
U
W

C
c
t
a
p
N
t
o
d
m
i
p
i
a
c
r
m
r
a
m

*

†

S

A

0
d

ric Acid in Chronic Heart Failure
olfram Doehner* and Stefan D. Anker*,†

The pathophysiologic understanding of chronic heart failure (CHF) has shifted from a mere
hemodynamic disorder to a much more complex approach including changes and imbal-
ances in neurohormonal, immune, and metabolic functions. Among metabolic abnormali-
ties, hyperuricemia is a constant finding in CHF. The xanthine oxidase metabolic pathway
increasingly is appreciated as an important contributor to both symptoms of CHF as well as
progression of the disease. Recent data suggest hyperuricemia to be an independent
marker of impaired prognosis in CHF. In this article, the significance of the xanthine oxidase
metabolic pathway in CHF is discussed. Data on xanthine oxidase inhibition are reviewed,
which suggest a beneficial effect of therapeutically targeting this enzymatic pathway.
Semin Nephrol 24:61-66 © 2005 Elsevier Inc. All rights reserved.
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hronic heart failure (CHF) is a leading cause of both
morbidity and mortality in Western society with in-

reasing numbers in prevalence and health care costs. During
he past 10 to 15 years, our understanding has changed from
mere hemodynamic disorder to a much more complex ap-
roach, including neuroendocrine and immune activation.
ot only the cardiovascular system is affected in the long-

erm course of the disease, but also peripheral tissues and
rgans contribute to both symptoms and progression of the
isease. Recent findings on metabolic imbalances and hor-
onal abnormalities occurring in CHF1 add further to the

ncreasingly complex picture of CHF pathophysiology. Hy-
eruricemia is a constant finding in CHF.2 Uric acid levels

ncrease in parallel to disease severity (Fig 1) and are associ-
ted with main clinical symptoms such as impaired exercise
apacity3 and decreased peripheral blood flow and vascular
esistance.2 Those data suggest a role of the xanthine oxidase
etabolic pathway in the pathophysiology of CHF. More

ecently, prognostic implications for hyperuricemia in CHF
re discussed. This article focuses on the role of hyperurice-
ia and of the xanthine oxidase metabolic pathway in CHF.
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he Xanthine Oxidase
etabolic Pathway in CHF

n humans, uric acid is the metabolic end point of purine
egradation. The last metabolic steps in this process (from
ypoxanthine to xanthine and from xanthine to uric acid)
re promoted by the enzyme xanthine oxidoreductase
EC1.1.3.22). This enzyme is a flavoprotein that contains
oth iron and molybdenum and uses NAD� as an electron
cceptor. It exists in 2 interconvertible forms: xanthine
ehydrogenase and xanthine oxidase (XO). In its oxidase
orm, this enzyme can transfer the decreasing equivalent
o molecular oxygen as redox partner generating free ox-
gen radicals (superoxide anion and hydrogen peroxide,
hich can be converted to free hydroxyl radicals). In
968, the cytosolic XO was the first documented putative
iologic generator of oxygen-derived free radicals.4 Since
hen, it has been established that XO is a major source of
ree oxygen radical production in the human body.5,6,7

his metabolic pathway is of particular significance in
onditions of tissue hypoxia and ischemia/reperfusion8

ecause increased degradation of adenosine triphosphate
ia adenosine leads to increased substrate load for XO.9

ccordingly, an increase in serum uric acid level has been
bserved in hypoxic states such as obstructive pulmonary
isease,10 neonatal hypoxia,11,12 cyanotic heart dis-
ase,13,14 and acute heart failure.15 Uric acid levels have
een shown to increase also in the coronary sinus after
onsecutive balloon inflations during angioplasty16,17 and
uring coronary bypass surgeries.18 Simultaneously, in

schemia/hypoxia, xanthine dehydrogenase increasingly is
onverted to XO, which further adds to accelerated radical

roduction.5,19
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62 W. Doehner and S.D. Anker
In CHF, increased uric acid levels therefore might be ex-
ected because patients with CHF have impaired uptake of
xygen at rest and during exercise. This has been confirmed
y the consistent finding of hyperuricemia in CHF being a
irect measure of impairment of oxidative metabolism.3,20

igh serum uric acid levels indicate the degree of XO activa-
ion in CHF21 and occur independently of the effects of di-
retics and renal dysfunction.3 Indeed, measurement of sol-
ble plasma XO22 and of endothelium-bound XO23 have
hown increased XO enzyme activity in CHF compared with
ealthy controls. As described earlier, an increased free rad-

cal oxygen load can be predicted in patients with CHF,
hich indeed has been observed.24,25,26

In CHF, endothelial dysfunction and decreased vasodila-
or capacity are characteristic features that relate closely to
rominent clinical symptoms such as decreased exercise ca-
acity and early muscle fatigue.27,28 Decreased perfusion of
keletal muscle in CHF is neither primarily related to central
emodynamic abnormalities29,30 nor to arterial hypoten-
ion,31 but, more importantly, to endothelial dysfunction32

nd inflammatory activation.33 Increased oxidative stress is a
ajor factor responsible for the impaired regulation of vas-

ular tone because it diminishes vasoactive nitric oxide.34,35

O-generated free oxygen radicals interact with endotheli-
m-derived nitric oxide to form peroxynitrite (in itself a
ighly active oxygen radical), starting a cascade of detrimen-
al oxygen radical effects (Fig 2). Endothelial dysfunction has
een shown to be related to increased scavenging (ie, degra-
ation) of nitric oxide by free oxygen radicals rather than

mpaired generation of nitric oxide.6 Notably, in humans the

igure 1 Serum uric acid levels in healthy subjects and in CHF
atients subgrouped according to New York Heart Association

NYHA) functional class. *P � .05, **P � .001, ***P � .0001 versus
ontrol group. Adapted from Doehner et al.2
issue with the highest activity of XO (besides the epithelium a
f the mammary gland) is the capillary endothelium and the
ndothelium of the small arteries.36,37

Increasing evidence suggests that the xanthine oxidase
etabolic pathway is not merely the final step in the purine
egradation with the formation of uric acid as a metabolically

nert waste product. In humans, the organs with the highest
O activity are the intestine and the liver, with low or unde-

ectable levels in the brain, kidney, lung, and muscle.38 The
ocalization of XO primarily in the endothelial cells of the
apillaries suggests that XO is involved in specific functions
f the vascular system.36 Given the capacity to generate free
xygen radicals, this enzyme might have a role in bactericidal
efense mechanisms,39,40 especially at the barrier between

ntestinal lumen and the body tissues. This physiologic
echanism may provide an acute adaptive response to envi-

onmental factors. One could hypothesize, however, that
ong-term stimulation of XO may result in chronic activation
f this mechanism, leading to maladaptive processes and
ventually damaging effects. The latter provides the patho-
hysiologic link of hyperuricemia with a large variety of det-
imental processes, including increased cytokine production,
ell apoptosis, and endothelial dysfunction, all of which oc-
ur in CHF patients.41,42,43 Indeed, in a prospective series of
tudies on patients with CHF, it has been shown that hyper-
ricemia is a marker of impaired oxidative metabolism and
yperinsulinemia,3 inflammatory cytokine activation,44 and

mpaired vascular function.2,45

O Inhibition—a
herapeutic Target in CHF?

he therapeutic option to inhibit increased XO activity in
HF might be useful to counteract maladaptive chronic up-

egulation of the XO metabolic pathway. In fact, it has been
hown that in CHF patients with hyperuricemia, treatment
ith the XO inhibitor allopurinol improved endothelial func-

ion and peripheral blood flow,46,47 whereas markers of free
xygen radical generation were decreased.46 In a placebo-
ontrolled, randomized, double-blinded, cross-over study
e showed that allopurinol (100 mg/d) after 1 week of treat-
ent decreased uric acid levels by 39%, while vasodilator

apacity improved in arm and leg vascular beds by 24% and
3%, respectively.46 Plasma XO activity was decreased by
9%.48 It was found that the treatment-induced decrease of
ric acid significantly correlated with the improvement of
asodilator capacity. This raises the possibility that indepen-
ent of the oxygen radicals, uric acid itself may have an
dverse effect on the regulation of peripheral vascular tone
see later). It has been shown that allopurinol treatment can
mprove forearm blood flow and endothelial dysfunction also
n other conditions such as type 2 diabetes mellitus and mild
ypertension.49 In the context of reperfusion injury, XO-
erived free oxygen radicals are a major contributor to im-
aired blood flow and tissue damage; allopurinol may exert
rotective effects against these reperfusion injuries.50 Benefi-
ial effects of allopurinol treatment for reperfusion injury

fter digital reimplantation surgery has been reported (de-
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Uric acid in CHF 63
reased infection rate, postoperative pain, and chronic swell-
ng).51

Besides its effect on peripheral vascular tone, inhibition of
O appears to directly influence myocardial performance in
HF. In animal models, allopurinol decreases myocardial
xygen consumption52 and improves systolic function,53,54

esulting in increased myocardial energy efficiency. Recently,
his has been confirmed in human CHF.55 Although the un-
erlying mechanism is not yet understood fully, some inves-
igators have suggested a specific effect of allopurinol to sen-
itize cardiac myofilaments to Ca2�.56 Treatment with
llopurinol is, however, not free of problems. It can induce
ttacks of gout, kidney dysfunction, or skin reactions.

hether new, more specific, XO antagonists will be estab-
ished in the future as a regular treatment option remains to
e seen.

yperuricemia in CHF
ecent experimental studies suggest that uric acid itself might
ontribute to cardiovascular pathophysiology. The direct as-
ociation between a decrease in uric acid level and improved
asodilator capacity was described earlier. We previously
howed that high uric acid levels in CHF predict impaired

eripheral blood flow and decreased vasodilator capacity.2 a
otably, these findings are independent of renal dysfunction
nd diuretic dose, which are known to contribute to increas-
ng the serum uric acid level and this may partly account for
igher uric acid levels in patients with CHF. Thiazide and

oop diuretics in particular, by increasing tubular reabsorp-
ion of uric acid, may cause decreased excretion. It has been
hown that in hypertensive patients, bendrofluazide at a dose
f 2.5 mg/d may cause an increase in serum uric acid levels of
%.57 However, this is not sufficient to explain the substantial

ncrease of uric acid level observed in CHF patients. For
urosemide treatment in CHF patients58 as well as for to-
asemide,59 even in larger doses (100-400 mg) as used in the
reatment of chronic renal failure, changes in uric acid levels
ere reported as clinically insignificant. Similar renal impair-
ent might increase serum uric acid levels owing to dimin-

shed excretion. However, this might not be a dominant fac-
or for hyperuricemia observed in CHF patients because
ssociations of uric acid with pathophysiologic alterations in
HF (see earlier) constantly were found independent of pa-

ameters of renal function2,3

A detrimental impact of chronic hyperuricemia has been
eported. Uric acid potently stimulates vascular smooth mus-
le cell proliferation in vitro, an effect mediated by stimula-
ion of mitogen-activated protein kinases, cyclooxygenase-2,

Figure 2 Endothelial effects of XO-de-
rived free radicals. In CHF, increased
substrate supply and XO/XH imbal-
ance lead to up-regulated XO activity,
resulting in increased free oxygen rad-
ical production. Superoxide anions re-
act with endothelium-derived nitric
oxide, causing impaired nitric oxide–
dependent regulation of vascular tone
and hence increased peripheral vascu-
lar resistance.
nd platelet-derived growth factor.60,61,62 In a mouse model it
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64 W. Doehner and S.D. Anker
asshownthaturicacid infusioncaused increasedendotoxin-
timulated tumor necrosis factor-� production and hence
roinflammatory immune activation.63 Recently, uric acid
as identified as an endogenous danger signal to activate the

mmune system.64 However, the discussion is ongoing
hether there is also an antioxidant effect and hence a pro-

ective effect of uric acid.

yperuricemia as a
ovel Prognostic Marker

here is increasing evidence suggesting prognostic signifi-
ance for the XO metabolic pathway. Recently, it was shown
hat in CHF patients high uric acid levels are a predictor of
mpaired survival, independently of and better than other
ell-established parameters such as the clinical status, exer-

ise capacity, parameters of kidney function, and effect of
iuretic therapy.65 Data indicated a stepwise increase of mor-
ality risk in parallel to increasing uric acid levels (Fig 3). This
s in line with the finding in a recent retrospective study that
xamined the effect of allopurinol in CHF on mortality and
ospitalization.66 In these patients, long-term high-dose al-

opurinol (�300 mg/d) was associated with a better all-cause
ortality (adjusted relative risk, .59; 95% confidence inter-

al, .37-.95; P � .05) than low-dose allopurinol (�300 mg/d),
ssuming a dose-related effect of allopurinol.

ummary
he traditional view of CHF as a mere pumping disorder has
hifted to a more complex approach including hormonal,
mmune, and metabolic aspects, and secondary changes. In-
reasing data suggests that the XO metabolic pathway is a
ignificant contributor to the pathophysiology of CHF with
oth symptomatic and prognostic implications. Preliminary
esults suggest a beneficial effect of decreasing uric acid by
O inhibition. Whether one also could use uricosuric treat-
ents (to increase excretion of uric acid) or newer, more

elective XO inhibitors potentially with less side effects in

cute or chronic heart failure needs further study. 1
eferences
1. Anker SD, Chua TP, Ponikowski P, et al: Hormonal changes and cata-

bolic/anabolic imbalance in chronic heart failure and their importance
for cardiac cachexia. Circulation 96:526-534, 1997

2. Doehner W, Rauchhaus M, Florea VG, et al: Uric acid in cachectic and
non-cachectic CHF patients—relation to leg vascular resistance. Am
Heart J 141:792-799, 2001

3. Leyva F, Anker S, Swan JW, et al: Serum uric acid as an index of
impaired oxidative metabolism in chronic heart failure. Eur Heart J
18:858-865, 1997

4. McCord JM, Fridovich I: The reduction of cytochrome c by milk xan-
thine oxidase. J Biol Chem 243:5753-5760, 1968

5. Terada LS, Guidot DM, Leff JA, et al: Hypoxia injures endothelial cells
by increasing endogenous xanthine oxidase activity. Proc Natl Acad Sci
U S A 89:3362-3366, 1992

6. Harrison DG: Cellular and molecular mechanisms of endothelial cell
dysfunction. J Clin Invest 100:2153-2157, 1997

7. Cai H, Harrison DG: Endothelial dysfunction in cardiovascular disease.
Circ Res 100:2153-2157, 1997

8. Zweier JL, Kuppusamy P, Lutty GA: Measurement of endothelial cell
free radical generation: Evidence for a central mechanism of free radical
injury in postischemic tissues. Proc Natl Acad Sci U S A 85:4046-4050,
1988

9. McCord JM, Roy RS: The pathophysiology of superoxide: Roles in
inflammation and ischemia. Can J Physiol Pharmacol 60:1346-1352,
1982

0. Braghiroli A, Sacco C, Erbetta M, et al: Overnight urinary uric acid:
Creatinine ratio for detection of sleep hypoxemia. Validation study in
chronic obstructive pulmonary disease and obstructive sleep apnea
before and after treatment with nasal continuous positive airway pres-
sure. Am Rev Respir Dis 148:173-178, 1993

1. Toguzov RT, Demin VF, Produkin VY, et al: Influence of perinatal
hypoxia on purine contents in erythrocytes of newborn infants. Biomed
Biochim Acta 48:S279-S281, 1989

2. Porter KB, O’Brien WF, Benoit R: Comparison of cord purine metabo-
lites to maternal and neonatal variables of hypoxia. Obstet Gynecol
79:394-397, 1992

3. Hayabuchi Y, Matsuoka S, Akita H, et al: Hyperuricaemia in cyanotic
congenital heart disease. Eur J Pediatr 152:873-876, 1993

4. Marro PJ, Baumgart S, Delivoria-Papadopoulos M, et al: Purine metab-
olism and inhibition of xanthine oxidase in severely hypoxic neonates
going onto extracorporeal membrane oxygenation. Pediatr Res 41:513-
520, 1997

5. Woolliscroft JO, Colfer H, Fox IH: Hyperuricemia in acute illness: a
poor prognostic sign. Am J Med 72:58-62, 1982

Figure 3 The graded relation-
ship between serum uric acid
level (in �mol/L) and survival in
294 patients with CHF. Kaplan-
Meier survival plot and hazard
ratios (relative risk) are shown.
Relative risk compared with uric
acid � 400 �mol/L. *P � .016
versus patients with uric acid
levels � 400 �mol/L; ***P �
.0001 versus patients with uric
acid levels � 400 �mol/L.
Adapted from Anker et al.65
6. De Jong JW, van der Meer P, Huizer T, et al: Does xanthine oxidase



1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

5

5

5

5

5

5

5

5

5

6

6

6

Uric acid in CHF 65
cause damage during myocardial ischemia? Bratisl Lek Listy 92:41-47,
1991

7. Huizer T, de Jong JW, Nelson JA, et al: Urate production by human
heart. J Mol Cell Cardiol 21:691-695, 1989

8. Lazzarino G, Raatikainen P, Nuutinen M, et al: Myocardial release of
malondialdehyde and purine compounds during coronary bypass sur-
gery. Circulation 90:291-297, 1994

9. Ashraf M, Samra ZQ: Subcellular distribution of xanthine oxidase dur-
ing cardiac ischemia and reperfusion: an immunocytochemical study.
J Submicrosc Cytol Pathol 25:193-201, 1993

0. Leyva F, Chua TP, Anker SD, et al: Uric acid in chronic heart failure: A
measure of the anaerobic threshold. Metabolism 47:1156-1159, 1998

1. Bakhtiiarov ZA: [Changes in xanthine oxidase activity in patients with
circulatory failure.] Ter Arkh 61:68-69, 1989

2. Doehner W, Tarpey MT, Pavitt DV, et al: Elevated plasma xanthine
oxidase activity in chronic heart failure: Source of increased oxygen
radical load and effect of allopurinol in a placebo controlled, double
blinded treatment study. J Am Coll Cardiol 41:207, 2003 (suppl A)

3. Landmesser U, Spiekermann S, Dikalov S, et al: Vascular oxidative
stress and endothelial dysfunction in patients with chronic heart fail-
ure: Role of xanthine-oxidase and extracellular superoxide dismutase.
Circulation 106:3073-3078, 2002

4. Belch JJ, Bridges AB, Scott N, et al: Oxygen free radicals and congestive
heart failure. Br Heart J 65:245-248, 1991

5. Ghatak A, Brar MJ, Agarwal A, et al: Oxy free radical system in heart
failure and therapeutic role of oral vitamin E. Int J Cardiol 57:119-127,
1996

6. Keith M, Geranmayegan A, Sole MJ, et al: Increased oxidative stress in
patients with congestive heart failure. J Am Coll Cardiol 31:1352-2356,
1998

7. Zelis R, Flaim SF: Alterations in vasomotor tone in congestive heart
failure. Prog Cardiovasc Dis 24:437-459, 1982

8. Anker SD, Swan JW, Volterrani M, et al: The influence of muscle mass,
strength, fatiguability and blood flow on exercise capacity in cachectic
and non-cachectic patients with chronic heart failure. Eur Heart J 18:
259-269, 1997

9. Franciosa JA, Park M, Levine TB: Lack of correlation between exercise
capacity and indexes of resting left ventricular performance in heart
failure. Am J Cardiol 47:33-39, 1981

0. Myers J, Fröhlicher VF: Hemodynamic determinants of exercise capac-
ity in chronic heart failure. Ann Intern Med 15:377-386, 1991

1. Sullivan MJ, Knight JD, Higginbotham MB, et al: Relation between
central and peripheral hemodynamics during exercise in patients with
chronic heart failure. Muscle blood flow is reduced with maintenance
of arterial perfusion pressure. Circulation 80:769-781, 1989

2. Drexler H, Hayoz D, Munzel T, et al: Endothelial function in chronic
congestive heart failure. Am J Cardiol 69:1596-1601, 1992

3. Anker SD, Volterrani M, Egerer KR, et al: Tumour necrosis factor alpha
as a predictor of impaired peak leg blood flow in patients with chronic
heart failure. QJM 91:199-203, 1998

4. Keaney JF Jr, Vita JA: Atherosclerosis, oxidative stress, and antioxidant
protection in endothelium-derived relaxing factor action. Prog Cardio-
vasc Dis 38:129-154, 1995

5. Indik JH, Goldman S, Gaballa MA: Oxidative stress contributes to
vascular endothelial dysfunction in heart failure. Am J Physiol 281:
H1767-H1770, 2001

6. Jarasch ED, Grund C, Bruder G, et al: Localization of xanthine oxidase
in mammary-gland epithelium and capillary endothelium. Cell 25:67-
82, 1981

7. Jarasch ED, Bruder G, Heid HW: Significance of xanthine oxidase in
capillary endothelial cells. Acta Physiol Scand Suppl 548:39-46, 1986

8. Sarnesto A, Linder N, Raivio KO: Organ distribution and molecular
forms of human xanthine dehydrogenase/xanthine oxidase protein.
Lab Invest 74:48-56, 1996

9. Tubaro E, Lotti B, Cavallo G, et al: Liver xanthine oxidase increase in
mice in three pathological models. A possible defence mechanism.
Biochem Pharmacol 29:1939-1943, 1980

0. McCord JM: The evolution of free radicals and oxidative stress. Am J

Med 108:652-659, 2000 6
1. Bolger AP, Anker SD: Tumour necrosis factor in chronic heart failure: A
peripheral view on pathogenesis, clinical manifestations and therapeu-
tic implications. Drugs 60:1245-1257, 2000

2. Adams V, Jiang H, Yu J, et al: Apoptosis in skeletal myocytes of patients
with chronic heart failure is associated with exercise intolerance. J Am
Coll Cardiol 33:959-965, 1999

3. Hornig B, Maier V, Drexler H: Physical training improves endothelial
function in patients with chronic heart failure. Circulation 93:210-214,
1996

4. Leyva F, Anker SD, Godsland I, et al: Uric acid in chronic heart failure:
A marker of chronic inflammation. Eur Heart J 19:1814-1822, 1998

5. Anker SD, Leyva F, Poole-Wilson PA, et al: Relation between serum
uric acid and lower limb blood flow in patients with chronic heart
failure. Heart 78:39-43, 1997

6. Doehner W, Schoene N, Rauchhaus M, et al: The effects of xanthine
oxidase inhibition with allopurinol on endothelial function and periph-
eral blood flow in hyperuricemic patients with chronic heart failure—
results from two placebo controlled studies. Circulation 105:2619-
2624, 2002

7. Farquharson CA, Butler R, Hill A, et al: Allopurinol improves endothe-
lial dysfunction in chronic heart failure. Circulation 106:221-226,
2002

8. Doehner W, Tarpey MT, Pavitt DV, et al: Studies on plasma xanthine
oxidase activity, marker of free radical production and effect of allo-
purinol in patients with chronic heart failure (CHF). J Am Coll Cardiol
41 (suppl ): 207A, 2003

9. Butler R, Morris AD, Belch JJ, et al: Allopurinol normalizes endothelial
dysfunction in type 2 diabetics with mild hypertension. Hypertension
35:746-751, 2000

0. Coghlan JG, Flitter WD, Clutton SM, et al: Allopurinol pretreatment
improves postoperative recovery and reduces lipid peroxidation in pa-
tients undergoing coronary artery bypass grafting. J Thorac Cardiovasc
Surg 107:248-256, 1994

1. Waikakul S, Unnanantana A, Vanadurongwan V: The role of allopuri-
nol in digital replantation. J Hand Surg 24B:325-327, 1999

2. Ekelund UE, Harrison RW, Shokek O, et al: Intravenous allopurinol
decreases myocardial oxygen consumption and increases mechanical
efficiency in dogs with pacing-induced heart failure. Circ Res 85:437-
445, 1999

3. Ukai T, Cheng CP, Tachibana H, et al: Allopurinol enhances the con-
tractile response to dobutamine and exercise in dogs with pacing-in-
duced heart failure. Circulation 103:750-755, 2001

4. Saavedra WF, Paolocci N, St John ME, et al: Imbalance between xan-
thine oxidase and nitric oxide synthase signaling pathways underlies
mechanoenergetic uncoupling in the failing heart. Circ Res 90:297-
304, 2002

5. Cappola TP, Kass DA, Nelson GS, et al: Allopurinol improves myocar-
dial efficiency in patients with idiopathic dilated cardiomyopathy. Cir-
culation 104:2407-2411, 2001

6. Perez NG, Gao WD, Marban E: Novel myofilament Ca2�-sensitizing
property of xanthine oxidase inhibitors. Circ Res 83:423-430, 1998

7. Carlsen JE, Kober L, Torp-Pedersen C, et al: Relation between dose of
bendrofluazide, antihypertensive effect, and adverse biochemical ef-
fects. BMJ 300:975-978, 1990

8. Car N, Skrabalo Z, Verho M: The effects of piretanide in patients with
congestive heart failure and diabetes mellitus: A double-blind compar-
ison with furosemide. Curr Med Res Opin 11:133-141, 1988

9. Friedel HA, Buckley MM: Torasemide. A review of its pharmacological
properties and therapeutic potential. Drugs 41:81-103, 1991

0. Watanabe S, Kang DH, Feng L, et al: Uric acid, hominoid evolution,
and the pathogenesis of salt-sensitivity. Hypertension 40:355-360,
2002

1. Rao GN, Corson MA, Berk BC: Uric acid stimulates vascular smooth
muscle cell proliferation by increasing platelet-derived growth factor
A-chain expression. J Biol Chem 266:8604-8608, 1991

2. Kang D-H, Nakagawa T, Feng L, et al: A role for uric acid in the
progression of renal disease. J Am Soc Nephrol 13:2888-2897, 2002
3. Netea MG, Kullberg BJ, Blok WL, et al: The role of hyperuricemia in the



6

6

6

66 W. Doehner and S.D. Anker
increased cytokine production after lipopolysaccharide challenge in
neutropenic mice. Blood 89:577-582, 1997

4. Shi Y, Evans JE, Rock KL: Molecular identification of a danger signal
that alerts the immune system to dying cells. Nature 425:516-521,
2003
5. Anker SD, Doehner W, Rauchhaus M, et al: Uric acid and survival in
chronic heart failure: Validation and application in metabolic,
functional, and hemodynamic staging. Circulation 107:1991-1997,
2003

6. Struthers AD, Donnan PT, Lindsay P, et al: Effect of allopurinol on
mortality and hospitalisations in chronic heart failure: A retrospective

cohort study. Heart 87:229-234, 2002


	Uric Acid in Chronic Heart Failure
	The Xanthine Oxidase Metabolic Pathway in CHF
	XO Inhibition—a Therapeutic Target in CHF
	Hyperuricemia in CHF
	Hyperuricemia as a Novel Prognostic Marker
	Summary
	References


