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Uric acid therapy for vasculoprotection 
in acute ischemic stroke
Sergi Amaro1,2, Francesc Jiménez‑Altayó3, Ángel Chamorro1,2

Abstract:
Uric acid (UA) is a product of the catabolism of purine nucleotides, the principal constituents of DNA, 
RNA, and cellular energy stores, such as adenosine triphosphate. The main properties of UA include 
scavenging of hydroxyl radicals, superoxide anion, hydrogen peroxide, and peroxynitrite that make 
this compound to be the most potent antioxidant in the human plasma. As the result of two silencing 
mutations in the gene of the hepatic enzyme uricase which degrades UA to allantoin, humans have 
higher levels of UA than most mammals. However, these levels rapidly decrease following an acute 
ischemic stroke (AIS), and this decrement has been associated to worse stroke outcomes. This 
review highlights the safety and potential clinical value of UA therapy in AIS, particularly in patients 
more exposed to redox‑mediated mechanism following the onset of ischemia, such as women, 
hyperglycemic patients, or patients treated with mechanical thrombectomy. The clinical findings are 
supported by preclinical data gathered in different laboratories, and in assorted animal species which 
include male and female individuals or animals harboring comorbidities frequently encountered in 
patients with AIS, such as hyperglycemia or hypertension. A remarkable finding in these studies is 
that UA targets its main effects in the brain vasculature since available evidence suggests that does 
not seem to cross the blood–brain barrier. Altogether, the available data with UA therapy extend the 
importance of vasculoprotection for effective neuroprotection at the bedside and reinforce the role 
of endothelial cells after brain ischemia for an increased survival of the whole neurovascular unit.
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Introduction

Despite the continuous progress made 
in the general care of patients with 

acute ischemic stroke  (AIS) including the 
implementation of reperfusion therapies, 
up to one‑third of stroke survivors remain 
with substantial disability. Therefore, 
improved approaches including effective 
neuroprotectants are imperative to 
diminish the burden of AIS worldwide. 
Neuroprotection in AIS refers to “any 
strategy, or combination of strategies, 
that antagonizes, interrupts, or slows 
the sequence of injurious biochemical 
and molecular  events  that ,  i f  le f t 
unchecked, would eventuate in irreversible 

ischemic injury.”[1] Likewise, treatment 
approaches that primarily target the 
cerebral vasculature rather than the brain 
parenchyma are described under the term 
of vasculoprotection.[2]

Arguably, a better understanding of how 
drugs affect the different components 
of the neurovascular unit could assist in 
the design and implementation of a more 
successful clinical translation. However, a 
majority of the available studies that used 
neuroprotectant drugs did not specifically 
address neither the patency nor the 
structure of the brain microvasculature, 
which are essential components for 
effective brain reperfusion, and hence, 
successful parenchymal protection.[3] On 
the contrary, an improved knowledge of 
preclinical drugs effects before the conduct 
of clinical studies could allow the design 
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of enriched randomized clinical trials (RCTs), where 
more homogeneous treatment populations could be 
evaluated, namely, the enriched studies could facilitate 
the prospective use of any patient characteristic to 
select the best responder individuals in RCT, in which 
detection of a drug effect (if one i, in fact, present) 
is more likely than it would be in an unselected 
population. In addition, enrichment strategies could 
also allow a treatment effect to be more readily 
discerned in smaller study populations, thus reducing 
the high costs of clinical trials. In this review, we 
argue that one appealing strategy would be the 
study of neuroprotectants in patients who reperfuse 
the occluded vessel after AIS either by the use of 
thrombolytic agents or mechanical devices, as brain 
reperfusion renders the ischemic brain vulnerable to 
mechanisms otherwise less germane in patients who 
harbor permanent vessel occlusions.[4] It also highlights 
the contribution of the vasculature for the normal 
function of the whole neurovascular unit in search of 
a more successful neuroprotection in AIS.

Search Strategy

Review of the literature was conducted through Internet 
search on public access website PubMed and Medline 
databases until 2018. Keywords utilized included uric 
acid  (UA), neuroprotection, vasculoprotection, and 
stroke therapy. Titles that were felt to meet criteria were 
subjected to further review.

The Ischemic Cascade

Numerous investigations on the mechanisms of the 
brain ischemic cascade have singled out the role of 
excitotoxicity, inflammation, oxidative‑nitrosative 
stress, apoptosis, and their complex bidirectional 
or multidirectional relationships.[5‑9] Excitotoxicity, 
mitochondrial dysfunction, and reactive oxygen/nitrogen 
species (ROS/RNS) production are linked processes after 
brain ischemia, as failure in energy production from 
mitochondria after the ischemic insult, leads rapidly 
to ROS/RNS production, membrane depolarization, 
removal of the voltage‑dependent Mg2+  block of the 
N‑methyl‑d‑aspartate receptor, and its subsequent 
activation leading to increased intracellular Ca2+ levels. 
The latter contributes to proteinase activation and free 
radical generation during the early ischemic phase,[10] 
and a much larger rise of these toxic compounds during 
early reperfusion, both in neurons and endothelial 
cells.[11] In agreement with the available evidence, most 
therapeutic approaches developed in the laboratory and 
translated into RCT, focused on protecting the brain from 
these stressors, although hitherto with disappointing 
results.[12] A full analysis of the reasons for the failure 
of neuroprotection in AIS is beyond the scope of this 

review,[13] but likely contributing factors would be that 
heterogeneous populations of patients were assessed 
and that few patients enrolled in the studies received 
concomitant reperfusion therapies.[14] Arguably, only 
a minority of patients reperfused after stroke in these 
studies, and in consequence, the neuroprotectants that 
were evaluated did not reach the ischemic brain or the 
vasculature or otherwise did it at inadequately low 
concentrations. Currently, these limitations could be 
overcome given the growing use of pharmacological 
and/or mechanical reperfusion therapies in patients 
with AIS, which may facilitate the design of RCT where 
all patients would require having an adequate brain 
reperfusion before testing the value of any putative new 
neuroprotectant drug.[15]

Endothelial Cells: A Cornerstone in the 
Neurovascular Unit

It is accepted that vasculogenic endothelial cells and 
nascent vessels in the developing heart, lung, pancreas, 
stomach, or gut, are critical for the earliest stages 
of organogenesis, before blood vessel function.[16] 
A similar relationship is likely to operate between 
the brain parenchyma and its circulatory system, 
and that interference of signals originated at the 
local vasculature may result in brain dysfunction. In 
the central nervous system, the vascular basement 
membrane separates the endothelial cells from 
neurons and glial cells and also contributes to vessel 
development and formation and maintenance of the 
blood–brain barrier (BBB).[17] The function of cerebral 
arteries is critical to maintain cerebrovascular resistance 
and minimize damage to ischemic brain regions 
after focal cerebral ischemia/reperfusion  (I/R).[18] 
Endothelial cells are the site of the BBB and control the 
traffic of ions, molecules, and cells into and out of the 
brain.[19] Under physiological conditions, endothelial 
cells determine the thromboresistance property of 
vessels,[20] suppress pro‑inflammatory gene expression, 
the recruitment of monocytes, and the development of 
atherosclerosis.[21] Endothelial cells also affect resting 
cerebral blood flow  (CBF) and mediate vasodilator 
responses to shear stress, neurotransmitters, metabolic 
factors, and therapeutic agents, and contribute to the 
normal function of neural and glial cells.[22] Effects of 
endothelial cells on the underlying smooth muscle at 
the vessel wall are major regulators of vessel tone, either 
by the release of vasoactive molecules that diffuse into 
the smooth muscle or through endothelium‑dependent 
hyperpolarization of vascular muscle.[23] Given this 
panoply of effects, endothelial dysfunction may 
represent a keystone event in the pathogenesis of 
neurovascular injury, and effective vasculoprotection 
might translate into clinically relevant therapeutic 
tactics.[24]
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Endothelial Cells and Brain Ischemia

Brain I/R impairs both basal and receptor‑mediated 
endothelium‑dependent vasodilation of large arteries, 
and parenchymal arterioles alike, despite it results 
in an increase in both endothelial nitric oxide  (NO) 
synthase expression and endothelium‑derived 
hyperpolarization‑type dilations.[25,26] I/R also result in 
loss of proportional and spatially controlled changes in 
CBF elicited by neural activity (neurovascular coupling), 
and a loss of myogenic tone and autoregulation, making 
the CBF to follow passively the changes in arterial 
pressure.[27] ROS and RNS as well as vasoactive factors 
such as NO, endothelin‑1, vascular endothelial growth 
factor (VEGF), and angiopoietin I, play important roles 
in regulation of vascular tone and structure in the acute 
phase of the brain ischemia.[28] Restoring nutritive 
blood flow to the ischemic brain is essential for tissue 
survival, but reentry of oxygen and glucose into the 
ischemic region also represents a double sword that 
brings about an excess production of ROS and RNS, 
which may trigger cellular responses ranging from 
subtle modulations of cell signaling to overwhelming 
oxidative/nitrosative injury, committing cells to necrosis 
or apoptosis.[10,29‑32] Sources of high concentrations of 
ROS and RNS are the mitochondria,[33] the activity of 
cyclooxygenase enzymes,[34] nicotinamide adenine 
dinucleotide phosphate  (NADPH) oxidase expressed 
by vessel wall cells  (e.g., endothelial cells),[35] brain 
pericytes,[36] and infiltrating neutrophils,[37] as well 
as the hypoxic‑dependent conversion of xanthine 
dehydrogenase into xanthine oxidase (XOR).[38] Further, 
whole‑tissue homogenates of the human brain have failed 
to exhibit significant XOR activity, immunohistochemical 
studies have revealed high levels of XOR antigen in 
brain vascular endothelium. Endothelial dysfunction is 
in part attributed to the effects of superoxide anion,[39] 
which is formed when oxygen acquires an additional 
electron and can react, among others, with arachidonic 
acid forming isoprostanes, or react with NO to produce 
peroxynitrite  (ONOO–). The latter is particularly toxic 
as it crosses readily biological membranes and interacts 
with most critical biomolecules.[40,41] Under experimental 
conditions, reactive species are largely generated in 
the ischemic penumbra for about 6–12  h after stroke 
onset,[42] facilitating the demise of the penumbra by 
lipid peroxidation, mitochondrial damage, protein 
nitration and oxidation, depletion of antioxidant 
reserves, activation or inhibition of various signaling 
pathways, DNA damage, and BBB breakdown.[43] Recent 
evidence suggests that ONOO–  formed during I/R 
can disrupt endothelial filamentous‑actin augmenting 
endothelium‑derived hyperpolarization‑type dilations 
of cerebral arteries, a mechanism whereby ONOO– could 
contribute to promote postischemic brain injury.[26] 
Ischemia also induces sustained contraction of pericytes 

on microvessels despite successful recanalization in mice, 
and suppression of ONOO– relieves pericyte contraction, 
reduces erythrocyte entrapment, restores microvascular 
patency, and improves the tissue survival. [44] 
Interestingly, by comparing the ROS‑suppressing effect 
of  N‑tert ‑butyl‑α ‑phenylnitrone  (PBN) with 
i ts  BBB impermeable  analog 2‑sulfophenyl‑ 
N‑tert‑butylnitrone (S‑PBN) in mice, Taskiran‑Sag et al. 
found that PBN and S‑PBN completely suppressed 
the reperfusion‑induced increase in ROS signal within 
vasculature;[45] PBN readily suppressed ROS produced 
in parenchyma and S‑PBN suppressed the parenchymal 
ROS sometimes later. Yet, both compounds comparably 
reduced the size of the ischemic area and S‑PBN 
restored the microvascular patency and perfusion after 
recanalization, suggesting that its delayed parenchymal 
antioxidant effect could be secondary to improved 
microcirculatory reperfusion.[45]

After ischemia, the BBB loses parts of its barrier properties, 
driving endothelial cell induction of selectins and 
integrins, and secretion of pro‑inflammatory compounds 
such as tumor necrosis factor‑α, interleukin‑1 (IL‑1) β, IL‑6, 
monocyte chemoattractant protein‑1, cytokine‑induced 
neutrophil chemoattractant, and prostaglandins.[46,47] 
These events primarily affect postcapillary venules, 
where leukocytes adhere to swollen endothelium 
and infiltrate the brain parenchyma across the BBB.[48] 
Neutrophils have a remarkable destructive potential, 
either through the direct neurotoxic effects from the 
release of proteolytic enzymes[49,50] or through indirect 
effects that result from intravascular neutrophil 
accumulation, capillary blood flow obstruction, 
the no‑reflow phenomenon,[51] or activation of the 
complement system.[52] Neutrophils can also extravasate 
from the leptomeningeal vessels and reach the brain 
in experimental animal models and human studies of 
permanent arterial occlusion.[53] Finally, a vicious cycle 
of inflammatory activation on both endothelial cells 
and leukocytes may contribute to increased vascular 
permeability and vasogenic edema.[54]

Uric Acid: A Potent Extracellular 
Antioxidant

UA is a product of the catabolism of purine nucleotides, 
the principal constituents of DNA, RNA, and cellular 
energy stores, such as adenosine triphosphate. In most 
mammals, UA is rapidly degraded by the hepatic 
enzyme uricase  (urate oxidase) to allantoin,[55] but 
in humans, the uricase gene is nonfunctional. As a 
consequence, humans have higher UA levels than most 
mammals, in concentration almost tenfold higher than 
other antioxidants that contribute up to 60% of the total 
plasma antioxidant activity in healthy controls.[56] The 
main properties of UA include scavenging of hydroxyl 
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radicals, superoxide anion, hydrogen peroxide, and 
peroxynitrite; suppression of the Fenton reaction; 
chelation of transition metals; and prevention of lipid 
peroxidation.[57]

Uric Acid Therapy Following Brain 
Ischemia: Preclinical Data

Accumulating data attest the beneficial role of UA to 
minimize the negative consequences of the ischemic 
cascade. Yu et  al. first described the dose‑dependent 
effects of UA therapy to prevent cell death induced 
by exposure to glutamate and cyanide in cultured 
rat hippocampal neurons and showed that UA was 
neuroprotective administered following I/R in rats.[58] 
Romanos et al. identified the synergistic effects of UA 
and recombinant tissue plasminogen activator  (rtPA) 
in a model of thromboembolic brain ischemia in rats.[59] 
In mice, Haberman et  al. showed improved outcome, 
smaller infarcts, and reduced ROS production with UA 
therapy following I/R or permanent middle cerebral 
artery  (MCA) occlusion,[60] and Ma et  al. confirmed 
smaller infarcts, improved behavior, and reduced 
superoxide anion production and nitrotyrosination in 
brain, following I/R.[61] Preclinical studies have also 
demonstrated improved stroke outcomes following UA 
therapy in hyperglycemic mice,[62] female mice,[63] and in 
female rats.[64]

Uric Acid Mainly Targets the Vasculature

Onetti et  al. showed in male rats that UA therapy 
attenuated the MCA wall thickening following I/R, 
and induced passive lumen expansion, reduced brain 
damage, and reduced nitrotyrosination in both the 
MCA and the brain tissue.[65] UA treatment prevented 
the increased wall and adventitial volume, and the 
augmented number of adventitial cells, but not smooth 
muscle cells. Remarkably, all these effects were more 
significant in animals with hyperemia after I/R.[66] 
A decrease in the myogenic response occurs during 
ischemia and is considered an important factor involved 
in the functional dysregulation of CBF after I/R.[66] 
However, UA treatment during reperfusion did not 
restore the myogenic response. Further, quantitative 
analysis of mRNA levels of NADPH oxidase  (major 
source of vascular superoxide anion) subunits showed 
augmented mRNA expression in hyperemic animals, and 
this effect in conjunction with the enhanced oxidative 
stress was attenuated by UA.[65]

UA therapy after I/R in normotensive rats also exerted 
long‑term brain protective effects which were associated 
with attenuation of the short‑term rise in both circulating 
levels of IL‑18 and cerebrovascular oxidative stress.[67] 
Strikingly, UA treatment attenuated both short‑  and 

long‑term brain damage in hypertensive rats, an effect 
associated with abolishment of the acute oxidative stress 
response and prevention of stroke‑induced long‑lasting 
MCA remodeling. Further, in BBB permeability assays, 
the permeability of UA was poor, suggesting that it 
did not cross the BBB by passive transport. Indeed, UA 
plasma levels increased 10 min after intravenous  (IV) 
UA administration, whereas UA levels in brain tissue 
were unaffected by UA infusion, suggesting that the 
main protective target of this compound was the brain 
vasculature.[67]

Beneficial actions of UA following I/R have been 
associated with the activation of the Nrf2 transcription 
factor and regulation of neurotrophic factor expression.[68] 
Our group further showed in spontaneously hypertensive 
rats that UA treatment induced Kruppel‑like factor 
2  (KLF2) expression, and lowered VEGF‑A levels 
while reduced BBB leakage, and improved endothelial 
cell barrier integrity.[69] KLF2 is a transcription factor 
that modulates essential cellular functions, including 
regulation of endothelial cell growth, differentiation 
and activation,[70] and protects mice from thrombus 
formation by a decreased expression of endothelial 
thrombotic factors.[71] Human VEGF‑A is a Janus‑faced 
molecule, since together with its proangiogenic and 
neuroprotective effects, it disrupts the BBB integrity, 
leading to edema, hemorrhage, and brain damage.[72] 
Previously, it was shown that UA inhibits angiogenesis 
of cultured endothelial cells through KLF2‑induced 
negative regulation of VEGF‑A expression.[73] Altogether, 
these findings strongly support the concepts that UA 
is primarily a vasculoprotective compound and that 
this effect may be ultimately responsible for the overall 
neuroprotection and improved outcome shown in 
experimental studies.

Uric Acid Therapy Following Brain 
Ischemia: Clinical Data

The beneficial effects of UA found in preclinical 
models have also a promising translation into the 
clinic. In particular, Chamorro et  al. first described 
in patients with AIS that higher endogenous levels 
of UA at clinical onset were associated with better 
stroke outcome.[74] Reassuringly, this finding was later 
confirmed in a meta‑analysis of 8131  patients with 
AIS.[75] Waring et al. showed that IV administration of 
UA was safe in healthy volunteers, increased serum 
free‑radical scavenging capacity at rest and during acute 
physical exercise, and abolished lipid peroxidation.[76] We 
conducted a pilot study that showed the safety of IV UA 
administration in 24 patients with AIS treated with rtPA 
treated within 3 h of clinical onset,[77] established in 44 h 
the half elimination life of the compound and found that 
UA treated patients had lower increments of activated 
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metalloproteinase‑9 at follow‑up.[78] Importantly, this 
pilot study also described a rapid consumption of 
the circulating levels of endogenous UA in untreated 
patients.[77]

The Phase 2 URICO‑ICTUS trial confirmed the safety 
of a single 90‑min infusion of 1  g UA administration 
in 421  patients with AIS treated with rtPA within 
4.5 h of symptom onset.[79] The trial showed an overall 
nonsignificant 6% absolute increment in the rate of 
good outcome at follow‑up but showed a highly 
significant reduction in the incidence of early stroke 
worsening stroke in treated patients.[80] Preplanned 
analyses in subgroups of patients more vulnerable 
to oxidative/nitrosative stress, demonstrated highly 
significant effects of UA therapy in the primary outcome 
of URICO‑ICTUS (modified Rankin Scale score at day 
90). These important subgroups included women,[81] 
hyperglycemic patients,[82] and patients treated with 
mechanical thrombectomy  (MT).[83] A greater benefit 
of UA therapy in females could be attributed to lower 
endogenous levels of UA in this sex group and therefore 
greater exposure than males to unopposed toxic‑free 
radicals.[81] The greater benefit of UA therapy observed 
in hyperglycemic patients accord with preclinical 
studies establishing that glucose exacerbates ischemic 
brain injury because it is the main electron donor for 
reperfusion‑induced neuronal superoxide production 
in AIS.[84] Indeed, inactivation of neuronal superoxide 
production in mice counterbalances the deleterious 
effects of hyperglycemia after brain ischemia.[84] Finally, 
the greater benefit of UA therapy versus placebo in the 
subpopulation of patients treated with MT, which has 
the greatest brain reperfusion rate, is justified by the 
abundant experimental evidence indicating a much 
higher production of ROS and RNS, whenever brain 
reperfusion occurs. Confirmation of these provocative 
findings is planned in a pivotal RCT of patients treated 
with MT.

Conclusions

This review highlights the safety and potential 
clinical value of UA therapy in AIS, particularly in 
patients more exposed to deleterious redox‑mediated 
mechanisms following ischemic brain damage, such 
as females, patients with moderate increase of glucose 
levels at stroke onset, or patients treated with MT. 
This assumption is supported by preclinical data 
gathered in different laboratories, assorted species, 
and male and female animals harboring comorbidities 
that frequently affects patients with AIS, such as 
hyperglycemia or hypertension. Altogether, the 
available data with UA therapy extend the importance 
of vasculoprotection for effective neuroprotection at 
the bedside and reinforce the role of endothelial cells 

after brain ischemia for an increased survival of the 
whole neurovascular unit.

Financial support and sponsorship
Nil.

Conflicts of interest
Dr. Chamorro owns stock in FreeOx Biootech SL.

References

1.	 Ginsberg MD. Neuroprotection for ischemic stroke: Past, present 
and future. Neuropharmacology 2008;55:363‑89.

2.	 Fagan SC, Hess DC, Hohnadel EJ, Pollock DM, Ergul A. Targets 
for vascular protection after acute ischemic stroke. Stroke 
2004;35:2220‑5.

3.	 Gursoy‑Ozdemir  Y, Yemisci  M, Dalkara  T. Microvascular 
protection is essential for successful neuroprotection in stroke. 
J Neurochem 2012;123 Suppl 2:2‑11.

4.	 Chamorro Á, Dirnagl U, Urra X, Planas AM. Neuroprotection in 
acute stroke: Targeting excitotoxicity, oxidative and nitrosative 
stress, and inflammation. Lancet Neurol 2016;15:869‑81.

5.	 Lo  EH, Moskowitz  MA, Jacobs  TP. Exciting, radical, suicidal: 
How brain cells die after stroke. Stroke 2005;36:189‑92.

6.	 Pellegrini‑Giampietro  DE, Cherici  G, Alesiani  M, Carla  V, 
Moroni F. Excitatory amino acid release and free radical formation 
may cooperate in the genesis of ischemia‑induced neuronal 
damage. J Neurosci 1990;10:1035‑41.

7.	 Morimoto  T, Globus  MY, Busto  R, Martinez  E, Ginsberg  MD. 
Simultaneous measurement of salicylate hydroxylation and 
glutamate release in the penumbral cortex following transient 
middle cerebral artery occlusion in rats. J Cereb Blood Flow Metab 
1996;16:92‑9.

8.	 Ankarcrona  M, Dypbukt  JM, Bonfoco  E, Zhivotovsky  B, 
Orrenius S, Lipton SA, et al. Glutamate‑induced neuronal death: 
A succession of necrosis or apoptosis depending on mitochondrial 
function. Neuron 1995;15:961‑73.

9.	 Dugan LL, Sensi SL, Canzoniero LM, Handran SD, Rothman SM, 
Lin TS, et al. Mitochondrial production of reactive oxygen species 
in cortical neurons following exposure to N‑methyl‑D‑aspartate. 
J Neurosci 1995;15:6377‑88.

10.	 Chan  PH. Role of oxidants in ischemic brain damage. Stroke 
1996;27:1124‑9.

11.	 Kim GW, Kondo T, Noshita N, Chan PH. Manganese superoxide 
dismutase deficiency exacerbates cerebral infarction after focal 
cerebral ischemia/reperfusion in mice: Implications for the 
production and role of superoxide radicals. Stroke 2002;33:809‑15.

12.	 O’Collins  VE, Macleod  MR, Donnan  GA, Horky  LL, 
van der Worp  BH, Howells  DW, et  al. 1,026 experimental 
treatments in acute stroke. Ann Neurol 2006;59:467‑77.

13.	 Iadecola C, Anrather J. Stroke research at a crossroad: Asking the 
brain for directions. Nat Neurosci 2011;14:1363‑8.

14.	 Amaro  S, Chamorro Á. Translational stroke research of the 
combination of thrombolysis and antioxidant therapy. Stroke 
2011;42:1495‑9.

15.	 Chamorro Á. Neuroprotectants in the era of reperfusion therapy. 
J Stroke 2018;20:197‑207.

16.	 Matsumoto  K, Yoshitomi  H, Rossant  J, Zaret  KS. Liver 
organogenesis promoted by endothelial cells prior to vascular 
function. Science 2001;294:559‑63.

17.	 Morris AW, Sharp MM, Albargothy NJ, Fernandes R, Hawkes CA, 
Verma A, et al. Vascular basement membranes as pathways for 
the passage of fluid into and out of the brain. Acta Neuropathol 
2016;131:725‑36.

18.	 Cipolla  MJ, McCall  AL, Lessov  N, Porter  JM, Kontos  H. 



Amaro, et al.: Uric acid and ischemic stroke

60	 Brain Circulation ‑ Volume 5, Issue 2, April‑June 2019

Reperfusion decreases myogenic reactivity and alters middle 
cerebral artery function after focal cerebral ischemia in rats. Stroke 
1997;28:176‑80.

19.	 Daneman R. The blood‑brain barrier in health and disease. Ann 
Neurol 2012;72:648‑72.

20.	 Badimon L, Vilahur G. Thrombosis formation on atherosclerotic 
lesions and plaque rupture. J Intern Med 2014;276:618‑32.

21.	 Li H, Horke S, Förstermann U. Vascular oxidative stress, nitric 
oxide and atherosclerosis. Atherosclerosis 2014;237:208‑19.

22.	 Faraci  FM. Protecting against vascular disease in brain. Am J 
Physiol Heart Circ Physiol 2011;300:H1566‑82.

23.	 Hu  X, De Silva  TM, Chen  J, Faraci  FM. Cerebral vascular 
disease and neurovascular injury in ischemic stroke. Circ Res 
2017;120:449‑71.

24.	 Fagan  SC, Hess  DC, Machado  LS, Hohnadel  EJ, Pollock  DM, 
Ergul A. Tactics for vascular protection after acute ischemic stroke. 
Pharmacotherapy 2005;25:387‑95.

25.	 Marrelli SP, Khorovets A, Johnson TD, Childres WF, Bryan RM Jr. 
P2 purinoceptor‑mediated dilations in the rat middle cerebral 
artery after ischemia‑reperfusion. Am J Physiol 1999;276:H33‑41.

26.	 Onetti Y, Dantas AP, Pérez B, McNeish AJ, Vila E, Jiménez‑Altayó F. 
Peroxynitrite formed during a transient episode of brain ischaemia 
increases endothelium‑derived hyperpolarization‑type dilations 
in thromboxane/prostaglandin receptor‑stimulated rat cerebral 
arteries. Acta Physiol (Oxf) 2017;220:150‑66.

27.	 Dirnagl U, Pulsinelli W. Autoregulation of cerebral blood flow 
in experimental focal brain ischemia. J Cereb Blood Flow Metab 
1990;10:327‑36.

28.	 Lipton  P. Ischemic cell death in brain neurons. Physiol Rev 
1999;79:1431‑568.

29.	 Flamm ES, Demopoulos HB, Seligman ML, Poser RG, Ransohoff J. 
Free radicals in cerebral ischemia. Stroke 1978;9:445‑7.

30.	 McCord JM. Oxygen‑derived free radicals in postischemic tissue 
injury. N Engl J Med 1985;312:159‑63.

31.	 Pan  J, Konstas AA, Bateman B, Ortolano GA, Pile‑Spellman  J. 
Reperfusion injury following cerebral ischemia: Pathophysiology, 
MR imaging, and potential therapies. Neuroradiology 
2007;49:93‑102.

32.	 Peters O, Back T, Lindauer U, Busch C, Megow D, Dreier J, et al. 
Increased formation of reactive oxygen species after permanent 
and reversible middle cerebral artery occlusion in the rat. J Cereb 
Blood Flow Metab 1998;18:196‑205.

33.	 Sims NR, Anderson MF. Mitochondrial contributions to tissue 
damage in stroke. Neurochem Int 2002;40:511‑26.

34.	 Kawano T, Anrather J, Zhou P, Park L, Wang G, Frys KA, et al. 
Prostaglandin E2 EP1 receptors: Downstream effectors of COX‑2 
neurotoxicity. Nat Med 2006;12:225‑9.

35.	 Ago T, Kitazono T, Kuroda J, Kumai Y, Kamouchi M, Ooboshi H, 
et al. NAD(P)H oxidases in rat basilar arterial endothelial cells. 
Stroke 2005;36:1040‑6.

36.	 Kuroda  J, Ago  T, Nishimura  A, Nakamura  K, Matsuo  R, 
Wakisaka Y, et al. NoX4 is a major source of superoxide production 
in human brain pericytes. J Vasc Res 2014;51:429‑38.

37.	 Hernandez LA, Grisham MB, Twohig B, Arfors KE, Harlan JM, 
Granger DN. Role of neutrophils in ischemia‑reperfusion‑induced 
microvascular injury. Am J Physiol 1987;253:H699‑703.

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

39.	 De Silva TM, Brait VH, Drummond GR, Sobey CG, Miller AA. 
NoX2 oxidase activity accounts for the oxidative stress and 
vasomotor dysfunction in mouse cerebral arteries following 
ischemic stroke. PLoS One 2011;6:e28393.

40.	 Pryor  WA, Squadrito  GL. The chemistry of peroxynitrite: 
A product from the reaction of nitric oxide with superoxide. Am 
J Physiol 1995;268:L699‑722.

41.	 Beckman  JS. Oxidative damage and tyrosine nitration from 
peroxynitrite. Chem Res Toxicol 1996;9:836‑44.

42.	 Fabian RH, DeWitt DS, Kent TA. In vivo detection of superoxide 
anion production by the brain using a cytochrome c electrode. 
J Cereb Blood Flow Metab 1995;15:242‑7.

43.	 Becker BF. Towards the physiological function of uric acid. Free 
Radic Biol Med 1993;14:615‑31.

44.	 Yemisci M, Gursoy‑Ozdemir Y, Vural A, Can A, Topalkara K, 
Dalkara T. Pericyte contraction induced by oxidative‑nitrative 
stress impairs capillary reflow despite successful opening of an 
occluded cerebral artery. Nat Med 2009;15:1031‑7.

45.	 Taskiran‑Sag  A, Yemisci  M, Gursoy‑Ozdemir  Y, Erdener  SE, 
Karatas H, Yuce D, et al. Improving microcirculatory reperfusion 
reduces parenchymal oxygen radical formation and provides 
neuroprotection. Stroke 2018;49:1267‑75.

46.	 Jin AY, Tuor UI, Rushforth D, Kaur J, Muller RN, Petterson JL, et al. 
Reduced blood brain barrier breakdown in P‑selectin deficient 
mice following transient ischemic stroke: A future therapeutic 
target for treatment of stroke. BMC Neurosci 2010;11:12.

47.	 Engblom D, Ek M, Saha S, Ericsson‑Dahlstrand A, Jakobsson PJ, 
Blomqvist A. Prostaglandins as inflammatory messengers across 
the blood‑brain barrier. J Mol Med (Berl) 2002;80:5‑15.

48.	 Engelhardt B, Ransohoff RM. The ins and outs of T‑lymphocyte 
trafficking to the CNS: Anatomical sites and molecular 
mechanisms. Trends Immunol 2005;26:485‑95.

49.	 Allen  C, Thornton  P, Denes  A, McColl  BW, Pierozynski  A, 
Monestier M, et  al. Neutrophil cerebrovascular transmigration 
triggers rapid neurotoxicity through release of proteases 
associated with decondensed DNA. J Immunol 2012;189:381‑92.

50.	 Stowe  AM, Adair‑Kirk  TL, Gonzales  ER, Perez  RS, Shah  AR, 
Park  TS, et  al. Neutrophil elastase and neurovascular injury 
following focal stroke and reperfusion. Neurobiol Dis 
2009;35:82‑90.

51.	 del Zoppo  GJ, Schmid‑Schönbein GW, Mori  E, Copeland  BR, 
Chang CM. Polymorphonuclear leukocytes occlude capillaries 
following middle cerebral artery occlusion and reperfusion in 
baboons. Stroke 1991;22:1276‑83.

52.	 Nathan  C. Neutrophils and immunity: Challenges and 
opportunities. Nat Rev Immunol 2006;6:173‑82.

53.	 Perez‑de‑Puig  I, Miró‑Mur  F, Ferrer‑Ferrer  M, Gelpi  E, 
Pedragosa  J, Justicia  C, et  al. Neutrophil recruitment to the 
brain in mouse and human ischemic stroke. Acta Neuropathol 
2015;129:239‑57.

54.	 Yilmaz G, Granger DN. Leukocyte recruitment and ischemic brain 
injury. Neuromolecular Med 2010;12:193‑204.

55.	 Amaro S, Planas AM, Chamorro A. Uric acid administration in 
patients with acute stroke: A novel approach to neuroprotection. 
Expert Rev Neurother 2008;8:259‑70.

56.	 Ames  BN, Cathcart  R, Schwiers  E, Hochstein  P. Uric acid 
provides an antioxidant defense in humans against oxidant‑ and 
radical‑caused aging and cancer: A hypothesis. Proc Natl Acad 
Sci U S A 1981;78:6858‑62.

57.	 Davies KJ, Sevanian A, Muakkassah‑Kelly SF, Hochstein P. Uric 
acid‑iron ion complexes. A new aspect of the antioxidant functions 
of uric acid. Biochem J 1986;235:747‑54.

58.	 Yu  ZF, Bruce‑Keller  AJ, Goodman  Y, Mattson  MP. Uric acid 
protects neurons against excitotoxic and metabolic insults in cell 
culture, and against focal ischemic brain injury in vivo. J Neurosci 
Res 1998;53:613‑25.

59.	 Romanos E, Planas AM, Amaro S, Chamorro A. Uric acid reduces 
brain damage and improves the benefits of rt‑PA in a rat model of 
thromboembolic stroke. J Cereb Blood Flow Metab 2007;27:14‑20.

60.	 Haberman  F, Tang  SC, Arumugam  TV, Hyun  DH, Yu  QS, 
Cutler RG, et  al. Soluble neuroprotective antioxidant uric acid 
analogs ameliorate ischemic brain injury in mice. Neuromolecular 
Med 2007;9:315‑23.

61.	 Ma  YH, Su  N, Chao  XD, Zhang  YQ, Zhang  L, Han  F, et  al. 



Amaro, et al.: Uric acid and ischemic stroke

Brain Circulation ‑ Volume 5, Issue 2, April‑June 2019	 61

Thioredoxin‑1 attenuates post‑ischemic neuronal apoptosis 
via reducing oxidative/nitrative stress. Neurochem Int 
2012;60:475‑83.

62.	 Justicia  C, Salas‑Perdomo  A, Pérez‑de‑Puig  I, Deddens  LH, 
van Tilborg GAF, Castellví C, et al. Uric acid is protective after 
cerebral ischemia/reperfusion in hyperglycemic mice. Transl 
Stroke Res 2017;8:294‑305.

63.	 Dhanesha  N, Vázquez‑Rosa  E, Cintrón‑Pérez CJ, Thedens  D, 
Kort AJ, Chuong V, et al. Treatment with uric acid reduces infarct 
and improves neurologic function in female mice after transient 
cerebral ischemia. J Stroke Cerebrovasc Dis 2018;27:1412‑6.

64.	 Aliena‑Valero  A, López‑Morales  MA, Burguete  MC, 
Castelló‑Ruiz  M, Jover‑Mengual  T, Hervás D, et  al. Emergent 
uric acid treatment is synergistic with mechanical recanalization in 
improving stroke outcomes in male and female rats. Neuroscience 
2018;388:263‑73.

65.	 Onetti Y, Dantas AP, Pérez B, Cugota R, Chamorro A, Planas AM, 
et  al. Middle cerebral artery remodeling following transient 
brain ischemia is linked to early postischemic hyperemia: 
A target of uric acid treatment. Am J Physiol Heart Circ Physiol 
2015;308:H862‑74.

66.	 Palomares SM, Cipolla MJ. Myogenic tone as a therapeutic target 
for ischemic stroke. Curr Vasc Pharmacol 2014;12:788‑800.

67.	 Jiménez‑Xarrié E, Pérez B, Dantas  AP, Puertas‑Umbert  L, 
Martí‑Fabregas  J, Chamorro Á, et  al. Uric acid treatment after 
stroke prevents long‑term middle cerebral artery remodelling 
and attenuates brain damage in spontaneously hypertensive rats. 
Transl Stroke Res 2018. doi: 10.1007/s12975-018-0661-8.

68.	 Ya BL, Liu Q, Li HF, Cheng HJ, Yu T, Chen L, et al. Uric acid 
protects against focal cerebral ischemia/Reperfusion‑induced 
oxidative stress via activating nrf2 and regulating neurotrophic 
factor expression. Oxid Med Cell Longev 2018;2018:6069150.

69.	 Vila E, Solé M, Masip N, Puertas‑Umbert L, Amaro S, Dantas P, 
et al. Uric acid treatment protects brain endothelial 1 cells against 
2 ischaemic stroke injury: Involvement of the krüppel‑like factor 
2‑vascular endothelial growth factor‑A axis and impact of 
hypertension (submitted). Biochem Pharmacol 2019;164:115-128. 
doi: 10.1016/j.bcp.2019.04.002.

70.	 McConnell  BB, Yang  VW. Mammalian krüppel‑like factors in 
health and diseases. Physiol Rev 2010;90:1337‑81.

71.	 Nayak  L, Shi  H, Atkins  GB, Lin  Z, Schmaier  AH, Jain  MK. 
The thromboprotective effect of bortezomib is dependent on 
the transcription factor kruppel‑like factor 2  (KLF2). Blood 
2014;123:3828‑31.

72.	 Geiseler SJ, Morland C. The Janus face of VEGF in stroke. Int J 

Mol Sci 2018;19. pii: E1362.
73.	 Yu S, Hong Q, Wang Y, Hou K, Wang L, Zhang Y, et al. High 

concentrations of uric acid inhibit angiogenesis via regulation of 
the krüppel‑like factor 2‑vascular endothelial growth factor‑A 
axis by miR‑92a. Circ J 2015;79:2487‑98.

74.	 Chamorro  A, Obach  V, Cervera  A, Revilla  M, Deulofeu  R, 
Aponte JH. Prognostic significance of uric acid serum concentration 
in patients with acute ischemic stroke. Stroke 2002;33:1048‑52.

75.	 Wang Z, Lin Y, Liu Y, Chen Y, Wang B, Li C, et al. Serum uric acid 
levels and outcomes after acute ischemic stroke. Mol Neurobiol 
2016;53:1753‑9.

76.	 Waring  WS, Webb  DJ, Maxwell  SR. Systemic uric acid 
administration increases serum antioxidant capacity in healthy 
volunteers. J Cardiovasc Pharmacol 2001;38:365‑71.

77.	 Amaro S, Soy D, Obach V, Cervera A, Planas AM, Chamorro A. 
A  pilot study of dual treatment with recombinant tissue 
plasminogen activator and uric acid in acute ischemic stroke. 
Stroke 2007;38:2173‑5.

78.	 Amaro  S, Obach  V, Cervera  A, Urra  X, Gómez‑Choco  M, 
Planas AM, et al. Course of matrix metalloproteinase‑9 isoforms 
after the administration of uric acid in patients with acute stroke: 
A proof‑of‑concept study. J Neurol 2009;256:651‑6.

79.	 Chamorro  A, Amaro  S, Castellanos  M, Segura  T, Arenillas  J, 
Martí‑Fábregas J, et al. Safety and efficacy of uric acid in patients 
with acute stroke (URICO‑ICTUS): A randomised, double‑blind 
phase 2b/3 trial. Lancet Neurol 2014;13:453‑60.

80.	 Amaro S, Laredo C, Renú A, Llull L, Rudilosso S, Obach V, et al. 
Uric acid therapy prevents early ischemic stroke progression: 
A Tertiary analysis of the URICO‑ICTUS trial (Efficacy study of 
combined treatment with uric acid and r‑tPA in acute ischemic 
stroke). Stroke 2016;47:2874‑6.

81.	 Llull L, Laredo C, Renú A, Pérez B, Vila E, Obach V, et al. Uric 
acid therapy improves clinical outcome in women with acute 
ischemic stroke. Stroke 2015;46:2162‑7.

82.	 Amaro S, Llull L, Renú A, Laredo C, Perez B, Vila E, et al. Uric 
acid improves glucose‑driven oxidative stress in human ischemic 
stroke. Ann Neurol 2015;77:775‑83.

83.	 Chamorro Á, Amaro S, Castellanos M, Gomis M, Urra X, Blasco J, 
et al. Uric acid therapy improves the outcomes of stroke patients 
treated with intravenous tissue plasminogen activator and 
mechanical thrombectomy. Int J Stroke 2017;12:377‑82.

84.	 Suh SW, Shin BS, Ma H, Van Hoecke M, Brennan AM, Yenari MA, 
et al. Glucose and NADPH oxidase drive neuronal superoxide 
formation in stroke. Ann Neurol 2008;64:654‑63.


