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the development and progression of renal disease and hy-
pertension. We also discuss recent clinical evidence suggest-
ing a causal role of uric acid in these disease states. 
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 Introduction 

 Since the discovery of hyperuricemia as the cause of 
gout in the early 1800s, hypertension, cardiovascular dis-
ease and kidney disease have also been related to in-
creased serum uric acid levels in subsequent years  [1] ; 
 patients with gout had a much higher prevalence of hy-
pertension (25–50%), mild-to-moderate kidney disease 
(20–60%)  [2]  and cardiovascular disease (90%) compared 
to the general population. However, conflicting results 
regarding the role of uric acid as the causative factor in 
diseases other than gouty arthritis resulted in a shift of 
interest away from uric acid. In recent years, uric acid re-
gained the lost popularity due to new findings in a num-
ber of disease states including hypertension, renal dis-
ease, metabolic syndrome and many more. This revived 
interest created two fundamental debates: first, is in-
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 Abstract 

 After uric acid was recognized as the causative factor in gout, 
increased prevalence of renal disease and hypertension in 
this patient population caught the attention of the medical 
community. Thus, it has been proposed that uric acid might 
have caused these disorders. However, uric acid suffered a 
long period of ignorance in which it was considered a meta-
bolically inert substance. However, recent years has wit-
nessed a resurrection of interest. Experimental studies 
showed an association between increased uric acid and re-
nal arteriolar disease and hypertension. These preliminary 
results were supported with clinical studies. However, con-
troversy regarding the precise pathophysiologic role of uric 
acid in inducing hypertension and renal disease remains to 
be elucidated. Despite being limited at this time, a few ran-
domized intervention studies showed that even treatment 
of asymptomatic hyperuricemia was beneficial in terms of 
blood pressure regulation and kidney function. In this re-
view, we focus on the pathophysiologic role of uric acid in 
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creased serum uric acid level a primary initiating factor 
or merely a secondary phenomenon to abnormal/de-
creased kidney function and hypertension? Second, is 
uric acid a pathogenetic factor per se or a surrogate mark-
er of disease  [3] ? To some extent, these two questions have 
been settled via experimental, epidemiologic and inter-
ventional studies. 

  One of the difficulties of implicating uric acid in the 
pathogenesis of hypertension and kidney disease is that 
most of the traditional risk factors are also associated 
with elevated uric acid. Thus, controlling for confound-
ing factors has been a major concern of past epidemio-
logic studies. Furthermore, there is a dual role of uric acid 
both as a pro- and as an anti-oxidant molecule. This re-
view will primarily focus on the direct effects of uric acid 
elevation on the development of hypertension and kidney 
disease. We will briefly discuss the pathophysiology of 
uric acid-induced hypertension and kidney disease, along 
with a summary of clinical and epidemiologic studies 
pointing to a causal role of uric acid in these disease 
states.

  Uric Acid Metabolism 

 Uric acid is the end-product of purine nucleotide me-
tabolism in humans. In contrast to many lower verte-
brates, humans lack uric acid oxidase (uricase), an en-
zyme which further catalyses uric acid to allantoin  [4] . 
Some argued that this evolutionary absence of a uricase 
enzyme enabled humans to cope with increased oxidative 
stress, considering the antioxidant capabilities of uric 
acid. However, recent evidence indicating the intracellu-
lar pro-oxidative effects of uric acid challenges this puta-
tive evolutionary benefit. Humans have higher serum 
uric acid levels when compared to other mammals due to 
the lack of uricase  [5] . Xanthine oxidoreductase enzyme 
catalyses the last two steps of uric acid synthesis, which 
are blocked by allopurinol and febuxostat. Uric acid is 
primarily excreted via the urine. The balance between 
dietary intake and endogenous metabolism of purines, 
and the urinary excretion rate of uric acid determines 
plasma uric acid levels. Renal handling of uric acid is de-
pendent on a number of urate transporters, including 
urate transporter 1 (URAT1), organic ion transporters 
(OAT1 and OAT3) and ATP-dependent urate export 
transporters (MRP4)  [2] . 

  Mechanisms of Uric Acid-Induced Hypertension 

 It is well established that when uric acid is deposited 
in tissues in the crystalline form, it initiates a proinflam-
matory state, as seen in gouty arthritis  [6] . However, the 
precise pathogenetic role of soluble uric acid in the serum 
is somewhat less clear. Moreover, markedly elevated se-
rum uric acid is clearly associated with gouty arthritis 
and nephrolithiasis, whereas the importance of subtle el-
evations in uric acid levels still remains to be established. 

  For many years, uric acid was regarded as a metaboli-
cally inert substance. However, several lines of evidence 
have demonstrated that soluble uric acid is a strong anti-
oxidant  [7] . Uric acid is a powerful scavenger of single 
oxygen, peroxyl radicals (RO�2) and hydroxyl radicals 
(�OH)  [4] . Uric acid reacts with peroxynitrite and stabi-
lizes eNOS activity  [8] . On the other hand, uric acid can-
not scavenge superoxide (O2

–�) and the presence of ascorbic 
acid in the plasma is required for the antioxidant effect of 
uric acid  [9] . Several compounds exist that may alter uric 
acid’s ability to scavenge oxygen radicals – for example, 
bicarbonate substantially inhibits the ability of uric acid 
to prevent tyrosine nitrosylation, a crucial mechanism of 
the oxidative damage of proteins in the cell  [10] . 

  Despite these well-recognized antioxidative effects, 
uric acid also behaves as a pro-oxidant and proinflamma-
tory factor. A few points should be emphasized to better 
understand this apparent paradox. First, uric acid acts 
differently inside the cells or in the extracellular milieu, 
where it is present in soluble form. While being a potent 
antioxidant in extracellular fluid, uric acid exerts pro-
oxidative effects once inside the cell  [11–12] . This effect is 
mediated by a NADPH oxidase-dependent pathway  [4] . 
Second, one isoform of xanthine oxidoreductase – xan-
thine dehydrogenase – undergoes extensive phenotypic 
conversion to xanthine oxidase under local ischemic con-
ditions. Unlike xanthine dehydrogenase, xanthine oxi-
dase uses molecular oxygen instead of NAD as an elec-
tron acceptor  [13] .

  In addition to interference with free radical produc-
tion, uric acid has some direct effects on endothelial and 
smooth muscle cells of the vascular wall, which ultimate-
ly lead to endothelial dysfunction  [14] . In endothelial 
cells, uric acid blocks nitric oxide release, inhibits endo-
thelial proliferation and stimulates C-reactive protein 
production  [15] . Several experimental studies also showed 
that uric acid can activate smooth muscle cells via activa-
tion of specific MAP kinases, nuclear transcription fac-
tors, stimulation of Cox-2, and various inflammatory 
mediators such as the tissue renin-angiotensin system 
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 [11, 16–17] . Recent evidence also suggests that renal arte-
riolar microvascular disease, which will be discussed be-
low, may contribute to uric acid-mediated hypertension 
 [16] .

  In a landmark study by Mazzali et al.  [18] , pharmaco-
logically induced mild-to-moderate hyperuricemia via 
oxonic acid administration in rats resulted in the devel-
opment of hypertension. Conversely, when uric acid ele-
vation was treated with allopurinol or with a uricosuric 
agent, development of hypertension could be prevented. 
This study supported the hypothesis of a direct causative 
role of uric acid in the development of hypertension. Oth-
er experimental studies investigating renal hemodynam-
ic changes leading to hypertension documented that hy-
peruricemic rats had higher systemic and intraglomer-
ular pressure, as well as an increase in renal arteriolar 
resistance and a decrease in renal blood flow  [19, 20] .

  Clinical Studies Demonstrating a Link between 

Uric Acid, Effects of High Fructose Diets and 

Hypertension 

 Despite a lack of consensus among authors regarding 
the causality of uric acid, numerous clinical studies  [21–
24]  since the early 1990s have persistently shown that in-
creased serum uric acid precedes the development of hy-
pertension. Adequate control for confounding factors, 
which may be responsible for increased blood pressure, 
was provided in the majority of these studies. One may 
also argue that increased uric acid may represent a com-
pensatory mechanism to cope with increased oxidative 
stress in those individuals who will later develop hyper-
tension. Nevertheless, in our opinion, regardless of 
whether uric acid is the ultimate culprit or not in hyper-
tension development, this association is of great impor-
tance per se, since even if not pathogenic, such a strong 
surrogate marker to predict the development of future 
hypertension is an extremely valuable tool to mass screen 
and follow-up population subgroups at risk. 

  Studies in newly developed hypertensive adolescents 
support a causality role for uric acid. Feig et al.  [25]  re-
ported that elevated uric acid over 5.5 mg/dl was observed 
in 90% of adolescents with newly diagnosed primary hy-
pertension. There was a strong linear correlation between 
serum uric acid and systolic blood pressure. The same 
group conducted a double-blind, placebo-controlled 
crossover study including 30 hypertensive adolescents 
who were randomized to allopurinol or placebo for 4 
weeks. While 86% of the intervention group became nor-

motensive following a decrease of uric acid below 5 mg/
dl, this rate was only 3% in the control arm  [26] . Another 
intervention study conducted in asymptomatic hyper-
uricemic patients documented benefits with allopurinol 
treatment in terms of blood pressure and CRP levels re-
duction  [27] .

  Many etiological factors have been considered for the 
elevation in uric acid levels, including diets rich in purine 
nucleotides, alcohol consumption, reduced glomerular 
filtration rate, some drugs and lately a high-fructose diet 
 [2] . In recent years, increased fructose intake, particu-
larly via sweetened beverages, started to attract more at-
tention from the medical community. During the last two 
centuries, at least in the western world, dietary fructose 
intake dramatically increased, with corresponding in-
creases in serum uric acid levels  [3] . Fructose is unique 
among sugars by its ability to rapidly deplete ATP, with 
resultant purine nucleotide degradation and eventual 
uric acid generation ( fig. 1 ). A recent study conducted in 
fructose-fed rats showed a marked downregulation of the 
expression levels of organic anion transporters (OAT1 
and UAD) and organic cation transporters (OCT1 and 
OCT2), as well as prostaglandin E 2  elevation and nitric 
oxide reduction in rat kidneys  [28] . This study revealed 
an additional mechanism by which fructose may lead to 
hyperuricemia. In addition, hyperinsulinemia and in-
creased oxidative stress were also suggested by these data 
as relevant contributory mechanisms to the development 
of hypertension in a fructose-induced hyperuricemia and 
hypertension model  [29] . 

  Despite these relevant experimental data, there are 
conflicting results regarding the role of fructose intake 
and elevated blood pressure in clinical studies. While 
some studies  [30–32]  suggested a link between high-fruc-
tose diets and hypertension, others  [33, 34]  did not find 
such a relationship. These epidemiological studies usu-
ally used dietary surveys to determine daily fructose in-
take and, thus, the poor reliability of these surveys and 
inadequate control for other confounding factors may ac-
count for the inconsistent results. A more recent prospec-
tive, well-controlled, intervention study in which 74 adult 
men were administered 200 g fructose per day for 2 weeks 
with or without allopurinol showed increased uric acid 
levels and corresponding increases in blood pressure. Al-
lopurinol could reduce serum uric acid and precluded a 
rise in blood pressure  [35] . However, one can still argue 
that the daily fructose load ingested in this study was sig-
nificantly much higher than that of a typical Western diet 
(described by the epidemiological surveys), and extrapo-
lation of the results is therefore difficult.
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  Pathophysiologic Effects of Uric Acid in Renal 

Disease 

 Association of uric acid with chronic kidney disease 
dates back to 1890s  [36] . As previously mentioned for hy-
pertension, one of the most important difficulties to re-
late uric acid as a pathogenic factor in kidney disease is 
the abundance of potential confounders, the most impor-
tant of which is the role of glomerular filtration rate and 
tubular reabsorption, with direct effect on serum uric 
acid levels. Any functional decline which reduces GFR 
secondarily leads to uric acid elevation. To determine 
which comes first was the principal endeavor of uric acid 
researchers in the last two decades.

  Uric acid and renal disease association first emerged 
in the context of the high prevalence of renal dysfunc-
tion – the so-called gouty nephropathy – in patients with 
gout. Simulation of mild hyperuricemia in laboratory an-
imals proved to be difficult due to the presence of the 
uricase enzyme. Rodent models in which the uricase gene 
has been knocked out resulted in severe acute hyperuri-
cemia and extensive tubular crystal deposition, renal fail-
ure and finally death  [37] . To better delineate the effects 
of mild-to-moderate hyperuricemia on the kidney, Maz-
zali et al.  [14]  devised a pharmacologic method using ox-
onic acid, a uricase inhibitor. Experimental studies per-
formed by the same group demonstrated that hyperuri-
cemic rats developed hypertension, afferent arteriolopathy, 
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  Fig. 1.  Schematic representation of the uric 
acid generation pathway coupled with 
fructose metabolism and mechanisms of 
resultant hypertension and renal disease 
development.   
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glomerular hypertrophy, increased glomerular pressure, 
tubulointerstitial damage and macrophage infiltration 
 [14, 19, 38] . Uric acid also contributed to the progression 
of established renal injury in animal models  [17, 39] . 
Amelioration of renal lesions either with allopurinol, fe-
buxostat or benziodarone further consolidated the hy-
pothesis of a direct role of uric acid in the renal disease 
process  [14, 40–41] . 

  Uric acid exerts its deleterious effects in the kidney via 
two major mechanisms. Firstly, hyperuricemia induces 
endothelial dysfunction and inflammation. Uric acid has 
the ability to increase monocyte chemoattractant protein 
(MCP-1) in cultured vascular smooth muscle cells  [42]  
and human proximal tubular epithelial cells  [43] . MCP-1 
is recognized as one of the key chemokines in atheroscle-
rosis and chronic kidney disease. Second, hyperuricemia 
alters glomerular hemodynamics. Cortical renal vaso-
constriction and increased renin expression were ob-
served in rats  [38] .

  Hyperuricemia is commonly associated with meta-
bolic syndrome  [44] . Metabolic syndrome has many 
components which may independently mediate or lead to 
kidney damage, including increased inflammation  [45] , 
insulin resistance and endothelial dysfunction  [46] . Ad-
ditionally, diets high in fructose constitute one of the ma-
jor predisposing factors for the metabolic syndrome epi-
demic  [43] . Whereas a high-fructose diet and hyperinsu-
linemia contribute to the development of hyperuricemia, 
there is evidence that suggests that fructose itself may ini-
tiate  [47]  or accelerate the progression of kidney disease 
 [48] . Fructose itself may promote inflammation in ani-
mals by inducing the expression of leukocyte adhesion 
protein, ICM-1 and MCP-1  [48–49] . It is therefore more 
plausible to consider that uric acid is not alone in the pro-
cess of injuring the kidney, particularly in the context of 
the metabolic syndrome. 

  Epidemiologic Studies and Clinical Trials Suggesting 

an Association of Hyperuricemia with Renal Disease 

 In the early report of the Modification of Diet in Renal 
Disease Study  [50] , uric acid was not found to be an in-
dependent predictor for renal disease. Numerous other 
large epidemiologic studies have revealed conflicting re-
sults in this respect. While the majority  [51–55]  of these 
studies suggest an independent predictive role for uric 
acid in renal disease, others  [56–58]  argue against it. 

  Prediction of renal disease progression by elevated 
uric acid level has been reported in normal subjects and 

various patient populations. Studies of patients with IgA 
nephropathy showed that hyperuricemia was related to 
poor clinical outcomes  [59]  and worse histological find-
ings  [60] . Park et al.  [61]  recently showed that uric acid 
was associated with the rate of residual renal function 
decline in peritoneal dialysis patients, even after adjust-
ing for baseline renal function. In a very recent study, 
Jalal et al.  [62]  analyzed the data from the Coronary Ar-
tery Calcification in Type 1 Diabetes study. The authors 
included 324 patients with type 1 diabetes mellitus who 
did not have micro- or macroproteinuria at baseline. Af-
ter a 6 year-period of observation, it was shown that for 
every 1 mg/dl increase in uric acid level at baseline, there 
was an 80% increased risk of subsequently developing 
micro- or macroproteinuria. 

  Renal transplantation provided researchers with a 
model of mild chronic kidney disease and additional vul-
nerability to further potentially harmful stimuli, includ-
ing immunosuppressive medications, to test the predic-
tive role of uric acid in the progression of renal disease. 
Recently, Meier-Kriesche et al.  [63]  investigated the asso-
ciation between uric acid and progression of renal func-
tion in renal transplant recipients during the first 3 years 
following transplantation, in 1,645 patients enrolled in 
the Symphony study. After adjusting for baseline renal 
function, the uric acid level at 1 month was not indepen-
dently associated with renal allograft dysfunction. Most 
of the smaller studies suggested an independent associa-
tion  [64–65]  with a few exceptions  [66] . These different 
and contradictory results may be explained by methodo-
logic and patient population differences, reliance on only 
one uric acid measurement and lack of adjustment for 
baseline renal function.

  Intervention Studies 

 To resolve the controversy raised by the above con-
flicting studies, prospective, randomized trials are frank-
ly needed. While waiting for these types of studies, inter-
ventional studies shed some light on the causality issue of 
uric acid in renal disease. Early investigations suffered 
from methodologic shortcomings and lack of effective 
urate-lowering drugs. Thus, the results were mixed. Siu 
et al.  [67]  randomized 54 asymptomatic chronic kidney 
disease patients to placebo or allopurinol arms and found 
that allopurinol significantly preserved renal function 
compared to placebo at 1 year. In another study, 50 chron-
ic kidney disease patients who were currently on allopu-
rinol treatment ceased their allopurinol treatment. There 

D
ow

nloaded from
 http://w

w
w

.karger.com
/bpu/article-pdf/30/4/288/2286558/000321074.pdf by guest on 19 April 2024



 Uric Acid in Hypertension and Renal 
Disease  

Blood Purif 2010;30:288–295 293

 References 

  1 Nakagawa T, Kang DH, Feig D, et al: Un-
earthing uric acid: an ancient factor with re-
cently found significance in renal and car-
diovascular disease. Kidney Int 2006;   69:  
 1722–1725. 

  2 Kutzing MK, Firestein BL: Altered uric acid 
levels and disease states. J Pharmacol Exp 
Ther 2008;   324:   1–7. 

  3 Feig DI, Kang DH, Johnson RJ: Uric acid and 
cardiovascular risk. N Engl J Med 2008;   359:  
 1811–1821. 

  4 Sautin YY, Johnson RJ: Uric acid: the oxi-
dant-antioxidant paradox. Nucleosides Nu-
cleotides Nucleic Acids 2008;   27:   608–619. 

  5 Johnson RJ, Kang DH, Feig D, et al: Is there 
a pathogenetic role for uric acid in hyperten-
sion and cardiovascular and renal disease? 
Hypertension 2003;   41:   1183–1190. 

  6 Sanchez-Lozada LG, Nakagawa T, Kang DH, 
et al: Hormonal and cytokine effects of uric 
acid. Curr Opin Nephrol Hypertens 2006;   15:  
 30–33. 

  7 Ames BN, Cathcart R, Schwiers E, Hochstein 
P: Uric acid provides an antioxidant defense 
in humans against oxidant- and radical-
caused aging and cancer: a hypothesis. Proc 
Natl Acad Sci USA 1981;   78:   6858–6862. 

  8 Kuzkaya N, Weissmann N, Harrison DG, 
Dikalov S: Interactions of peroxynitrite with 
uric acid in the presence of ascorbate and thi-
ols: implications for uncoupling endothelial 
nitric oxide synthase. Biochem Pharmacol 
2005;   70:   343–354. 

  9 Frei B, Stocker R, Ames BN: Antioxidant de-
fenses and lipid peroxidation in human 
blood plasma. Proc Natl Acad Sci USA 1988;  
 85:   9748–9752. 

 10 Whiteman M, Ketsawatsakul U, Halliwell B: 
A reassessment of the peroxynitrite scaveng-
ing activity of uric acid. Ann NY Acad Sci 
2002;   962:   242–259. 

 11 Corry DB, Eslami P, Yamamoto K, Nyby 
MD, Makino H, Tuck ML: Uric acid stimu-
lates vascular smooth muscle cell prolifera-
tion and oxidative stress via the vascular re-
nin-angiotensin system. J Hypertens 2008;  
 26:   269–275. 

 12 Sautin YY, Nakagawa T, Zharikov S, Johnson 
RJ: Adverse effects of the classic antioxidant 
uric acid in adipocytes: NADPH oxidase-
mediated oxidative/nitrosative stress. Am J 
Physiol Cell Physiol 2007;   293:C584–C596. 

 13 Glantzounis GK, Tsimoyiannis EC, Kappas 
AM, Galaris DA: Uric acid and oxidative 
stress. Curr Pharm Des 2005;   11:   4145–4151. 

was a noteworthy decrease in renal function especially in 
those patients who were not taking renin-angiotensin 
system blockers  [68] , suggesting that the renin-angioten-
sin system might be an important player/link in uric acid-
driven renal disease. Kanbay et al.  [27]  administered al-
lopurinol to 48 hyperuricemic and 21 normouricemic pa-
tients, all of whom were asymptomatic and had normal 
kidney function at the start of the study. After 3 months’ 
therapy, calculated GFR increased from 79 to 92 ml/min, 
associated with a mean 2.5-mg/dl decrease in uric acid 
levels. There were no concomitant changes in the control 
patients.

  Despite favorable effects, allopurinol treatment is not 
without associated risks. The most common adverse ef-
fects during allopurinol therapy are dermatological hy-
persensitivity reactions. Administration of allopurinol 
especially in patients with reduced renal function may 
cause a syndrome called allopurinol hypersensitivity 
syndrome (AHS) or drug rash with eosinophilia and sys-
temic symptoms (DRESS syndrome)  [69] . The underly-
ing mechanism is not clear but is probably immune-me-
diated. Retention of the metabolite of the parent drug, 
oxypurinol, is held responsible for development of the 
syndrome especially in the setting of chronic kidney dis-
ease. Some risk factors are mentioned to increase the risk 
of the syndrome: reduced renal function, utilization of 
high doses of allopurinol as to renal function, concomi-
tant use of thiazide diuretics, HLA B58 allele positivity, 
and recent onset of allopurinol therapy. Despite being 
rarely seen (1–4 per 1,000 treated patients), the syndrome 

may cause fatalities. A recent report also showed that al-
lopurinol was the most common cause of Stevens-John-
son syndrome and toxic epidermal necrolysis in Europe 
and Israel  [70] . In addition, allopurinol has been asso-
ciated with a myriad of other dermatologic disorders 
 including urticaria, exfoliative dermatitis, purpura, mac-
ulopapular rash, pruritus, alopecia, etc. More rarely, al-
lopurinol causes various hematologic, hepatic and gas-
trointestinal adverse effects.

  Conclusions 

 It is becoming clear that the role of uric acid is no lon-
ger confined solely to gout and nephrolithiasis. Increas-
ing evidence now points to a significant relation of uric 
acid to hypertension and renal disease. Moreover, recent 
studies have started to unveil the causal nature of this 
 relationship in both hypertension and renal disease. 
 Despite considerable progress, given the numerous con-
founders, more compelling evidence is needed before 
 ultimately labeling uric acid as a causative factor in hy-
pertension and renal disease.

  Acknowledgement 

 We would like to thank Richard Johnson for encouraging us 
to carry out the research, giving his ideas about uric acid, and for 
comments while preparing our manuscript.
 

D
ow

nloaded from
 http://w

w
w

.karger.com
/bpu/article-pdf/30/4/288/2286558/000321074.pdf by guest on 19 April 2024



 Kanbay   /Solak   /Dogan   /Lanaspa   /Covic    Blood Purif 2010;30:288–295294

 14 Mazzali M, Kanellis J, Han L, Feng L, Xia YY, 
Chen Q, et al: Hyperuricemia induces a pri-
mary renal arteriolopathy in rats by a blood 
pressure-independent mechanism. Am J 
Physiol Renal Physiol 2002;   282:F991–F997. 

 15 Khosla UM, Zharikov S, Finch JL, et al: Hy-
peruricemia induces endothelial dysfunc-
tion. Kidney Int 2005;   67:   1739–1742. 

 16 Watanabe S, Kang DH, Feng L, et al: Uric 
acid, hominoid evolution, and the pathogen-
esis of salt-sensitivity. Hypertension 2002;  
 40:   355–360. 

 17 Kang DH, Nakagawa T, Feng L, et al: A role 
for uric acid in the progression of renal dis-
ease. J Am Soc Nephrol 2002;   13:   2888–2897. 

 18 Mazzali M, Hughes J, Kim YG, et al: Elevated 
uric acid increases blood pressure in the rat 
by a novel crystal-independent mechanism. 
Hypertension 2001;   38:   1101–1106. 

 19 Sanchez-Lozada LG, Tapia E, Santamaria J, 
et al: Mild hyperuricemia induces vasocon-
striction and maintains glomerular hyper-
tension in normal and remnant kidney rats. 
Kidney Int 2005;   67:   237–247. 

 20 Sanchez-Lozada LG, Tapia E, Avila-Casado 
C, et al: Mild hyperuricemia induces glomer-
ular hypertension in normal rats. Am J 
Physiol Renal Physiol 2002;   283:F1105–
F1110. 

 21 Mellen PB, Bleyer AJ, Erlinger TP, et al: Se-
rum uric acid predicts incident hypertension 
in a biethnic cohort: the atherosclerosis risk 
in community studies. Hypertension 2006;  
 48:   1037–1042. 

 22 Nagahama K, Inoue T, Iseki K, et al: Hyper-
uricemia as a predictor of hypertension in a 
screened cohort in Okinawa, Japan. Hyper-
tens Res 2004;   27:   835–841. 

 23 Selby JV, Friedman GD, Quesenberry CP Jr: 
Precursors of essential hypertension: pul-
monary function, heart rate, uric acid, se-
rum cholesterol, and other serum chemis-
tries. Am J Epidemiol 1990;   131:   1017–1027. 

 24 Taniguchi Y, Hayashi T, Tsumura K, Endo G, 
Fujii S, Okada K: Serum uric acid and the risk 
for hypertension and type 2 diabetes in Japa-
nese men: the Osaka Health Survey. J Hyper-
tens 2001;   19:   1209–1215. 

 25 Feig DI, Johnson RJ: Hyperuricemia in 
childhood primary hypertension. Hyperten-
sion 2003;   42:   247–252. 

 26 Feig DI, Soletsky B, Johnson RJ: Effect of al-
lopurinol on blood pressure of adolescents 
with newly diagnosed essential hyperten-
sion: a randomized trial. JAMA 2008;   300:  
 924–932. 

 27 Kanbay M, Ozkara A, Selcoki Y, et al: Effect 
of treatment of hyperuricemia with allopuri-
nol on blood pressure, creatinine clearence, 
and proteinuria in patients with normal re-
nal functions. Int Urol Nephrol 2007;   39:  
 1227–1233. 

 28 Hu QH, Wang C, Li JM, Zhang DM, Kong 
LD: Allopurinol, rutin, and quercetin atten-
uate hyperuricemia and renal dysfunction in 
rats induced by fructose intake: renal organ-
ic ion transporter involvement. Am J Physiol 
Renal Physiol 2009;   297:F1080–F1091. 

 29 Tran LT, Yuen VG, McNeill JH: The fruc-
tose-fed rat: a review on the mechanisms of 
fructose-induced insulin resistance and hy-
pertension. Mol Cell Biochem 2009;   332:   145–
159. 

 30 Brown CM, Dulloo AG, Yepuri G, Montani 
JP: Fructose ingestion acutely elevates blood 
pressure in healthy young humans. Am J 
Physiol Regul Integr Comp Physiol 2008;  
 294:R730–R737. 

 31 Jalal DI, Smits G, Johnson RJ, Chonchol M: 
Increased fructose associates with elevated 
blood pressure. J Am Soc Nephrol 2010;   21:  
 1543–1549. 

 32 Nguyen S, Choi HK, Lustig RH, Hsu CY: 
Sugar-sweetened beverages, serum uric acid, 
and blood pressure in adolescents. J Pediatr 
2009;   154:   807–813. 

 33 Forman JP, Choi H, Curhan GC: Fructose 
and vitamin C intake do not influence risk 
for developing hypertension. J Am Soc 
Nephrol 2009;   20:   863–871. 

 34 Dhingra R, Sullivan L, Jacques PF, et al: Soft 
drink consumption and risk of developing 
cardiometabolic risk factors and the meta-
bolic syndrome in middle-aged adults in the 
community. Circulation 2007;   116:   480–488. 

 35 Perez-Pozo SE, Schold J, Nakagawa T, San-
chez-Lozada LG, Johnson RJ, Lillo JL: Exces-
sive fructose intake induces the features of 
metabolic syndrome in healthy adult men: 
role of uric acid in the hypertensive response. 
Int J Obes (Lond) 2010;   34:   454–461. 

 36 Feig DI: Uric acid: a novel mediator and 
marker of risk in chronic kidney disease? 
Curr Opin Nephrol Hypertens 2009;   18:   526–
530. 

 37 Wu X, Wakamiya M, Vaishnav S, et al: Hy-
peruricemia and urate nephropathy in urate 
oxidase-deficient mice. Proc Natl Acad Sci 
USA 1994;   91:   742–746. 

 38 Nakagawa T, Mazzali M, Kang DH, et al: Hy-
peruricemia causes glomerular hypertrophy 
in the rat. Am J Nephrol 2003;   23:   2–7. 

 39 Mazzali M, Kim YG, Suga S, et al: Hyper-
uricemia exacerbates chronic cyclosporine 
nephropathy. Transplantation 2001;   71:   900–
905. 

 40 Sanchez-Lozada LG, Tapia E, Soto V, et al: 
Effect of febuxostat on the progression of re-
nal disease in 5/6 nephrectomy rats with and 
without hyperuricemia. Nephron Physiol 
2008;   108:p69–p78. 

 41 Sanchez-Lozada LG, Tapia E, Soto V, et al: 
Treatment with the xanthine oxidase inhibi-
tor febuxostat lowers uric acid and alleviates 
systemic and glomerular hypertension in ex-
perimental hyperuricaemia. Nephrol Dial 
Transplant 2008;   23:   1179–1185. 

 42 Kanellis J, Watanabe S, Li JH, et al: Uric acid 
stimulates monocyte chemoattractant pro-
tein-1 production in vascular smooth muscle 
cells via mitogen-activated protein kinase 
and cyclooxygenase-2. Hypertension 2003;  
 41:   1287–1293. 

 43 Cirillo P, Sato W, Reungjui S, et al: Uric acid, 
the metabolic syndrome, and renal disease.
J Am Soc Nephrol 2006;   17(suppl 3):S165–
S168. 

 44 Facchini F, Chen YD, Hollenbeck CB, Rea-
ven GM: Relationship between resistance to 
insulin-mediated glucose uptake, urinary 
uric acid clearance, and plasma uric acid 
concentration. JAMA 1991;   266:   3008–3011. 

 45 Calabro P, Yeh ET: Intra-abdominal adipos-
ity, inflammation, and cardiovascular risk: 
new insight into global cardiometabolic risk. 
Curr Hypertens Rep 2008;   10:   32–38. 

 46 Kim JA, Montagnani M, Koh KK, Quon MJ: 
Reciprocal relationships between insulin re-
sistance and endothelial dysfunction: molec-
ular and pathophysiological mechanisms. 
Circulation 2006;   113:   1888–1904. 

 47 Nakayama T, Kosugi T, Gersch M, et al: Di-
etary fructose causes tubulointerstitial inju-
ry in the normal rat kidney. Am J Physiol Re-
nal Physiol 2010;   298:F712–720. 

 48 Gersch MS, Mu W, Cirillo P, et al: Fructose, 
but not dextrose, accelerates the progression 
of chronic kidney disease. Am J Physiol Re-
nal Physiol 2007;   293:F1256–F1261. 

 49 Glushakova O, Kosugi T, Roncal C, et al: 
Fructose induces the inflammatory mole-
cule ICAM-1 in endothelial cells. J Am Soc 
Nephrol 2008;   19:   1712–1720. 

 50 Hunsicker LG, Adler S, Caggiula A, et al: 
Predictors of the progression of renal disease 
in the Modification of Diet in Renal Disease 
Study. Kidney Int 1997;   51:   1908–1919. 

 51 Iseki K, Oshiro S, Tozawa M, Iseki C, Ike-
miya Y, Takishita S: Significance of hyper-
uricemia on the early detection of renal 
 failure in a cohort of screened subjects. Hy-
pertens Res 2001;   24:   691–697. 

 52 Domrongkitchaiporn S, Sritara P, Kitiyakara 
C, et al: Risk factors for development of de-
creased kidney function in a southeast Asian 
population: a 12-year cohort study. J Am Soc 
Nephrol 2005;   16:   791–799. 

 53 See LC, Kuo CF, Chuang FH, et al: Hyperuri-
cemia and metabolic syndrome: associations 
with chronic kidney disease. Clin Rheuma-
tol 2010 Apr 22 [Epub ahead of print]. 

 54 Chang HY, Tung CW, Lee PH, et al: Hyper-
uricemia as an independent risk factor of 
chronic kidney disease in middle-aged and 
elderly population. Am J Med Sci 2010;   339:  
 509–515. 

 55 Obermayr RP, Temml C, Gutjahr G, Knech-
telsdorfer M, Oberbauer R, Klauser-Braun
R: Elevated uric acid increases the risk for 
kidney disease. J Am Soc Nephrol 2008;   19:  
 2407–2413. 

D
ow

nloaded from
 http://w

w
w

.karger.com
/bpu/article-pdf/30/4/288/2286558/000321074.pdf by guest on 19 April 2024



 Uric Acid in Hypertension and Renal 
Disease  

Blood Purif 2010;30:288–295 295

 56 Tomita M, Mizuno S, Yamanaka H, et al: 
Does hyperuricemia affect mortality? A pro-
spective cohort study of Japanese male work-
ers. J Epidemiol 2000;   10:   403–409. 

 57 Sturm G, Kollerits B, Neyer U, Ritz E, Kro-
nenberg F: Uric acid as a risk factor for pro-
gression of non-diabetic chronic kidney dis-
ease? The Mild to Moderate Kidney Disease 
(MMKD) Study. Exp Gerontol 2008;   43:   347–
352. 

 58 Madero M, Sarnak MJ, Wang X, et al: Uric 
acid and long-term outcomes in CKD. Am J 
Kidney Dis 2009;   53:   796–803. 

 59 Myllymaki J, Honkanen T, Syrjanen J, et al: 
Uric acid correlates with the severity of his-
topathological parameters in IgA nephropa-
thy. Nephrol Dial Transplant 2005;   20:   89–95. 

 60 Syrjanen J, Mustonen J, Pasternack A: Hy-
pertriglyceridaemia and hyperuricaemia are 
risk factors for progression of IgA nephropa-
thy. Nephrol Dial Transplant 2000;   15:   34–42. 

 61 Park JT, Kim DK, Chang TI, et al: Uric acid 
is associated with the rate of residual renal 
function decline in peritoneal dialysis pa-
tients. Nephrol Dial Transplant 2009;   24:  
 3520–3525. 

 62 Jalal DI, Rivard CJ, Johnson RJ, et al: Serum 
uric acid levels predict the development of al-
buminuria over 6 years in patients with type 
1 diabetes: findings from the Coronary Ar-
tery Calcification in Type 1 Diabetes study. 
Nephrol Dial Transplant 2010;   25:   1865–1869. 

 63 Meier-Kriesche HU, Schold JD, Vanrenter-
ghem Y, Halloran PF, Ekberg H: Uric acid 
levels have no significant effect on renal 
function in adult renal transplant recipients: 
evidence from the symphony study. Clin J 
Am Soc Nephrol 2009;   4:   1655–1660. 

 64 Haririan A, Nogueira JM, Zandi-Nejad K, et 
al: The independent association between se-
rum uric acid and graft outcomes after kid-
ney transplantation. Transplantation 2010;  
 89:   573–579. 

 65 Bandukwala F, Huang M, Zaltzman JS, Nash 
MM, Prasad GV: Association of uric acid 
with inflammation, progressive renal allo-
graft dysfunction and post-transplant car-
diovascular risk. Am J Cardiol 2009;   103:  
 867–871. 

 66 Akgul A, Bilgic A, Ibis A, Ozdemir FN, Arat 
Z, Haberal M: Is uric acid a predictive factor 
for graft dysfunction in renal transplant re-
cipients? Transplant Proc 2007;   39:   1023–
1026. 

 67 Siu YP, Leung KT, Tong MK, Kwan TH: Use 
of allopurinol in slowing the progression of 
renal disease through its ability to lower se-
rum uric acid level. Am J Kidney Dis 2006;  
 47:   51–59. 

 68 Talaat KM, el-Sheikh AR: The effect of mild 
hyperuricemia on urinary transforming 
growth factor beta and the progression of 
chronic kidney disease. Am J Nephrol 2007;  
 27:   435–440. 

 69 Chao J, Terkeltaub: A critical reappraisal of 
allopurinol dosing, safety, and efficacy for 
hyperuricemia in gout. Curr Rheumatol Rep 
2009;   11:   135–140. 

 70 Halevy S, Ghislain PD, Mockenhaupt M, et 
al: Allopurinol is the most common cause of 
Stevens-Johnson syndrome and toxic epi-
dermal necrolysis in Europe and Israel. J Am 
Acad Dermatol 2008;   58:   25–32. 

  

D
ow

nloaded from
 http://w

w
w

.karger.com
/bpu/article-pdf/30/4/288/2286558/000321074.pdf by guest on 19 April 2024


