22.7*† 

Creatinine (μmol/l) 37.8±5.8 48.8±3.6 81.6±3.9* 84.1±9.8* 

Creatinine clearance (ml/min) 3.0±0.4 2.0±0.2* 1.2±0.1* 1.2±0.1* 

Urea (mmol/l) 6.8±0.4 8.6±0.5 13.7±1.0* 15.1±2.4* 

TRAP (μmol/l) 422±52 611±70* 491±70 714±60*† 

Cholesterol (mmol/l) 2.25±0.10 2.14±0.13 4.80±0.47* 5.09±0.65* 

HDL (mmol/l) 1.64±0.09 1.62±0.10 3.55±0.37* 3.50±0.41* 

Non-HDL (mmol/l) 0.61±0.03 0.51±0.04 1.25±0.21* 1.59±0.27* 

Triglycerides (mmol/l) 1.16±0.11 0.96±0.08 1.46±0.09‡ 1.77±0.34‡ 

Blood pH 7.44±0.04 7.39±0.03 7.37±0.04 7.41±0.03 

TRAP = total peroxyl radical trapping antioxidant capacity; values are mean±SEM, n=10 for all 

groups. *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 ANOVA. 

 
 



Kidney International (2009) 75, 339–340; doi:10.1038/ki.2008.593

Paricalcitol and renin-angiotensin components

in remnant kidneys

Arttu Erärantaa, Päivi Lakkistob,c, Ilkka Tikkanenb,d, Jukka Mustonena,e and Ilkka Pörstia,e

aMedical School, University of Tampere, Tampere;
bMinerva Institute for Medical Research, Helsinki;
cDepartment of Clinical Chemistry, Helsinki University Central Hospital, Helsinki;
dDepartment of Medicine, Helsinki University Central Hospital, Helsinki;
eDepartment of Internal Medicine, Tampere University Hospital, Tampere, Finland

Correspondence:

Ilkka Pörsti, MD

Medical School

Department of Internal Medicine

FIN-33014 University of Tampere

Finland

Tel.  +358 3 3116 6010

Fax. +358 3 3116 6164

E-mail ilkka.porsti@uta.fi

Running head: Paricalcitol and RAS

Keywords: paricalcitol, renin-angiotensin system, renal insufficiency

Word count: 236 words (1500 characters including spaces)

This is a pre-copy-editing, author-produced PDF of an article accepted for publication in Kidney International 

following peer review. The definitive publisher-authenticated version Kidney International (2009) 75, 339–340; 

doi:10.1038/ki.2008.593 is available online at: http://www.nature.com/ki/journal/v75/n3/full/ki2008593a.html.



2

Dear Sir,

A recent article demonstrated that 8-week paricalcitol treatment of 5/6 nephrectomized 

rats suppressed expression of several genes of the renin-angiotensin system (RAS) in the 

kidney at the mRNA level (1). We recently performed a similar study (2), and have now 

determined the RAS components from the kidneys with very different results.

In our experiment, rats were put on a 12-week paricalcitol (200 ng/kg) treatment period 

15 weeks after 5/6 nephrectomy (NX). After 27 weeks of renal insufficiency, the mRNA 

values of almost all RAS components and CTGF were different from sham-operated rats. 

However, no suppression of RAS genes between untreated and paricalcitol-treated NX rats

were observed at the mRNA level (table). In the study by Freundlich et al., the NX rats were 

put on paricalcitol (100 ng/kg or 300 ng/kg) already 4 days after surgery (1). The subtotal

nephrectomy produces a shock that undoubtedly alters gene expression in the remnant kidney, 

and it seems likely that these processes have not yet stabilized in 4 days. In our experiment, 

the treatment started 15 weeks after surgery in established chronic renal insufficiency. This 

situation more resembles the clinical renal disease, and may explain the differences in the 

observed results.

We conclude that paricalcitol treatment does not always suppress RAS components in the 

kidney, and suggest that the observed effects of paricalcitol on RAS gene expression in 

remnant kidneys may depend on the timing of the treatment.



3
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Dear Sir,

The comments by Karavalakis et al. refer to their experiments in which paricalcitol administration 

was delayed for 15 weeks following 5/6 nephrectomy and maintained for 12 weeks.(1) In the 

supplementary table provided in their above letter, reverse transcription–PCR determinations of 

various renin-angiotensin system (RAS) components were not modified by paricalcitol treatment

and they suggest that the suppression of the RAS components in our experiments is related to a 

nonspecific postsurgical reduction of gene expression and/or the timing of the therapeutic 

intervention.

To be noted, in their work reverse transcription–PCR determinations of several RAS components 

display inconsistent directional variability with either up- or downregulated levels in kidney tissues 

of both treated and untreated nephrectomized animals compared to sham. Their findings of 

simultaneous downregulation of AT1R and AT2R as well as that of the renin receptor in the

remnant kidney are in contrast with the results of others (2,3) as well as ours.(4) If what they 

observed is confirmed, then the question is whether the ability of paricalcitol to suppress an already 

downregulated genetic system in kidneys with advanced chronic kidney disease is detectable.

Unfortunately, neither renin nor additional RAS genes mRNA or their protein expressions are 

shown, and no indication about effects of functional or histopathological changes in the remnant 

kidney by the delayed paricalcitol treatment is given.

It is not clear what the authors mean by the shock produced by the nephrectomy and its effects on 

gene expression, because this is a well-established experimental model employed to evaluate the 

effects of early therapeutic intervention on multiple molecular markers linked to progressive 

chronic renal insufficiency.(3) Furthermore, in our own experiments,(4) there was not a universal 

suppression of the renal mRNAs of the RAS but a specific reduction in only some components, 

which argues against a postsurgical nonspecific inhibition.

We agree with Karavalakis et al. that as we started paricalcitol 4 days after nephrectomy and they 

started 15 weeks later, the experiments are not strictly comparable and the timing of the therapeutic 

intervention could be the reason for the differences between our results and theirs. Unpublished 

observations in our laboratories indicate that delaying paricalcitol treatment for 8 weeks after 

nephrectomy essentially abrogates the functional and histological improvement of vitamin D 

analogues in the renal ablation model.
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phosphate diet. Remnant kidney rats on control diet showed 
upregulated kidney angiotensin-converting enzyme (ACE) 
and angiotensin (Ang) IV receptor (AT 4 ) transcription, while 
ACE2, Ang II type 2 receptor and renin receptor transcription 
were downregulated in comparison with sham rats. Phos-
phate-lowering diet reduced whereas high-phosphate diet 
increased kidney ACE, and these effects were observed at 
both mRNA and protein levels. Dietary phosphate loading 
also resulted in lower AT 1a  gene transcription.  Conclusion:  
Dietary phosphate loading was associated with elevated 
kidney ACE expression, increased tissue damage and lower 
AT 1a  transcription in 5/6 NX rats. Phosphate binding with 3% 
calcium carbonate had opposite effects on ACE and kidney 
damage.  Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Disturbed calcium-phosphorus balance is associated 
with an accelerated decline in residual kidney function 
and ectopic calcification  [1] . Elevated serum phosphate is 
an independent risk factor of increased mortality in pa-
tients with chronic kidney disease (CKD)  [2] . However, 
even in healthy adults, higher serum phosphate levels 

 Key Words 

 Angiotensin-converting enzyme  �  Calcium  �  Chronic renal 
insufficiency  �  Phosphate  �  Renin-angiotensin system 

 Abstract 

  Background:  Vitamin D receptor activation with paricalcitol 
can modulate the transcription of renin-angiotensin system 
components in the surgical 5/6 nephrectomy rat model (5/6 
NX) of chronic renal insufficiency. We tested the hypothesis 
whether dietary modification of phosphate influences kid-
ney renin-angiotensin system gene expression at the mRNA 
level in 5/6 NX rats.  Methods:  Fifteen weeks after surgery, 
rats were given control diet (0.3% calcium, 0.5% phosphate), 
phosphate-lowering diet (3% calcium as carbonate) or high-
phosphate diet (1.5%) for 12 weeks. Sham-operated rats 
were on control diet.  Results:  Blood pressure, plasma phos-
phate, parathyroid hormone, glomerulosclerosis, tubulo-
interstitial damage, and FGF-23 were increased in remnant 
kidney rats, whereas creatinine clearance was decreased. 
Phosphate, parathyroid hormone, glomerulosclerosis, tubu-
lointerstitial damage, and FGF-23 were further elevated by 
the high-phosphate diet, but were reduced by the phos-
phate-lowering diet. Plasma calcium was increased with the 
phosphate-lowering diet and decreased with the high-
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correlate with elevated coronary artery calcium  [3] . Phos-
phate retention, hypocalcemia and reduced vitamin D 
levels lead to the development of secondary hyperpara-
thyroidism already at stage 2–3 of chronic renal insuffi-
ciency (CRI)  [4] .

  Dietary phosphate restriction can suppress the devel-
opment of secondary hyperparathyroidism  [4]  and retard 
CRI progression  [1] . Oral phosphate binders, including 
low doses of calcium salts, are commonly needed to man-
age hyperphosphatemia and secondary hyperparathy-
roidism in CRI  [5] . In patients with stage 5 CKD, a high 
intake of calcium salts may predispose to soft tissue cal-
cification  [6] . However, lowering of plasma phosphate us-
ing increased intake of calcium carbonate may reduce 
kidney calcification in experimental CRI  [7] .

  The renin-angiotensin system (RAS) is an important 
regulator of blood pressure (BP), sodium retention and 
renal function. The complexity of RAS has recently in-
creased with new peptides such as angiotensin (Ang) 1–7, 
receptors such as Mas, renin receptor and Ang IV recep-
tor (AT 4R ), and enzymes including ACE2  [8] . The kidney 
contains all components of RAS, and intrarenal forma-
tion of Ang II not only controls glomerular hemodynam-
ics and tubule sodium transport, but also activates in-
flammatory and fibrotic pathways  [9] . We have previous-
ly found that increased calcium intake reduces kidney 
ACE protein in rats with CRI  [10] . Here, we explored 
whether phosphorus binding and loading can influence 
renal expression of RAS components in advanced exper-
imental CRI. We subjected rats to 5/6 nephrectomy (NX), 
followed them for 15 weeks and then divided them into 
three groups given either control, phosphate-lowering or 
high-phosphate diet for 12 weeks.

  Methods 

 Animals and Experimental Design 
 Male Sprague-Dawley rats (n = 51) were housed 2 to a cage with 

free access to water and food (Lactamin R34, AnalyCen, Lind-
köping, Sweden). NX was performed by surgical resection of the 
upper and lower poles (2/3) of the left kidney, followed by contra-
lateral NX  [10, 11] . Sham operation was kidney decapsulation. An-
esthesia, antibiotics, postoperative pain relief and measurement 
of systolic BP by tail cuff were performed as previously reported 
 [10, 11] .

  Fifteen weeks after operations, at the age of 23 weeks, NX rats 
were divided into three groups with similar systolic BPs, body 
weights and plasma creatinine levels. Then, for 12 weeks, sham 
and NX groups continued on 0.3% Ca + 0.5% Pi, the NX+Ca group 
on 3.0% Ca + 0.5% Pi, and the NX+Pi group on 0.3% Ca + 1.5% Pi 
diet. At the end of the study, 24-hour urine excretion was col-
lected in metabolic cages.

  After 27 study weeks, the rats were anesthetized (intraperito-
neal urethane 1.3 g/kg). Blood samples from the cannulated ca-
rotid artery were drawn with EDTA and heparin as anticoagu-
lants, as appropriate. The kidneys were removed, weighed and 
sagittally split into two halves. One half was fixed in 4% formal-
dehyde for 24 h and embedded in paraffin. The other half was 
snap-frozen in isopentane at –40   °   C and stored at –80   °   C for RAS 
component measurements. The experimental design was ap-
proved by the Animal Experimentation Committee of the Uni-
versity of Tampere and the Provincial Government of Western 
Finland, Department of Social Affairs and Health, Finland. The 
investigation conforms to the Guiding Principles for Research In-
volving Animals.

  Real-Time Quantitative RT-PCR 
 Total RNA was isolated from kidney tissue using Trizol re-

agent (Invitrogen, Carlsbad, Calif., USA), and reverse transcrip-
tion of RNA was performed using M-MLV reverse transcriptase 
(Invitrogen). GAPDH and 18S were used as housekeeping genes. 
PCRs were performed with SYBR Green or TaqMan chemistry 
using ABI Prism 7000 sequence detection (Applied Biosystems, 
Foster City, Calif., USA).

  PCRs for AT 1aR , AT 4R , heme oxygenase-1 (HO-1), GAPDH, 
Mas and renin receptor were performed in duplicate in 25- � l final 
volume containing 1 !  SYBR Green Master mix (Applied Biosys-
tems) and 300 n M  of primers (online supplementary table 1, see 
www.karger.com/doi/10.1159/000337942). PCRs for AT 2R  and 
connective tissue growth factor (CTGF) were performed in dupli-
cate in 25- � l final volume containing 1 !  TaqMan Master mix 
(Applied Biosystems), 300 n M  of primers and 150 n M  of AT 2R  or 
200 n M  of CTGF TaqMan probe, respectively. PCRs for 18S were 
performed in duplicate in 25- � l final volume containing 1 !  Taq-
Man Master mix (Applied Biosystems) and 1 !  18S TaqMan Gene 
Expression Assay primer and probe mix (Hs999999_s1, Applied 
Biosystems).

  PCR cycling conditions for GAPDH were 10 min at +95   °   C and 
40 cycles of 20 s at +95   °   C and 1 min at +56   °   C. PCR cycling con-
ditions for other mRNAs were 10 min at +95   °   C and 40 cycles of 
20 s at +95   °   C and 1 min at +60   °   C. Data were analyzed using the 
absolute standard curve method  [12] . The amplification of 18S 
was used for normalizing the results of AT 4R , Mas and renin re-
ceptor mRNAs. The amplification of GAPDH was used for nor-
malizing the results of AT 1aR , AT 2R , CTGF and HO-1 mRNAs. 
The unnormalized expressions of 18S and GAPDH did not differ 
in the groups, allowing their use as control genes.

  In vitro Autoradiography of ACE and Ang II Receptors 
 Frozen kidney sections (20  � m thick) were cut on a cryostat at 

–17   °   C, thaw mounted onto Super Frost R Plus slides (Menzel-
Gläser, Germany), dried in a desiccator under reduced pressure at 
4   °   C overnight and stored at –80   °   C with silica gel until further 
processing  [13] . Quantitative in vitro   autoradiography of ACE and 
Ang II receptors was performed on 20- � m kidney tissue sections 
with the radioligands [ 125 I]-MK351A (lisinopril) and [ 125 I]-Sar1, 
Ile8-Ang II, respectively  [10, 13, 14] . For quantifications, kidney 
sections were placed on Fuji Imaging Plate BAS-TP2025 (Tamro, 
Finland) for 3 h. AT 1R  density was determined in the presence of 
AT 2R  antagonist PD 123,313 (10  �  M ) and AT 2R  density in the pres-
ence of AT 1R  antagonist losartan (10  �  M ). The optical densities 
were quantified by an image analysis system (AIDA 2D densitom-
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etry) coupled to Fujifilm BAS-5000 phosphoimager (Tamro, Fin-
land), with 24 analyses for each kidney section. Specific binding 
was calculated as total binding minus non-specific binding.

  Western Blotting 
 Frozen tissues (100 mg) were lysed in 1 ml buffer containing 10 

m M  Tris-HCl, pH 7.4, 2% sodium dodecyl sulfate, with protein
inhibitors (CompleteP Mini EDTA-free, Roche Diagnostics, 
Mannheim, Germany). Western blotting was then performed as 
previously reported  [10] . Antibody binding to ACE was detected by 
chemiluminescence (WB Chemiluminescent Reagent plus, NEN 
Inc., Boston, Mass., USA), and the autoradiograph was analyzed 
with Image Gauge 3.3 software (Fuji Photo Film Co., Tokyo, Japan).

  Plasma and Urine Determinations 
 Plasma and urine creatinine were determined by colorimetric 

assay according to Jaffe, phosphate by colorimetric dry chemistry 
(Vitros 950 analyzer, Johnson & Johnson, Rochester, N.Y., USA), 
calcium by ion-selective electrode (634 Ca 2+ /pH Analyzer, Ciba 
Corning, Sudbury, UK), parathyroid hormone (PTH) by immu-
noradiometric assay for intact rat PTH (Immutopics, San Cle-
mente, Calif., USA), and 1,25(OH) 2 D 3  and 25OH-D 3  using kits 
(IDS Ltd., Boldon, UK). Plasma FGF-23 was determined by Hu-
man FGF-23 ELISA kit (Kinos Inc., Tokyo, Japan) applicable for 
analyses in rats  [15]  and plasma renin activity using radioimmu-
noassay (GammaCoat �  PRA RIA kit, Diasorin S.p.A., Italy).

  Kidney Histology 
 Paraffin kidney sections (5  � m) were stained with hematoxy-

lin-eosin or periodic acid Schiff. Glomerulosclerosis and tubu-
lointerstitial damage were semi-quantitatively scored by light mi-
croscopy in a blinded manner  [10] .

  Data Presentation and Analysis of Results 
 Statistical analysis was done by one-way analysis of variance 

and the least-significant difference test (post-hoc). If variable dis-
tribution was skewed, the Kruskal-Wallis test and the Mann-
Whitney U test were applied, and p values were corrected with the 
Bonferroni equation. Due to large variability and non-normal 
distribution, the FGF-23 values were log transformed. Correla-
tion analyses (r) were performed by Spearman’s  � ; results are 
means  8  SEM, and p  !  0.05 was considered significant.

  Results 

 Animal Data 
 At the close of the study, BP was higher in all NX 

groups than in sham rats ( table  1 ), while the NX+Ca 
group showed lower BP than the other NX groups. The 
NX+Ca and NX+Pi rats had lower final body weights 

Table 1. E xperimental group data and laboratory findings

Sham NX NX+Ca NX+Pi

Animal data
Systolic blood pressure at week 27, mm Hg 12982 17384* 14583*, † 16184*, †, ‡

Body weight at week 27, g 55787 507838 488813* 431835*
Heart weight/body weight, g/kg 3.2180.03 4.1980.43* 4.0380.13* 4.4680.40*
Number of rats at week 15 11 14 13 13
Number of rats at week 27 11 7* 12† 7*, ‡

Creatinine clearance, ml/min 1.8480.10 0.8580.15* 0.8480.07* 0.6980.17*

Plasma
Phosphate, mmol/l 1.1680.06 2.5280.46* 0.8180.08*, † 5.4781.12*, †, ‡

Ionized calcium, mmol/l 1.3680.06 1.3480.03 1.5580.03*, † 0.9380.09*, †, ‡

Calcium-phosphorus product 1.5580.07 3.3180.65* 1.1180.09*, † 4.4180.53*, †, ‡

PTH, pmol/l 9.781.3 129.0837.7* 0.480.1*, † 398.2826.0*, †, ‡

25OH-D3, nmol/l 33.482.8 19.884.0* 13.880.9* 16.081.3*
1,25(OH)2D3, pmol/l 285827 71823* 106822* 105843*
log FGF-23, pg/ml 2.3280.05 2.9680.06* 1.8880.07*, † 3.9980.18*, †, ‡

RAS components
Plasma renin activity, ng of Ang I/ml/h 22.082.9 1.781.0* 1.780.6* 1.880.6*
Kidney ACE by autoradiography (vs. sham) 1.0080.09 1.3980.26 0.7380.06† 1.9080.12*, †, ‡

Kidney AT1R by autoradiography (vs. sham)
AT1R in cortex 1.0080.06 1.1880.05 0.7880.03*, † 1.2180.10*, ‡

AT1R in medulla 1.0080.11 1.1480.07 1.0480.07 1.2480.07
Mas mRNA, copies ! 102/ng total RNA 4.8080.34 4.9280.48 5.0680.68 5.1380.32

V alues are means 8 SEM (n = 7–14). * p < 0.05 versus sham; † p < 0.05 versus NX; ‡ p < 0.05 versus NX+Ca.
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than the sham rats, whereas no difference was seen be-
tween the NX groups. The heart/body weight ratios were 
increased in all NX groups. At the end of the study, lower 
rat count was observed in the NX and NX+Pi compared 
with the NX+Ca and sham groups (7, 6, 1 and 0 lost rats, 
respectively).

  Laboratory Findings 
 Creatinine clearance was reduced in all NX groups ( ta-

ble 1 ). Plasma ionized calcium did not differ from sham 
rats in the NX group, but was increased in the NX+Ca 
group and decreased in the NX+Pi group. Plasma phos-

phate and the calcium-phosphorus product were over 
2-fold increased in the NX and 3- to 5-fold increased in 
the NX+Pi versus the sham rats, but were decreased in the 
NX+Ca group. Plasma PTH and FGF-23 were increased 
in the NX and NX+Pi groups when compared with sham 
rats, while both were suppressed in the NX+Ca group. 
Plasma renin activity, 25OH-D 3  and 1,25(OH) 2 D 3  levels 
were decreased in all NX groups.

  Kidney ACE and ACE2 
 Renal ACE mRNA content was increased in the NX 

and NX+Pi groups, but not in the NX+Ca rats, when com-
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  Fig. 1.  Bar graphs show ACE mRNA ( a ) 
and ACE2 mRNA ( b ) determined using 
RT-PCR. Representative original expo-
sures ( c ; intensity of red coloring reflects 
active binding to ACE) show ACE protein 
determined using in vitro autoradiogra-
phy. Scatter blot shows relationship be-
tween ACE mRNA and ACE protein ( d ) 
determined using RT-PCR and autoradi-
ography. Representative original expo-
sures ( e ; intensity of the band reflects an-
tibody binding to ACE) and bar graph ( f ) 
show ACE protein determined using West-
ern blotting in sham and 5/6 NX rats in-
gesting either normal (NX), phosphate-
lowering (NX+Ca) or high-phosphate diet 
(NX+Pi). Data are means  8  SEM (n = 
7–12).  *  p  !  0.05 versus sham;  †  p  !  0.05 
versus NX;  ‡  p  !  0.05 versus NX+Ca. 
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pared with sham rats ( fig. 1 a). Highest values were seen 
in NX+Pi rats, as ACE mRNA was almost 2.5-fold higher 
than in NX+Ca and sham rats. Kidney ACE mRNA cor-
related well with ACE protein determined using autora-
diography ( fig. 1 d; r = 0.830; p  !  0.001) and Western blot-
ting (r = 0.787; p  !  0.001). Positive correlations (p  !  0.001) 
were also observed between ACE mRNA and calcium-
phosphate product (r = 0.825), phosphate (r = 0.771), PTH 
(r = 0.766), FGF-23 (r = 0.670) and ionized calcium (r = 
0.659). Kidney ACE2 mRNA was decreased in all NX 
groups ( fig. 1 b).

  In vitro autoradiography revealed lower kidney ACE 
protein content in the NX+Ca rats than in the NX rats, 
while ACE was highest in the NX+Pi group ( table 1 ). The 

distribution of renal ACE was also different between NX 
and sham rats: the highest ACE signal was detected in a 
circular fashion in the inner cortex and outer medulla in 
sham rats, whereas ACE was more widely distributed 
throughout the remnant kidney in the NX and NX+Pi 
groups ( fig.  1 c). Western blotting analyses confirmed 
lower renal ACE protein in NX+Ca than in NX rats, and 
increased ACE protein in the NX and NX+Pi groups ver-
sus sham rats ( fig. 1 e, f).

  Renal RAS Receptors, HO-1 and CTGF 
 Kidney AT 1aR  mRNA content was lower in the NX+Pi 

versus the sham and NX+Ca groups, while no other dif-
ferences were seen between the groups ( fig. 2 a). In auto-

0

Kidney AT1aR

0.2

0.4

0.6

1.0

0.8

1.2

m
RN

A
 c

op
ie

s
(×

10
4 )

/n
g

 to
ta

l R
N

A

Sham NX NX+Ca NX+Pi

* ‡

a
0

Kidney AT2R

0.2

0.4

0.6

0.8

1.0

m
RN

A
 c

op
ie

s
(×

10
2 )

/n
g

 to
ta

l R
N

A

Sham NX

*

NX+Ca NX+Pib

0

Kidney AT4R

1

2

3

4

5

m
RN

A
 c

op
ie

s
(×

10
3 )

/n
g

 to
ta

l R
N

A

Sham NX

*

NX+Ca NX+Pi

*

c
0

Kidney renin receptor

0.5

1.0

1.5

2.5

2.0

3.0

m
RN

A
 c

op
ie

s
(×

10
4 )

/n
g

 to
ta

l R
N

A

Sham NX

*

NX+Ca NX+Pi

*

d

0

Kidney CTGF

1

2

3

4

m
RN

A
 c

op
ie

s
(×

10
4 )

/n
g

 to
ta

l R
N

A

Sham NX

*

NX+Ca NX+Pi

* ‡

e
0

Kidney HO-1

1

2

3

6

5

4

7
m

RN
A

 c
op

ie
s

(×
10

4 )
/n

g
 to

ta
l R

N
A

Sham NX

*

NX+Ca

*

NX+Pi

*

f

  Fig. 2.  Bar graphs show kidney AT 1aR  
mRNA ( a ), kidney AT 2R  mRNA ( b ), kid-
ney AT 4R  mRNA ( c ), kidney renin receptor 
mRNA ( d ), kidney CTGF mRNA ( e ), and 
kidney HO-1 mRNA ( f ) determined using 
RT-PCR; groups as in figure 1. Data are 
means  8  SEM (n = 7–12).  *  p  !  0.05 versus 
sham;  ‡  p  !  0.05 versus NX+Ca. 
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radiography analyses, AT 1R  density in the kidney cortex 
was lower in the NX+Ca and higher in the NX+Pi group 
versus the sham group, while no significant differences 
in AT 1R  density in the medulla were found ( table 1 ).

  Kidney AT 2R  mRNA content was decreased in the NX 
group in comparison with sham rats ( fig. 2 b). In autora-
diography analyses, the proportion of AT 2R  was low when 
compared with AT 1R  (0.3–0.6% in the cortex, 0.1–0.4% in 
the medulla), and no significant differences in AT 2R  den-
sity were found between the groups (data not shown). 
Kidney AT 4R  mRNA ( fig. 2 c) was increased and renin re-
ceptor mRNA ( fig. 2 d) decreased in the NX and NX+Pi 
groups versus the sham group, while the NX+Ca rats did 
not differ from sham rats. Kidney Mas mRNA showed no 
significant differences between the groups ( table 1 ).

  Renal CTGF mRNA was higher in NX and NX+Pi rats 
than in sham rats and in NX+Pi rats compared with 
NX+Ca rats ( fig. 2 e). Kidney HO-1 mRNA was upregu-
lated in all NX groups versus sham rats ( fig. 2 f).

  Kidney Histology 
 Glomerulosclerosis ( fig.  3 a) and tubulointerstitial 

( fig. 3 b) damage were increased in all NX groups. How-
ever, less tissue damage was seen in the NX+Ca group 
than in the NX and NX+Pi groups.

  Discussion 

 This study investigated the effects of dietary phos-
phate loading and binding with calcium carbonate on re-
nal tissue RAS components in experimental CRI. After 
27 study weeks, elevated BP, suppressed plasma renin ac-
tivity and decreased creatinine clearance were seen in all 

NX groups. The higher heart weight in NX rats can be 
attributed to the increased pressure and volume load  [10] . 
The elevation of BP in NX rats was not affected by phos-
phate diet, but was reduced by phosphate-lowering diet. 
Several rats were lost from the NX and NX+Pi groups, 
probably because they were so uremic. Only one rat was 
lost from the NX+Ca group, which can possibly be ex-
plained by the lower plasma phosphate, reduced blood 
pressure and reduced kidney RAS component expression 
in these animals. Previously, the blood pressure-lowering 
influence of high-calcium diet has been repeatedly ob-
served in experimental studies; possible mechanisms in-
cluding increased natriuresis reduced sympathetic activ-
ity and enhanced vasodilatation  [10, 16] . Since kidney 
RAS components were influenced by the present diets, 
possible parallel influences on vascular RAS components 
should be examined in the future.

  We have previously found that increased calcium in-
take reduces the kidney ACE protein content in NX rats 
 [10] , whereas effects of phosphate-calcium balance on 
ACE mRNA and other kidney RAS components remain 
largely uncharted. As multiple determinants can modu-
late protein synthesis  [17] , knowledge about both mRNA 
and protein levels is necessary for the assessment of gene 
function. In this study, ACE mRNA and protein were el-
evated in NX rats, phosphate loading further increased 
kidney ACE, while a phosphate-lowering high-calcium 
diet maintained ACE mRNA and protein on a level com-
parable to that in sham rats. As ACE is a key target of 
pharmacotherapy in kidney diseases, these findings 
stress the importance of effective plasma phosphate con-
trol in the treatment of CKD.

  We found a clear decrease in kidney ACE2 mRNA lev-
els in all NX groups. ACE2 is considered a protective RAS 
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  Fig. 3.  Bar graphs show glomerulosclerosis 
index (   a ) and tubulointerstitial damage in-
dex ( b ); groups as in figure 1. Data are 
means  8  SEM (n = 7–12).  *  p  !  0.05 versus 
sham;  †  p  !  0.05 versus NX;  ‡  p  !  0.05 ver-
sus NX+Ca. 
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component, since it degrades the vasoconstrictor Ang II 
and generates the vasodilator and natriuretic peptide 
Ang 1–7  [18] . Therefore, reduced ACE2 transcription 
shifts balance towards enhanced vasoconstrictive RAS 
activity  [8] . The effects of Ang 1–7 are thought to be me-
diated via the recently identified receptor Mas, which can 
also beneficially influence fibrogenesis in the kidney  [8, 
19] . In this study, no differences were seen in Mas mRNA 
between the groups.

  The main effector of RAS, Ang II, exerts its actions 
mainly through AT 1R  and AT 2R   [8] . AT 1R  mediate the po-
tentially harmful consequences, while AT 2R  are thought 
to mediate vasodilatation and antiproliferative effects  [8] . 
However, the beneficial effects of AT 2R  stimulation have 
been controversial and clinical proof is lacking  [20] . Our 
results showed lower kidney AT 2R  mRNA content in the 
NX group versus the sham group. Thus, lower Ang II ac-
tion via AT 2R  may participate in the renal pathology and 
pathophysiology in this model of CRI.

  The receptor for Ang IV peptide, AT 4R , is also known 
as insulin-regulated aminopeptidase  [8] . Ang IV has reg-
ulatory functions in cognition, renal metabolism and 
cardiovascular damage, and the AT 4R -mediated actions 
include renal vasodilatation, hypertrophy and nuclear 
factor- � B activation  [8] . We found increased levels of kid-
ney AT 4R  mRNA in the NX and NX+Pi groups versus 
sham rats. To our knowledge, this is the first time that 
increased AT 4R  content has been reported in the NX 
model. Notably, a high-calcium diet was not associated 
with increased kidney AT 4R  transcription, agreeing with 
the overall suppression of renal tissue RAS components 
with improved plasma phosphate-calcium balance.

  The renin receptor, which can bind both renin and 
prorenin, may play a role in tissue fibrosis  [21] . The renin 
receptor is highly expressed in podocytes and appears to 
be essential for normal podocyte function and survival 
 [22] . In the present study, kidney renin receptor mRNA 
was decreased in the NX and NX+Pi groups, but not in 
the NX+Ca group, when compared with the sham group. 
Renin receptor mRNA also inversely correlated with glo-
merulosclerosis in these groups (r = –0.50; p = 0.002). 
Thus, reduced renin receptor expression may have con-
tributed to glomerular damage in this model of CRI. In-
terestingly, renin receptor mRNA was also modulated by 
alterations in calcium-phosphorus balance.

  Increased expression of the fibrosis mediator CTGF 
has been reported in clinical and experimental kidney 
disease  [23] . CTGF expression correlates with cellular 
proliferation and extracellular matrix accumulation  [23]  
and is upregulated by Ang II  [24] . Our measurements 

showed higher kidney CTGF mRNA versus sham rats in 
the NX and NX+Pi groups, but not in the NX+Ca group. 
This suggests that phosphate lowering decreased fibrosis 
signaling, which was also translated to kidney histology: 
glomerulosclerosis and tubulointerstitial damage were 
increased in all NX groups, but the high-calcium diet was 
associated with lower tissue damage.

  HO provides the rate-limiting step in the catabolism 
of heme with two isoenzymes, the inducible HO-1 and 
the constitutive HO-2  [25] . HO-1 is induced by several 
agents that cause oxidative stress and is thought to offer 
cellular protection after injury  [25] . In this study, the 
transcription of kidney HO-1 was elevated in all NX 
groups compared to sham rats, which was likely triggered 
to counter the elevated oxidative stress after partial NX.

  The present intervention using high-phosphorus and 
high-calcium diets induced clear changes in all variables 
of the calcium-phosphorus metabolism: plasma phos-
phate, PTH and FGF-23 levels were different in all study 
groups. The changes in kidney tissue RAS components 
may have resulted from alterations in all of the above 
variables. In general, when phosphate balance is altered, 
this is reflected on calcium metabolism, and it is difficult 
to make the distinction which one of these two was the 
key player modulating renal tissue RAS components. 
However, high phosphate concentration can influence 
gene expression in tissues. Elevated phosphate can change 
the phenotype of vascular smooth muscle cell to an os-
teoblast-like cell via the induction of transcription factors 
(Msx2, osterix, runx2)  [26] . An increase in phosphate 
concentration from 0.9 to 2.06 mmol/l can modulate the 
effect on vitamin D receptor-mediated gene expression 
induced by paricalcitol in human vascular smooth mus-
cle cells in vitro  [27] . Altogether, 325 target genes were 
affected by paricalcitol at 0.9 mmol/l phosphate, but the 
number of genes affected by paricalcitol at 2.06 mmol/l 
Pi decreased to 86. This may have resulted from high 
phosphate-induced alterations in the cytosolic versus the 
nuclear distribution of nuclear factor- � B and nuclear re-
ceptor co-repressor 1  [27] . The present data suggest that 
lowering of plasma phosphate can reduce RAS compo-
nent expression and alleviate tissue damage in the kidney.

  In conclusion, dietary phosphate loading was associ-
ated with elevated kidney ACE expression, increased tis-
sue damage and lower AT 1a  transcription in 5/6 NX rats. 
Phosphate binding had opposite effects on ACE and kid-
ney damage. Our present findings stress the importance 
of effective phosphate control in CKD, as this may also 
beneficially influence the expression of RAS components 
in kidney tissue.
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Abstract 

Background: Disturbed calcium-phosphorus metabolism is associated with increased 

kidney angiotensin-converting enzyme (ACE) in experimental chronic renal insufficiency 

(CRI). However, information about the effects of phosphate binding and loading on vascular 

ACE is lacking. 

Methods: Fifteen weeks after 5/6 nephrectomy (NX), rats were placed on phosphate-

binding (NX+Ca, 3.0% Ca), phosphate-loading (NX+Pi, 1.5% Pi) or control diet for 12 

weeks (NX and Sham). 

Results: Aortic ACE, blood pressure, plasma phosphate, and parathyroid hormone were 

increased in the NX and NX+Pi groups, but were reduced with phosphate binding. 

Endothelium-mediated relaxations of isolated mesenteric conduit artery rings to acetylcholine 

were impaired in the NX and NX+Pi groups, but did not differ from Sham in NX+Ca rats. 

Experiments with nitric oxide (NO) synthase inhibition in vitro suggested that the NO-

mediated component of acetylcholine response was lower in the NX and NX+Pi groups, but 

did not differ from Sham in NX+Ca rats. In all NX groups, aortic endothelial NO synthase 

(eNOS) was reduced, while plasma and urine concentrations of NO metabolites were 

increased. Aortic nitrated proteins and calcification were increased in the NX and NX+Pi 

groups when compared with the NX+Ca and Sham groups. 

Conclusion: Hypertension in the 5/6 nephrectomy model of CRI was associated with 

reduced vasorelaxation, decreased eNOS, and increased ACE and nitrated proteins in the 

aorta. Phosphate binding with calcium carbonate enhanced vasorelaxation via endogenous 

NO and suppressed elevation of ACE and nitrated proteins, suggesting reduced vascular 

oxidative stress. Our findings support the view that correction of calcium-phosphorus balance 

prevents CRI-induced vascular pathophysiology. 
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Introduction 

In chronic kidney disease (CKD), cardiovascular complications pose a major clinical 

problem [1]. These complications are commonly aggravated by increased serum phosphate 

and parathyroid hormone (PTH) concentrations [2]. Reduced renal function is independently 

associated with stiffening of large arteries and morphological vascular disorders including 

increased intima-media thickness, smooth muscle hyperplasia, and medial calcification [1,3]. 

In addition, changes in the function and structure of resistance arteries have been described in 

both clinical [1] and experimental forms of chronic renal insufficiency (CRI) [4]. Phosphate 

retention, hypocalcaemia, and reduced vitamin D levels lead to the development of secondary 

hyperparathyroidism already at stage 2-3 of CRI [5], while all of these factors also influence 

remodelling in the vascular wall [6]. In order to manage CRI-induced hyperphosphatemia and 

secondary hyperparathyroidism [7], oral phosphate binders are frequently needed.  

The endothelial cells continuously synthesize nitric oxide (NO) from L-arginine by the 

constitutive endothelial NO synthase (eNOS) [8]. When compared with small vessels, the 

contribution of eNOS to vasomotion seems to be greater in conduit-size arteries, as the NO-

mediated relaxation is more pronounced in large arteries [9,10]. The interaction between 

activation of vascular renin-angiotensin system (RAS) and bioavailability of endothelium-

derived NO has been suggested to be an important regulator of vascular tone [11]. 

A key target for the pharmacological inhibition of RAS is angiotensin-converting enzyme 

(ACE) [12], which catalyzes the conversion of angiotensin I to angiotensin II (Ang II), and 

also degrades kinins [13]. We recently found that dietary phosphate loading was associated 

with elevated kidney ACE expression and increased tissue damage in the 5/6 nephrectomy 

(NX) rat model of CRI [14]. In contrast, phosphate binding with 3.0% calcium carbonate 

reduced kidney ACE protein [15], ACE mRNA, and kidney damage [14]. 
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The present study explored whether phosphate binding and loading can influence ACE 

content in the abdominal aorta, and NO-mediated endothelium-dependent vasodilatation in 

the main branch of the mesenteric artery. In order to evaluate oxidative stress, nitrated protein 

and eNOS contents in the abdominal aorta, and NO metabolites (NOx) in plasma and urine 

were determined. Rats were subjected to NX, followed for 15 weeks, and then divided into 

groups given either control, phosphate-lowering or high-phosphate diet for another 12 weeks. 

Methods 

Animals and experimental design 

In order to reduce the use of experimental animals, we utilized samples from rats that 

had been previously used for reports elucidating resistance artery function [4] and kidney 

tissue ACE [14] in experimental CRI. The NX groups underwent removal of right kidney and 

surgical resection of the upper and lower poles (2/3) of the left kidney, whereas sham 

operation was kidney decapsulation [4,14-16]. Diets, anaesthesia, antibiotics, postoperative 

pain relief, and measurement of systolic BP by tail-cuff were as previously [4,15,16]. 

Preliminary 12-week study examined whether phosphate binding with calcium carbonate 

influences aortic or cardiac ACE. Four weeks after NX (rat age 12 weeks), 4 groups with 

corresponding systolic BPs and body weights in Sham vs. Sham+Ca groups, and NX vs. 

NX+Ca groups, respectively, were formed (n=10-11 in each) [4]. Then for 8 weeks, Sham 

and NX rats ingested 0.3% calcium, while Sham+Ca and NX+Ca rats ingested 3% calcium 

chow (carbonate supplement, AnalyCen, Sweden) [4]. Aortic and cardiac samples were 

harvested after 12 study weeks. 

The 27-week study. Fifteen weeks after NX, three groups (n=13-14) of remnant kidney 

rats, having equal mean systolic BP, body weight, and plasma creatinine level, and Sham rats 

(n=11) of equal age, were put on chow containing 0.3% Ca and 0.5% Pi (NX and Sham), 
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3.0% Ca and 0.5% Pi (NX+Ca) and 0.3% Ca and 1.5% Pi (NX+Pi) (AnalyCen) [14]. We 

have previously found clear differences in calcium-phosphate metabolism after 0.3% versus 

3.0% calcium intake in experimental CRI, in the absence adverse effects that would indicate 

calcium deficiency or excess [4,14,15]. Then for 12 weeks, body weight and systolic BP were 

monitored fortnightly. The 24-hour water intake and urine output were measured in metabolic 

cages. Urine samples were stored at -80 C for creatinine and NO metabolite determinations. 

From the NX, NX+Pi and NX+Ca groups, 7, 6, and 1 rats were lost, and the final numbers of 

animals in these groups were 7, 7 and 12, respectively [14]. 

At close of the study, rats were anaesthetized (intraperitoneal urethane 1.3 g/kg), carotid 

artery was cannulated, and blood samples were drawn with EDTA and heparin as 

anticoagulants, as appropriate. Main branches of the mesenteric arteries were excised, and the 

hearts were removed and weighed. Cardiac and abdominal aortic tissue for the measurement 

of ACE, eNOS, and nitrated proteins were frozen in isopentane at -40ºC and stored at -80ºC. 

Aortic samples were fixed in 4% formaldehyde for 24 hours and embedded in paraffin for 

calcification determinations. The experimental 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. The investigation 

conforms to the Guiding Principles for Research Involving Animals. 

Mesenteric arterial responses in vitro 

The mesenteric artery was cleaned of adjacent tissue, and three successive 3 mm-long ring 

sections were cut, beginning 5 mm distally from the mesenteric artery-aorta junction. In two 

proximal rings the endothelium was left intact, while endothelium was denuded from the 

distal sample [17]. The rings were suspended between hooks in organ bath chambers (20 ml) 

with physiological salt solution (PSS; pH 7.4) containing (mmol/L): NaCl 119, NaHCO3 25, 

glucose 11.1, CaCl2 1.6, KCl 4.7, KH2PO4 1.2, MgSO4 1.2, and aerated with 95% O2-5% 
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CO2. The rings were equilibrated for 2 hours at +37ºC with preload of 4.905 mN/mm, and 

challenged with 125 mmol/L KCl [18].  

Responses to acetylcholine (ACh) in the absence and presence of 0.1 mmol/l NG-nitro-L-

arginine methyl ester (L-NAME) or 1 mmol/l L-arginine, norepinephrine (NE), and 

angiotensin II (Ang II) were studied in endothelium-intact rings, and to KCl and nitroprusside 

in endothelium-denuded rings. All vasorelaxations were studied after precontractions induced 

by 1 . The presence of intact endothelium was confirmed by a clear relaxation to 

ACh, and the absence of endothelium by the lack of this response [17,18]. 

Contractions were recorded using Grass equipment (FT-03 transducer, 7E Polygraph; Grass 

Instrument Co., Quincy, MA). Stock solutions of the compounds used to study arterial tone in 

vitro were freshly prepared in distilled water and protected from light. 

Biochemical measurements 

NOx concentration was measured by conversion of nitrite and nitrate to NO, quantified by 

the ozone-chemiluminescense method [19]. Plasma and urine samples were treated with 

ethanol at +20°C for 2 hours to precipitate proteins. Then a 20μl sample was injected into a 

cylinder containing saturated vanadium (III) chloride (VCl3) in HCl (0.8g VCl3 / 100ml of 

1mol/L HCl) at 95°C, and NO formed under reducing conditions was measured (NOA 280 

analyzer, Sievers Instruments, Boulder, CO) using sodium nitrate as the standard [20]. 

Measurements of plasma phosphate, PTH and ionized calcium were as recently described 

[14].  

Autoradiography of tissue ACE 

Frozen tissue sections (20 μm thick) were cut on a cryostat (-17°C), thaw mounted onto 

slides (Super Frost R Plus, Menzel-Gläser, Germany), dried in a desiccator (reduced pressure, 

+4°C) overnight, and stored at -80 °C with silica gel [14,21]. A tyrosyl residue of lisinopril 
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(MK351A, Merck, Sharp & Dohme Research Laboratories, West Point, PA) was iodinated by 

chloramine T method, purified (SP-Sephadex C-25 column, Pharmacia, Piscataway, NJ), and 

a previously described technique was applied [21,22]. For quantification, the sections were 

placed on a Fuji Imaging Plate BAS-TP2025 (Tamro, Finland) for 3 hours. The optical 

densities were quantified by an image analysis system (AIDA 2D densitometry) coupled to 

FUJIFILM BAS-5000 phosphorimager (Tamro, Finland), a total of 24 analyses per tissue 

sample. Specific binding was calculated as total binding minus non-specific binding. 

Western blotting of aortic NOS and nitrated proteins 

Frozen tissues were homogenized (Ultra-Turrax T25, Janke & Kunkel GmbH & Co, 

IKA -Labortechnik, Germany) in 400 μl distilled H2O containing protease inhibitors 

(CompleteTM Mini EDTA-free, Roche Diagnostics GmbH, Germany). After centrifugation 

(12,000 g, 15 min, 4 C), protein concentrations of the supernatants were determined 

(Coomassie PlusTM Protein Assay Kit, Pierce, IL). SDS-PAGE was run on 8% resolving gel 

and 4% stacking gel, and proteins were transferred to Hybond-ECL nitrocellulose membrane 

(Amersham Biosciences Limited, Buckinghamshire, UK). The primary antibodies were: 

1:2500 dilution of mouse eNOS antibodies (BD Biosciences-Pharmingen, CA), 1:4000 

dilution of rabbit NOS2 polyclonal antibodies (Santa Cruz Biotechnology), and 1:3333 

dilution of mouse nitrotyrosine monoclonal antibody (Cayman Chemical, MI). Antibody 

binding was detected using SuperSignal  West Pico chemiluminescent substrate (Pierce, IL), 

and signal was analysed using FluorChem 8800 imaging system (software version 3.1., Alpha 

Innotech Corporation, San Leandro, CA). 

Aortic calcification 

Calcifications were determined from von Kossa-stained aortic sections at 200X 

magnification. The total area and area of calcification was measured, and the index of 
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calcification for each rat was expressed as percentage of the calcified area related to the total 

area of the cross-section. 

Drugs 

The drugs were: ketamine (Parke-Davis Scandinavia AB, Solna, Sweden), ACh chloride, 

L-arginine, L-NAME hydrochloride, NE bitartrate, Ang II (Sigma Chemical Co, St. Louis, 

MO), sodium nitroprusside (Fluka Chemie AG, Buchs SG, Switzerland). 

Data presentation and analysis of results  

Contractions were expressed in mN/mm, and the EC50 for the contractions as the negative 

logarithm (pD2) values. Vasorelaxation was presented as percentage of precontraction. Area 

under concentration response curve (AUC) analysis was applied to present the change in 

AUC by L-NAME to evaluate the contribution of NO to vasorelaxation. Statistics was by 

one-way analysis of variance (ANOVA), supported by post-hoc Tukey’s test, or ANOVA for 

repeated measurements, as appropriate. If skewed variable distribution was observed, the 

Kruskal-Wallis and post-hoc Mann-Whitney U-test were applied. Results were presented as 

mean±SEM, and P<0.05 was considered significant. 

Results 

The 12-week pilot study 

The results of quantitative in vitro autoradiography showed a decrease in aortic and cardiac 

ACE protein content after 8 weeks of phosphate binding with 3.0% calcium carbonate 

(Supplemental Figure S1). The analyses were performed from randomly selected 8-10 rats in 

each group. 

 



 9

The 27-week study 

Animal data, plasma and urine determinations 

At week 15 week after the operations, systolic BP was elevated in all NX groups 

(Table 1). At study week 27, BP was higher in all NX groups than in Sham rats, but BP in the 

NX-Ca group was lower than in NX and NX+Pi rats. There were no differences in body 

weight at week 15, but at week 27 body weights were lower in the NX+Ca and NX+Pi groups 

than in Sham rats, while no significant differences were detected between the NX groups. 

The heart/body weight ratios were increased, and creatinine clearance was decreased, in all 

NX rats versus Sham rats (Table 1).  

Plasma phosphate and PTH were increased in the NX group, and further elevated in the 

NX+Pi group, while both phosphate and PTH were suppressed in the NX+Ca group. Plasma 

ionized calcium did not differ from Sham in the NX group, but was increased in the NX+Ca, 

and decreased in the NX+Pi group. Both plasma and urine NOx were increased in all NX 

groups when compared with Sham (Table 1). 

Aortic ACE, endothelial NOS, nitrated proteins, and calcification 

After 27 study weeks, aortic ACE protein content was higher in the NX and NX+Pi groups 

than in Sham rats. Notably, aortic ACE content was clearly lower in the NX+Ca group when 

compared with the NX and NX+Pi groups (Figures 1A and 1B). 

Aortic eNOS protein content, determined using Western blotting, was similarly decreased 

in all NX groups when compared with Sham rats (Figure 2A). However, no difference was 

detected in aortic iNOS protein between the study groups, with average values ranging ±18% 

of the level observed in Sham rats (not shown). Aortic nitrated protein content (Western 

blotting) was higher in the NX and NX+Pi groups versus Sham, but was lower in the NX+Ca 

than in NX and NX+Pi rats (Figure 2B). The index of aortic calcification was increased in the 

NX and NX+Pi groups when compared with the NX+Ca and Sham groups (Figure 2C). 
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Endothelium-dependent and -independent vasorelaxation 

The relaxations induced by ACh in NE-precontracted endothelium-intact mesenteric artery 

rings were impaired in the NX and NX+Pi groups, but did not differ from Sham in the 

NX+Ca group (Figure 3A). The NOS inhibitor L-NAME reduced the relaxations to ACh in 

all study groups, but the effect was more pronounced in the NX+Ca than the NX and NX+Pi 

groups, as the ACh-response no more differed between the NX groups in the presence of L-

NAME (Figure 3B). The change in the AUC of the ACh-response induced by L-NAME 

suggested that the contribution of NO to the relaxation was reduced in the NX and NX+Pi 

groups, but did not differ from Sham in the NX+Ca group (Figure 3C). The addition of 

exogenous L-arginine (1 mmol/l) in vitro had no significant effects on the ACh-induced 

relaxations (data not shown). 

Vasorelaxation to the NO donor nitroprusside in endothelium-denuded rings was slightly 

decreased in the NX+Pi group when compared with Sham and NX+Ca rats, but did not differ 

between the Sham, NX and NX+Ca groups (Figure 3D). 

Vasoconstrictor responses 

Vasoconstrictor sensitivity and maximal responses of mesenteric arterial rings to NE did 

not differ between the Sham, NX and NX+Ca groups, while sensitivity to NE was slightly 

higher in the NX+Pi than Sham and NX+Ca groups, and maximal response was lower in the 

NX+Pi than Sham group (Supplemental Table S1). The sensitivity and maximal responses to 

KCl did not significantly differ between the study groups. Vasoconstrictor sensitivity to 

Ang II was lower in the NX+Ca than Sham group, while maximal wall tension in response to 

Ang II was higher in the NX versus Sham group, and lower in the NX+Ca versus NX group 

(Supplemental Table S1). 
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Discussion 

This study investigated the effects of dietary phosphate binding and loading on abdominal 

aortic ACE protein, eNOS content, and calcification, and vascular tone in vitro of isolated 

mesenteric arterial rings in experimental CRI. The two above sites of circulation are in close 

proximity of each other, so metabolic and functional changes in one probably well 

correspond to those in the other. In the 27-week study, elevated systolic BP, decreased 

creatinine clearance, and increased heart/body weight were seen in all NX groups (Table 1). 

However, phosphate-lowering diet blunted the increase in BP, while phosphate loading did 

not influence BP. In experimental studies, the lowering of BP after high calcium diet has 

been attributed to increased natriuresis, reduced sympathetic activity, and enhanced 

vasodilatation [4,15,23,24]. The present results suggest that reduction of tissue ACE might 

also play a role in the lowering of BP after increased calcium intake. 

Abnormal calcium, phosphate, and PTH metabolism are known causes for increased 

cardiovascular calcification in CRI [1,2], and in the present study phosphate binding with 

calcium carbonate reduced aortic calcifications in NX rats, as expected [15]. Previously we 

have found that calcium-phosphorus balance also influences ACE content in kidney tissue 

[14,15], and the results of the 12-week pilot study showed that the phosphate binding calcium 

carbonate diet reduced the amount of ACE in the heart and aorta (Supplementary Figure 1). 

In the 27-week study aortic ACE protein was decreased after 12 weeks of oral calcium 

carbonate treatment. In our earlier study, the correlation between ACE protein and ACE 

mRNA content in kidney tissue was good (r=0.83) [14], and this suggests that changes in 

tissue ACE are probably explained by alterations at the level of gene expression. In contrast 

to our previous results on kidney ACE, the content of ACE in the aorta was not increased 

here after phosphate loading in NX rats [14]. This may be attributed to the abundant 

calcifications in the aortas of NX+Pi rats, as calcified tissue sections would not contain ACE 
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to bind the iodinated autoradiography-tracer. Of note, the autoradiography tracings showed 

that aortic ACE protein was present throughout the vascular wall in all study groups and was 

not limited to the endothelium (Figure 1). 

Deficient endothelium-mediated vasodilatation is a common finding in CRI [24-27]. 

Previously, we observed that the correction of abnormal calcium, phosphate and PTH levels 

in NX rats improved endothelium-mediated vasorelaxation via K+-channels in small 3rd order 

mesenteric arterial branches [4], and enhanced vasorelaxation via NO and K+-channels in 

slightly larger 2nd order mesenteric arterial rings [24]. In the present study, we examined 

arterial tone in a conduit-size artery due to the greater contribution of endothelium-derived 

NO to vasodilatation in larger vessels [10,28], and found that phosphate binding normalized 

the impaired relaxation to ACh in the main branch of the mesenteric artery (Figure 3). As the 

improved vasorelaxation was entirely inhibited by the NOS inhibitor L-NAME, and the 

change in AUC induced by L-NAME was more pronounced in the NX+Ca than NX and 

NX+Pi groups, the beneficial effect could be attributed to enhanced NO-mediated component 

in the ACh response. Dietary phosphate loading did not decrease the relaxation to ACh, and 

the contribution of endothelium-derived NO to the vasorelaxation was corresponding in the 

NX and NX+Pi groups, as judged by the change in AUC induced by L-NAME (Figure 3C). 

Of note, enhanced vasorelaxation after calcium carbonate was not explained by changes in 

NO sensitivity in arterial smooth muscle, as the endothelium-independent response to 

nitroprusside did not differ in the Sham, NX and NX+Ca groups (Figure 3D). Moreover, 

vasorelaxation via exogenous NO was slightly impaired in the NX+Pi group. 

Many studies have examined the effect of CRI on L-arginine metabolism and functional 

role of the NOS enzymes with somewhat contradictory results [29-32]. Here we found that 

eNOS content in the abdominal aorta was equally reduced in all NX groups (Figure 4A). 

Thus, the enhanced endothelium-mediated vasorelaxation in the Ca+NX group was not 
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explained by changes in the amount of eNOS, since the modulation of calcium-phophorus 

balance was without effect on the quantity of eNOS protein. 

The major effector-peptide of RAS, Ang II, can reduce NO bioactivity through increased 

production of superoxide radicals, which rapidly inactivate NO and thus prevent its dilatory 

actions in vascular smooth muscle [13,33]. At the molecular level Ang II, generated 

predominantly via the action of ACE, up-regulates and activates NADPH oxidases in the 

vascular wall, resulting in increased superoxide release [34]. Today vascular oxidative stress 

is considered as one of the culprits leading to the loss of NO-mediated vasodilatation [34]. 

Furthermore, when superoxide radicals react with NO, the highly reactive radical 

peroxynitrite is formed, at a reaction rate that is several-fold faster than the scavenging of 

superoxide by superoxide dismutase [31,35,36]. Peroxynitrite, in turn, can modify tyrosine-

residues in proteins to create nitrotyrosine, thus leaving a detectable footprint of oxidative 

stress in tissues [36]. Here we determined aortic nitrated proteins using Western blotting, and 

found that the levels were increased in the NX and NX+Pi group, but were significantly 

reduced in the NX+Ca group. Therefore, phosphate binding with calcium carbonate reduced 

oxidative stress in vascular tissue. One mechanism leading to reduced local Ang II and 

superoxide generation could be the reduced amount of arterial tissue ACE (Figure 1). 

Furthermore, reduced superoxide generation in the vascular wall would result in increased 

bioactivity of endothelium-derived NO, and this mechanism may explain the enhanced ACh 

response in the NX+Ca when compared with the NX group. 

NO has a short half-life, and thereby NOx determination as the stable end-product of NO 

metabolism was used to evaluate NO production in vivo. Plasma NOx concentration was 

increased in all NX rats after 27 weeks of CRI, in agreement with previous results in 

experimental and clinical CRI [30,31]. Urine NOx was also increased in all NX groups. The 

elevated NOx is considered to reflect oxidative stress and inflammation in CRI [29,31]. The 
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source of NOx remains unknown from the present results, as we detected reduced eNOS and 

no differences in abdominal aortic iNOS content after 27 weeks of CRI. Previously, studies 

examining NO release have shown increased production, whereas those examining NO 

bioactivity have shown attenuated responses in CRI, and even endothelial cells cultured with 

uremic plasma in vitro have shown increased NO release  [for a review, see 31]. Thus, 

elevated plasma NOx could result from the effects of uremic milieu on NOS activity in vivo, 

while reduced NO bioactivity in uremia has been strongly related to excess NO consumption 

due to oxidative stress [31]. Of note, elevated NOx could also result from the increased 

oxidative stress in CRI, as peroxynitrite can break down to form NOx [29,37]. 

The arterial contractions were examined to uncover possible differences in vasoconstrictor 

sensitivity that would interfere with the interpretation of the relaxation experiments. No 

differences were found in responses elicited by membrane depolarisation with KCl, and 

contractions elicited by NE were also corresponding in the Sham, NX and NX+Ca groups. 

Therefore, alterations in vasoconstrictor sensitivity did not explain enhanced vasorelaxation 

in NX+Ca rats when compared with NX rats. The NX+Pi group exhibited lower maximal 

response but higher sensitivity to NE when compared with Sham rats (Supplementary Table 

S1), and increased vasoconstrictor sensitivity to NE may thus partially explain impaired 

vasodilator response to exogenous NO after phosphate loading. Finally, mesenteric arterial 

rings in the NX group exhibited increased maximal wall tension induced by Ang II, while the 

response in the NX+Ca group did not differ from Sham rats, and contractile sensitivity to 

Ang II was even lower in NX+Ca than Sham rats. This implies that phosphate binding with 

oral calcium carbonate reduced Ang II-mediated responses in arterial tissue even at the level 

of the AT1 receptor or its signal transduction cascade. 

In conclusion, this study showed that elevated BP in the 5/6 nephrectomy rat model of 

CRI was associated with impaired vasorelaxation via endothelium-derived NO in the 
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mesenteric artery, and decreased eNOS, and increased ACE and nitrated proteins in the aorta, 

and elevated levels of plasma and urine NO metabolites. Phosphate binding with 3.0% 

calcium carbonate reduced ACE and nitrated proteins in the aorta, and enhanced 

vasorelaxation via increased bioactivity of endothelium-derived NO. Thus, correction of the 

disturbances of calcium-phosphorus metabolism could beneficially influence vascular 

pathophysiology in CRI. 
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Figure Legends 

Figure 1.  Representative original tracings (A) and mean±SEM plots (B) of aortic 

angiotensin-converting enzyme (ACE) content determined using autoradiography; 

NX=5/6 nephrectomized rats, Ca=high-calcium diet (3.0%), Pi=high-phosphorus diet (1.5%); 

n=8-10 in each group, *P<0.05 versus Sham, †P<0.05 versus NX,  ‡P<0.05 versus NX+Pi. 

Figure 2.  Bar graphs and representative bands of aortic eNOS protein (A), and nitrated 

proteins (B), determined using Western blotting, and index of aortic calcification (percent of 

cross section) determined using von Kossa stain (C); mean±SEM, groups as in Figure 1, 

n=7-11 in each group, intensity of white bands represents binding to specific antibody (A, B); 

*P<0.05 versus Sham, †P<0.05 versus NX, ‡P<0.05 versus NX+Pi. 

Figure 3.  Relaxations to acetylcholine in endothelium-intact mesenteric arterial rings in the 

absence (A) and presence (B) of 0.1 mmol/L L-NAME; bar graphs showing the change 

induced by NOS inhibition with L-NAME (C) in the area under concentration response curve 

(AUC, arbitrary units) of the acetylcholine response; relaxations to nitroprusside (D) in 

endothelium-denuded mesenteric arterial rings; mean±SEM, groups as in Figure 2, n=7-11 in 

each group; *P<0.05, ANOVA for repeated measurements (A, B, D); *P<0.05 versus Sham, 

†P<0.05 versus NX, ‡P<0.05 versus NX+Pi (C), one-way ANOVA. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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