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Abstract

Background Using a proteomic approach, we aimed to
identify and compare the urinary excretion of proteins
involved in lipid transport and metabolism in children
with kidney stones and hypercalciuria (CAL),
hypocitraturia (CIT), and normal metabolic work-up
(NM), and in healthy controls (HCs). Additionally, we
aimed to confirm these results using ELISA, and to
examine the relationship between the urinary excretion
of selected proteins with demographic, dietary, blood,
and urinary parameters.

Methods Prospective, controlled, pilot study of pooled urine
from CAL, CIT, and NM versus age- and gender-matched
HCs, using liquid chromatography-mass spectrometry.
Relative protein abundance was estimated using spectral
counting. Results were confirmed by ELISA performed on
individual samples.

Results Of the 1,813 proteins identified, 230 met the above
criteria. Of those, 5 proteins (apolipoprotein A-II [APOAZ2];
apolipoprotein A-IV [APOAA4]; apolipoprotein C-III
[APOA3]; fatty acid-binding protein, liver [FABPL]; fatty
acid-binding protein, adipocyte [FABP4]) involved in lipid
metabolism and transport were found in the CAL group, with
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significant differences compared with HCs. ELISA analysis
indicated statistically significant differences in the urinary ex-
cretion of APOC3, APOA4, and FABPL in the CAL group
compared with HCs. Twenty-four-hour urinary calcium excre-
tion correlated significantly with concentrations of ApoC3
(r=0.77, p<0.001), and FABPL (r=0.80, p =0.005).
Conclusions We provide proteomic data showing increased
urinary excretion of lipid metabolism/transport-related pro-
teins in children with kidney stones and hypercalciuria.
These findings suggest that abnormalities in lipid metabolism
might play a role in kidney stone formation.
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Introduction

A link between dyslipidemia and the risk of kidney stones has
been reported in several experimental and human studies [1,
2]. Animal studies have shown that rats fed a high-cholesterol
diet develop dyslipidemia and hypercalciuria, hyperoxaluria,
and calcium phosphate nephrocalcinosis [3]. Atorvastatin ad-
ministration decreases renal crystal retention and growth [4].
Increased triglycerides levels resulted in elevated urinary ex-
cretion of calcium and urinary uric acid, leading to renal stone
formation [5]. Kadlec et al. showed that about one third of
stone-forming adults were on cholesterol-lowering therapy,
and 70% of them had calcium oxalate stones [6]. Higher cho-
lesterol levels were found in adult stone formers compared
with controls, with a pronounced difference seen in those with
calcium oxalate and uric acid stones [7].

There is no evidence, to date, of an association be-
tween the risk of renal stones and dyslipidemia in the
pediatric population. We hypothesized that children with
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kidney stones might have a higher urinary excretion of
proteins involved in lipid metabolism, based upon prote-
omic profiling. Using a proteomic approach and pooled
samples, we aimed to identify and compare the urinary
excretion of proteins involved in lipid transport and me-
tabolism between children with kidney stones and hyper-
calciuria (CAL), hypocitraturia (CIT), and normal meta-
bolic work-up (NM), and their age- and gender-matched
healthy controls (HCs). Furthermore, we aimed to test
these proteins in individual samples by ELISA, and to
correlate the results with demographic, clinical, and labo-
ratory data.

Materials and methods

We prospectively collected the second morning mid-stream
fresh urine samples from children with renal calculi and
healthy controls between April 2011 and December 2014.
No child was on treatment for nephrolithiasis at the time of
urine collection. We performed an initial screening using
quantitative proteomic comparison of pooled urine from chil-
dren with CAL, CIT, and NM versus age- and gender-matched
HCs, using liquid chromatography-mass spectrometry (LC-
MS/MS). The use of pooled samples was intended to reduce
the intra- and inter-variability across urine specimens, and to
test expense. Confirmatory enzyme-linked immunosorbent
assay (ELISA) was performed in individual samples for four
selected proteins (apolipoprotein A-IV [APOA4]; apolipopro-
tein C-III [APOC3]; fatty acid-binding protein, liver
[FABPL]; fatty acid-binding protein, adipocyte [FABP4]).
Additionally, we examined the relationship between the uri-
nary excretion of these proteins with demographic, dietary,
serum, and urinary parameters. This study was approved by
the Institutional Review Board (IRB; 075511 MP4E).

Patient selection

Patient inclusion criteria consisted of children with kid-
ney stones, aged 5-18 years, who were presenting for
their initial evaluation of a stone, had a satisfactory
24-h urine collection (urinary creatinine more than
15 mg/kg/day), and had normal renal function. At the
time of urine collection, these children were asymptom-
atic (no flank or abdominal pain, no urinary symptoms),
were on a regular diet and were not on medication for
renal stones. Hypercalciuria was defined as excretion of
calcium greater than 4 mg/kg/day [8] and hypocitraturia
was diagnosed when urinary citrate was less than
310 mg/1.73 m*day in girls and 365 mg/1.73 m?/day
in boys [9]. The normal metabolic work-up group in-
cluded children in whom no metabolic abnormality was
identified in the 24-h urine collection (i.e., an absence
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of hypercalciuria, hyperoxaluria, hyperuricosuria,
hypocitraturia, and cystinuria). One-day dietary records
were completed during the initial 24-h urine collection,
while the child was on a regular diet and fluid intake,
before initiation of medical treatment. Nutrients were
calculated by using the ESHA Research Food
Processor computer program. Children who were not
toilet-trained, or those with hematuria, pyuria, bladder
stones, nephrocalcinosis, neuropathic bladder, major
congenital bladder abnormality, active urinary tract in-
fection, hematuria, chronic kidney disease, previous re-
constructive bladder surgery requiring catheterization,
and significant cardiac, pulmonary, gastro-intestinal,
and neurological problems, were excluded.
Additionally, we excluded children who were on dietary
restriction or medical treatment for kidney stones.

The control group consisted of age- and gender-
matched healthy children seen in our clinic for
monosymptomatic primary nocturnal enuresis that re-
solved at the time of urine collection. Inclusion criteria
consisted of a normal renal bladder ultrasound when
available, normal urine dipstick, and a normal calcium-
to-creatinine ratio in a spot urine, when available. The
24-h urine collection was not performed in these children
for technical reasons and because of the cost. Exclusion
criteria included lack of toilet training, bladder and/or
kidney stones, and chronic medical conditions.

Sample collection and preparation

Second morning mid-stream fresh urine samples from both
patients and controls were obtained in sterile cups, prepared
within 3 h of collection (centrifuged at 2,500 rpm for 15 min)
and stored as recommended by standardized protocols (devel-
oped by the Human Urine and Kidney Proteome Project
[HUKPP] and the European Urine and Kidney Proteomics
[EuroKUP] initiatives) until use [10]. Proteins in each sample
were concentrated in a Centricon-type filter. Albumin and IgG
were removed using anti-HSA/IgG resin (Sartorius). Protein
concentration in each sample was measured using the BCA
protein assay (Pierce).

2D LC-MS/MS and protein quantification

Pooled samples were used in patients and controls. Ten indi-
vidual samples of 10 pg each were pooled for a total of 100 pig
protein per group. Pooled samples were digested with trypsin
and analyzed using two-dimensional (2D) LC-MS/MS. When
comparing control groups with patient groups, proteins were
specified as differentially abundant if they met the following
criteria: >5 spectral counts; <0.05 p value for Fisher’s exact
test; and >2-fold difference in spectral counts. These criteria
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were chosen to be at or above the threshold used for most
label-free proteomic analyses [11].

ELISA validation

Based on the findings from MS, we selected five pro-
teins: APOA4, APOC3, APOA2, FABPL, and FABP4,
for validation using ELISA analysis in individual sam-
ples obtained from the CAL group (Human APO A-IV
ELISA kit from Millipore, Human APO C3 from Novus
Biologicals, Human FABPL ELISA kit from R&D
Systems). An additional reason for selection was their
involvement in lipid transport and metabolism. The
intra-assay and inter-assay coefficients of variation
(respectively) were 11-13% and 4-6% for ApoA4,
7.5% and 4.9% for ApoC3, and 7.6% and 11.3% for
FABPL.

Statistical analysis

Continuously scaled data variables were presented descrip-
tively using means and standard deviations. Categorically
scaled data were presented using proportions and ratios. Two
group comparisons of means were conducted using a paramet-
ric independent samples 7 test. Homogeneity of variance was
checked and verified using Levene’s test. Data variables with
significant skewness were transformed using a square root
procedure. Correlations were conducted using both
Pearson’s and Spearman’s rho to examine strength and direc-
tion. Statistical significance was set at <0.05, two-tailed. All
procedures were conducted using SPSS Version 23.0, IBM.
The p values for the spectral count data comparing patients
with controls were calculated using Fisher’s exact test.

Table 1

Results

Demographics and characteristics of the groups
for proteomic analysis

The hypercalciuria group used for proteomic analysis consisted
of a pooled sample of 10 children (6 girls), mean age 11.64 +
4.46 years. There were 10 children (8 girls, mean age 14.83 +
2.61 years) in the hypocitraturia pool and 10 children in the
normal metabolic pool (8 girls, mean age 12.37 £4.4 years).

Proteomic analysis

Of'the 1,813 proteins identified, 230 met the above criteria. Of
these, 12 proteins involved in lipid metabolism and transport
were found in higher concentrations in the urine of children
with stones compared with HCs. Subgroup analysis showed
statistically significant differences between the CAL and HC
groups in the urinary excretion of 5 proteins (Table 1).
APOA2 and APOA4 were significantly increased in the CIT
group versus HCs, with no statistically significant difference
between NM and HCs.

Demographics and characteristics of the groups
for ELISA testing

Demographics and characteristics of the CAL and HC groups
used for ELISA testing are presented in Table 2. All children had
normal urinary dipstick at the time of urine collection, and all but
6 patients were stone-free on the ultrasound carried out around
the time of urine collection. One third of the control group had
available spot urinary calcium and creatinine, and the calcium-to-
creatinine ratios were normal. Renal bladder ultrasound in HCs
was available in 70% of children, and was normal in all. Fasting

Urinary apolipoproteins (APO) and fatty acid-binding protein (FABP) identified in children with hypercalciuria (CAL), hypocitraturia (CIT),

and normal metabolic stone work-up (NM) with at least two-fold increased or decreased abundance relative to HCs

Assigned peptides® Ratio (patient/control) Fisher’s exact test (p value)

(Patient/control)
Accession number” CAL CIT NM CAL CIT NM CAL CIT NM
APOA2 27/6 28/0 211 4.5 Unique 2 0.0001 <0.0001 0.3
APOA4 478/10 70/1 0/3 47.8 70 0 <0.0001 <0.0001 0.26
APOC3 18/1 0/0 0/0 18 0 0 <0.0001 N/A N/A
FABPL 9N 411 1/3 9 0.33 0.0098 0.37 0.54
FABP4 9/0 0/0 0/0 Unique 0 0 0.0018 N/A N/A

APOA?2 apolipoprotein A-1I, APOA4 apolipoprotein A-IV, APOC3 apolipoprotein C-III, FABPL fatty acid-binding protein, liver, FABP4 fatty acid-

binding protein, adipocyte

4 UniProt accession number

® Represents the spectral count, or total number of MS/MS spectra assigned to each protein
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Table 2 Demographic and

clinical characteristics of patients Parameter Study group (CAL) Control group (HCs) ~ p value
with hypercalciuria (CAL) and (n=16) (n=14)
healthy controls (HCs)
Gender
Male (%) 7 (43.8) 7 (50) 0.73
Female (%) 9 (56.3) 7 (50)
Race
White (%) 12 (75) 6(42.9) 0.16
African—American (%) 2 (12.5) 6 (42.9)
Others 2 (12.5) 2 (14.3)
Median age, years (IQR) 11.2 (8.2-15.8) 12.1 (8.7-15.4) 1.00
Median BMI, kg/m* (IQR) 19.0 (16.4-21.2) 16.8 (14.4-24.5) 0.57
Median BMI, centile (IQR) 65.0 (26.5-83.2) 69.0 (17.0-97.0) 0.85
Median SBP, mmHg (IQR) 106 (93-116) 110 (95-122) 0.56
Median DBP, mmHg (IQR) 67 (53-74) 62 (58-73) 0.93
Mean cholesterol = SD; mg/dL; n=13; (range)  156.8 £23.3 (130-195) NA
Mean triglycerides + SD; n = 13 (range) 118.8+114.9 (110-195) NA

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, NA not available

Normal values: desirable cholesterol <200 mg/dl; triglycerides: 35-149 mg/dl

serum cholesterol and triglyceride values were collected from
available stone patient data and were within the normal range.

ELISA analysis

Analysis using ELISA was carried out in individual samples and
indicated statistically significant differences in the urinary excre-
tion of APOC3, APOA4, and FABPL in the CAL group com-
pared with HCs (Table 3). Urinary ApoA4 correlated positively
with urinary ApoC3 (r=0.68, p <0.001), and intake of meat (r =

0.65, p<0.011). Twenty-four-hour urinary calcium excretion
significantly positively correlated with concentrations of
ApoC3 (r=0.77, p<0.001), and FABPL (r=0.80, p = 0.005).

Discussion

In this study, initial proteomic screening revealed marked eleva-
tion of several urinary proteins involved in lipid metabolism and
transport in children with CAL compared with controls.
Confirmatory ELISA tests detected significantly elevated urinary
levels of APOC3, APOA4, FABPL and nearly significant
FABP4 in children with CAL compared with their age- and
gender-matched HCs.

Apolipoproteins are protein constituents of plasma lipid
transport particles [12, 13]. Apolipoproteins C3 and A4 play
important roles in triglyceride transport and homeostasis [14].
FABPs are small (15 kDa) cytosolic proteins that bind
unesterified long-chain fatty acids [15]. Both L-FABP and
FABP4 control fatty acid transport, metabolism and storage,
and modulate inflammatory and metabolic responses [16].
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Because of their small molecular size, these proteins may es-
cape the glomerular sieves and be excreted in the urine if not
reabsorbed by the renal tubules. They may also be produced
by the tubular epithelial cells or adjacent tissue.

Table 3  Urinary excretion of apolipoproteins (APO) and fatty acid-
binding protein (FABP) in children with hypercalciuria (CAL) and
healthy controls (HCs) by ELISA

Protein Study group Control group  p value
(CAL) (HO)
n=16 n=14
APO A4 (ng/mg creatinine)
Mean = SD 896.5+999.68 299.75+333.49 0.036
Range 20.45-4168.6  31.8-1162
Median 658.99 191.38
APO C3 (ng/mg creatinine)
Mean + SD 71.59+184.8 3.89+3.23 0.046
Range 1.23-747.8 0.88-13.04
Median 13.39 3.59
APO A2 (ng/mg creatinine)
Mean = SD 9.5+17.44 4.88+3.31 0.153
Range 1.77-71.69 0.96-12.0
Median 493 3.89
FABPL (ng/mg creatinine)
Mean +SD (N = 10) 92.94+1853 8.16+7.92 0.03
Range 0.3-607.72 0.82-22.22
Median 30.64 5.72
FABP4 (ng/mg creatinine)
Mean + SD 3.89+13.3 0.44+0.697 0.096
Range 0.015-57.9 0.008-2.91
Median 0.297 0.113
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The significance of excessive urinary excretion of apolipo-
proteins and fatty acids in children with CAL and
nephrolithiasis is unclear. However, we can speculate that
these proteins play a role in the induction of mineralization,
and therefore potentially represent a stone nidus. Indeed,
lipids are present in calcified tissue and have the ability to
trigger calcium phosphate and calcium oxalate precipitation
in vitro [17]. In vivo studies have demonstrated increased lipid
affinity for calcium, with the lipid—calcium interaction initiat-
ing calcification [18]. Moreover, lipoproteins can interact with
mucoproteins, leading to the production of organic matrix in
the renal interstitium [19]. Whether this is also true for apoli-
poproteins requires further investigation.

Our study indicates an association between alterations in
lipid metabolism and/or transport and kidney stones, implying
that these two conditions might share common pathophysio-
logical mechanisms. Adult stone formers have been found to
have increased urinary excretion of lipids, mainly phospho-
lipids and glycolipids, both products of cellular membrane
degradation [20]. Lipids were present in the matrix of all
stones, irrespective of their predominant inorganic compo-
nent, with calcium oxalate and calcium phosphate stones con-
taining 2 to 4 times more lipids than proteins [20].

The major limitation of this study is the inability to estab-
lish a cause—effect relationship between the urinary lipid ex-
cretion and kidney stone, owing to the cross-sectional study
design. Other limitations include a small study sample, and the
lack of serum and 24-h urinary data in controls. Additionally,
in a few children in the control group no calcium and creati-
nine measurements in spot urine were available.

In conclusion, we provide proteomic and ELISA data
showing marked increases in urinary excretion of lipid metab-
olism-/transport-related proteins in children with kidney
stones and hypercalciuria. These findings should be validated
using a larger sample. Furthermore, the involvement of lipid
metabolism-/transport-related proteins in kidney stone forma-
tion and the impact of dietary change on the urinary excretion
of lipoproteins should be investigated further.
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