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C H  A P T E R

Uric acid is a weak acid trioxopurine with a molecu-
lar weight of 168 that is composed of a pyrimidine 
and imidazole substructure with oxygen molecules 

(C5H4N4O3). It is produced during the metabolism of pu-
rines, and speci  cally is generated by the degradation of 
xanthine by the enzyme xanthine oxidase or its isoform, xan-
thine dehydrogenase. In most mammals uric acid is oxidized 
to 5-hydroxyisourate by the hepatic enzyme, urate oxidase 
(uricase), which is then further hydrolyzed to allantoin. 1
However, during early hominoid evolution (12 to 20 million 
years ago) a series of mutations occurred,   rst affecting the 
promoter region and then the actual gene, eventually render-
ing uricase nonfunctional. 2,3 As a consequence, serum uric 
acid levels in humans are higher (3 to 15 mg per dL, 180 to 
900  M) and less regulatable than in most mammals (1 to 
3 mg per dL, 60 to 180  M).4 Great apes (such as the chim-
panzee, gorilla, and orangutan) share the same uricase mu-
tation as humans, and lesser apes (gibbons and siamangs) 
have a different uricase mutation, but these apes have lower 
serum uric acid levels (2 to 4 mg per dL, 120 to 240  M),4
primarily due to diets relatively low in purines and fructose. 

The most well-known consequence of an elevated uric 
acid in humans is the disease gout, due to the deposition 
of urate crystals in synovial joints, occasionally with tophi 
formation. However, there are also a number of renal mani-
festations associated with elevated uric acid, including the 
formation of uric acid kidney stones (urate nephrolithiasis), 
acute urate nephropathy (due to intratubular crystal forma-
tion with obstruction), and chronic urate (“gouty”) nephrop-
athy. The latter has been historically viewed as occurring as 
a consequence of interstitial urate crystal deposition with lo-
cal in  ammation; however, there is increasing evidence sug-
gesting this entity may also result from crystal-independent 
effects of uric acid. There is also the entity of familial juve-
nile hyperuricemic nephropathy (FJHN), for which the gene 
responsible has been identi  ed. Recent studies also suggest 
that uric acid may have a role in other renal diseases and 
may also have a direct role in mediating intrarenal vascular 
disease, hypertension, and even the metabolic syndrome. 
These are all discussed in subsequent text of this chapter. 

 URATE METABOLISM AND 
HOMEOSTASIS 
 Generation of Uric Acid 
Uric acid is produced from metabolic conversion of either 
dietary or endogenous purines, primarily in the liver, mus-
cle, and intestine (Fig. 61.1). 5 Uric acid can also be produced 
de novo from glycine, glutamine, and other precursors. 
The immediate precursor of uric acid is xanthine, which is 
degraded to uric acid by either xanthine oxidase, which gen-
erates superoxide anion in the process, or by its isoform, 
xanthine dehydrogenase, which generates the reduced form 
of nicotinamide-adenine dinucleotide. Both exogenous pu-
rines (such as is present in fatty meat, organ meats, and sea-
food) and endogenous purines are major sources of uric acid 
in humans. Approximately two thirds of total body urate is 
produced endogenously, whereas the remaining one third 
is accounted for by dietary purines. Purine-rich foods in-
clude beer and other alcoholic beverages, anchovies, sar-
dines in oil,   sh roes, herring, organ meat (liver, kidneys, 
sweetbreads), legumes (dried beans, peas), meat extracts, 
consommé, gravies, mushrooms, spinach, asparagus, and 
cauli  ower. 6 In healthy men, the urate pool averages about 
1,200 mg with a mean turnover rate of 700 mg per day. 

 Excretion of Uric Acid 
The primary site of excretion of uric acid is the kidney, with 
normal urinary urate excretion in the range of 250 to 750 mg 
per day. Although urate (the form of uric acid at blood pH 
of 7.4) is freely   ltered in the glomerulus, there is evidence 
that there is both reabsorption and secretion in the proximal 
tubule, and as a consequence the fractional urate excretion is 
only 8% to 10% in the normal adult because urate reabsorp-
tion dominates oversecretion in the kidney. Some adaptation 
occurs with renal disease, in which the fractional excretion 
will increase to the 10% to 20% range. In addition, uric acid 
is also removed by the gut, where uric acid is degraded by 
uricolytic bacteria, and this may account for one third of the 
elimination of uric acid in the setting of renal failure. 
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GLUT-9 is highly expressed in the kidney and liver. GLUT-9L 
(long isoform) is localized to basolateral membranes in proxi-
mal tubule epithelial cells, whereas the splice variant GLUT-9S 
(short isoform) localizes to apical membranes (Fig. 61.2). 13

Vitart et al. 14 showed that GLUT-9 transports urate and fruc-
tose, using a Xenopus oocyte expression system. GLUT-9 de  -
ciency resulted in renal hypouricemia and is consistent with 
GLUT-9 being an ef  ux transporter of intracellular urate from 
the tubular cell to the interstitium/blood space. 15 Ef  ux trans-
port of urate at basolateral membranes appears to depend 
principally on GLUT-9L whereas URAT-1 mainly acts as an 
in  ux transporter for urate at apical  membranes. 

OAT-4 and OAT-10 function as an organic anion/dicar-
boxylate exchanger and are responsible for the reabsorption 
of organic anions driven by an outwardly directed dicarbox-
ylate gradient. 16 In addition, OAT1 and OAT3 may have a 
role in the transport of urate from the blood into the proxi-
mal tubule. 17,18

Urate secretion appears to be mediated principally by a 
voltage-sensitive urate transporter, which is expressed ubiq-
uitously and localizes to the apical side of the proximal tubule 
in the kidney. Genomewide association studies  revealed the 
region which is related to serum urate concentration. 19 Re-
cently, a novel human renal apical organic anion ef  ux trans-
porter, called MRP4, has been identi  ed. 20 MRP4 is a member 
of the ATP-binding cassette transporter family. It is proposed 
to mediate secretion of urate and other organic anions such as 
cAMP, cGMP, and methotrexate across the apical membrane of 
human renal proximal tubular cells. Human MRP4 is an ATP-
dependent unidirectional ef  ux pump for urate with multiple 
allosteric substrate binding sites. 21 Renal sodium-dependent 
phosphate transport protein-1  (NPT-1), 22 which was   rst 
cloned as a phosphate transporter, is located in the proximal 

The historic paradigm of uric acid excretion consists 
of a four-step model with glomerular   ltration, followed by 
reabsorption, secretion, and postsecretory reabsorption, the 
latter three processes all occurring in the proximal convo-
luted tubule. 7,8 However, ideas of the handling of uric acid 
by the kidney have changed greatly during the last decades, 
with characterization and isolation of transporters and 
channels mainly or exclusively restricted to urate transport 
(Fig. 61.2). 9,10 Membrane vesicle studies have suggested the 
existence of two major mechanisms modulating urate reab-
sorption and secretion, consisting of a voltage-sensitive path-
way and a urate/organic anion exchanger. Recently several 
of these transporters/channels have been identi  ed. Organic 
anion transporters 1–10 (OAT1-10) and the urate transport-
er-1 (URAT-1) belong to the SLC22A gene family and accept 
a huge variety of chemically unrelated endogenous and ex-
ogenous organic anions including uric acid. Endou’s group 
identi  ed URAT-1, which is encoded by SLC22A12, as the 
major organic anion exchanger for uric acid on the apical 
(luminal brush border) side of the proximal tubular cell. 9 In 
the human kidney, urate is transported via URAT-1 across 
the apical membrane of proximal tubular cells, in exchange 
for anions being transported back into the tubular lumen to 
maintain electrical balance. URAT-1 has a high af  nity for 
urate together with lactate, ketones,  a-ketoglutarate, and 
related compounds. Pyrazinamide, probenecid, losartan, 
and benzbromarone all inhibit urate uptake in exchange 
for chloride at the luminal side of the cell by competition 
with the urate exchanger. OAT-4 exhibits 53% amino acid 
homology with URAT1. 

Urate then moves across the basolateral membrane into 
the blood by other organic anion transporters, of which the 
most important is SLC2A9 (also known as GLUT9). 11,12

 FIGURE 61.1 Urate metabolism. 
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some evidence that the THP mutation may lead to sodium 
and water wasting, possibly resulting in  stimulating urate 
reabsorption proximally (see following section on  Familial
Juvenile Hyperuricemic Nephropathy). 

 Causes of Hyper- and Hypouricemia 
Hyperuricemia has been arbitrarily de  ned as   7.0 mg per 
dL in men and  6.5 mg per dL in women. “Normal” serum
uric acid levels in the population appear to be rising through-
out the last century, likely as a consequence of changes in 
diet, and mean levels in men in the United States are now 
in the 6.0 to 6.5 mg per dL range. 4 Uric acid levels tend to 
be higher in certain populations (e.g., African American and 
Paci  c  Islanders), with certain phenotypes (obesity, meta-
bolic syndrome) and with special diets (meat eaters). 4 Uric 
acid also has a circadian variation, with the highest levels in 
the early morning. 29

The serum urate concentration re  ects the balance 
between urate production and elimination. Hyperuricemia 
may occur from excessive production of urate (overproduc-
tion) or decreased elimination (underexcretion), and fre-
quently a combination of both processes occur in the same 
patient. Furthermore, uric acid levels may vary in the same 

convoluted renal tubule (Fig. 61.2). NPT1 mediates voltage-
sensitive transport of organic anions, including urate, and 
is suggested to function as a urate secretor. 23 Another trans-
porter located at the apical membrane of proximal tubules is 
ATP-binding cassette, sub-family G, member 2 (ABCG2). The 
ability of ABCG2 to transport urate was recently con  rmed 
by measuring urate ef  ux from ABCG2-expressing  Xenopus
oocytes.24

Another gene involved in renal transport of urate is 
Tamm-Horsfall protein (THP), also known as uromodulin. 
THP is exclusively expressed and secreted by epithelial cells 
of the thick ascending limb, where it has been shown to have 
antibacterial effects. THP also co-localizes with the Na-K-2Cl 
transporter in lipid rafts in the apical cell membrane, sug-
gesting a functional interaction. 25 Mutations in the human 
uromodulin gene have been identi  ed in subjects with med-
ullary cystic kidney disease type 2 and in patients with fa-
milial juvenile hyperuricemic nephropathy (see subsequent 
text).26,27 It is not yet known how the THP mutation leads to 
hyperuricemia, as most evidence suggests that uric acid han-
dling is restricted to the proximal tubule. However, there is 
some evidence that some urate secretion in the rat can occur 
distal to the proximal tubule. 28 Furthermore, there is also 

 FIGURE 61.2 Urate transport. (From Ichida K. What lies behind serum urate concentration? Insights from genetic and genomic studies. 
Genome Med . 2009;1(12):118.) 
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higher uric acid levels and a twofold higher incidence of gout 
compared to Caucasian or Asian populations 32 ; however, this 
could also re  ect diets higher in fructose-containing sugars 
(see subsequent text) rather than genetic mechanisms. 

 Hyperuricemia may also result from diets high in pu-
rines, from ethanol, and from fructose. The effect of alcohol 
is in part related to increased urate synthesis, which is due to 
enhanced turnover of ATP during the conversion of acetate 
to acetyl-CoA as part of the metabolism of ethanol. 33  In ad-
dition, acute alcohol consumption causes lactate production, 
and because lactate is an antiuricosuric agent, it will reduce 
renal urate excretion and exacerbate hyperuricemia. 34  Fruc-
tose (a simple sugar present in sucrose, table sugar, high fruc-
tose corn syrup, honey, and fruits) can also induce a rapid 
rise in serum uric acid, due in part to its rapid phosphoryla-
tion in hepatocytes with the stimulation of AMP deaminase 
and ATP consumption. 35  Chronic fructose consumption also 
stimulates uric acid synthesis. 35  It has been proposed that the 
marked increase in fructose intake may have a role in the ris-
ing levels of serum uric acid and obesity worldwide. 36  

 Uric acid may also be affected by exercise, with moderate 
exercise reducing urate levels (probably by increasing renal 
blood   ow) and severe exercise causing a rise in uric acid 
(probably due to ATP consumption with adenosine and xan-
thine formation). Urate levels vary among gender, in that pre-
menopausal women have lower uric acid, a fact attributed to 
the uricosuric effect of estrogen. 37  The mechanism may relate 
to gender effects on URAT-1 expression, as recent studies sug-
gest that male mice have higher URAT-1 expression in their 
proximal tubules compared to female mice. 38  Androgens also 
increase xanthine oxidase levels that might contribute to the 
higher uric acid levels observed in men. 39  Uric acid also tends 
to increase in the setting of low blood volume and/or low salt 
diet (due to increased proximal reabsorption), and following 
the administration of catecholamines or angiotensin II (due 
to renal vasoconstriction resulting in increased reabsorp-
tion). Urate production also relates to body size and weight, 
so that larger persons produce more urate than those who are 
smaller. Hyperuricemia is particularly common in the obe-
sity and metabolic syndrome (thought to be secondary to the 
 effect of insulin to stimulate uric acid reabsorption) 40  and in 
untreated hypertension (thought to be due to reduced renal 
blood   ow). 41  Thiazides also increase uric acid reabsorption 
by decreasing blood volume and via direct interaction with 
the organic anion exchanger. 

 Other drugs (cyclosporine, pyrazinamide, low dose as-
pirin) also increase uric acid, primarily by interfering with 
renal excretion. In addition, the generation of organic anions 
such as lactate,    -hydroxybutyrate, and others may interfere 
with urate secretion in the proximal tubule and cause a rise 
in serum uric acid. Chronic lead ingestion can also cause 
 hyperuricemia by reducing urate excretion, whereas high 
concentrations tend to cause proximal tubular injury with 
no rise in uric acid. 

 Uric acid is also increased in the setting of tissue hypoxia 42  
or with cell turnover. 43  With tissue hypoxia, ATP is consumed 

individual by as much as 1 to 2 mg per dL during the course 
of a day, due to the effects of diet and exercise. 

 Genetic mechanisms mediating hyperuricemia include 
overproduction due to mutations of two enzymes: hypoxan-
thine–guanine phosphoribosyltransferase (HGPRT) and phos-
phoribosyl pyrophosphate synthetase (PRPPS) (Table 61.1). 
Subjects with Lesch-Nyhan syndrome (due to a mutation of 
HGPRT on the X chromosome) present in childhood with 
neurologic manifestations (mental retardation, choreoath-
etosis, and dystonia) and have an increased risk for neph-
rolithiasis, renal failure, and gout. A partial de  ciency of 
HGPRT may manifest later in life as recurrent gout and/or 
nephrolithiasis (partial HGPRT de  ciency (Kelley-Seegmiller 
 syndrome). 30  Other genetic mechanisms include subjects with 
the  uromodulin mutation, who develop hyperuricemia (due 
to underexcretion) with early and progressive renal disease 
(see subsequent text). Certain populations such as indigenous 
peoples living in Oceania also have higher uric acid levels than 
Caucasian populations. 31  Finally, African Americans also have 

TA B L E

13.2  Major Causes of Hyperuricemia 

TA B L ETA B L E

61.1

 Genetic causes 
 Familial hyperuricemic nephropathy (mutation of 

uromodulin) 
 Lesch-Nyhan syndrome (HGPRT mutation) 
 Phosphoribosyl pyrophosphate synthetase mutation 

(PRPPS) 
 Dietary causes 

 Diet high in purines (organ meats, shell  sh, 
fatty meats) 

 Diet high in fructose (high fructose corn syrup, 
table sugar, honey) 

 Ethanol 
 Low salt diet 

 Drugs 
 Thiazides 
 Loop diuretics 
 Calcineurin inhibitors (cyclosporine     tacrolimus) 
 Pyrazinamide 
 Low dose aspirin 

 Volume depletion 
 Hypoxia (systemic or tissue) 
 Increased cell turnover (myeloproliferative disorders, 

polycythemia vera) 
 Conditions associated with higher uric acid levels 
 Renal failure 
 Obesity metabolic syndrome 
 Untreated hypertension 
 African-American race 
 Preeclampsia 
 Vigorous exercise 
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and the isoform, xanthine oxidase, is induced, resulting in in-
creased local uric acid concentrations. Uric acid levels are thus 
high in subjects with congestive heart failure, high altitude 
hypoxia, congenital cyanotic heart disease, and with obstruc-
tive sleep apnea. Uric acid levels are commonly elevated with 
certain malignancies, especially leukemias and lymphomas, 
and levels may sharply rise following chemotherapy (see acute 
urate nephropathy in the following text). 44  Finally, uric acid 
has a tendency to be elevated in polycythemia vera and other 
myeloproliferative disorders. 45  

 In the setting of reduced renal function, the fractional 
excretion of urate increases but is not enough to fully com-
pensate for the reduction in glomerular   ltration rate (GFR), 
and as a consequence serum uric acid levels rise. Conversely, 
uric acid excretion via the gastrointestinal tract is also en-
hanced, 46  and therefore serum uric acid levels tend to be 
only mildly elevated in patients with chronic renal disease, 
and gout is relatively rare. 

 Low uric acid levels (levels    2.0 mg per dL) can  occur 
via a variety of mechanisms, including with liver disease 
(due to decreased production), Fanconi syndrome (due to 
impaired proximal tubular function), and with diabetic gly-
cosuria (due to proximal tubular dysfunction) (Table 61.2). 
Drugs such as probenecid, high-dose salicylates, sul  npyr-
azone, benziodarone, benzbromarone, and losartan are all 
uricosuric, whereas allopurinol, febuxostat, and oxypurinol 
lower uric acid by blocking xanthine oxidase. Statins also 
lower uric acid, 47  and recombinant uricase (rasburicase) can 
markedly reduce serum uric acid and is approved for use 
in children with tumor lysis syndrome (in which marked 
hyperuricemia may develop). 48  There is also a hereditary 
hypouricemia syndrome that has been observed, and is par-
ticularly common in Japan, where it has been shown to be 
due to a mutation in the URAT-1 gene. 49  A similar hypouri-
cemia syndrome has also been observed with mutations in 
SLC2A9. 50  These patients are particularly prone to develop 
acute renal failure following vigorous exercise, in which it 
is postulated to be due to massive uricosuria following ATP 
consumption in the muscle. 

 URIC ACID AND RENAL DISEASE 
 In the following section, we discuss the major associations of 
uric acid with renal disease. 

 Acute Kidney Injury Associated 
with Hyperuricemia 
Acute urate nephropathy  is a form of acute renal failure that 
may occur when serum uric acid rapidly rises, such as in 
patients with malignancies following chemotherapy (“tumor 
lysis” syndrome). 44  Typically the patient has a hematologic 
malignancy in which rapid tumor lysis occurs, resulting in 
the release of DNA and RNA and their rapid metabolism to 
uric acid by the liver and other tissues. Serum uric acid  levels 
may increase to greater than 14 mg per dL (   840    M), re-
sulting in a marked increase in urinary urate excretion that 
exceeds its solubility. Uric acid crystals form within the tu-
bules, leading to obstruction and sometimes rupturing into 
the interstitium (Fig. 61.3). Monocytes and T cells are at-
tracted to the site, and form giant cell reactions with  tubular 

TA B L E

13.2  Major Causes of Hypouricemia 

TA B L ETA B L E

61.2

  Liver disease 
 Fanconi syndrome 
 Diabetes (with glycosuria) 
 Inappropriate secretion of vasopressin 
 Familial hypouricemia (due to URAT1 mutation) 
 Total parenteral hyperalimentation 
 Medications with uricosuric property including aspirin 

(   2.0 g/day), X-ray contrast materials, ascorbic 
acid, calcitonin, outdated tetracycline, and glyceryl 
guaiacolate  

 FIGURE 61.3 Pathology of acute uric acid nephropathy.  A:  Yellow/white streaks in the pyramids represent intratubular urate deposi-
tion ( arrows ).  B:  Intratubular urate deposition (Schultz stain,    6).  C:  Urate precipitation in ducts of renal medulla with a denuded 
tubular basement membrane ( arrows , H&E,    125). (From Nickeleit V, Mihatsch MJ. Uric acid nephropathy and end-stage renal 
 disease—review of a non-disease.  Nephrol Dial Transplant . 1997;12(9):1832–1838.)  (See Color Plate.)
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uric acid may be a potentially modi  able risk factor for pre-
venting acute kidney injury. 

 Hyperuricemia as a Primary Cause of 
Chronic Kidney Disease 
Hyperuricemia is common in subjects with chronic kidney 
disease. Some cases are due to speci  c entities, such as lead 
nephropathy or familial juvenile hyperuricemic nephropa-
thy (discussed later). Uric acid is also retained with a reduc-
tion in GFR, so in many cases the rise in uric acid is likely 
secondary to chronic kidney disease (CKD). However, there 
remains the possibility that the uric acid may still have a role 
in modifying progression of renal disease. 

Originally the entity of “gouty nephropathy” was attrib-
uted to the progressive renal disease seen commonly in sub-
jects with gout. Natural history studies prior to the availability 
of uric acid–lowering drugs reported that as much as 25% of 
gouty subjects developed proteinuria, 50% developed renal in-
suf  ciency, and 10% to 25% developed end-stage renal disease 
(ESRD).52,56 Histologic changes consist of arteriolosclerosis, 
glomerulosclerosis, and tubulointerstitial   brosis, similar to 
the   ndings one observes in patients with hypertensive renal 
disease (nephrosclerosis) or with aging (Fig. 61.4). 56,57 In ad-
dition, subjects with chronic gout often have focal deposition 
of monosodium urate in interstitial areas, especially the outer 

proliferation and extracellular matrix deposition. 51 Diagnosis 
is facilitated by the characteristic clinical syndrome and with 
a urinary uric acid/urinary creatinine ratio of   1 mg per mg 
(or  0.66 mM/mM), 52 and by the presence of urate crystals 
in the urinary sediment. Historically, treatment  consisted of 
forced alkaline diuresis (to facilitate solubilizing the urate) 
and large doses of xanthine oxidase inhibitors (typically 
allopurinol 300 to 600 mg per day). Recently, recombinant 
uricase (rasburicase) has become available, which can be ad-
ministered intravenously and effectively lowers serum uric 
acid levels and corrects renal dysfunction more rapidly than 
allopurinol.48 Dialysis can also be used to acutely lower the 
serum uric acid levels. The natural course is one similar to 
that for acute renal failure of any etiology with a period of 
oliguria, followed by partial or complete clinical recovery. 
However, some degree of residual renal injury/damage is 
common.

Hyperuricemia may also act as an independent risk 
factor for acute kidney injury in other settings such as fol-
lowing cardiovascular surgery or in association with the 
administration of nephrotoxic agents such as contrast or 
cisplatin.53,54 Experimentally raising uric acid has also been 
shown to exacerbate acute kidney injury from cisplatin. 55

The mechanism is not due to crystals but rather appears to 
be secondary to the induction of local in  ammation by uric 
acid. These observations have led to renewed interest that 

 FIGURE 61.4 Pathology of chronic uric acid nephropathy.  A:  Gout tophi in renal pyramid ( arrow ) representing   brosis and urate 
deposit.  B:  Typical gouty tophus in renal medulla surrounded by mononuclear in  ammatory cells and giant cells ( arrow , H&E,    160). 
(From Nickeleit V, Mihatsch MJ. Uric acid nephropathy and end-stage renal disease—review of a non-disease.  Nephrol Dial Transplant . 
1997;12(9):1832–1838.)
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worsening vascular disease, glomerulosclerosis, and intersti-
tial   brosis. 70 The lesion was identical to that observed with 
nephrosclerosis of hypertension, with aging-associated glo-
merulosclerosis, and with gouty nephropathy, except for the 
absence of crystal deposition that had been observed in the 
latter condition. This led the authors to suggest that chronic 
hyperuricemia may cause renal disease and hypertension via 
a crystal-independent pathway. 

Further studies showed that uric acid was able to in-
duce endothelial dysfunction in vitro, and that it could in-
hibit endothelial release of nitric oxide, block endothelial cell 
proliferation, and induce senescence via an activation of the 
local renin-angiotensin system and an induction of oxidative 
stress. 72–74 Uric acid also stimulated vascular smooth muscle 
cell proliferation via uptake of urate into the cell with activation 
of MAP kinases, nuclear transcription factors (including NF-  B
and AP-1), and in  ammatory mediators (including monocyte 
chemoattractant protein-1 and C-reactive protein). 71–73,75,76 An 
induction of COX-2 with thromboxane production was also 
shown.77 Uric acid can also inhibit tubular cell proliferation 
in vitro. 78 Hyperuricemic rats displayed evidence of endothe-
lial dysfunction (with low serum nitrites re  ecting low NO) 
and increased intrarenal renin expression. 69–72 The in vivo re-
nal changes could be reversed by lowering uric acid with al-
lopurinol. In addition, micropuncture studies performed on 
the hyperuricemic rats demonstrated that the rats developed 
glomerular hypertension with a reduction in renal plasma   ow, 
both mechanisms that could lead to renal injury. 79,80

 Clinical Manifestations of Hyperuricemic 
Nephropathy 
Most subjects with longstanding gout have asymptomatic re-
nal involvement with either normal or only mild renal insuf  -
ciency, and with the majority having hypertension. 59–61 Renal 
blood   ow is usually disproportionately low for the degree 
of renal insuf  ciency. 59–61,81 Fractional excretion of uric acid 
is usually less than 10%. Proteinuria occurs in the minority 
of cases and, when present, is usually in the nonnephrotic 
range. The urinary sediment is also usually benign. However, 
hypertension is frequent, occurring in 50% to 60% of sub-
jects and increasing in prevalence as renal function worsens. 
Renal biopsy when performed may show chronic changes in-
distinguishable from chronic hypertensive nephropathy, with 
chronic glomerulosclerosis, tubulointerstitial   brosis, and re-
nal microvascular disease. Intrarenal crystals may occasionally 
be observed using ethanol   xed tissue with the De Galantha 
stain, but as discussed previously their presence or absence 
may not rule out a role for uric acid in the kidney disease. 
Nonetheless, a disproportionately elevated serum uric acid in 
relation to impaired renal function (such as a uric acid level 
of  9 mg per dL for a serum creatinine of   1.5 mg per dL, 
a uric acid of  10 mg per dL for a serum creatinine of 1.5 to 
2.0 mg per dL, and a serum uric acid of  12 mg per dL when 
serum creatinine is   2.0 mg per dL) should make one consid-
er the possibility that uric acid may have a role in the process. 

medulla. Although intrarenal crystal deposition was originally 
thought to be mediating the renal injury, 57 this was later dis-
pelled due to the focal deposition of crystals despite diffuse 
disease58 and the fact that the renal disease was commonly 
associated with hypertension or aging, both conditions associ-
ated with the development of microvascular disease, glomeru-
losclerosis, and tubulointerstitial   brosis. 59–61 Finally, although 
some studies suggested that lowering uric acid could improve 
the renal disease in gout, 62,63 other studies could not demon-
strate any signi  cant improvement of renal function with allo-
purinol.64 Therefore, many authorities considered the term 
“gouty nephropathy” a misnomer, and concluded that uric acid 
had little to do with the renal disease present in these subjects. 65

 New Insights on the Entity of Primary 
Hyperuricemic Nephropathy 
Renewed interest on the role of gout and/or asymptomatic 
hyperuricemia in CKD was sparked by the recognition that 
it seemed inappropriate to use the presence of hyperten-
sion to explain every case of renal insuf  ciency in the gouty 
patient, because most subjects with essential hypertension 
have relatively preserved renal function. 66 Another implicit 
assumption was that gouty nephropathy had to be due to 
crystal deposition, and the possibility that uric acid might 
mediate effects through crystal-independent mechanisms 
was not considered. Furthermore, the analysis also assumed 
that the presence of hypertension was a separate cause of 
renal disease and that it had to be independent of the uric 
acid. This led to a proposal to reinvestigate the role of uric 
acid in chronic renal disease. 66

Subsequently numerous epidemiologic studies have 
shown that serum uric acid is an independent risk factor 
for developing CKD. In one Japanese study, hyperuricemia 
conferred a 10.8-fold increased risk in women and a 3.8-
fold increased risk in men for the development of CKD com-
pared to those with normal uric acid levels. 67 This higher 
relative risk in subjects with hyperuricemia was indepen-
dent of age, body mass index, systolic blood pressure, total 
cholesterol, serum albumin, glucose, smoking, alcohol use, 
exercise  habits, proteinuria, and hematuria. An elevated uric 
acid was also independently associated with a markedly in-
creased risk of renal failure in another study of more than 
49,000 male railroad workers. 68 A second insight came from 
experimental studies in which chronic mild hyperuricemia 
was induced in rats. 69,70 Because rats have functional uricase, 
the model of hyperuricemia was induced by administering 
the uricase inhibitor, oxonic acid, to the diet. 69,70 This result-
ed in serum uric acid levels that were only 1.5- to 3.0-fold 
greater than in the normal rat, levels which did not result 
in intratubular or interstitial urate crystal deposition. Over 
time, however, rats  developed hypertension and progressive 
renal disease. Early in the course the rats developed arterio-
lar thickening and rarely hyalinosis of the preglomerular ar-
terioles, often accompanied by glomerular hypertrophy. 70,71

Proteinuria appeared subsequently with the  development of 
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and mild renal injury that can be shown to be mediated by ox-
idants.89 In contrast, high doses of lead cause proximal tubular 
injury with intranuclear inclusions, and a Fanconi-like picture 
in which serum uric acid levels are low and blood pressure 
is normal. 90 Acute lead toxicity in humans is also associated 
with development of Fanconi syndrome secondary to direct 
tubular toxicity. 

Subjects present with hypertension, slowly progressive 
CKD, with hyperuricemia and/or gout (termed “saturnine” 
gout when it is secondary to lead). The renal excretion of 
uric acid is reduced, and this correlates with elevated blood 
lead levels. 91 The renal sediment is benign, similar to the 
  ndings observed with gouty nephropathy and/or arterio-
losclerosis. Histologically, the renal lesion also appears like 
chronic hypertension, and is characterized by prominent 
vascular changes of arteriolosclerosis, often with variable de-
grees of glomerulosclerosis and tubulointerstitial   brosis. 92

The strong association of lead intoxication with renal mi-
crovascular disease led Huchard, the French academician of 
the 1800s, to declare that lead intoxication was the second 
common cause of arteriolosclerosis. 93

Diagnosis should be suspected when one observes hy-
peruricemia and/or gout in the presence of CKD and hyper-
tension. De  nitive diagnosis requires the EDTA challenge test. 
Ethylene diamine tetraacetic acid (EDTA, 1 gram) is adminis-
tered intravenously and the total urinary lead excretion deter-
mined over the subsequent 72 hours. A urinary lead excretion 
over 600  g per 72 hours is considered positive. 94 The differ-
ential diagnosis should include primary gouty nephropathy, 
familial juvenile hyperuricemic nephropathy (FJHN), and hy-
peruricemia accompanying other renal  disorders. 

Treatment consists of standard regimens for CKD of any 
etiology, ideally with the avoidance of drugs that can further 
raise serum uric acid levels (see previous section on treat-
ment of gouty nephropathy). The role of lowering uric acid 
levels in this population is unknown. More recently, double-
blind and prospective studies have shown that intravenous 
EDTA treatment can chelate the lead and improve renal 
function over time. 95 The dose used in the study consisted 
of 1 g calcium disodium EDTA in 200 mL of normal (0.9%) 
saline given over 2 hours on a weekly basis for 3 months 
with reassessment of lead burden, and if the urinary excre-
tion continued to be greater than 600   g per 72 hours, then 
the course was repeated. 95

 Familial Juvenile Hyperuricemic 
Nephropathy 
A rare form of hereditary renal disease is familial juvenile 
hyperuricemic nephropathy (FJHN). This is an autosomal-
dominant disorder typically present in children and/or young 
adults with slowly progressive CKD and marked hyper-
uricemia.27,96,97 Renal histology shows  glomerulosclerosis, 
tubulointerstitial   brosis, and arteriolosclerosis, but urate 
crystal deposition is rare. Gout may or may not occur in the 
individual. A characteristic feature is a very low fractional 

 Management of Primary Hyperuricemic 
Nephropathy 
Historically hyperuricemic or gouty nephropathy was not 
thought to be due to gout, and hence management was fo-
cused on classical treatment strategies for CKD. The role 
of lowering uric acid still remains controversial in primary 
hyperuricemic nephropathy, and no de  nitive studies have 
been performed to resolve this important issue. Based on the 
experimental studies, it may be reasonable to lower  serum
uric acid in subjects with hyperuricemia, particularly in indi-
viduals in which it is markedly elevated (  10 mg per dL). In 
the setting of CKD most uricosuric agents are relatively inef-
fective, although some success with benziodarone has been 
reported in Europe. 82 The most effective way to lower uric 
acid chronically is with the use of xanthine oxidase inhibi-
tors, but allopurinol can be associated rarely with the allopu-
rinol hypersensitivity syndrome in which subjects develop a 
Stevens Johnson–like syndrome with fever, abnormal liver 
function tests, and worsening renal failure. 83 Recent studies 
suggest that subjects who develop the allopurinol hypersen-
sitivity syndrome are usually HLA-B58 positive, and hence 
screening for HLA-B58 is recommended prior to initiating 
treatment. 84 In addition, high doses of allopurinol may lead 
to either xanthine or allopurinol intratubular crystal deposi-
tion and worsening of renal function. Thus, if allopurinol 
is to be used, one should start with 50 mg daily and then 
slowly increase the dose. The usual dose is 100 mg for each 
30 mL per minute of GFR. An alternative choice is febuxo-
stat, a non-purine-analogue inhibitor of xanthine oxidase; 
it may be preferential to allopurinol as there is no indica-
tion for dose adjustment in renal disease and to date it has 
not been associated with the hypersensitivity syndrome. 85

Finally, one should consider having the subject reduce in-
gestion of foods that can raise uric acid, such as foods with 
high-purine content, ethanol, and fructose. 

 Chronic Lead Nephropathy 
Chronic lead ingestion may also lead to the triad of renal dis-
ease, hypertension, and hyperuricemia. In the 1800s some 
cases of lead nephropathy were observed in England where 
large amounts of forti  ed port wine that had been con-
taminated with lead was consumed. More recently chronic 
lead-induced renal disease has been observed in  individuals
exposed to lead as a consequence of working in or near 
foundries or individuals who drink moonshine prepared 
with lead distilling equipment. 86 Emmerson also reported a 
large number of subjects from Queensland who developed 
lead toxicity as a consequence of ingesting lead paint chips 
when they were children. 87 Some subjects provide no his-
tory of known exposure to lead, and in certain populations 
(such as in Taiwan), a substantial number of subjects with 
CKD may have low level lead toxicity. 88

The etiology of lead nephropathy is complex. Experimen-
tally lead-induced hypertension is observed only with low-
dose ingestion of lead acetate, and this results in hypertension 
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in CKD. This may relate to the fact that uric acid levels are 
often not that elevated and to the fact that uremia inhib-
its neutrophil chemotaxis and function, 101 and hence the 
in  ammatory response may be partially subdued. 

The role of uric acid in the progression of established 
CKD remains controversial (Table 61.3). Experimentally 
uric acid has been shown to be a risk factor for renal progres-
sion.77 Hyperuricemic rats with CKD induced by surgical 
removal (remnant kidney model) show accelerated progres-
sion with worsening hypertension, proteinuria,  renal func-
tion, and glomerulosclerosis. These hyperuricemic rats also 
developed severe preglomerular vascular disease, with vas-
cular smooth muscle cell proliferation in the interlobular and 
afferent arterioles. 77 All of these changes could be reversed 
by allopurinol, and partially by benziodarone (a uricosuric 
drug used in Europe). Similarly, the lowering of uric acid in 
a model of type 2 diabetic renal disease was also associated 
with a reduction in albuminuria and less  tubulointerstitial
injury. 102

There is also compelling evidence that hyperuricemia 
is an independent risk factor for CKD in the general pop-
ulation.67,103 Hyperuricemia has also been reported to be 
an independent risk factor for renal disease progression in 
patients with glomerular diseases, 104–106 and in subjects with 
essential hypertension. 107 Subjects with type 1 diabetes who 
have higher serum uric acid levels are also at increased risk 
for the development of diabetic nephropathy. 108,109 To date 
only a few studies have examined if lowering uric acid can 
slow renal progression in subjects with CKD. Siu et al. ran-
domly assigned 54 hyperuricemia CKD patients to allopuri-
nol or placebo for 1 year. Allopurinol treatment resulted in 
a decrease in serum uric acid associated with a signi  cant 
slowing of renal disease progression. 48 A recent randomized, 
prospective study in 113 CKD patients also found that al-
lopurinol administration decreased C-reactive protein and 
slowed down the progression of CKD. 110 A small Iranian 
study also found that allopurinol could reduce proteinuria 
in type 2 diabetic subjects. 111

 Treatment Guideline of Hyperuricemia in CKD 
Asymptomatic hyperuricemia in patients with CKD appears 
to be a risk factor for CKD, but larger studies are necessary 
before routine treatment should be recommended. Allopuri-
nol and febuxostat are currently not indicated for treatment 
of CKD, and can be associated with toxicities. 112 Although 
screening for HLA-B58 appears to reduce the risk for allopu-
rinol hypersensitivity syndrome, 84 more studies are needed 
to determine the safety and ef  cacy of uric acid lowering 
therapies in subjects with CKD. 

 Management of Hyperuricemia 
Lifestyle modi  cation with low purine diet and low fructose 
diets are the   rst option for treating hyperuricemia in CKD 
patients. Careful monitoring of nutritional status is  necessary 
to avoid malnutrition. Dietary purines make a substantial 

excretion of urate, typically    5%. 96 Subjects often are nor-
motensive initially, but hypertension is common as the CKD 
progresses. Hemodynamic studies have shown that there is 
severe renal vasoconstriction, with marked depression in re-
nal plasma   ow relative to the GFR. 97

FJHN is due to a mutation in uromodulin, also known 
as the gene encoding the THP. 26 THP is produced only by 
the thick ascending limb tubular epithelial cells in the kid-
ney, raising questions of how this mutation could result in 
hyperuricemia and renal failure. Interestingly, mutations 
in  uromodulin have also been shown to be the cause of 
autosomal-dominant medullary cystic kidney disease type 
2.27 Indeed, a recent study also suggests that this latter en-
tity is commonly associated with severe hyperuricemia and 
clinically mimics the phenotype of familial hyperuricemic 
nephropathy. 27 Therefore, these two conditions should be 
viewed as the same disease. 

The pathogenesis of the renal injury remains unclear. 
Medullary cystic kidney disease is associated with salt wast-
ing, but it remains uncertain if patients with FJHN also have 
a salt or water wasting defect. However, preliminary studies 
in such patients suggest that they have a defect in salt and 
water concentration, and this correlated inversely with the 
serum uric acid levels. 27 Mice with the uromodulin mutation 
also show a mild water and sodium wasting phenotype, and 
have evidence for upregulation of sodium transporters in 
their proximal tubules, as well as a relative defect in urinary 
urate excretion when factored for the sodium excretion. 98,99

This raises the possibility that the hyperuricemia in FJHN 
is due to increased proximal sodium and urate reabsorp-
tion secondary to renal salt loss. Moreover, the THP mutant 
mouse does not develop either hyperuricemia or renal dis-
ease. Again, it is tempting to speculate that this may be due 
to the presence of uricase in these mice that maintains serum 
uric acid within normal levels. 

Diagnosis is suggested by a positive family history, the 
early onset of CKD in the setting of elevated uric acid levels
(often   9 mg per dL), and by a fractional urinary urate 
excretion of   5%.96 Con  rmation is now possible by having 
leukocyte DNA analyzed for the mutation (available com-
mercially by Athena Diagnostics [www.AthenaDiagnostics
.com]).100 Treatment is largely supportive. Controversy 
exists over whether lowering uric acid slows renal progres-
sion, but one group has suggested a bene  t using this ap-
proach if treatment is started early. 96

 Hyperuricemia in Subjects with CKD of 
Other Etiologies 
Patients with established renal diseases may also develop 
hyperuricemia, mainly in the setting of reduced renal clear-
ance of uric acid associated with progressive decline of GFR. 
As discussed earlier, there is some retention of uric acid with 
CKD of other causes, despite compensatory increases in the 
fractional excretion of uric acid and an increase in enteric 
excretion in the gut. 46 Indeed, gouty arthritis is uncommon 
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acid concentrations in comparison with perindopril. 117 In 
patients with primary hyperlipidemias, atorvastatin, but not 
simvastatin, has been shown to reduce uric acid concentra-
tions.118 Feno  brate, but not other   brates, has been shown 
to enhance renal uric acid clearance and reduce uric acid 
concentrations.119 However, it should be noted that the   -
brates have also been associated with an increase in serum 
urea and creatinine. 120 Sevelamer can also lower serum uric 
acid levels. 121 In summary, clinicians should carefully con-
sider the therapeutic options for conditions associated with 
hyperuricemias such as hypertension and hyperlipidemia. 
In patients with dif  cult-to-control hyperuricemia, use of an 
agent that assists in reducing serum uric acid (or at least that 
does not increase serum uric acid) may be bene  cial. 

contribution to serum uric acid levels, and a low purine diet 
can reduce serum uric acid levels by approximately 1 to 
2 mg per dL. 113 Low fructose diets can also reduce uric acid 
and improve in  ammatory markers and blood pressure in 
subjects with CKD. 114 In addition, the reduction of alcohol, 
and especially beer, is recommended to help lower uric acid 
levels.115

Medications that raise plasma uric acid levels, such 
as loop and thiazide diuretics, cyclosporine, aspirin (low 
dose), pyrazinamide, ethambutol, or nicotinic acid should 
also be discontinued if possible. In contrast, the angioten-
sin II  receptor antagonist losartan has been reported to 
have a uricosuric effect 116 and the calcium channel blocker 
amlodipine increases uric acid clearance and reduces uric 

   Epidemiology of Uric Acid and Chronic Kidney Disease  

TA B L E

1st Author  Year  Subjects  Major Findings

Hsu  2009  177,570, USRDS  Higher uric acid quartile conferred 2.14-fold increased risk 
of ESRD over 25 years ( )

Obermayr  2008  21,457 Vienna Health Screening 
Project

Uric acid  7 mg/dL increased risk of CKD 1.74-fold in 
men, 3.12-fold in women ( )

Weiner  2008  13,338, ARIC  Each 1 mg/dL increase in uric acid increased risk of CKD 
7%-11%

Iseki  2001  6403, Okinawa General Health Uric acid  8 mg/dL increased CKD risk 3-fold in men and 
10-fold in women ( )

Borges  2009  385, hypertensive women  Elevated uric acid associated with 2.63 fold increased risk 
of CKD in hypertensive women ( )

Chen, N  2009  2596, Ruijin Hospital, China Linear correlation between uric acid and degree of CKD ( )

Chen, Y  2009  5722, Taipei University Hospital Uric acid associated wtih prevalent CKD in elderly ( )

Park  2009  134, Yonsei University Uric acid  7 mg/dL correlates with more rapid decline in 
residual renal function in peritoneal dialysis patients ( )

Sturm  2008  227, MMKD Study  Uric acid predicted progression of CKD only in unadjusted 
sample ( )

Chonchol  2007  5808, Cardiovascular Health 
Study

Uric acid strongly associated with prevalent but weakly 
with incident CKD ( )

See  2009  28,745, Chang Gung University Uric acid  7.7 md/dL in men and  6.6 mg/dL in 
women only weakly associated with prevalent renal 
impairment ( )

Madero  2009  840, Instituto Nacional de 
Cariologia, Mexico

Patients with CKD 3-4 and uric acid correlates with death 
but not to ESRD ( )

 Supports the hypothesis that uric acid contributes to CKD progression. 
 Does not support the hypothesis that uric acid contributes to CKD. 
From Feig DI. Uric acid: a novel mediator and marker of risk in chronic kidney disease?  Curr Opin Nephrol Hypertens. 2009;18(6):526–530. 
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per day of probenecid. 128 Benzbromarone appears to have 
only slightly impaired ef  cacy in patients with impaired re-
nal function, 82 and in renal transplant recipients, it has been 
reported to be bene  cial in patients with a CrCL   25 mL 
per minute. Benzbromarone therapy has also been associ-
ated with a faster tophus reduction than has allopurinol 
therapy. 129 Hepatic toxicity, rarely leading to death, has been 
reported in patients taking high doses of benzbromarone. 130

Benzbromarone is unavailable in the United States because 
of concerns over the potential for hepatotoxicity. However, 
in the largest series published there was no signi  cant liver 
toxicity in 200 patients treated for a mean of 5 years with 
75 to 125 mg per day of benzbromarone. 131 Benzbromarone 
remains a therapeutic option particularly for patients with 
signi  cant renal impairment or with intolerance to allopuri-
nol, or in transplant recipients who are taking azathioprine. 

In the last few years, several new hypouricemic agents 
have emerged. One of them is febuxostat, a non-purine-
selective inhibitor of xanthine oxidase. Unlike allopurinol, 
febuxostat does not resemble purines or pyrimidines struc-
turally. In comparison to allopurinol, which only weakly 
inhibits the oxidized form of xanthine oxidase, febuxostat 
inhibits both the oxidized and reduced forms of xanthine 
oxidase.132 Febuxostat has been shown to be safe and ef-
fective in lowering uric acid concentrations in randomized 
double-blind studies. Importantly, there is no need for dose 
adjustment in renal disease. In patients with normal (CrCL 
80 mL/min/1.73 m 2), mild (CrCL 50–80 mL/min/1.73 m 2),
moderate (CrCL 30–59 mL/min/1.73 m 2), or severe (CrCL 
10–20 mL/min/1.73 m 2) impairment in renal function, 
80 mg febuxostat daily for 7 days has been reported to be 
safe without requirement for dose adjustment. 133 General 
recommendations for the management of hyperuricemia in 
CKD patients are summarized in Table 61.3. 134

 Hyperuricemia in Renal Transplantation 
Hyperuricemia commonly occurs following renal transplan-
tation, and in particular has been associated with the use of 
cyclosporine, and to a lesser extent, tacrolimus. 135 Indeed, 
several studies suggest that hyperuricemia occurs in greater 
than 50% of subjects and gout develops in 10% to 15%. 135

The mechanism has been shown to be due to decreased  renal 
excretion, driven in part by increased net tubular reabsorp-
tion as well as decreased glomerular   ltration. 136

Although the primary complication of hyperuricemia in 
renal transplant patients has classically been thought to be 
gout, again there has been recent concern that the rise in 
serum uric acid may contribute to the renal vasoconstriction 
and renal injury that occurs with chronic calcineurin inhibi-
tors. Thus, Mazzali et al. reported that cyclosporine-treated 
rats developed mild hyperuricemia with the classic lesions 
of arteriolar hyalinosis and tubulointerstitial   brosis, but this 
lesion was markedly exacerbated if uric acid levels were fur-
ther increased by administering a uricase inhibitor. 137 Kobelt 
et al. also reported that allopurinol lowers blood pressure 

 Antihyperuricemic Treatment: 
Old and New Drugs 
Currently available options for reducing serum uric acid 
include either reducing uric acid production by the use of 
xanthine oxidase inhibitors (allopurinol) or increasing the 
renal excretion of uric acid through the use of uricosuric 
agents (probenecid, benzbromarone). 

Allopurinol is the most commonly used hypouricemic 
agent because of its ability to lower serum uric acid regard-
less of the cause of hyperuricemia and the convenience of 
once daily dosing. It reduces the production of uric acid at 
its rate-limiting step through inhibition of xanthine oxidase. 
Allopurinol is rapidly metabolized to oxypurinol, which is 
responsible for most of the xanthine oxidase inhibition. The 
half-life of allopurinol is 1 to 2 hours, and that of oxypurinol 
is 18 to 30 hours in those with normal renal function, but 
its action is prolonged in CKD extending to a week in those 
with a creatinine clearance (CrCL) of   3 mL per minute. 122

Approximately 20% of patients experience side effects with 
allopurinol, with up to 5% ultimately discontinuing the-
rapy. 123 The most serious side effect is a rare hypersensitivity 
syndrome, which results in fever, rash, eosinophilia, hepati-
tis, renal failure, and in some cases death. The exact mecha-
nism of the allopurinol hypersensitivity syndrome is unclear, 
but it has been postulated to be related to elevated serum 
oxypurinol levels as well as to immunologic processes. 124

Careful dosing of allopurinol is necessary in patients 
with renal impairment (Table 61.2). 112 However, such dos-
ing regimens are often ineffective in controlling hyperuri-
cemia and gout. 124 Furthermore, the ability of such dosing 
regimens to reduce allopurinol hypersensitivity syndrome 
remains unclear. 125 The net result is often undertreatment of 
a potentially curable disorder. Although there are multiple 
reports of clinicians using higher than recommended doses 
of allopurinol, 126 there is a lack of evidence as to the bene  t 
of such therapy in controlling hyperuricemia. 125

Uricosuric agents, such as probenecid and benzbroma-
rone, lower serum uric acid by increasing renal uric acid ex-
cretion. One potential complication is the deposition of uric 
acid crystals within the kidney, which can result in urate ne-
phropathy and/or the formation of uric acid stones. The risk 
of these complications can be reduced by gradual increases 
in drug dose, ensuring urine volume is  1,500 mL per day 
and maintaining an alkaline urine (pH 6.4 to 6.8). Proben-
ecid was the   rst uricosuric drug available. Its use is limited 
as ef  cacy of probenecid declines as renal function declines, 
and it is ineffective when CrCL is   60 mL per minute. Pro-
benecid is usually well tolerated at the recommended doses 
of 1 to 3 g per day. Of note, the uricosuric effect of probene-
cid is blocked by the simultaneous administration of aspirin. 

Benzbromarone is a potent uricosuric agent, which 
lowers serum uric acid by inhibiting postsecretory tubular 
resorption of uric acid. 127 Low-dose benzbromarone (50 to 
100 mg per day) has been reported to be more potent than 
300 mg per day of allopurinol 82 and equipotent to 1 to 1.5 g 
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( 9.0 mg per dL) had a twofold increased risk for mortal-
ity after adjusting for numerous comorbidities. 147 Although 
high uric acid levels were associated with lipid levels, cal-
cium/phosphate metabolism, and levels of in  ammation 
markers, an elevated uric acid level itself may represent a 
true risk factor for cardiovascular disease and mortality in 
CKD patients. 148 Few clinical studies have examined the 
effect of lowering uric acid on cardiovascular disease in 
subjects with CKD. However, in the randomized study by 
Goicoechea et al., the use of allopurinol was associated with 
a 70% reduction in cardiovascular events. 110The mechanism 
by which uric acid may cause cardiovascular disease has 
been explored using both cell culture and animal  models.
It appears that uric acid must enter the endothelial and 
vascular smooth muscle cell via a speci  c organic anion ex-
changer, where it activates a variety of intracellular signaling 
molecules involved in in  ammation and proliferation. In the 
endothelial cell there is a decrease in nitric oxide levels and 
an inhibition of endothelial proliferation, whereas in the vas-
cular smooth muscle cell there is activation of proliferative 
and in  ammatory pathways. 69–73,75,76 Local activation of the 
renin angiotensin system could also be shown. 73,75,76 Uric 
acid may also have direct effects on cardiac   broblasts. 149

Experimental studies have further demonstrated that the 
mechanism by which uric acid causes hypertension is via a 
decrease in endothelial-derived nitric oxide, activation of the 
renin-angiotensin system, and the induction of preglomeru-
lar vascular disease. The latter may promote continued salt 
sensitivity even after the serum uric acid is corrected. 73

 URIC ACID AND METABOLIC 
SYNDROME 
Hyperuricemia may also have a role in obesity and metabolic 
syndrome. A number of observational and cross-sectional 
studies showed an unequivocal association of high serum 
uric acid with metabolic syndrome. 150–153 Some reports have 
suggested that serum uric acid may be directly related to 
components of metabolic syndrome such as insulin resis-
tance,154 hypertension, abdominal adiposity, 155,156 and hy-
pertriglyceridemia.157 Hyperuricemia is also associated with 
increased risk of myocardial infarction and sudden cardiac 
death in patients with metabolic syndrome. 158 In a small 
prospective, open label study, Shelmadine et al. 159 demon-
strated that 3 months administration of allopurinol in ESRD 
patients with gout led to signi  cant reductions in serum uric 
acid levels and LDL cholesterol, although serum triglycer-
ides increased. Ogino et al. also reported that lowering uric 
acid with benzbromarone can improve insulin resistance and 
markers of in  ammation in subjects with congestive heart 
failure. 160 In addition, recent studies in which rats were fed 
fructose to induce metabolic syndrome found that lowering 
uric acid with allopurinol could signi  cantly prevent the de-
velopment of hypertension, hyperinsulinemia, hypertriglyc-
eridemia, and obesity. 36

and improves renal blood   ow in rats administered cyclo-
sporine,138 and Assis et al. also demonstrated that allopurinol 
improved GFR (inulin clearances) in cyclosporine-treated 
rats.139 Most notably, Neal et al. recently reported that allo-
purinol therapy lowered uric acid and improved renal func-
tion in liver transplant patients receiving cyclosporine. 140

At this time insuf  cient evidence has been provided to 
recommend uric acid-lowering therapy in renal transplant 
subjects. However, if a subject has repeated episodes of gout, 
or if serum uric acid levels are excessively elevated (  9 mg 
per dL), we would consider pharmacologic therapy to lower 
uric acid. Because allopurinol interacts with azathioprine, 
the latter should be reduced to 25% to 50% of its original 
dose. In addition, we recommend initiating low doses of 
allopurinol (50 to 100 mg per day) with slow increases to 
minimize the risk for precipitating a gout attack (which is 
common on initiating allopurinol). 

 URIC ACID AND CARDIOVASCULAR 
DISEASE 
In addition to its controversial role in renal disease, there 
has also been reawakened interest in the role of uric acid 
in cardiovascular disease, and in particular its role in hy-
pertension. Although it had been known for over 100 years 
that hyperuricemic and/or gouty individuals are at increased 
risk for cardiovascular events and or mortality, this had his-
torically been attributed to the fact that patients with gout 
frequently are obese or have other features associated with 
cardiovascular risk. Studies such as the Framingham analy-
sis published in 1999 reported that this relationship of uric 
acid with cardiovascular disease was not independent when 
it was controlled for other accepted cardiovascular risk fac-
tors, such as hypertension, diuretic use, obesity, and renal 
disease.141 Most societies concluded that there is insuf  cient 
evidence to support uric acid as a true cardiovascular risk 
factor. 

However, recent studies have provided provocative data 
that uric acid may be a true risk factor for hypertension. 
Thus, a meta-analysis concluded that elevated serum uric 
acid is an independent risk factor for the development of 
hypertension.142 Furthermore, an elevated serum uric acid 
is common in subjects with new onset hypertension. In one 
study of new onset hypertension in adolescents, 89% of sub-
jects had a serum uric acid  5.5 mg per dL whereas this was 
not observed in any of 63 controls (including 22 subjects 
with white coat hypertension). 143 Furthermore, in a recent 
pilot study, treatment with allopurinol resulted in reduction 
in blood pressure in 30 adolescents with newly diagnosed 
hypertension.144 Hyperuricemia has also been found to be 
an independent factor for mortality in subjects with normal 
renal function as well as in stage 3 and 4 CKD patients. 145,146

A recent prospective study in 294 newly diagnosed patients 
with CKD stage 5 followed for an average of 6 years revealed 
that subjects with markedly increased serum uric acid levels 
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 CONCLUSION 
 In conclusion, uric acid is emerging as a potential contrib-
uting factor to kidney disease, vascular disease, and meta-
bolic disorders (Fig. 61.5). There is a strong relationship 
of uric acid with both acute and chronic kidney disease. 
Emerging evidence suggests that it may not only cause 
acute kidney injury as a consequence of crystal forma-
tion within the tubular lumina, but that both acute and 
chronic hyperuricemia may also cause renal disease via 
crystal-independent pathways. Indeed, uric acid may not 
only be a primary cause of chronic renal disease (gouty 
nephropathy), but could be a contributory factor in lead 
nephropathy, primary renal diseases, diabetic nephropathy, 
cyclosporine nephropathy, and the progression of CKD. 
Uric acid may also be an unrecognized contributor to car-
diovascular risk as evidenced by  recent studies linking it 
pathogenetically to hypertension and metabolic syndrome. 
An adequately powered randomized controlled trial is re-
quired to determine whether uric acid–lowering therapy 
prevents or ameliorates renal, cardiovascular, and meta-
bolic diseases associated with hyperuricemia in order to 
better inform clinical practice and public health policy for 
the optimal management of hyperuricemia. 
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 FIGURE 61.5 Proposed effects of uric acid on the kidney, vasculature, and metabolic state. 

1778

 1. Sarma AD, Ser ozo P, Kahn K, et al. Identif cation and purif cation o  
hydroxyisourate hydrolase, a novel ureide-metabolizing enzyme. J Biol Chem. 
1999;274(48):33863–33865.
 2. Oda M, Satta Y, Takenaka O, et al. Loss o  urate oxidase activity in homi-
noids and its evolutionary implications. Mol Biol Evol. 2002;19(5):640–653.
http://www.ncbi.nlm.nih.gov/pubmed/11961098
 3. Wu XW, Muzny DM, Lee CC, et al. Two independent mutational events 
in the loss o  urate oxidase during hominoid evolution. J Mol Evol. 1992;34(1): 
78–84.
http://www.ncbi.nlm.nih.gov/pubmed/1556746
 4. Johnson RJ, Titte S, Cade JR, et al. Uric acid, evolution and primitive cul-
tures. Semin Nephrol. 2005;25(1):3–8.
http://www.ncbi.nlm.nih.gov/pubmed/15660328
 5. Hediger MA, Johnson RJ, Miyazaki H, et al. Molecular physiology o  urate 
transport. Physiology (Bethesda). 2005;20:125–133.
http://www.ncbi.nlm.nih.gov/pubmed/15772301
 6. Schlesinger N. Dietary  actors and hyperuricaemia. Curr Pharm Des. 2005; 
11(32):4133–4138.
 7. Roch-Ramel F, Werner D, Guisan B. Urate transport in brush-border mem-
brane o  human kidney. Am J Physiol. 1994;266(5 Pt 2):F797–805.
 8. Roch-Ramel F, Guisan B, Diezi J. E  ects o  uricosuric and antiuricosuric 
agents on urate transport in human brush-border membrane vesicles. J Pharma-
col Exp Ther. 1997;280(2):839–845.
http://www.ncbi.nlm.nih.gov/pubmed/9023298
 9. Enomoto A, Kimura H, Chairoungdua A, et al. Molecular identif cation 
o  a renal urate anion exchanger that regulates blood urate levels. Nature. 2002; 
417(6887):447–452.
 10. Lipkowitz MS, Leal-Pinto E, Rappoport JZ, et al. Functional reconstitu-
tion, membrane targeting, genomic structure, and chromosomal localization o  a 
human urate transporter. J Clin Invest. 2001;107(9):1103–1115.



CHAPTER 61  HYPERURICEMIA, GOUT, AND THE KIDNEY 1779

 41. Messerli FH, Frohlich ED, Dreslinski GR, et al. Serum uric acid in essen-
tial hypertension: an indicator of renal vascular involvement.  Ann Intern Med.
1980;93(6):817–821.
 42. Friedl HP, Till GO, Trentz O, et al. Role of oxygen radicals in tourni-
quet-related ischemia-reperfusion injury of human patients.  Klin Wochenschr.
1991;69(21–23):1109–1112.
 43. Conger JD. Acute uric acid nephropathy.  Med Clin North Am. 1990;74(4):
859–871.
 44. Tsimberidou AM, Keating MJ. Hyperuricemic syndromes in cancer pa-
tients. Contrib Nephrol. 2005;147:47–60. 
 45. Denman M, Szur L, Ansell BM. Hyperuricaemia in polycythaemia vera. 
Ann Rheum Dis. 1966;25(4):340–344. 
 46. Sorensen LB. Role of the intestinal tract in the elimination of uric acid. 
Arthritis Rheum. 1965;8(5):694–706. 
 47. Athyros VG, Elisaf M, Papageorgiou AA, et al. Effect of statins versus 
untreated dyslipidemia on serum uric acid levels in patients with coronary heart 
disease: a subgroup analysis of the GREek Atorvastatin and Coronary-heart- 
disease Evaluation (GREACE) study.  Am J Kidney Dis. 2004;43(4):589–599. 
 48. Ronco C, Inguaggiato P, Bordoni V, et al. Rasburicase therapy in acute 
hyperuricemia and renal dysfunction.  Contrib Nephrol. 2005;147:115–123. 
 49. Iwai N, Mino Y, Hosoyamada M, et al. A high prevalence of renal hypo-
uricemia caused by inactive SLC22A12 in Japanese. Kidney Int. 2004;66(3):
935–944.
 50. Dinour D, Gray NK, Campbell S, et al. Homozygous SLC2A9 mutations 
cause severe renal hypouricemia.  J Am Soc Nephrol. 2010;21(1):64–72. 
 51. Kim YG, Huang XR, Suga S, et al. Involvement of macrophage migra-
tion inhibitory factor (MIF) in experimental uric acid nephropathy.  Mol Med.
2000;6(10):837–848.
 52. Brochner-Mortensen K. Gout.  Ann Rheum Dis. 1958;17(1):1–8. 
 53. Ejaz AA, Mu W, Kang DH, et al. Could uric acid have a role in acute renal 
failure?  Clin J Am Soc Nephrol. 2007;2(1):16–21. 
 54. Ejaz AA, Beaver TM, Shimada M, et al. Uric acid: a novel risk factor 
for acute kidney injury in high-risk cardiac surgery patients?  Am J Nephrol.
2009;30(5):425–429.
 55. Roncal CA, Mu W, Croker B, et al. Effect of elevated serum uric acid on 
cisplatin-induced acute renal failure.  Am J Physiol Renal Physiol. 2007;292(1):
F116–122.
 56. Talbott JH, Terplan KL. The kidney in gout.  Medicine (Baltimore). 1960;39:
405–467.
 57. Greenbaum D, Ross JH, Steinberg VL. Renal biopsy in gout.  Br Med J.
1961;1(5238):1502–1504.
 58. Linnane JW, Burry AF, Emmerson BT. Urate deposits in the renal medulla. 
Prevalence and associations.  Nephron. 1981;29(5–6):216–222. 
 59. Yu TF, Berger L, Dorph DJ, et al. Renal function in gout. V. Factors 
in  uencing the renal hemodynamics.  Am J Med. 1979;67(5):766–771. 
 60. Yu TF, Berger L. Impaired renal function in gout: its association with hyper-
tensive vascular disease and intrinsic renal disease.  Am J Med. 1982;72(1):95–100. 
 61. Berger L, Yu TF. Renal function in gout. IV. An analysis of 524 gouty sub-
jects including long-term follow-up studies. Am J Med. 1975;59(5):605–613. 
 62. Patial RK, Sehgal VK. Non-oliguric acute renal failure in gout.  Indian J 
Med Sci. 1992;46(7):201–204. 
 63. Briney WG, Ogden D, Bartholomew B, et al. The in  uence of allopurinol 
on renal function in gout.  Arthritis Rheum. 1975;18(6 Suppl):877–881. 
 64. Rosenfeld JB. Effect of long-term allopurinol administration on serial GFR 
in normotensive and hypertensive hyperuricemic subjects. Adv Exp Med Biol.
1974;41:581–596.
 65. Nickeleit V, Mihatsch MJ. Uric acid nephropathy and end-stage renal 
disease—review of a non-disease.  Nephrol Dial Transplant. 1997;12(9):1832–1838. 
 66. Johnson RJ, Kivlighn SD, Kim YG, et al. Reappraisal of the pathogenesis 
and consequences of hyperuricemia in hypertension, cardiovascular disease, and 
renal disease.  Am J Kidney Dis. 1999;33(2):225–234. 
 67. Iseki K, Ikemiya Y, Inoue T, et al. Signi  cance of hyperuricemia as a risk factor 
for developing ESRD in a screened cohort.  Am J Kidney Dis. 2004;44(4):642–650. 
 68. Tomita M, Mizuno S, Yamanaka H, et al. Does hyperuricemia affect  mortality?
A prospective cohort study of Japanese male workers.  J Epidemiol. 2000;10(6):
403–409.
 69. 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(5):
1101–1106.
 70. Nakagawa T, Mazzali M, Kang DH, et al. Hyperuricemia causes glomerular 
hypertrophy in the rat.  Am J Nephrol. 2003;23(1):2–7. 
 71. Mazzali M, Kanellis J, Han L, et al. Hyperuricemia induces a primary renal 
arteriolopathy in rats by a blood pressure-independent mechanism.  Am J Physiol 
Renal Physiol. 2002;282(6):F991–997. 

 13. Augustin R, Carayannopoulos MO, Dowd LO, et al. Identi  cation and 
characterization of human glucose transporter-like protein-9 (GLUT9): alterna-
tive splicing alters traf  cking.  J Biol Chem. 2004;279(16):16229–16236. 
 14. Vitart V, Rudan I, Hayward C, et al. SLC2A9 is a newly identi  ed urate 
transporter in  uencing serum urate concentration, urate excretion and gout.  Nat
Genet. 2008;40(4):437–442. 
 15. Matsuo H, Chiba T, Nagamori S, et al. Mutations in glucose transporter 9 
gene SLC2A9 cause renal hypouricemia.  Am J Hum Genet. 2008;83(6):744–751. 
 16. Ekaratanawong S, Anzai N, Jutabha P, et al. Human organic anion trans-
porter 4 is a renal apical organic anion/dicarboxylate exchanger in the proximal 
tubules. J Pharmacol Sci. 2004;94(3):297–304. 
 17. Ichida K, Hosoyamada M, Kimura H, et al. Urate transport via human PAH 
transporter hOAT1 and its gene structure.  Kidney Int. 2003;63(1):143–155. 
 18. Cha SH, Sekine T, Fukushima JI, et al. Identi  cation and characterization 
of human organic anion transporter 3 expressing predominantly in the kidney. 
Mol Pharmacol. 2001;59(5):1277–1286. 
 19. Ho KY, Tay HH, Kang JY. A prospective study of the clinical features, mano-
metric   ndings, incidence and prevalence of achalasia in Singapore.  J Gastroen-
terol Hepatol. 1999;14(8):791–795. 
 20. van Aubel RA, Smeets PH, Peters JG, et al. The MRP4/ABCC4 gene en-
codes a novel apical organic anion transporter in human kidney proximal 
tubules: putative ef  ux pump for urinary cAMP and cGMP.  J Am Soc Nephrol.
2002;13(3):595–603.
 21. Van Aubel RA, Smeets PH, van den Heuvel JJ, et al. Human organic anion 
transporter MRP4 (ABCC4) is an ef  ux pump for the purine end metabolite 
urate with multiple allosteric substrate binding sites. Am J Physiol Renal Physiol.
2005;288(2):F327–333.
 22. Chong SS, Kristjansson K, Zoghbi HY, et al. Molecular cloning of the cDNA 
encoding a human renal sodium phosphate transport protein and its assignment 
to chromosome 6p21.3-p23.  Genomics. 1993;18(2):355–359. 
 23. Uchino H, Tamai I, Yamashita K, et al. p-aminohippuric acid transport 
at renal apical membrane mediated by human inorganic phosphate transporter 
NPT1. Biochem Biophys Res Commun. 2000;270(1):254–259. 
 24. Woodward OM, Kottgen A, Coresh J, et al. Identi  cation of a urate trans-
porter, ABCG2, with a common functional polymorphism causing gout.  Proc 
Natl Acad Sci U S A. 200923;106(25):10338–10342. 
 25. Welker P, Bohlick A, Mutig K, et al. Renal Na 1-K1-Cl- cotransporter activity
and vasopressin-induced traf  cking are lipid raft-dependent.  Am J Physiol Renal 
Physiol. 2008;295(3):F789–802. 
 26. Hart TC, Gorry MC, Hart PS, et al. Mutations of the UMOD gene are 
responsible for medullary cystic kidney disease 2 and familial juvenile hyperuri-
caemic nephropathy.  J Med Genet. 2002;39(12):882–892. 
 27. Scolari F, Caridi G, Rampoldi L, et al. Uromodulin storage diseases: clinical 
aspects and mechanisms. Am J Kidney Dis. 2004;44(6):987–999. 
 28. Podevin R, Ardaillou R, Paillard F, et al. [Study in man of the kinetics of the 
appearance of uric acid 2-14C in the urine]. Nephron. 1968;5(2):134–140. 
 29. Kanabrocki EL, Third JL, Ryan MD, et al. Circadian relationship of serum 
uric acid and nitric oxide. JAMA. 2000;283(17):2240–2241. 
 30. Augoustides-Savvopoulou P, Papachristou F, Fairbanks LD, et al. Partial 
hypoxanthine-guanine phosphoribosyltransferase de  ciency as the unsuspected 
cause of renal disease spanning three generations: a cautionary tale.  Pediatrics.
2002;109(1):E17.
 31. Merriman TR, Dalbeth N. The genetic basis of hyperuricemia and gout. 
Joint Bone Spine. 2011;78(1):35–40. 
 32. Hochberg MC, Thomas J, Thomas DJ, Merriman TR, Dalbeth N. The 
genetic basis of hyperuricemia and gout. Racial differences in the incidence of 
gout. The role of hypertension.  Arthritis Rheum. 1995;38(5):628–632. 
 33. Faller J, Fox IH. Ethanol-induced hyperuricemia: evidence for increased 
urate production by activation of adenine nucleotide turnover.  N Engl J Med.
1982;307(26):1598–1602.
 34. Lieber CS, Jones DP, Losowsky MS, Davidson CS. Interrelation of uric acid 
and ethanol metabolism in man. J Clin Invest. 1962;41:1863–1870. 
 35. Emmerson BT. Effect of oral fructose on urate production.  Ann Rheum Dis.
1974;33(3):276–280.
 36. Nakagawa T, Hu H, Zharikov S, et al. A causal role for uric acid in fructose-
induced metabolic syndrome.  Am J Physiol Renal Physiol. 2006;290(3):F625–631. 
 37. Nicholls A, Snaith ML, Scott JT. Effect of oestrogen therapy on plasma and 
urinary levels of uric acid.  Br Med J. 1973;1(5851):449–451. 
 38. Hosoyamada M, Ichida K, Enomoto A, et al. Function and localization of 
urate transporter 1 in mouse kidney.  J Am Soc Nephrol. 2004;15(2):261–268. 
 39. Levinson DJ, Chalker D. Rat hepatic xanthine oxidase activity: age and sex 
speci  c differences.  Arthritis Rheum. 1980;23(1):77–82. 
 40. Quinones Galvan A, Natali A, Baldi S, et al. Effect of insulin on uric acid 
excretion in humans.  Am J Physiol. 1995;268(1 Pt 1):E1–5. 

1779

 11. Bibert S, Hess SK, Firsov D, et al. Mouse GLUT9: evidences  or a urate 
uniporter. Am J Physiol Renal Physiol. 2009;297(3):F612–619.
http://www.ncbi.nlm.nih.gov/pubmed/19587147
 12. Anzai N, Ichida K, Jutabha P, et al. Plasma urate level is directly regulated 
by a voltage-driven urate e f ux transporter URATv1 (SLC2A9) in humans. J Biol 
Chem. 2008;283(40):26834–26838.
http://www.ncbi.nlm.nih.gov/pubmed/18701466
 13. Augustin R, Carayannopoulos MO, Dowd LO, et al. Identi cation and 
characterization o  human glucose transporter-like protein-9 (GLUT9): alterna-
tive splicing alters tra  cking. J Biol Chem. 2004;279(16):16229–16236.
http://www.ncbi.nlm.nih.gov/pubmed/14739288
 14. Vitart V, Rudan I, Hayward C, et al. SLC2A9 is a newly identi ed urate 
transporter inf uencing serum urate concentration, urate excretion and gout. Nat 
Genet. 2008;40(4):437–442.
 15. Matsuo H, Chiba T, Nagamori S, et al. Mutations in glucose transporter 9 
gene SLC2A9 cause renal hypouricemia. Am J Hum Genet. 2008;83(6):744–751.
http://www.ncbi.nlm.nih.gov/pubmed/19026395
 16. Ekaratanawong S, Anzai N, Jutabha P, et al. Human organic anion trans-
porter 4 is a renal apical organic anion/dicarboxylate exchanger in the proximal 
tubules. J Pharmacol Sci. 2004;94(3):297–304.
http://www.ncbi.nlm.nih.gov/pubmed/15037815
 17. Ichida K, Hosoyamada M, Kimura H, et al. Urate transport via human PAH 
transporter hOAT1 and its gene structure. Kidney Int. 2003;63(1):143–155.
 18. Cha SH, Sekine T, Fukushima JI, et al. Identi cation and characterization 
o  human organic anion transporter 3 expressing predominantly in the kidney. 
Mol Pharmacol. 2001;59(5):1277–1286.
 19. Ho KY, Tay HH, Kang JY. A prospective study o  the clinical  eatures, ma-
no-metric  ndings, incidence and prevalence o  achalasia in Singapore. J Gastro-
en-terol Hepatol. 1999;14(8):791–795.
 20. van Aubel RA, Smeets PH, Peters JG, et al. The MRP4/ABCC4 gene en-
codes a novel apical organic anion transporter in human kidney proximal tu-
bules: putative e f ux pump  or urinary cAMP and cGMP. J Am Soc Nephrol. 
2002;13(3):595–603.
http://www.ncbi.nlm.nih.gov/pubmed/11856762
 21. Van Aubel RA, Smeets PH, van den Heuvel JJ, et al. Human organic anion 
transporter MRP4 (ABCC4) is an e f ux pump  or the purine end metabolite 
urate with multiple allosteric substrate binding sites. Am J Physiol Renal Physiol. 
2005;288(2):F327–333.
 22. Chong SS, Kristjansson K, Zoghbi HY, et al. Molecular cloning o  the 
cDNA encoding a human renal sodium phosphate transport protein and its as-
signment to chromosome 6p21.3-p23. Genomics. 1993;18(2):355–359.
http://www.ncbi.nlm.nih.gov/pubmed/8288239
 23. Uchino H, Tamai I, Yamashita K, et al. p-aminohippuric acid transport 
at renal apical membrane mediated by human inorganic phosphate transporter 
NPT1. Biochem Biophys Res Commun. 2000;270(1):254–259.
http://www.ncbi.nlm.nih.gov/pubmed/10733936
 24. Woodward OM, Kottgen A, Coresh J, et al. Identi cation o  a urate trans-
porter, ABCG2, with a common  unctional polymorphism causing gout. Proc 
Natl Acad Sci U S A. 200923;106(25):10338–10342.
http://www.ncbi.nlm.nih.gov/pubmed/19506252
 25. Welker P, Bohlick A, Mutig K, et al. Renal Na1-K1-Cl- cotransporter ac-
tivity and vasopressin-induced tra  cking are lipid ra t-dependent. Am J Physiol 
Renal Physiol. 2008;295(3):F789–802.
 26. Hart TC, Gorry MC, Hart PS, et al. Mutations o  the UMOD gene are re-
sponsible  or medullary cystic kidney disease 2 and  amilial juvenile hyperuri-
caemic nephropathy. J Med Genet. 2002;39(12):882–892.
 27. Scolari F, Caridi G, Rampoldi L, et al. Uromodulin storage diseases: clinical 
aspects and mechanisms. Am J Kidney Dis. 2004;44(6):987–999.
http://www.ncbi.nlm.nih.gov/pubmed/15558519
 28. Podevin R, Ardaillou R, Paillard F, et al. [Study in man o  the kinetics o  the 
appearance o  uric acid 2-14C in the urine]. Nephron. 1968;5(2):134–140.
http://www.ncbi.nlm.nih.gov/pubmed/5655614
 29. Kanabrocki EL, Third JL, Ryan MD, et al. Circadian relationship o  serum 
uric acid and nitric oxide. JAMA. 2000;283(17):2240–2241.
 30. Augoustides-Savvopoulou P, Papachristou F, Fairbanks LD, et al. Partial 
hypoxanthine-guanine phosphoribosyltrans erase de ciency as the unsuspected 
cause o  renal disease spanning three generations: a cautionary tale. Pediatrics. 
2002;109(1):E17.
 31. Merriman TR, Dalbeth N. The genetic basis o  hyperuricemia and gout. 
Joint Bone Spine. 2011;78(1):35–40.
http://www.ncbi.nlm.nih.gov/pubmed/20472486
 32. Hochberg MC, Thomas J, Thomas DJ, Merriman TR, Dalbeth N. The ge-
netic basis o  hyperuricemia and gout. Racial di  erences in the incidence o  gout. 
The role o  hypertension. Arthritis Rheum. 1995;38(5):628–632.

 33. Faller J, Fox IH. Ethanol-induced hyperuricemia: evidence  or increased 
urate production by activation o  adenine nucleotide turnover. N Engl J Med. 
1982;307(26):1598–1602.
 34. Lieber CS, Jones DP, Losowsky MS, Davidson CS. Interrelation o  uric acid 
and ethanol metabolism in man. J Clin Invest. 1962;41:1863–1870.
http://www.ncbi.nlm.nih.gov/pubmed/13930523
 35. Emmerson BT. E  ect o  oral  ructose on urate production. Ann Rheum Dis. 
1974;33(3):276–280.
http://www.ncbi.nlm.nih.gov/pubmed/4843132
 36. Nakagawa T, Hu H, Zharikov S, et al. A causal role  or uric acid in  ructose-
induced metabolic syndrome. Am J Physiol Renal Physiol. 2006;290(3):F625–631.
 37. Nicholls A, Snaith ML, Scott JT. E  ect o  oestrogen therapy on plasma and 
urinary levels o  uric acid. Br Med J. 1973;1(5851):449–451.
http://www.ncbi.nlm.nih.gov/pubmed/4689833
 38. Hosoyamada M, Ichida K, Enomoto A, et al. Function and localization o  
urate transporter 1 in mouse kidney. J Am Soc Nephrol. 2004;15(2):261–268.
http://www.ncbi.nlm.nih.gov/pubmed/14747372
 39. Levinson DJ, Chalker D. Rat hepatic xanthine oxidase activity: age and sex 
speci c di  erences. Arthritis Rheum. 1980;23(1):77–82.
 40. Quinones Galvan A, Natali A, Baldi S, et al. E  ect o  insulin on uric acid 
excretion in humans. Am J Physiol. 1995;268(1 Pt 1):E1–5.
 41. Messerli FH, Frohlich ED, Dreslinski GR, et al. Serum uric acid in es-
sential hypertension: an indicator o  renal vascular involvement. Ann Intern Med. 
1980;93(6):817–821.
 42. Friedl HP, Till GO, Trentz O, et al. Role o  oxygen radicals in tourni-
quet-related ischemia-reper usion injury o  human patients. Klin Wochenschr. 
1991;69(21–23):1109–1112.
 43. Conger JD. Acute uric acid nephropathy. Med Clin North Am. 1990;74(4): 
859–871.
http://www.ncbi.nlm.nih.gov/pubmed/2195258
 44. Tsimberidou AM, Keating MJ. Hyperuricemic syndromes in cancer pa-
tients. Contrib Nephrol. 2005;147:47–60.
http://www.ncbi.nlm.nih.gov/pubmed/15604605
 45. Denman M, Szur L, Ansell BM. Hyperuricaemia in polycythaemia vera. 
Ann Rheum Dis. 1966;25(4):340–344.
http://www.ncbi.nlm.nih.gov/pubmed/5947579
 46. Sorensen LB. Role o  the intestinal tract in the elimination o  uric acid. 
Arthritis Rheum. 1965;8(5):694–706.
 47. Athyros VG, Elisa  M, Papageorgiou AA, et al. E  ect o  statins versus un-
treated dyslipidemia on serum uric acid levels in patients with coronary heart 
disease: a subgroup analysis o  the GREek Atorvastatin and Coronary-heart- dis-
ease Evaluation (GREACE) study. Am J Kidney Dis. 2004;43(4):589–599.
 48. Ronco C, Inguaggiato P, Bordoni V, et al. Rasburicase therapy in acute hy-
peruricemia and renal dys unction. Contrib Nephrol. 2005;147:115–123.
http://www.ncbi.nlm.nih.gov/pubmed/15604611
 49. Iwai N, Mino Y, Hosoyamada M, et al. A high prevalence o  renal hypo-
uricemia caused by inactive SLC22A12 in Japanese. Kidney Int. 2004;66(3): 
935–944.
http://www.ncbi.nlm.nih.gov/pubmed/15327384
 50. Dinour D, Gray NK, Campbell S, et al. Homozygous SLC2A9 mutations 
cause severe renal hypouricemia. J Am Soc Nephrol. 2010;21(1):64–72.
 51. Kim YG, Huang XR, Suga S, et al. Involvement o  macrophage migra-
tion inhibitory  actor (MIF) in experimental uric acid nephropathy. Mol Med. 
2000;6(10):837–848.
http://www.ncbi.nlm.nih.gov/pubmed/11126199
 52. Brochner-Mortensen K. Gout. Ann Rheum Dis. 1958;17(1):1–8.
 53. Ejaz AA, Mu W, Kang DH, et al. Could uric acid have a role in acute renal 
 ailure? Clin J Am Soc Nephrol. 2007;2(1):16–21.
http://www.ncbi.nlm.nih.gov/pubmed/17699382
 54. Ejaz AA, Beaver TM, Shimada M, et al. Uric acid: a novel risk  actor 
 or acute kidney injury in high-risk cardiac surgery patients? Am J Nephrol. 
2009;30(5):425–429.
 55. Roncal CA, Mu W, Croker B, et al. E  ect o  elevated serum uric acid on 
cisplatin-induced acute renal  ailure. Am J Physiol Renal Physiol. 2007;292(1): 
F116–122.
 56. Talbott JH, Terplan KL. The kidney in gout. Medicine (Baltimore). 1960;39: 
405–467.
http://www.ncbi.nlm.nih.gov/pubmed/13775026
 57. Greenbaum D, Ross JH, Steinberg VL. Renal biopsy in gout. Br Med J. 
1961;1(5238):1502–1504.
http://www.ncbi.nlm.nih.gov/pubmed/13708229
 58. Linnane JW, Burry AF, Emmerson BT. Urate deposits in the renal medulla. 
Prevalence and associations. Nephron. 1981;29(5–6):216–222.
http://www.ncbi.nlm.nih.gov/pubmed/7322250



1780  SECTION VIII  SYSTEMIC DISEASES OF THE KIDNEY

100. Bleyer AJ, Woodard AS, Shihabi Z, et al. Clinical characterization of a 
family with a mutation in the uromodulin (Tamm-Horsfall glycoprotein) gene. 
Kidney Int. 2003;64(1):36–42. 
101. Horl WH. Neutrophil function in renal failure.  Adv Nephrol Necker Hosp.
2001;31:173–192.
102. Kosugi T, Nakayama T, Heinig M, et al. Effect of lowering uric acid on 
renal disease in the type 2 diabetic db/db mice.  Am J Physiol Renal Physiol. 2009;
297(2):F481–488.
103. Iseki K, Oshiro S, Tozawa M, et al. Signi  cance of hyperuricemia on the 
early detection of renal failure in a cohort of screened subjects.  Hypertens Res.
2001;24(6):691–697.
104. Ohno I, Hosoya T, Gomi H, et al. Serum uric acid and renal prognosis in 
patients with IgA nephropathy.  Nephron. 2001;87(4):333–339. 
105. Myllymaki J, Honkanen T, Syrjanen J, et al. Uric acid correlates with the 
severity of histopathological parameters in IgA nephropathy.  Nephrol Dial Trans-
plant. 2005;20(1):89–95. 
106. Syrjanen J, Mustonen J, Pasternack A. Hypertriglyceridaemia and hyper-
uricaemia are risk factors for progression of IgA nephropathy.  Nephrol Dial Trans-
plant. 2000;15(1):34–42. 
107. Johnson RJ, Segal MS, Srinivas T, et al. Essential hypertension, progressive 
renal disease, and uric acid: a pathogenetic link?  J Am Soc Nephrol. 2005;16(7):
1909–1919.
108. Hovind P, Rossing P, Tarnow L, et al. Serum uric acid as a predictor for 
development of diabetic nephropathy in type 1 diabetes: an inception cohort 
study.  Diabetes. 2009;58(7):1668–1671. 
109. Jalal DI, Rivard CJ, Johnson RJ, et al. Serum uric acid levels predict the de-
velopment of albuminuria over 6 years in patients with type 1 diabetes:   ndings 
from the Coronary Artery Calci  cation in Type 1 Diabetes study.  Nephrol Dial 
Transplant. 2010;25(6):1865–1869. 
110. Goicoechea M, de Vinuesa SG, Verdalles U, et al. Effect of allopurinol 
in chronic kidney disease progression and cardiovascular risk.  Clin J Am Soc 
Nephrol. 2010;5(8):1388–1393. 
111. Momeni A, Shahidi S, Seira  an S, et al. Effect of allopurinol in decreasing 
proteinuria in type 2 diabetic patients.  Iran J Kidney Dis. 2010;4(2):128–132. 
112. Hande KR, Noone RM, Stone WJ. Severe allopurinol toxicity. Description 
and guidelines for prevention in patients with renal insuf  ciency.  Am J Med. 1984;
76(1):47–56.
113. Fam AG. Gout, diet, and the insulin resistance syndrome.  J Rheumatol.
2002;29(7):1350–1355.
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