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Abstract

Background: Inflammatory cytokinemia and systemic activation of the microvascular endothelium are central to the
pathogenesis of Plasmodium falciparum malaria. Recently, ‘parasite-derived’ uric acid (UA) was shown to activate human
immune cells in vitro, and plasma UA levels were associated with inflammatory cytokine levels and disease severity in Malian
children with malaria. Since UA is associated with endothelial inflammation in non-malaria diseases, we hypothesized that
elevated UA levels contribute to the endothelial pathology of P. falciparum malaria.

Methodology/Principal Findings: We measured levels of UA and soluble forms of intercellular adhesion molecule-1 (sICAM-
1), vascular cell adhesion molecule-1 (sVCAM-1), E-selectin (sE-Selectin), thrombomodulin (sTM), tissue factor (sTF) and
vascular endothelial growth factor (VEGF) in the plasma of Malian children aged 0.5-17 years with uncomplicated malaria
(UM, n=487) and non-cerebral severe malaria (NCSM, n=68). In 69 of these children, we measured these same factors once
when they experienced a malaria episode and twice when they were healthy (i.e., before and after the malaria transmission
season). We found that levels of UA, sICAM-1, sVCAM-1, sE-Selectin and sTM increase during a malaria episode and return to
basal levels at the end of the transmission season (p<<0.0001). Plasma levels of UA and these four endothelial biomarkers
correlate with parasite density and disease severity. In children with UM, UA levels correlate with parasite density (r=0.092,
p =0.043), sICAM-1 (r =0.255, p<<0.0001) and sTM (r=0.175, p=0.0001) levels. After adjusting for parasite density, UA levels
predict sTM levels.

Conclusions/Significance: Elevated UA levels may contribute to malaria pathogenesis by damaging endothelium and
promoting a procoagulant state. The correlation between UA levels and parasite densities suggests that parasitized
erythrocytes are one possible source of excess UA. UA-induced shedding of endothelial TM may represent a novel
mechanism of malaria pathogenesis, in which activated thrombin induces fibrin deposition and platelet aggregation in
microvessels. This protocol is registered at clinicaltrials.gov (NCT00669084).
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Introduction the surface of microvascular endothelial cells (MVECs). Wide-

) ) spread endothelial activation has also been associated with
Plasmodium falciparum (Pf) malaria, a major cause of childhood

morbidity and mortality in sub-Saharan Africa, is characterized by
significant impairment of the microvascular endothelium [1].
Systemic endothelial activation is documented in studies of both
uncomplicated malaria (UM) and severe malaria [2]. For example,
histologic evidence of endothelial activation has been observed in

increased plasma levels of vascular endothelial growth factor
(VEGF), an angiogenic protein that promotes endothelial inflam-
mation and permeability in African children with malaria [3,4],
but protects Asian adults against cerebral malaria-associated
mortality [5,6]. Endothelial damage and dysfunction have been
3 evidenced by increased levels of soluble adhesion molecules (e.g.,
dermal biopsies and organ autopsies as increased expression of SICAM-1, sVCAM-1 and sE-Selectin) and thrombomodulin

adhesion molecules [e.g., iptcrcellular adhesion molecule-1 (sTM), and reduced levels of nitric oxide (NO) in the plasma of
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and E- patients with malaria [1,2,7-12].

Selectin] and pro-thrombotic factors [e.g., tissue factor, (IT)] on
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Although the mechanisms of endothelial activation, damage and
dysfunction in malaria have not been fully elucidated, the systemic
microvascular sequestration of P. falciparum-infected red blood cells
(PIRBCs) is a critical initiating event. The cytoadherence of
PfRBCs not only activates MVECs, but also concentrates PFRBCs
in microvessels, where mature schizonts release merozoites and
parasite-derived virulence factors (e.g., hemozoin, GPI anchors
and histones) [13-15] that may contribute to endothelial
pathology. Recently, ‘parasite-derived’ uric acid (UA) has been
investigated as an additional virulence factor. In one model of
pathogenesis, PfRBCs accumulate excess hypoxanthine and
xanthine from human plasma [16,17], which is degraded by
plasma xanthine oxidase to UA upon schizont rupture. It has been
proposed that the synchronous rupture of schizonts in microvessels
may achieve high local UA levels by releasing UA from the RBC
cytoplasm, resulting in the formation of UA precipitates that are
inflammatory for mononuclear cells. In another — not mutually
exclusive — model, UA precipitates form in the cytosol of
intraerythrocytic parasites, are released at schizont rupture, and
directly activate mononuclear and dendritic cells [17] (van de Hoef
et al., submitted). The intravascular dissolution of parasite-derived
UA precipitates may also contribute to excess plasma UA levels.

UA is a weak organic acid present mainly as monosodium urate
at physiological pH, and is found as microscopic crystals in
diseases (e.g., gout) associated with elevated UA levels [18]. In
humans, UA levels (which vary depending on age, sex and race)
are maintained by balancing its production as an end-product of
purine metabolism and its excretion in the renal and gastrointes-
tinal systems. UA has biochemical properties that may be either
beneficial or detrimental to humans [19]. In plasma and
extracellular spaces, UA may scavenge free radicals and chelate
transitional metal ions [20]. As a pro-oxidant within cells, UA may
have detrimental effects [21]. For example, UA entering through
specific organic anion transporters (OATs) on the surface of
human umbilical vein endothelial cells reduces endothelial NO
synthase (eNOS) expression and impairs NO release i vitro [22—
24], suggesting a role for UA in endothelial dysfunction. UA also
activates the renin-angiotensin system (RAS), resulting in inflam-
mation, proliferation and damage of vascular smooth muscle cells
(VSMGs) [25,26]. Recent studies have associated elevated UA
levels with a variety of disorders [27-29]. In metabolic syndrome,
severe hyperuricemia exacerbates endothelial dysfunction by
directly inhibiting the function of NO [30,31]. In animal models,
hyperuricemia-induced hypertension is associated with reduced
NO levels and endothelial dysfunction, as well as activation of the
RAS and proliferation of VSMCs [32]. Hyperuricemia is also an
independent risk factor for cardiovascular disease and mortality in
hypertensive patients, in which endothelial activation, damage and
dysfunction contribute to pathogenesis [30,33-35].

In Malian children, we recently found that plasma UA levels
increase during an acute episode of P. falciparum malaria and with
disease severity [36]. In children with UM, UA levels correlate
with IL-6, IL-10, sSTNFRII, MCP-1, IL-8, TNFa and IP-10 levels,
suggesting that UA activates immune and perhaps other host cells
(e.g., MVECGs) to produce these inflammatory cytokines — all of
which correlate with disease severity in our study population.
Since elevated UA levels are associated with endothelial inflam-
mation in a variety of non-malaria diseases, and some of the
aforementioned cytokines are produced by MVECs, we explored
whether elevated UA levels may contribute to the endothelial
pathology of P. falciparum malaria.
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Methods

Ethics statement

All protocol activities were approved by the Ethics Committee
of the Faculty of Medicine, Pharmacy and Odontostomatology at
the University of Bamako, Mali, and the Institutional Review
Board of the U.S. National Institute of Allergy and Infectious
Diseases. Written informed consent was obtained from the parent
or guardian of all children. The protocol is registered at
clinicaltrials.gov (NC'T00669084).

Study population

This study was conducted within a 4-year (2008-2012)
prospective cohort study of malaria incidence in three rural
Malian villages (Kenieroba, Fourda and Bozokin) (Lopera-Mesa et
al., in preparation). Our previous report on UA and cytokines used
data collected from the 2008 transmission season [36], while this
study uses entirely new data from the 2009 transmission season. A
total of 1371 children aged 0.5-17 years were followed during the
2009 transmission season, in which 50% (684/1371) of them
presented with at least one episode of malaria. Plasma samples
obtained during the first episode of malaria were available from 68
children with non-cerebral severe malaria (NCSM) and 609
children with UM. While we used all 68 plasma samples from
children with NCSM, we used only 487 plasma samples from the
609 children with UM due to limited reagent supply. Specifically,
we studied all available plasma samples (n=278) from the 299
‘older’ children (aged 6-17 years) and a subset of randomly-
selected plasma samples (n = 209) from the 310 ‘younger’ children
(aged 0.5-5 vyears). This latter subset of samples comprised
approximately 70% of the samples from each of six age-groups of
children: 0.5, 1, 2, 3, 4 and 5 years old. Of the 555 children we
studied, 69 provided a plasma sample before (May 2009) and after
(December 2009) the transmission season. Plasma samples from
five children with cerebral malaria were consumed in a previous
study [36] and thus were not available.

UM was defined by (i) fever (axillary temperature = 37.5°C, or
history of fever in the previous 24 h) with or without other
symptoms of malaria (headache, body aches and malaise), (ii) the
presence of any asexual P. falciparum density, (iii) no symptoms or
signs of NCSM (see below), and (iv) no other etiology of fever
discernible on clinical examination. Children with NCSM had any
parasite density and met one or more of the following criteria:
prostration, severe anemia (hemoglobin =5 g/dl), cessation of
eating and drinking, and repetitive vomiting. Children with UM
and P. falciparum density <<100,000/ul were treated daily with
artesunate (4 mg/kg) plus amodiaquine (10 mg/kg) for 3 days,
given orally. Children with NCSM were treated intravenously
with artesunate, followed by the oral dose regimen for UM.
Children with UM and P. falciparum density =100,000/ul were
treated as for NCSM. All children were confirmed to have
undetectable parasitemia 72 h after presentation.

Plasma collection

Venous blood (2-10 ml) was obtained from a sub-cohort of 69
healthy children aged 3-11 years before and after the 2009
transmission season, at which times they had undetectable
parasitemia. Venous blood was also obtained from all children
who presented with malaria. Blood samples were collected by
venipuncture in sodium heparin Vacutainers® (Becton Dickinson,
Franklin Lakes, NJ) and transported for 2 h on ice to the
University of Bamako. Plasma was separated from whole blood by
centrifugation at 2500 rpm for 10 min at ambient temperature,
aliquotted, immediately stored at —80°C, shipped in a liquid
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nitrogen dry shipper to NIAID, and maintained at —80°C until
use.

Measurement of uric acid and endothelial biomarkers in
plasma

Plasma samples were thawed at room temperature and
centrifuged at 14000 rpm for 10 min at 4°C before measuring
UA and endothelial biomarker levels. UA levels were quantified in
triplicate by a colorimetric method with a linear detection range of
0.22-30 mg/dl using a QuantiChrom™ Uric Acid Assay Kit
(Bioassay Systems, Hayward, CA). Levels of sSICAM-1, sVCAM-1
and sE-Selectin were quantified using a Human Adhesion
Molecule MultiAnalyte Profiling Base kit (R&D Systems, Minne-
apolis, MN); samples were diluted 30-fold according to the
manufacturer’s instructions and analyzed using a Luminex200™
flow-based sorting and detection platform (Invitrogen, Carlsbad,
CA). sTM levels were measured using a Human Thrombomodulin
Quantikine ELISA (R&D Systems); samples were diluted 10-fold
according to the manufacturer’s instructions and optical densities
measured using a microplate reader set to 450 nm with 750 nm
wavelength correction. sTF levels were quantified using the
Human Coagulation Factor III/Tissue Factor Quantikine ELISA
(R&D Systems); samples were diluted 2-fold and assayed according
to the manufacturer’s instructions. VEGF levels were measured
using the Human VEGF single bead Luminex Kit (Invitrogen);
samples were diluted 3-fold, assayed according to the manufac-
turer’s instructions, and analyzed using a Luminex200™ flow-
based sorting and detection platform (Invitrogen).

Statistical Analysis

Due to technical issues, there is a small number of children with
missing UA or endothelial biomarker levels [UM (UA, 2; sSICAM1,
4; sVCAML, 4; sE-selectin, 4; sTM, 5; sTF, 5; VEGF, 15) and
NCSM (VEGF, 6)]. For clarity of presentation, we refer to ‘487
children with UM and ‘68’ children with NCSM throughout this
report. To compare groups of children, Fisher’s exact test was used
for categorical variables (sex) and the Mann-Whitney test for
continuous variables (age, hemoglobin level, parasite density, UA
and biomarker levels). The Wilcoxon signed rank test was used to
compare the changes in levels of UA and biomarkers in children
either from before the transmission season to a malaria episode, or
from a malaria episode to after the transmission season.
Confidence intervals on the fold-change over time used t-tests
on the log-transformed responses. Spearman’s correlation test was
used to measure correlations between UA levels, biomarker levels
and parasite densities. Spearman’s correlation is based on ranks, so
it measures the correlation for the bulk of the data and is not
overly influenced by points at the extremes. We sometimes
additionally check for continued significance after adjusting p-
values with Holm’s multiple comparison correction test because
we were testing six biomarkers [37], but all p-values reported are
unadjusted. To assess how UA level predicts biomarker level we
used a linear model with log;o biomarker level as a response and
log;o UA and parasite density as covariates. Residuals plots were
examined to check for large deviations from the normality
assumption. Descriptive statistics and univariate analyses were
made using GraphPad version 5.01 (Graphpad Software, La Jolla,
CA), and the relationships between variables were measured using
R version 2.13.0 (R Core Development Team, Vienna, Austria).
p-values <0.05 were considered significant.
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Results

Demographic and clinical characteristics of Malian
children with P. falciparum malaria

We studied 555 Malian children aged 0.5-17 years who
presented with UM (n=487) or NCSM (n=68) in the 2009
transmission season. Most children with NCSM had prostration,
repetitive vomiting, cessation of eating and drinking or some
combination of these criteria. Only 2 children with NCSM
developed severe anemia. None of the children died. The groups
of children with UM and NCSM did not differ significantly in sex
(female: 52.4% for UM us. 52.9% for NCSM, p =1.0) or median
age (6 years for UM us. 5 years for NCSM, p=0.23) (Table 1).
Hemoglobin levels decrease with disease severity (10.3 g/dl for
UM wvs. 9.9 g/dl for NCSM, p=0.04), and parasite densities
increase with disease severity (12300/ul for UM vs. 35363/l for
NCSM, p<0.0001) (Table 1).

Plasma levels of UA, sICAM-1, sVCAM-1, sE-Selectin and
sTM increase in malaria and correlate with disease

severity

To determine whether plasma UA levels increase during a
malaria episode and return to basal levels thereafter, we measured
UA levels in paired plasma samples from 69 children before and
after the 2009 transmission season, when they were healthy and
without parasitemia, and at their first episode of malaria in the
interim. We found that geometric mean basal UA levels increase
1.23-fold (95% CI 1.12-1.35, p<<0.0001) during a malaria episode
and then decrease by a factor of 1/1.23=10.82 (95% CI 0.75-0.89,
p<<0.0001) to basal levels after the transmission season (Fig. 1A,
Table 2). Plasma levels of SICAM-1, sVCAM-1, sE-Selectin and
sTM were found to increase 1.33- to 1.73-fold (p<<0.0001) from
basal levels during a malaria episode, and return to basal levels
after the transmission season (p<<0.0001) (Table 2). sTTF levels
decrease during a malaria episode (p=0.019) and then remain
unchanged at the end of the transmission season. VEGF levels
remain unchanged during a malaria episode and at the end of the
transmission season (Table 2). We tested to see if subjects that
have large fold-changes in UA tend to have large fold-changes in
the each of the six endothelial biomarkers, and we find a
significant correlation only with sTM (basal to malaria episode,
r=0.42, 95% CI 0.20-0.60, p = 0.0005; malaria episode to after,
r=0.31, 95% CI 0.07-0.51, p=0.012).

To determine whether plasma levels of UA and endothelial
biomarkers increase with disease severity, we compared these
levels in 487 and 68 children with UM and NCSM, respectively.
We found that levels of UA, sSICAM-1, sVCAM-1, sE-Selectin and
sTM are higher in children with NCSM compared to those with
UM (Fig. 1B, Table 3). Compared to children with UM, those
with NCSM have lower or similar levels of sTF and VEGF,
respectively (Table 3).

Plasma levels of UA, sICAM-1, sVCAM-1, sE-Selectin and
sTM correlate with parasite density in uncomplicated
malaria

We explored whether plasma UA during a malaria episode is
associated with P. falciparum densities and found only a small,
barely significant, correlation (r=0.092, p=0.043) in a clinically-
homogeneous group of 487 children with UM. Because we have
no information on the developmental stage of parasites, it is
tentative whether we can use P. falciparum density as a surrogate for
the biomass of recently ruptured schizonts, making it difficult to
interpret this correlation. Nevertheless, in exploring relationships
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Table 1. Demographic and clinical characteristics of patients.

Uric Acid and Endothelial Pathology in Malaria

Non-cerebral severe malaria

Parameter® Uncomplicated malaria (n=487) (n=68) p-value® (UM vs. NCSM)
Sex ratio (F/M) 255/232 36/32 1.0
Age (Years) 6 5 0.23
(3-9) (3-8)
Hemoglobin (g/dl) 103 9.9 0.04
(9.1-11.4) (9.0-10.7)
Parasite density (/ul) 12300 35363 <0.0001
(2250-28950) (14250-61556)

*The median (IQR) of each variable is shown, except for sex ratio.

“p-value was calculated using the Fisher's exact test.
doi:10.1371/journal.pone.0054481.t001

between parasitemia and endothelial pathology, we found much
stronger correlations between parasite densities and levels of sE-
Selectin (r=10.371, p<<0.0001), sSICAM-1 (r=0.274, p<<0.0001),
sTM (r =0.249, p<0.0001) and sVCAM-1 (r =0.236,
p<<0.0001). These latter correlations are still highly significant
after using Holm’s correction to adjust for the fact that we tested
six biomarkers. No correlations were found for sTF or VEGF.

Pp-values were calculated using the Mann-Whitney test, unless otherwise specified.

Plasma levels of UA correlate with levels of sSICAM-1 and
sTM in uncomplicated malaria

To explore whether parasite-derived UA (in addition to other
parasite-derived factors) contribute to the endothelial pathology of
malaria, we analyzed correlations between UA and endothelial
biomarker levels in 487 children with UM. Interestingly, UA levels
correlate only with sICAM-1 (r =0.255, p<<0.0001) and sTM
(r=0.175, p=10.0001) levels; these correlations remain significant
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Figure 1. Plasma UA levels increase during an acute episode of P. falciparum malaria and further increase with disease severity. A. UA
levels were quantified in paired plasma samples from 69 Malian children before and after the 2009 malaria transmission season, and at their first
episode of malaria in the interim. B. UA levels were quantified in plasma samples from Malian children with uncomplicated (UM, n=487) or non-
cerebral severe malaria (NCSM, n=68). Boxplots show the median, interquartile range, with outliers shown as open circles beyond the range. Data
points are displayed by density [45-46].

doi:10.1371/journal.pone.0054481.g001
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after using Holm’s correction to adjust for testing six biomarkers.
We used Spearman correlations, which are driven by the bulk of
the data, located in the middle range of UA levels (Fig. 2). Despite
their strong correlation with parasite densities, sVCAM-1 levels do
not correlate with UA levels (r=—0.062, p=0.177). The levels of
sE-Selectin  marginally correlate with UA levels (r=0.093,
p =0.041) but do not remain significant after Holm’s correction.
To further investigate a specific role for UA in the endothelial
pathology of malaria, we investigated whether UA levels predict

Table 2. Plasma levels of UA and biomarkers of endothelial activation/damage before, during and after an episode of P. falciparum

malaria.

Parameter® Before Episode p-value® After p-value®
(n=69) (n=69) (Before vs. Episode) (n=69) (Episode vs. After)

Uric acid (mg/dl) 3.31 3.95 <0.0001 3.31 <0.0001
(2.93-3.86) (3.46-4.59) (2.93-3.66)

sICAM-1 (ng/ml) 369 530 <0.0001 388 <0.0001
(325-455) (440-607) (343-475)

sVCAM-1 (ng/ml) 712 1151 <0.0001 774 <0.0001
(621-816) (971-1518) (674-988)

sE-Sel (ng/ml) 535 92.7 <0.0001 55.5 <0.0001
(42.4-72.5) (73.7-124) (43.3-67.9)

sTM (ng/ml) 3.66 4.90 <0.0001 3.62 <0.0001
(2.89-4.24) (3.71-5.96) (2.83-4.07)

sTF (pg/ml) 355 33.0 0.0194 319 0.1691
(27.0-45.6) (21.9-43.7) (24.03-39.4)

VEGF (pg/ml) 4.54 4.71 0.1740 6.50 0.1319
(2.30-7.38) (2.63-9.15) (3.29-9.50)

*The median (IQR) of each variable is shown.

bp-values were calculated using the Wilcoxon signed rank test.

doi:10.1371/journal.pone.0054481.t002

those of six endothelial biomarkers — independent of the effects of
parasite density. Using a series of simple linear models with each
log;o biomarker as a response, we found that, for a fixed log
parasite density, there is a 1.29-fold (95% CI 1.07-1.56, p = 0.008)
increase in sTM for each logyg increase in UA. Fold-changes in the
other five biomarkers are not significant or the linear model
assumptions were not met.

PLOS ONE | www.plosone.org

Table 3. Plasma levels of UA and biomarkers of endothelial activation/damage, stratified by disease severity.

Parameter® Uncomplicated malaria Non-cerebral severe malaria p-value®
(n=487) (n=68) (UM vs. NCSM)

Uric acid (mg/dl) 4.81 5.11 0.014
(3.98-5.65) (4.41-6.23)

sICAM-1 (ng/ml) 711 1374 <0.0001
(555-886) (773-1584)

sVCAM-1 (ng/ml) 1036 1178 0.0001
(847-1243) (1006-1418)

sE-Selectin (ng/ml) 873 109 <0.0001
(60.5-123) (81.7-155)

sTM (ng/ml) 552 6.68 <0.0001
(4.42-6.65) (5.48-7.98)

sTF (pg/ml) 357 31.5 0.031
(26.6-48.9) (22.1-43.8)

VEGF (pg/ml) 4.04 4.05 0.698
(2.29-7.62) (1.99-7.13)

*The median (IQR) of each variable is shown.

Pp-values were calculated using the Mann-Whitney test.

doi:10.1371/journal.pone.0054481.t003
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Figure 2. Correlations between plasma levels of UA and those of sSICAM-1 or sTM during an acute episode of P. falciparum malaria.
The levels of UA, sICAM-1 and sTM were quantified in plasma samples from 487 Malian children at their first episode of uncomplicated P. falciparum
malaria and their relationships analyzed. A. The graph shows a positive linear correlation between UA and sICAM-1 levels, but not at the lowest and
highest UA levels measured. B. The graph shows a positive linear correlation between UA and sTM levels, but not at the lowest and highest UA levels
measured. The blue line in each graph is the loess smooth using the default values [47], showing a moving average line with 95% pointwise

confidence intervals.
doi:10.1371/journal.pone.0054481.g002

Discussion

We hypothesized that UA contributes to the pathogenesis of P.
Jalcyparum malaria by causing endothelial pathology, as it does in
non-malaria diseases. In support of this hypothesis, we found that
basal plasma levels of UA and four endothelial biomarkers
SICAM-1, sVCAM-1, sE-selectin and sTM) increase during
episodes of UM and further increase with disease severity. In a
cohort of 487 Malian children with UM, the levels of UA and
these four endothelial biomarkers correlated with parasite density.
This finding suggests that parasitized RBCs, as a possible source of
excess UA and other virulence factors, contribute directly to
endothelial pathology. In this same cohort, we found that plasma
UA levels correlate significantly with sSICAM-1 and sTM levels.
After adjusting for parasite density, we found that UA levels
significantly predict sTM levels. This finding suggests a model of
malaria pathogenesis in which excess UA induces shedding of TM
from the surface of MVECs, producing a pro-coagulant state. This
is because the shedding of TM, which normally binds and keeps
thrombin inactivated at the cell surface, leads to an excess of active
thrombin, which converts fibrinogen to fibrin and induces platelet
activation and aggregation. Such activated platelets induce
inflammatory gene expression profiles, apoptosis and blood-brain
barrier compromise in human brain endothelial cells i vitro [38—
40], suggesting a role in the pathogenesis of cerebral malaria.

PLOS ONE | www.plosone.org

Studying the role of UA in the pathogenesis of endovascular
diseases such as cardiovascular disease, hypertension and diabetes
has been challenging [29], not least because of the chronic nature
of these diseases. P. falciparum malaria, on the other hand, offers a
model i vivo system in which the role of UA in endovascular
pathogenesis can be efficiently studied in humans. This is because
the development of acute episodes of malaria and their clinical
resolution can be intensively followed over time in a significant
number of patients. Also, dermal biopsies from children with P.
Jalciparum malaria can provide ideal histological samples to
investigate the relationship between UA levels and the degree of
endothelial pathology, for example, by examining MVECs for
upregulated expression or shedding of cell surface molecules
involved in microvascular inflammation and coagulation. The
acute nature of a malaria episode and its rapid resolution with
effective antimalarial drugs offers additional opportunities to
investigate temporal relationships between UA levels and endo-
thelial dysfunction @ viwo. Using non-invasive procedures to
repeatedly measure indices of endothelial function (e.g., the
hyperemia reactivity index) [41] during the acute and convalescent
periods of a malaria episode can enable investigators to more
adequately study cause-and-effect relationships between UA levels
and endothelial dysfunction. These relationships can be further
interrogated by testing the effects of urate-lowering drugs (e.g.,
allopurinol, probenecid) and wurate transporter blockers on
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endothelial dysfunction in humans, supporting the development of
novel adjunctive therapies for life-threatening P. falciparum malaria
syndromes. Our study also suggests that the endothelial pathology
and thrombocytopenia (due to platelet aggregation) of P. vivax
malaria may in part result from UA-mediated shedding of TM
from the surface of MVECs.

To our knowledge, we report the first data implicating UA in
the endothelial pathology of human malaria. Our study has several
strengths. The major finding of an association between UA and
sTM levels is based on data from a large number (n=487) of
Malian children with UM and is adjusted for the effects of parasite
density — a surrogate for UA precipitates and other parasite-
derived virulence factors that we have not measured. Also, we
show that sTM levels increase in UM and further increase in
NCSM, thus implicating the shedding of TM in the pathogenesis
of malaria in our study population. Finally, our study suggests that
parasitized RBCs contribute only modestly to the excess UA in
plasma; however, regardless of the source of increased UA levels,
their association with increased sTM levels justifies a variety of
experiments to evaluate the potential role of soluble UA in
modulating the shedding of TM from MVECs. One potential
source of excess soluble UA in plasma is the cytosol of schizont-
infected RBCs, which lyse during parasite development in
microvessels. Whether this parasite-derived UA mediates the
shedding of TM from the surface of MVECs can now be tested i
vitro. How UA may induce shedding of TM from MVECs in
patients with malaria has not yet been specifically investigated, but
studies of non-malaria diseases provide some initial guidance. One
possibility is that UA is transported into MVECs through organic
anion transporters (OATs) and then activates the expression and
release of proteases, which cleave ICAM-1 and TM from the cell
surface [42-44].

One significant limitation of our study is that it does not identify
the sources of excess UA in our cohort of Malian children with
malaria. Possible sources include fasting and the release of free

References

1. Kim H, Higgins S, Liles WC, Kain KC (2011) Endothelial activation and
dysregulation in malaria: a potential target for novel therapeutics. Curr Opin
Hematol 18: 177-185.

2. Turner GD, Ly VC, Nguyen TH, Tran TH, Nguyen HP, et al. (1998) Systemic
endothelial activation occurs in both mild and severe malaria. Correlating
dermal microvascular endothelial cell phenotype and soluble cell adhesion
molecules with disease severity. Am J Pathol 152: 1477-1487.

3. Conroy AL, Phiri H, Hawkes M, Glover S, Mallewa M, et al. (2010)
Endothelium-based biomarkers are associated with cerebral malaria in
Malawian children: a retrospective case-control study. PLoS One 5: ¢15291.

4. Furuta T, Kimura M, Watanabe N (2010) Elevated levels of vascular endothelial
growth factor (VEGF) and soluble vascular endothelial growth factor receptor
(VEGFR)-2 in human malaria. Am J Trop Med Hyg 82: 136-139.

5. Jain V, Armah HB, Tongren JE, Ned RM, Wilson NO, et al. (2008) Plasma IP-
10, apoptotic and angiogenic factors associated with fatal cerebral malaria in
India. Malar J 7: 83.

6. Yeo TW, Lampah DA, Gitawati R, Tjitra E, Kenangalem E, et al. (2008)
Angiopoietin-2 is associated with decreased endothelial nitric oxide and poor
clinical outcome in severe falciparum malaria. Proc Natl Acad Sci U S A 105:
17097-17102.

7. Tchinda VH, Tadem AD, Tako EA, Tene G, Fogako J, et al. (2007) Severe
malaria in Cameroonian children: correlation between plasma levels of three
soluble inducible adhesion molecules and TNF-alpha. Acta Trop 102: 20-28.

8. Jakobsen PH, Morris-Jones S, Ronn A, Hviid L, Theander TG, et al. (1994)
Increased plasma concentrations of sICAM-1, sVCAM-1 and sELAM-1 in
patients with Plasmodium falciparum or P. vivax malaria and association with
disease severity. Immunology 83: 665-669.

9. Francischetti IM, Seydel KB, Monteiro RQ (2008) Blood coagulation,
inflammation, and malaria. Microcirculation 15: 81-107.

10. Francischetti IM, Seydel KB, Monteiro RQ, Whitten RO, Erexson CR, et al.
(2007) Plasmodium falciparum-infected erythrocytes induce tissue factor
expression in endothelial cells and support the assembly of multimolecular
coagulation complexes. J] Thromb Haemost 5: 155-165.

11. Anstey NM, Weinberg JB, Hassanali MY, Mwaikambo ED, Manyenga D, et al.

(1996) Nitric oxide in Tanzanian children with malaria: inverse relationship

PLOS ONE | www.plosone.org

Uric Acid and Endothelial Pathology in Malaria

iron, which may upregulate xanthine oxidase activity. Parasite-
derived UA precipitates, which have been directly observed ex vivo
in P. vivax-infected RBCs and short-term-cultured PIRBCs (van de
Hoef et al., submitted), may also contribute to elevated UA levels
by dissolving into plasma after schizont rupture. This possibility is
supported by strong correlations between parasite density (a
surrogate for parasite-derived UA precipitates) and four biomark-
ers of endothelial pathology. While our study is obviously unable
to quantify the contribution of parasite-derived UA precipitates to
the soluble UA level in plasma, we have observed the adherence of
UA precipitates to dermal MVECs after schizont rupture i vitro
(Mita-Mendoza et al., unpublished). Future studies are needed to
directly visualize parasite-derived UA precipitates in the micro-
vessels of patients with malaria and follow their dissolution over
time. Whether these UA precipitates directly activate MVECs to
shed sSICAM-1, sVCAM-1, sE-Selectin and sTM i vitro can also be
investigated. If these or other endothelial responses are observed,
determining whether parasite-derived UA precipitates stimulate
the same inflammatory response pathways as monosodium urate
crystals may have clinical relevance.

Acknowledgments

We thank Ababacar Diouf, Kazutoyo Miura, Sam Moretz for providing
the samples from the sub-cohort study; Greg Tullo for organizing the
epidemiologic data; Jennifer Kirk for the initial statistical data analysis;
Karim Traoré¢, Seidina Diakité and Dick Sakai for logistical support in
Mali; Robert Gwadz and Thomas Wellems for their support of this study.

Author Contributions

Collected clinical data: SD DK MD JMA MD. Conceived and designed
the experiments: NKMM DLvdH TMLM JMA L SA AR MD CAL RMF.
Performed the experiments: NKMM DLvdH TMLM. Analyzed the data:
NKMM WG MPF RMF. Wrote the paper: NKMM MPF RMF.

between malaria severity and nitric oxide production/nitric oxide synthase type
2 expression. J Exp Med 184: 557-567.

12. Sobolewski P, Gramaglia I, Frangos J, Intaglietta M, van der Heyde HC (2005)
Nitric oxide bioavailability in malaria. Trends Parasitol 21: 415-422.

13. Prato M, D’Alessandro S, Van den Steen PE, Opdenakker G, Arese P, et al.
(2011) Natural haemozoin modulates matrix metalloproteinases and induces
morphological changes in human microvascular endothelium. Cell Microbiol
13: 1275-1285.

14. Krishnegowda G, Hajjar AM, Zhu J, Douglass EJ, Uematsu S, et al. (2005)
Induction of proinflammatory responses in macrophages by the glycosylpho-
sphatidylinositols of Plasmodium falciparum: cell signaling receptors, glycosyl-
phosphatidylinositol (GPI) structural requirement, and regulation of GPI
activity. J Biol Chem 280: 8606-8616.

15. Gillrie MR, Lee K, Gowda DC, Davis SP, Monestier M, et al. (2012)
Plasmodium falciparum histones induce endothelial proinflammatory response
and barrier dysfunction. Am J Pathol 180: 1028-1039.

16. Orengo JM, Evans JE, Bettiol E, Leliwa-Sytek A, Day K, et al. (2008)
Plasmodium-induced inflammation by uric acid. PLoS Pathog 4: ¢1000013.

17. Orengo JM, Leliwa-Sytek A, Evans JE, Evans B, van de Hoef D, et al. (2009)
Uric acid is a mediator of the Plasmodium falciparum-induced inflammatory
response. PLoS One 4: ¢5194.

18. So A, Thorens B (2010) Uric acid transport and disease. ] Clin Invest 120: 1791~
1799.

19. Johnson R]J, Kang DH, Feig D, Kivlighn S, Kanellis J, et al. (2003) Is there a
pathogenetic role for uric acid in hypertension and cardiovascular and renal
disease? Hypertension 41: 1183-1190.

20. Ames BN, Cathcart R, Schwiers E, Hochstein P (1981) 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 78: 6858-6862.

21. Nakagawa T, Kang DH, Feig D, Sanchez-Lozada LG, Srinivas TR, et al. (2006)
Unearthing uric acid: an ancient factor with recently found significance in renal
and cardiovascular disease. Kidney Int 69: 1722-1725.

22. Khosla UM, Zharikov S, Finch JL, Nakagawa T, Roncal C, et al. (2005)
Hyperuricemia induces endothelial dysfunction. Kidney Int 67: 1739-1742.

January 2013 | Volume 8 | Issue 1 | 54481



23.

24.

27.

28.

30.

31.

32.

33.

34.

36.

Kanellis J, Kang DH (2005) Uric acid as a mediator of endothelial dysfunction,
inflammation, and vascular disease. Semin Nephrol 25: 39-42.

Hong Q, Qi K, Feng Z, Huang Z, Cui S, et al. (2012) Hyperuricemia induces
endothelial dysfunction via mitochondrial Na(+)/Ca(2+) exchanger-mediated
mitochondrial calcium overload. Cell Calcium.

. Price KL, Sautin YY, Long DA, Zhang L, Miyazaki H, et al. (2006) Human

vascular smooth muscle cells express a urate transporter. ] Am Soc Nephrol 17:
1791-1795.

5. Corry DB, Eslami P, Yamamoto K, Nyby MD, Makino H, et al. (2008) Uric

acid stimulates vascular smooth muscle cell proliferation and oxidative stress via
the vascular renin-angiotensin system. ] Hypertens 26: 269-275.

Filiopoulos V, Hadjiyannakos D, Vlassopoulos D (2012) New insights into uric
acid effects on the progression and prognosis of chronic kidney disease. Ren Fail
34: 510-520.

Pasalic D, Marinkovic N, Feher-Turkovic L (2012) Uric acid as one of the
important factors in multifactorial disorders—facts and controversies. Biochem

Med (Zagreb) 22: 63-75.

. Puddu P, Puddu GM, Cravero E, Vizioli L., Muscari A (2012) The relationships

among hyperuricemia, endothelial dysfunction, and cardiovascular diseases:
Molecular mechanisms and clinical implications. J Cardiol.

Tomiyama H, Higashi Y, Takase B, Node K, Sata M, et al. (2011) Relationships
among hyperuricemia, metabolic syndrome, and endothelial function.
Am J Hypertens 24: 770-774.

Gersch C, Palii SP, Kim KM, Angerhofer A, Johnson RJ, et al. (2008)
Inactivation of nitric oxide by uric acid. Nucleosides Nucleotides Nucleic Acids
27: 967-978.

Feig DI, Kang DH, Nakagawa T, Mazzali M, Johnson R]J (2006) Uric acid and
hypertension. Curr Hypertens Rep 8: 111-115.

Strazzullo P, Puig JG (2007) Uric acid and oxidative stress: relative impact on
cardiovascular risk? Nutr Metab Cardiovasc Dis 17: 409-414.

Panoulas VF, Milionis HJ, Douglas KM, Nightingale P, Kita MD, et al. (2007)
Association of serum uric acid with cardiovascular disease in rheumatoid

arthritis. Rheumatology (Oxford) 46: 1466-1470.

. Kawai T, Ohishi M, Takeya Y, Onishi M, Ito N, et al. (2012) Serum uric acid is

an independent risk factor for cardiovascular disease and mortality in
hypertensive patients. Hypertens Res.

Lopera-Mesa TM, Mita-Mendoza NK, van de Hoef DL, Doumbia S, Konate
D, et al. (2012) Plasma Uric Acid Levels Correlate with Inflammation and

PLOS ONE | www.plosone.org

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

Uric Acid and Endothelial Pathology in Malaria

Disease Severity in Malian Children with Plasmodium falciparum Malaria.
PLo0S One 7: e46424.

Wright SP (1992) Adjusted p-values for simultaneous inference. Biometrics 48:
1005-1013.

Barbier M, Faille D, Loriod B, Textoris J, Camus C, et al. (2011) Platelets alter
gene expression profile in human brain endothelial cells in an in vitro model of
cerebral malaria. PLoS One 6: e19651.

Wassmer SC, de Souza JB, Frere C, Candal FJ, Juhan-Vague I, et al. (2006)
TGF-betal released from activated platelets can induce TNF-stimulated human
brain endothelium apoptosis: a new mechanism for microvascular lesion during
cerebral malaria. J] Immunol 176: 1180-1184.

Combes V, Coltel N, Faille D, Wassmer SC, Grau GE (2006) Cerebral malaria:
role of microparticles and platelets in alterations of the blood-brain barrier.
Int J Parasitol 36: 541-546.

Yeo TW, Lampah DA, Tjitra E, Gitawati R, Kenangalem E, et al. (2009)
Relationship of cell-free hemoglobin to impaired endothelial nitric oxide
bioavailability and perfusion in severe falciparum malaria. J Infect Dis 200:
1522-1529.

Hsieh MS, Ho HC, Chou DT, Pan S, Liang YC, et al. (2003) Expression of
matrix metalloproteinase-9 (gelatinase B) in gouty arthritis and stimulation of
MMP-9 by urate crystals in macrophages. J Cell Biochem 89: 791-799.

Fiore E, Fusco C, Romero P, Stamenkovic I (2002) Matrix metalloproteinase 9
(MMP-9/ gelatinase B) proteolytically cleaves ICAM-1 and participates in tumor
cell resistance to natural killer cell-mediated cytotoxicity. Oncogene 21: 5213~
5223.

Wu HL, Lin CI, Huang YL, Chen PS, Kuo CH, et al. (2008) Lysophosphatidic
acid stimulates thrombomodulin lectin-like domain shedding in human
endothelial cells. Biochem Biophys Res Commun 367: 162-168.

. Hintze J L, Nelson RD (1998) Violin plots: a box plot-density trace synergism.

The American Statistician, 52(2):181-184.

Atoh Y (2011) viopoints: 1-D Scatter Plots with Jitter Using Kernel Density
Estimates. R package version 0.2-1. http://CRAN.R-project.org/
package = viopoints

W S Cleveland, E Grosse, WM Shyu (1992) Local regression models. Chapter 8,
Statistical Models in S, Eds. J.M. Chambers and T.J. Hastie, Wadsworth &
Brooks/Cole.

January 2013 | Volume 8 | Issue 1 | 54481



