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emodynamics of Hyperuricemia
aura G. Sánchez-Lozada,* Edilia Tapia,* Bernardo Rodríguez-Iturbe,* Richard J. Johnson,†

nd Jaime Herrera-Acosta‡

Prolonged hyperuricemia is associated with the development of hypertension, renal arte-
riolosclerosis, glomerulosclerosis, and tubulointerstitial injury. It confers a greater risk than
proteinuria for developing chronic renal disease and is associated with the development of
hypertension. Mild chronic hyperuricemia without intrarenal crystal deposition was in-
duced in rats by inhibiting uricase with oxonic acid. Hyperuricemic rats developed hyper-
tension, afferent arteriolar thickening, and mild renal interstitial fibrosis. Additionally,
hyperuricemia accelerated renal damage and vascular disease in rats undergoing renal
ablation. To better understand the role of hyperuricemia in the kidney, micropuncture
studies were performed. Hyperuricemia resulted in renal cortical vasoconstriction (single
nephron glomerular filtration rate (SNGFR)2 35%, P < .05) and glomerular hypertension
(P < .05). The possibility that hyperuricemia could modify renal hemodynamic disturbances
during progression of renal disease was tested in rats with 5/6 nephrectomy. Hyperurice-
mia accentuated the renal vascular damage and caused cortical vasoconstriction (SNGFR
2 40%, P < .05) and persistent glomerular hypertension. In conclusion, hyperuricemia
impairs the autoregulatory response of preglomerular vessels, resulting in glomerular
hypertension. Lumen obliteration induced by vascular wall thickening results in severe
vasoconstriction. The resulting ischemia is a potent stimulus that induces tubulointerstitial
inflammation and fibrosis as well as arterial hypertension.
Semin Nephrol 25:19-24 © 2005 Elsevier Inc. All rights reserved.
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t is well established that prolonged hyperuricemia, such as
observed in gouty patients, is associated with chronic renal

isease. Renal histologic changes including arteriolosclerosis,
lomerulosclerosis, and tubulointerstitial injury are present
n up to 75% to 99% of patients with gout;1 in addition,
ecreased glomerular filtration rate (GFR) has been reported

n 30% to 60% of the cases. Early studies by Yu et al2 evalu-
ted renal function in gouty patients. Renal hemodynamics as
easured by inulin clearance and para-aminohippurate

learance were evaluated in 149 patients with primary gout
ver intervals of 2 to 22 years and 111 patients were fol-
owed-up for up to 5 years. Two thirds of patients had renal
ysfunction associated with hypertension or with an age
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lder than 50 years. Because renal function was normal in the
emaining patients who had gout in the absence of other risk
actors, it was concluded that gout did not produce direct
njury to the kidney. However, excluding patients because of
ypertension is probably not valid because essential hyper-
ension does not invariably result in renal failure and the
ossibility that hyperuricemia could induce hypertension
as not considered. Thus, despite the conclusion reached by

he investigators, this study shows that gout is associated
ith renal impairment in many patients.
Evidence that uric acid may cause renal damage is sug-

ested by studies of the rare condition of familial juvenile
yperuricemic nephropathy (FJHN). This entity was first de-
cribed in 1960 in a family with gout, hyperuricemia, and
enal disease.3 However, gout is not invariably present and in
ontrast to primary gout, FJHN affects young men, women,
nd children. In addition, interstitial deposits of urate are
ncommon in renal biopsy specimens.3 The hallmark of this
isease is dominantly inherited hyperuricemia resulting from
drastically decreased fractional excretion of urate (FEurate).4,5

tudies in children of these families showed that hyperurice-
ia plus decreased FEurate is found in 50% of apparently
ealthy siblings and precedes the deterioration in renal func-

ion, consistent with a causative role for uric acid in this
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20 L.G. Sánchez-Lozada et al.
ephropathy.4 Supporting this contention, several studies
ave reported that early treatment of FJHN with allopurinol,
hen renal function still is normal or mildly decreased, re-

ulted in continued stable renal function or even slight im-
rovement for a decade or more.6,7 In contrast, treatment
tarted after renal damage has occurred almost always is as-
ociated with rapid progression to dialysis and transplanta-
ion6,8,9

Additional evidence that uric acid may cause renal impair-
ent is provided by a recent study in liver transplant pa-

ients. In this study, serum creatinine levels were higher in
yperuricemic than in nonhyperuricemic patients and the
eak uric acid level correlated with the corresponding serum
reatinine level (r � 0.7). Importantly, treatment with allo-
urinol for 3 months resulted in a decrease in the serum
reatinine level (P � .01) in the absence of changes in the
ype or dose of immunosuppression.10 These studies confirm
hat increased uric acid levels are associated with an impair-
ent of renal function in many cases.
Hyperuricemia also has been related to hypertension and

ascular damage. In 1966, Cannon et al1 reported that renal
rate clearance was inappropriately low in proportion to GFR

n 14 of 17 patients with untreated essential hypertension
nd suggested that hyperuricemia may induce or accelerate
idney damage associated with hypertensive vascular dis-
ase. More recently, Messerli et al11 evaluated the effect of
yperuricemia on renal hemodynamics in normotensive sub-

ects and patients with uncomplicated essential hyperten-
ion. They found that mild asymptomatic hyperuricemia was
ssociated with diminished renal blood flow and increased
enal vascular resistance regardless of the level of arterial
ressure and GFR. They suggested that the unexplained high
requency of hyperuricemia in the essential hypertensive
opulation most likely reflects hypertensive vascular disease
nd early nephrosclerosis. As in humans, some models of
xperimental hypertension are associated with increased lev-
ls of serum uric acid.12,13 Serum uric acid is increased in the
pontaneously hypertensive rats treated with deoxycortico-
terone acetate salt (DOCA-salt); the increase correlates with
he markedly decreased renal blood flow and increase in
ascular resistance index compared with control spontane-
usly hypertensive rats. Histologic examination of the kid-
eys of DOCA-salt –treated spontaneously hypertensive rats
evealed extensive vascular wall thickening and obstruction
f small arteries with fibrinoid necrosis in all studied rats.
indings in both human and experimental studies lead these

nvestigators to suggest that decreased renal blood flow and
yperuricemia may share a common mechanism; however,
one was proposed.13

Other clinical studies also support the association of hy-
eruricemia and renal vasoconstriction. Mattei et al14 evalu-
ted renal hemodynamics in untreated microalbuminuric
nd normoalbuminuric patients with essential hypertension.
hey found that the microalbuminuric patients had signifi-
antly higher systolic blood pressures and higher renal vas-
ular resistances. In addition, there was a significant positive
orrelation between urinary albumin excretion and serum

ric acid level. These observations are consistent with the h
ssociation of hyperuricemia and renal vasoconstriction in
icroalbuminuric essential hypertensive patients. However,

n these studies, the question of whether hyperuricemia is the
esult or the cause of renal dysfunction remained unsolved.

Controversy arose because previous models of hyperuri-
emia resulted in a marked increase of serum uric acid level
nd uricosuria that produced intratubular crystal deposition,
cute renal failure, and premature death.15,16 Undoubtedly,
hese models of severe hyperuricemia were useful for study-
ng acute urate nephropathy, however, they were not appro-
riate to explore the effects of the mild hyperuricemia that is
bserved in conditions such as FJHN, hypertension, or gout.

ffects of Hyperuricemia
n Glomerular Hemodynamics

ecently, an experimental model of mild chronic hyperuri-
emia was developed in rats receiving a low-sodium diet.
nhibition of uricase with oxonic acid (OA) induced an up to
-fold increase in serum uric acid level without intrarenal
rystal deposition.17 Rats developed hypertension, afferent
rteriolar thickening, and mild renal interstitial fibrosis, with
nterstitial collagen deposition and macrophage infiltration.
hese effects could be prevented if serum uric acid (SUA)

evels were maintained in the normal range with either xan-
hine oxidase inhibitors or uricosuric agents.17,18

The use of micropuncture techniques in these rats allowed
s to characterize the renal and glomerular hemodynamic
hanges associated with mild hyperuricemia and to correlate
hem with structural injury.19 A low-salt diet containing 2%
xonic acid was administered to rats for 5 weeks, at which
ime micropuncture studies were performed. To distinguish
he effects of hyperuricemia from those of OA, a group of rats
eceived allopurinol, an inhibitor of xanthine oxidase, to pre-
ent the increase in uric acid induced by OA. Mild hyperuri-
emia was observed in association with development of mod-
st hypertension noted by intra-arterial and tail-cuff
easurements. The increase in SUA level and the increase in

lood pressure were prevented by allopurinol; a significant
ositive linear regression between SUA levels and systolic
lood pressure was found.19

Micropuncture studies in rats receiving OA showed that
yperuricemia was associated with a significant increase in
lomerular capillary pressure (PGC) to 56.7 �
.2 mm Hg, a value significantly greater than that observed in
ats on a low-salt diet (51.9 � 1.4 mm Hg, P � .05). Allo-
urinol treatment in rats on OA prevented the increase in
lomerular pressure (50.1 � 0.8 mm Hg, P � .01 versus OA)
Fig 1). A significant positive linear regression was observed
etween SUA level and PGC. Glomerular pressure also corre-

ated with SBP and mean arterial pressure (MAP).19

In these studies, a low-salt diet was associated with cortical
asoconstriction (as has been described previously) and val-
es of glomerular plasma flow and SNGFR were lower than
ormal and were not different from those values in hyperu-
icemic rats. Afferent and efferent resistances tended to be

igher in OA–treated rats but differences were not statisti-
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Hemodynamics of hyperuricemia 21
ally significant; however, there was a significant positive
orrelation between MAP and afferent resistance (r2 � .33,

� .003). Importantly, the normal vasoconstrictive re-
ponse of preglomerular vessels to increased mean arterial
ressure in hyperuricemic rats was insufficient to prevent

ncreased transmission of systemic pressure to the glomerular
apillaries, as indicated by the increase in PGC.19

To further evaluate the impact of hyperuricemia on glo-
erular hemodynamics without the effects of a low-salt diet
e recently studied rats on a normal salt diet. Administration
f OA by gavage for 5 weeks increased SUA acid level by
-fold (2.5 � 0.15 to 5.4 � 0.23 mg/dL, P � .01). In a group
eceiving OA and allopurinol the increase in SUA level was
revented (2.6 � 0.2 mg/dL). The increase in SUA level was
ssociated with a modest increment in both systolic and
ean arterial pressure. However, in contrast to rats studied

n a low-salt diet, the vasoconstrictive effect of hyperurice-
ia clearly was shown. Whole-kidney GFR was decreased by

3% and was restored to normal by allopurinol. Glomerular
emodynamic studies showed marked cortical vasoconstric-
ion as indicated by a significant increase of afferent and
fferent resistances, as well as by a 35% decrease of single-
ephron GFR (SNGFR) caused by the simultaneous decrease
f glomerular plasma flow and the ultrafiltration coefficient.
espite renal cortical vasoconstriction, glomerular capillary
ressure was increased significantly. These changes were pre-
ented by allopurinol. Individual SUA values correlated pos-
tively with afferent and efferent resistances and negatively

igure 1 Oxonic acid induced hyper-
ricemia in normal rats on low-salt
iet producing systemic and glomer-
lar hypertension associated with af-

erent arteriole hypertrophy. Con-
omitant treatment with allopurinol
revented these alterations. *P � .05.
ith the ultrafiltration coefficient and SNGFR. l
On histologic examination there were no significant changes
n glomerular or tubulointerstitial structures by routine light

icroscopy; however, immunostaining for �-smooth muscle
ctin showed hypertrophy of preglomerular vessels in hyperu-
icemic rats. Arteriolar thickening was prevented completely by
llopurinol treatment (P � .01) (Fig 1). A significant positive
orrelation was found between arteriolar hypertrophy (mea-
ured as arteriolar area) and systolic blood pressure (SBP), se-
um uric acid, and PGC.

The main finding in these studies was that hyperuricemia
n the OA model is associated with renal cortical vasocon-
triction and glomerular hypertension. A striking correlation
etween SUA level and total vascular resistance and glomer-
lar hydrostatic pressure was observed within individual
ats. Evidence that this effect was caused by uric acid, and not
A, was provided by including groups that received allopuri-
ol. These groups maintained normal uric acid levels despite
eceiving OA, and showed no increase in vascular resistance
nd PGC.19

The normal response to an increase in mean arterial pres-
ure is afferent arteriolar vasoconstriction, which is an auto-
egulatory mechanism that acts to prevent the transmission
f the increased pressure to the glomerular circulation. In
yperuricemic rats, the increase in afferent resistance was

nsufficient to prevent transmission of increased pressure to
he glomeruli; this probably is related to the afferent arteriol-
pathy that occurs in this model.18 This arteriolopathy was
haracterized by increased arteriolar thickness and media-to-

umen ratio with increased �-smooth muscle actin staining.
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22 L.G. Sánchez-Lozada et al.
t has been reported previously that arteriolopathy develops
ndependently of blood pressure, although it is dependent on
he renin-angiotensin system.18 It also may be mediated by
irect effects of uric acid on vascular smooth muscle cells.18,20

nterestingly, there was a significant correlation between ar-
eriolar thickening and glomerular pressure.19 One may spec-
late that arteriolar disease may have contributed to the
ransmission of SBP into the glomeruli because proliferation
f vascular smooth muscle cells and increased collagen dep-
sition in the vascular wall might be expected to increase
igidity of the vascular wall and thus limit its capacity to
ontract in response to higher perfusion pressure.

Increased glomerular pressure is known to precede (and is
hought to be partially responsible) for the late development
f hypertrophy and sclerosis in other experimental models
eg, subtotal renal ablation). PGC was slightly lower in our
yperuricemic rats than in rats 4 to 6 weeks after 5/6 ne-
hrectomy: 56.7 versus 60 mm Hg.21-24 However, the in-
rease of PGC in hyperuricemic rats probably reflects a more
ignificant dysfunction of preglomerular vessels because after
enal ablation, blood pressure is higher (170-190 mm Hg),
enal mass is decreased, and there is a significant degree of
fferent dysfunction; in contrast, in hyperuricemic rats, hy-
ertension is less severe and the nephron population remains

ntact.

ffects of Hyperuricemia in
he Progression of Renal Injury
yperuricemia has long been associated with renal dis-

ase; it is an independent risk factor for progression in
mmunoglobulin A nephropathy25,26 and confers a greater
isk than proteinuria for developing chronic renal disease
n the general population.27 In experimental studies, mild
yperuricemia produces hypertension, renal vasoconstric-
ion, tubulointerstitial injury, and arteriolopathy in nor-
al animals. It also exacerbates cyclosporine nephrotox-

city.17,18,28 Despite these associations, controversy exists
s to whether uric acid has a causative role. Recently, the
ossibility that hyperuricemia could be contributing to
rogression of renal damage was tested by Kang et al29 in
he remnant kidney model. Mild hyperuricemia was in-
uced by administering a normal sodium diet containing
% OA. Rats developed hyperuricemia and showed higher
lood pressure, greater proteinuria, and higher serum cre-
tinine than control rats. Hyperuricemic remnant kidney
ats also showed greater glomerulosclerosis, interstitial fi-
rosis, and vascular disease consisting of thickening of the
reglomerular arteries with smooth muscle cell prolifera-
ion. Allopurinol significantly decreased uric acid levels
nd blocked the renal functional and histologic changes.
enziodarone decreased uric acid levels less effectively
nd only partially improved blood pressure and renal
unction, with minimal effect on the vascular changes.

Studies for determining the mechanism of the develop-
ent of the vascular disease showed that uric acid directly
timulates vascular smooth muscle cell proliferation. In C
his study Kang et al29 found de novo expression of cyclo-
xygenase-2 messenger RNA after incubation of vascular
mooth muscle cells with uric acid. A cyclooxygenase-2
nhibitor or a TXA-2 receptor inhibitor prevented the pro-
iferation in response to uric acid. In vivo, cyclooxygen-
se-2 also was shown to be expressed de novo in the pre-
lomerular vessels and its expression correlated both with
he uric acid levels and with the degree of smooth muscle
ell proliferation. These studies provided direct evidence
hat uric acid may be a true mediator of renal disease and
rogression.
In experimental animals, a decrease of the renal mass re-

ults in glomerular hypertension and hyperfiltration of the
emnant nephrons that cause proteinuria, glomerulosclero-
is, and tubulointerstitial inflammation and fibrosis. The in-
rease in PGC results from ineffective constriction of the affer-
nt arteriole that allows the transmission of the systemic
ypertension to the glomerular tuft.21-24 Thus, glomerular
emodynamic changes are determined to a great extent by
he functional capacity of preglomerular arterioles. Recently,
e reported that arteriolopathy of afferent arteriole may con-

ribute to the progression of renal disease by perpetuating
lomerular hemodynamic stress.24 In renal ablated rats, his-
ologic examination and morphometry showed thickening of
fferent arterioles as disclosed by a significant increase in the
edia/lumen ratio, indicating hypertrophy of the vessel wall.

roliferation of vascular smooth muscle cells and increased
ollagen deposition might be expected to increase the rigidity
f the vascular wall and thus limit its capacity to contract in
esponse to higher perfusion pressure.24 Maneuvers that pre-
ent the accompanying inflammatory process, such as treat-
ent with the heparinoid pentosan polysulfate23 and the im-
unosuppressive drug mofetil mycophenolate,24 preserve

rteriolar structure and maintain normal glomerular pressure
espite persisting systemic hypertension, indicating a normal
utoregulatory response.

On the other hand, hypertrophy of vascular smooth mus-
le cells and expanded extracellular matrix on the vascular
all may critically decrease the lumen of preglomerular ves-

els, inducing the decrease of blood flow to glomeruli and
ostglomerular ischemia, which is a well-known stimulus to
roduce tubulointerstitial fibrosis and salt-sensitive hyper-
ension.30

Because hyperuricemia accelerates progression of renal
isease in the remnant kidney model by a mechanism

ntricately linked to the development of severe preglo-
erular vascular disease,29 we performed micropuncture

tudies to evaluate the contribution of glomerular hemo-
ynamic changes.31 We studied rats on a normal salt diet,
ith 5/6 nephrectomy produced by uninephrectomy, and

igation of 2 to 3 branches of renal artery of the contralat-
ral kidney. Hyperuricemia was induced in 2 groups of
ats by administering intragastric OA. To prevent the in-
rement of SUA, one group received allopurinol in the
rinking water. A third group served as control. Animals
ere studied after 30 days. OA administration induced a
-fold increase of SUA that was prevented by allopurinol.

ontrol 5/6 nephrectomy rats developed severe hyperten-
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Hemodynamics of hyperuricemia 23
ion and proteinuria, which increased further with hyper-
ricemia and was restored to control values by allopurinol
reatment.

The main finding of these studies was that mild hyper-
ricemia produced profound renal cortical vasoconstric-
ion. Single-nephron glomerular plasma flow and GFR de-
reased by 40%; the ultrafiltration coefficient also
ecreased in the same proportion. Afferent and efferent
esistances increased by 2-fold. Despite intense vasocon-
triction, glomerular hypertension was unchanged in hy-
eruricemic rats. Morphometric analysis of the afferent
rteriole in control 5/6 nephrectomy rats revealed hyper-
rophy of the vascular wall. However, the increase in SUA
evel markedly accentuated the arteriolopathy, with in-
reasing arteriolar thickening and a 30% increase in the
edia to lumen ratio. Allopurinol treatment partly re-

tored the functional changes, however, it fully prevented
he arteriolopathy. Arteriolar wall thickness was normal
nd the media to lumen ratio was significantly lower than
he hyperuricemic and control groups. Interestingly, pres-
rvation of vascular structure was associated with main-
aining normal glomerular pressure despite systemic hy-
ertension, which denotes a normal autoregulatory
esponse of preglomerular vessels to the increase of arte-
ial pressure.31 The contribution of preglomerular vascular
esion to the increment of glomerular capillary pressure
as evidenced further by a positive significant correlation
f individual values of media to lumen ratio and glomer-
lar pressure in the 3 groups of rats. In addition, a signif-

cant positive correlation was found between individual
alues of serum uric acid and media to lumen ratio, un-
erscoring the role of uric acid in stimulating proliferation
f vascular smooth muscle cells.31

In conclusion, owing to the proliferative effect of uric
cid on vascular smooth muscle cells, chronic mild hyper-
ricemia produces renal arteriolopathy. The consequences
f the vascular lesion are, on the one hand, an impaired
apacity of preglomerular vessels to maintain constancy of
lomerular pressure in the face of arterial hypertension
ausing (normal rats) or perpetuating (5/6 nephrectomy
ats) glomerular hypertension. On the other hand, lumen
bliteration induced by vascular wall thickening results in
evere vasoconstriction, decreasing renal plasma flow,
FR, and perfusion to peritubular capillaries. The result-

ng ischemia is a potent stimulus that induces tubulointer-
titial inflammation and fibrosis as well as arterial hyper-
ension. Evidence for these alterations is provided by
tudies in which mild hyperuricemia was responsible for
ater development of salt-sensitive hypertension in normal
ats.32 Furthermore, it is possible that as the arteriolar
hanges become more severe, glomerular ischemia and
ventual collapse with a decrease in glomerular pressure
ould take place, as has been postulated to occur with
rolonged and severe hypertension.33 Thus, these studies
rovide a potential mechanism by which hyperuricemia

an mediate hypertension and renal disease.
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