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Abstract

Hyperuricemia hastens the decline of renal function in chronic kidney disease and activates the pro-inflammatory Nirp3
inflammasome. Studies from the 1970s posited that high rates of hyperuricemia seen in sickle cell anemia (SCA) patients
were due to high nucleotide production resulting from a chronic ischemia activated bone marrow. As such, serum uric
acid (UA) levels may vary between states of vaso-occlusion. It is currently unknown whether serum UA is variable over
time, nor the effect of hyperuricemia on renal injury and inflammation in SCA. In this prospective study, we measured
serum and urine UA, renal injury and inflammation biomarkers among patients with SCA hospitalized for a vaso-occlusive
crisis (VOC) and again at a time of baseline state of health without acute pain (steady state). We found no difference in
the mean serum UA between VOC and steady state (mean difference = 0.01 SE 0.32, p = 0.5151). We found at VOC that
renal excretion of UA was positively correlated with C Reactive Protein (CRP) (R = 0.77, p = 0.0097), urine Interleukin-18
(IL-18; R2=0.51, p = 0.0463), and urine Kidney Injury Molecule-1 (KIM-1; R?=0.81, p = 0.0025). At steady state, we found
negative correlations with renal excretion of UA and KIM-1 (R? = 0.86, p = 0.001) and N-acetyl-B-D-glucosaminidase (NAG;
R? = 0.66, p = 0.0146). Our study is the first to describe lack of variation in serum UA between VOC and steady state.
Future studies should be planned to determine mechanism of hyperuricemia development, and whether hyperuricemia
is associated with sickle cell renal injury and inflammation.
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Introduction quiring dialysis, with a median age of death of 27 years
[3,7]. By comparison, the expected remaining lifetime of
dialysis-dependent African Americans aged 25-29 years is
15 years [8]. It has been shown that recurrent cycles of

Sickle cell anemia (SCA) is the most common inherited
condition in African Americans. Nearly all SCA patients are
affected by sickle cell nephropathy (SCN), and 16-18% of
mortality is attributed to the manifestations of SCN [1-3].
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hypoxia-ischemia from vaso-occlusive crisis (VOC), chronic
inflammation, and vascular endothelial dysfunction con-
tributes to multi-organ damage in SCA, including damage
of the kidneys [9]. Treatment with hydroxyurea may less-
en the glomerular hyperfiltration and improve the urine
concentrating ability in older children, but there is unclear
benefit on whether hydroxyurea or any other treatment
prevents the progression to CKD [3,10-12]. Identification
of a modifiable therapeutic target that may mitigate SCN
progression is necessary.

One such target may be uric acid (UA). UA is the result of
purine nucleoside breakdown pathway, where hypoxanthine
is converted by the enzyme xanthine oxidase (XO) to UA. It
has a dual pro-oxidant and anti-oxidant physiologic role de-
pending on the level in the blood. High serum UA (hyperuri-
cemia) leads to vascular endothelial dysfunction, directly ac-
tivates the Nod-like receptor protein 3 (Nlrp3) inflammasome
and leads to release of pro-inflammatory cytokines, is asso-
ciated with a faster decline of renal function in pediatric and
adult CKD, and increases mortality rates among hemodialysis
patients [13-19].

Small case series from the 1970-80s reported a high
rate of hyperuricemia (34-45%) among sickle cell patients.
The age range in the studies varied widely from 17 months
to 45 years, but included mostly young adults and utilized
a hyperuricemia definition of at least 6.5 mg/dL [20-22].
These studies posited that chronic hemolysis leads to in-
creased bone marrow turnover and nucleotide production,
and thus overproduction of UA as a byproduct. This hypoth-
esis has not been evaluated formally, and in fact, hyperuri-
cemia can result from one or multiple factors: overproduc-
tion of UA, inadequate renal excretion of UA, or a combi-
nation of these factors. A ‘western’ diet high in fructose or
purines (meats) and associated with elevated body mass
index (BMI) can lead to overproduction of UA as these sub-
strates are converted by XO to UA. Renal under-excretion
of UA can result from renal insufficiency as with CKD, or
genetic polymorphisms in renal UA transporter proteins. In
addition, filtered urate is exchanged for monocarboxylate
anions including lactate via SLC5A8, SLC5A12 and URAT1/
OAT10 transporters in the proximal tubule. Elevated lactic
acid excretion will result in increased re-absorption of the
filtered load of urate [23]. If the theory of hyperuricemia
resulting from hemolysis and high bone marrow turnover
orincreased lactic acidosis is correct, then serum and urine
UA levels may vary within a single patient during a time
of a sickling vaso-occlusive crisis (VOC) when hemolysis,
ischemia, and lactic acid excretion are higher relative to
their baseline state of health (i.e. “steady state”). In fact,
the modern-day prevalence and mechanism of develop-
ment of hyperuricemia is unknown, and there has been no
comparative study of the serum UA level at a time of VOC
versus steady state in SCA. A determination of whether se-
rum UA varies by disease state (VOC versus steady state)
is first required to inform the design of large-scale studies
to determine the impact of hyperuricemia specific to SCA.

In a secondary aim, we measured renal injury and in-
flammation biomarkers at both time points to explore

plausible mechanistic relationships between UA, renal injury,
and inflammasome activation. Based on prior SCN studies
which associated renal injury biomarkers with presence of
albuminuria in steady state [24,25], we chose urine N-ace-
tyl-B-D-glucosaminidase (NAG), Kidney Injury Molecule-1
(KIM-1), and Endothelin-1 (ET-1) for analysis of renal in-
jury biomarkers. Urine KIM-1 expression is significantly in-
creased in renal proximal tubules following early ischemic
and toxic injury. Likewise, urine NAG, a tubular lysosomal
brush border enzyme, is released early in proximal tubular
injury. Normal urine NAG is considered < 2U/L and is ele-
vated in steady state SCA patients [24,26,27]. Urine KIM-
1 and NAG were strongly associated with albuminuria in
steady state SCA [28]. ET-1 is a potent renal vasoconstric-
tor released after hypoxia which may also induce tubular
fibrosis and proteinuria [27,29-31]. Urine NGAL was not
chosen for analysis because one study found a majority of
SCA patients at steady state had subnormal NGAL levels,
and no association to albuminuria or age [24]. For the anal-
ysis of inflammation, we chose urine Interleukin-18 (IL-18),
urine NIrp3, and serum C-reactive protein (CRP). Soluble
UA is an activator of the Nlrp3 inflammasome [18]. Nirp3
is a signaling hub for abnormal pathogen- or danger-as-
sociated molecular pattern (PAMP or DAMP) triggers to
activate pro-inflammatory cytokines such as IL-18 and In-
terleukin-1B. IL-18 is therefore a marker of inflammation,
and in the urine has also been used as a marker of early
acute kidney injury as a mediator of ischemic acute tubular
necrosis [32].

In this prospective study, we determined whether the
serum UA at VOC was greater than at steady state. Second-
ly, we examined correlations between the serum or urine
UA with biomarkers of renal injury and inflammation at
each time point.

Methods

This study was approved by the Virginia Commonwealth
University Institutional Review Board and funded by the
Children’s Hospital Foundation Research Fund. This was a
prospective observational pilot study of sickle cell disease
patients (genotype Hemoglobin SS, SC, or SB°-thalassemia)
at two time points. Patients aged 5-25 years that were hos-
pitalized for management of a pain VOC were prospectively
enrolled within the first 48 hours of admission. The diagno-
sis of pain VOC was determined clinically by the admitting
hematologist. Participants were excluded if: They were dis-
charged less than 24 hours after admission, had fever in the
48 hours prior to admission, required acute hemodialysis or
extracorporeal membrane oxygenation during the admission,
were prescribed diuretic or uricosuric medications, or had a
diagnosis of diabetes mellitus or insipidus, congenital kidney
and urinary tract abnormalities, or were pregnant. The par-
ticipants were prospectively followed to their subsequent
outpatient comprehensive sickle cell clinic visit > 2 weeks to
< 6 months after hospital discharge. At this visit, participants
were at their baseline state of health, i.e. “steady state” as
determined by their primary hematologist and not experienc-
ing an active VOC or taking narcotic pain medication on the
day of the visit.
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Demographic and anthropometric data including race,
gender, and body mass index (BMI) were collected on all
participants. As there is no clear definition that differen-
tiates VOC from steady state, the PedsQL 3.0 Sickle Cell
Disease Module was administered to participants at both
time points to attempt to objectively assess differences
in pain experience. This 43-item questionnaire measures
health related quality of life including pain impact, with
higher scores indicating better quality of life. Concurrent
urine and blood samples were collected at both time points
for: comprehensive metabolic panel, serum C-reactive pro-
tein (CRP), serum and urine UA, urine creatinine, complete
blood count. Serum cystatin C and urine microalbumin
were collected only at steady state. Cystatin C was mea-
sured using an FDA cleared immunoturbidimetric method.
Estimated GFR (eGFR) was calculated using two equations,
the modified Schwartz creatinine-based eGFR, and Cysta-
tin C Bouvet eGFR equation validated for normofiltration
and hyperfiltration ranges [4]. The serum creatinine (S_,),
urine creatinine (U_.), and urine UA (U ) were incorporat-
ed into a formula that estimates the production of UA, the
“Simkin index.” This formula calculates the excretion of UA
per volume of glomerular filtration and is expressed in mil-
ligrams of urine UA per deciliter of glomerular filtrate (mg/
dL GF):

Simkin index = YurSen

CR

The Simkin index is used clinically to express the renal
excretion of UA while controlling for GFR, which is an im-
portant consideration in SCA because of the effect of glo-
merular hyperfiltration on renal clearance of creatinine.
An elevated Simkin index indicates an over-production
of UA. The Simkin index is considered elevated above 0.4
mg/dL GF for those with a supra-normal GFR (> 120 ml/
min/1.73 m?), and above 0.6 mg/dL GF for those with nor-
mal GFR (80-120 ml/min/1.73 m?) [33-35]. Urine UA to cre-
atinine ratio (U ,: Cr) was also compared between the two
time points. The residual urine samples were refrigerated
and then frozen at -80 °C within 8 hours of collection until
analysis for the renal injury and inflammation biomarkers.
Urine levels of KIM-1, ET-1 (R&D systems, Minneapolis,
MN), IL-18 (from Medical Biological Laboratory Interna-
tional, Woburn, MA), and NiIrp3 (My BioSource, San Diego,
CA) were analyzed by enzyme linked immunosorbent as-
say (ELISA). Urine NAG (from Millipore Sigma, Darmstadt,
Germany) was analyzed by colorimetric ELISA. All analyses
were in accordance with manufacturers’ instructions.

To address the primary research question of whether se-
rum UA is higher at VOC compared to steady state, we calcu-
lated our sample size using a two-sided repeated measures
test for two means. Using a = 0.05, power = 80%, a clinically
significant difference of 0.5 mg/dL UA and hypothetical stan-
dard deviation (SD) of 0.4, the per group sample size is n = 8.
Allowing for a 25% drop-out rate, our goal enrollment was 10
participants. After reviewing the literature, we were unable

to derive an expected SD of urine UA, prohibiting calculation
of a sample size using urine UA. We therefore sought to es-
timate the sample mean and standard deviation of urine UA
for future use in sample size calculations. We used summary
statistics: mean (u) or median, SD or standard error (SE), fre-
quencies and range to describe the characteristics of the par-
ticipants. The mean difference of the dependent variables of
interest between the VOC and steady state time points were
compared using two-sided paired t-tests. Linear regression
was used to determine any correlation of serum UA or Sim-
kin index with the renal injury and inflammation biomarkers
at the VOC time point and again separately for steady state.
P-values for all tests are reported and a significance level of
o p < 0.05 was considered significant. Statistical analysis was
performed in JMP Pro 14.1.0 and SAS v9.4, and power calcu-
lations in nQuery Advanced v13.4.

Results

Ten participants initially enrolled in the study at VOC,
however one participant became pregnant after the VOC ad-
mission and therefore excluded from the remainder of the
study, and another did not complete the steady state visit.
Therefore, eight participants completed the full study, which
fulfilled our minimum sample size requirement. Due to a
processing error, only seven pairs of samples had serum CRP
analysis, but the remaining tests were performed on eight
pairs of samples. Seven participants had homozygous sickle
cell disease and one had Hemoglobin SC disease. One subject
was active on a chronic blood transfusion protocol with the
last transfusion 6 days prior to admission, one had been on
chronic transfusions more than 1 year prior to the study, and
the remaining were not ever on a chronic transfusion proto-
col. All participants were prescribed hydroxyurea and folic
acid. Additional demographic and clinical characteristics of
the study population are listed in Table 1.

Table 1: Demographics and steady state characteristics.

Total N 8

Age, Median (IQR) 11.5(10.25, 16.5)
60%

137.5(115.3, 165.7)

Female (%)

Estimated GFR - modified Schwartz,
Median (IQR)

Estimated GFR- Cystatin C Bouvet
equation, Median (IQR)

112.1 (104, 132)

Body mass index (N, %)

Underweight 0
Normal weight 5,62.5%
Overweight 1,12.5%
Obese 2,25%
Urine Microalbumin (N, %)
Normal < 30 mg/g 4, 50%
Mild 30-300 mg/g 1,12.5%
Significant > 300 mg/g 0
Missing data 3,37.5%
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Table 2: Comparison between measures at Vaso-occlusive crisis (VOC) and steady state.

Mean (SD) at VOC | Mean (SD) at steady state = Mean difference (SE)

p-value, two-sided paired t-test

Serum UA 5.24 (1.71) 5.22 (1.43) 0.0125 (0.319) 0.9699
Urine UA: Cr ratio 0.48 (0.26) 0.62 (0.20) -0.1367 (0.156) 0.4097
Simkin Index 0.24 (0.13) 0.30 (0.14) -0.05 (0.089) 0.4748
mSchwartz Cr-eGFR 129.6 (30.4) 142.2 (27.0) -12.69 (6.16) 0.0785
PedsQL Score 47.8(20.9) 56.0 (10.8) 8.20 (4.76) 0.1283
Hemoglobin 8.59 (1.7) 9.15 (0.8) -0.56 (0.64) 0.4065
Biomarkers
Urine IL-18, pg/mL 93.41 (59.09) 49.26 (21.54) 44.153 (17.61) 0.0406*
Urine KIM-1, pg/mL 588.51 (699.56) 472.68 (385.32) 115.83 (164.03) 0.5029
Urine Endothelin-1, pg/mL  0.39 (0.42) 0.26 (0.23) 0.13(0.18) 0.5024
Urine NAG, U/L 5.68 (4.13) 4.63 (0.82) 1.05 (1.45) 0.4916
Urine Nirp3, ng/mL 1.45 (3.01) 0.55 (0.53) 0.90 (0.89) 0.3465
Serum CRP, mg/dL 4.49 (10.26) 0.4 (0.24) 4.09 (3.83) 0.3267
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Abbreviations: UA: Uric Acid; VOC: Vaso-occlusive crisis; UA: Cr: Uric Acid to Creatinine.
Figure 1: Correlation of Urine Uric Acid to Creatinine ratio (U ,: Cr) and Serum Uric Acid at VOC and steady state.

Serum UA at Steady State

Serum and urine UA

The primary research question in this study was to deter-
mine whether serum UA is higher at VOC compared to steady
state. The mean, SD, and p-value of the mean differences at
VOC and steady state are listed in Table 2. Two participants at
VOC and two at steady state had hyperuricemia using a defi-
nition of UA > 5.5 mg/dL. The UA mean difference between
VOC and steady state was 0.01 (SE 0.32), p = 0.5151. Hypo-
thetically, if the intrinsic production of UA increases at VOC
compared to steady state but renal excretion appropriately
holds serum UA values constant, then an increase in the urine
UA would result. The mean Simkin index was p = 0.24 (SD
0.13) at VOC and p = 0.29 (SD 0.14) at steady state, with no
significant mean difference of 0.1367 (SE 0.156), p =0.79. The
mean urine uric acid to creatinine (U ,: Cr) ratio also did not
differ between VOC and steady state (p = 0.7951).

Linear regression was used to determine correlations
between serum UA and U ,: Cr at both time points as a de-
crease in renal excretion of UA may cause serum UA to rise.
As shown in Figure 1, a significant negative correlation was
found between the U ,: Cr and serum UA at VOC (R*=0.58, p
= 0.0289, regression equation: U ,: Cr = 1.08 - 0.11°UA). This
indicates that a higher U ,: Cr is correlated with a low serum
UA, and vice versa. No correlation was found at steady state
(p=0.1612).

Inflammation and renal injury biomarkers

Modified Schwartz estimated GFR was lower at VOC
compared to steady state (tended towards significance,
mean difference =-12.69, p = 0.0785). The mean values of
the renal injury and inflammation biomarkers were com-
pared between VOC and steady state, shown in Table 2.
Correlations between serum UA and each inflammatory
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or renal injury biomarker were also analyzed at each time
point. There were no significant relationships (all p > 0.05)
between serum UA and any of the following markers of
renal injury or inflammation at VOC or steady state: urine
KIM-1, ET-1, NAG, IL-18, NIrp3, or serum CRP. However,
there were correlations between some of these biomark-
ers and renal UA excretion (U ,: Cr and Simkin index) at
each time point.

VOC (Figure 2A): At VOC, the Simkin index was positive-
ly correlated with serum CRP with an R? = 0.77, p = 0.0097;
regression equation CRP = -10.8 + 0.66*Simkin index. Simkin
index was also positively correlated with urine KIM-1 with an
R2=0.81 (regression equation F7'1 =24.78, p =0.0025; KIM-1 =
-585.4 + 48*Simkin index), meaning that as Simkin index rose
the value of urine KIM-1 also rose. Simkin index was also posi-
tively correlated with urine IL-18 with an R2=0.51 (regression
equation F, = 6.26, p = 0.0463; IL-18 = 14.4 + 3.23*Simkin
index). That is, as Simkin index rose the value of urine IL-18
also rose.

Steady State (Figure 2B): At steady state, opposing rela-
tionships were found between Simkin index and several re-
nal injury biomarkers compared to the relationships found at
VOC. While Simkin index was positively correlated with KIM-
1 at VOC, there was a negative correlation at steady state,
withanR?=0.67, F7,1 =11.92, p=0.0136; regression equation
KIM-1 = 1135.5-2226.2"Simkin index. This regression formula
indicates that an increase in Simkin index is correlated with a
decline in urine KIM-1 at steady state.

While no correlation was found between Simkin index
with urine NAG at VOC, at steady state it was negatively cor-
related (R?=0.66, F,,=11.52, p=0.0146, regression equation
NAG = 6.03 - 0.05*Simkin index). That is, urine NAG decreased
as Simkin index rose. No significant relationships were found
between Simkin index and urine IL-18, Nlrp3, CRP, or ET-1 at

steady state.

In summary, there was no difference between serum UA
at VOC compared to steady state. However, linear regres-
sion revealed positive correlations between Simkin index and
urine KIM-1, I1L-18 and serum CRP at VOC. Conversely, there
were negative correlations between Simkin index with urine
KIM-1 and NAG at steady state.

Discussion

Limiting our analysis was the lack of a clinical defini-
tion that clearly identifies a VOC from steady state. Mean
scores of the PedsQL 3.0 instrument tended towards a dif-
ference of being higher (improved quality of life scores) at
steady state vs. VOC but were not significantly different
in our limited sample size. Additionally, the application of
this instrument is problematic in this study as it was vali-
dated at steady state and not for VOC.

The primary research question in this study was to de-
termine if serum UA is greater during a hospitalized pain
VOC compared to steady state, which would be consistent
with the prevailing hypothesis that increased nucleotide
production results in increased UA production. Through
our analysis, we did not find evidence of a difference in

mean serum UA at these time points. In fact, while our
sample size is small, using the actual mean and SD results
obtained in this study, we have > 97% power to detect a
mean difference in UA at least as great as 0.5 mg/dL. Nev-
ertheless, the overall low prevalence of hyperuricemia in
this study population may have influenced this result. We
also did not find a significant mean difference in the re-
nal excretion of UA as calculated by the Simkin index or
the U ,: Cr between the two time points. Our study was
not specifically powered for this analysis because no prior
mean and SD data are available, however, we can now use
the mean and SD in these results to calculate sample size
requirements for future studies. The lack of a mean differ-
ence in the serum UA between VOC and steady state is an
important finding which can be used to plan future studies
in a wider sickle cell population. Future studies are need-
ed to determine the mechanism by which hyperuricemia
occurs in SCA.

In this study, among the urine acute kidney injury bio-
markers tested, only urine IL-18 was elevated at VOC com-
pared to steady state, and both mean values were signifi-
cantly elevated compared to previously reported normative
values (normal = 0.4 +/- 0.2 pg/mL [36]). IL-18 uniquely iden-
tifies inflammatory states, and the finding that IL-18 and CRP
are positively correlated with urine UA at VOC supports our
hypothesis that UA activates Nlrp3 inflammation, and that
patients experience a higher state of inflammation at VOC
compared to steady state as described elsewhere [37-39].

However, where there were positive correlations at
VOC of urine UA with KIM-1 and IL-18 consistent with
known subacute kidney injury at VOC [40], we found op-
posing relationships between urine UA and KIM-1 and NAG
at steady state. This can be explained by the known change
in renal urate re-absorption depending on the presence
of lactate and other carboxylate anions in the tubular lu-
men [23]. When urinary lactate is high in concentration in
the tubular lumen, urate re-absorption is inhibited at the
URAT1/0AT10 transporter. This results in uricosuria and a
reduction in serum UA. However, when lactic acid is low
in concentration in the tubular lumen, urate re-absorbtion
becomes dependent on the presence and concentration of
other carboxylate anions [23]. In VOC, the overall injury
causing lactic acid production may also contribute to si-
multaneous subacute kidney injury and elevation of bio-
markers, and the increase in urine UA itself may also con-
tribute directly to Nlrp3-mediated renal injury [41].

The lack of a relationship between urine NIrp3 at either
time point may be related to the processing of this intracellu-
lar Nlrp3 molecule and the ability to consistently detect this
protein in the urine [42-45]. Urine exosome analysis may be
a more accurate way of examining intracellular activation of
the NIrp3 inflammasome. In addition, we stored the urine
samples at -80 °C without a protease inhibitor for 3-6 months
before analysis which may have affected the stability of the
NIrp3 molecule [46], although this method of storage has
proven adequate for stability and fidelity of measurement of
the other biomarkers analyzed [47].
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Figure 2B: Linear Regression: Correlation of Simkin index with Urine KIM-1 and NAG at steady state.

Conclusion small, we have > 97% power to detect at least a 0.5 mg/

N . . dL difference in means between VOC and steady state in
Our study highlights the complexity of renal injury and . .
. . L . . our population. Our analysis shows that serum UA does
renal uric acid excretion in SCA. While our sample size is
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not differ during the steady state as compared to a hos-
pitalized VOC in SCA. While our study is underpowered to
detect differences in urine UA and Simkin index between
the two time points, it provides important mean and stan-
dard deviation results to plan for future studies on the
mechanism of hyperuricemia development in SCA. Our pi-
lot data also shows that UA is not overproduced in either
state, with a mean Simkin index far below the threshold
of UA overproduction. We report significant differences in
the relationship of Simkin index to KIM-1, NAG, IL-18 and
CRP at a time of VOC versus steady state. The association
of urine UA to renal injury and inflammasome activation
is supported here, and should be investigated further in
larger sample sizes.
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