H

oy metabolites

LU

Article

Gene Dose-Dependent and Additive Effects of ABCG2
rs2231142 and SLC2A9 rs3733591 Genetic Polymorphisms on
Serum Uric Acid Levels

Jin-Woo Park 1230, Ji-Hyeon Noh 1'*, Jong-Min Kim 1, Hwa-Young Lee !, Kyoung-Ah Kim ! and

Ji-Young Park 1-*

check for
updates

Citation: Park, J.-W.; Noh, J.-H.; Kim,
J-M.; Lee, H.-Y,; Kim, K.-A; Park,
J.-Y. Gene Dose-Dependent and
Additive Effects of ABCG2 rs2231142
and SLC2A9 rs3733591 Genetic
Polymorphisms on Serum Uric Acid
Levels. Metabolites 2022, 12, 1192.
https://doi.org/10.3390/
metabo12121192

Academic Editor: Leonardo Tenori

Received: 17 October 2022
Accepted: 23 November 2022
Published: 29 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Clinical Pharmacology and Toxicology, Korea University Anam Hospital, Korea University

Medicine, Seoul 02841, Republic of Korea

Department of Neurology, Korea University Anam Hospital, Korea University Medicine,

Seoul 02841, Republic of Korea

3 Division of Clinical Pharmacology, Department of Medicine, Vanderbilt University Medical Center,
Nashville, TN 37240, USA

*  Correspondence: jypark21@korea.ac.kr; Tel.: +82-2-920-6288

1t These authors contributed equally to this work.

Abstract: This study aimed to evaluate whether the single nucleotide polymorphisms of ATP-binding
cassette subfamily G member 2 (ABCG2) and solute carrier family 2 member 9 (SLC2A9) affect individ-
ual blood uric acid levels using pyrosequencing. ABCG2 (rs2231142, rs72552713, 1s2231137), SLC2A9
(rs3734553, rs3733591, rs16890979), and individual uric acid levels were prospectively analyzed in 250
healthy young Korean male participants. Prominent differences in uric acid levels of the alleles were
observed in the SLC2A9 rs3733591 polymorphism: wild-type (AA) vs. heterozygote (AG), 0.7 mg/dL
(p <0.0001); AA vs. mutant type (GG), 1.32 mg/dL (p < 0.0001); and AG vs. GG, 0.62 mg/dL (p <0.01).
In ABCG2 single nucleotide polymorphisms (SNPs), the statistically significant differences in uric
acid levels were only found in rs2231142 between CC vs. AA (1.06 mg/dL; p < 0.001), and CC vs. CA
(0.59 mg/dL; p < 0.01). Serum uric acid levels based on the ABCG2 and SLC2A9 diplotype groups
were also compared. The uric acid levels were the lowest in the CC/AA diplotype and highest in the
AA/AG diplotype. In addition, the SNP SLC2A9 rs3733591 tended to increase the uric acid levels
when the ABCG2 rs2231142 haplotypes were fixed. In conclusion, both the ABCG2 rs2231142 and
SLC2A9 rs3733591 polymorphisms may additively elevate blood uric acid levels.

Keywords: ABCG2; SLC2A9; uric acid

1. Introduction

Uric acid is an organic acid produced by endogenous purine metabolism, predomi-
nantly in the liver [1]. The main enzymes responsible for this process include phospho-
ribosyl pyrophosphate (PRPP) synthetase, purine nucleoside phosphorylase, xanthine
oxidase (XO), and hypoxanthine-guanine phosphoribosyl transferase (HGPRT) [2]. Ribose-
5-phosphate, synthesized from glycidic metabolism, is converted to PRPP by PRPP syn-
thetase and is then converted to inosine monophosphate (IMP) [3,4]. IMP is converted
to inosine and subsequently produces hypoxanthine and xanthine via XO. Uric acid is
produced from xanthine by XO [5]. IMP can also get converted to adenosine monophos-
phate (AMP) and guanosine monophosphate (GMP). Xanthine can also be produced via
the HGPRT and PRPP pathways, eventually producing uric acid [6-8].

During uric acid production, the reaction between superoxide and nitric oxide (NO)
reduces the bioavailability of NO, which is accompanied by an increase in reactive oxygen
species [9,10]. This may cause or deteriorate endothelial dysfunction, which may lead to
cardiovascular disorders [10]. However, uric acid plays the major role of an antioxidant in
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human blood [11]; thus, a high uric acid concentration is related to the protective effect of
neurodegenerative diseases, such as Alzheimer’s disease and Parkinson’s disease [12,13].

Uric acid is excreted mainly from the kidney (approximately 75%) by urate transporters
located in the proximal tubules of the kidney [1]. In detail, most of the uric acid in the kidney
is reabsorbed in the proximal tube (S1) after being filtered through the glomerulus. Fifty
percent of the reabsorbed urate is secreted (52) followed by 40% undergoing postsecretory
reabsorption (S3) [1]. The role of transporters ABCG2, which is also known as breast cancer
resistance protein (BCRP), and SLC2A9, which is also known as glucose transporter 9
(GLUT9), both of which are located in the tubular epithelial cells in the uric acid excretion,
has been suggested [14-17] and several in vitro studies have identified the roles of SLC2A9
and ABCG2 transporters in uric acid disposition [18-21]. In BCRP knockout mice, uric
acid levels were markedly higher than those in the wild type (AA) [17]. In an experiment
involving kidney-specific SLC2A9 knockout mice, uric acid excretion levels were more than
seven times higher than those in the control [22]. The clinical functions of these transporters
in uric acid levels have also been suggested in studies exploring the role of single nucleotide
polymorphisms (SNPs) in SLC2A9 (e.g., 1s734553, rs3733591, and rs16890979) [23-25] and
ABCG2 (e.g., rs2231142, 72552713, and rs2231137) [23,26,27] and have been significantly
linked with gout [28], implying the functional impacts of these polymorphisms on these
transporters.

However, the combined effect of SLC2A9 and ABCG2 SNPs on human serum uric
acid levels has not yet been confirmed. SLC2A9 and ABCG2 haplotypes are reported
to play pivotal roles in the disposition of uric acid [26,28]. However, various factors,
including sex, aging, acute and chronic diseases, diet, and medication, affect the levels of
uric acid in human blood [29-33]. Furthermore, gout is predominantly found in the male
population, and uric acid levels generally increase with aging [34-37]. Moreover, serum
uric acid levels are known to be affected by certain medications (e.g., aspirin, levodopa, and
hydrochlorothiazide), vigorous exercise, and foods containing a high amount of purine (e.g.,
meats, mushrooms, and dried peas). Therefore, this study aimed to evaluate the effects of
genetic polymorphisms of SLC2A9 and ABCG2 on serum uric acid levels in healthy young
male participants by controlling confounding factors.

2. Materials and Methods
2.1. Subjects and Study Design

Two hundred and fifty healthy young male participants between 20 and 35 years
old were recruited. Female subjects were excluded to rule out the effects of hormones
and sex on uric acid metabolism [38,39]. Only healthy young male participants were
recruited, minimizing the effects of aging and chronic diseases on uric acid levels [38].
All subjects provided written informed consent before participation, and the study was
approved by the Institutional Review Board of Anam Hospital, Korea University College
of Medicine, Seoul, Korea (IRB no.: ED09100). Medical histories were determined, and
physical examinations and routine laboratory tests were performed prior to selection.
Subjects were excluded if they had a history or evidence of hepatic, renal, gastrointestinal,
or hematologic abnormalities, any other acute or chronic disease, or an allergy to any drug.
None of the subjects smoked tobacco or used continuous medication. No medications,
herbal medicines, alcohol, grapefruit juice, or caffeinated beverages were permitted for
10 days before the study’s initiation and during the course of the study. Blood samples
were obtained from all participants on day 0 (visit 1) and day 14 (visit 2), at around 8 AM,
after 8 h or more of fasting. Serum uric acid levels were measured on those days, and the
average value was obtained to minimize variations between days. All the samples were
genotyped for both SLC2A9 (rs734553, rs16890979, and rs3733591) and ABCG2 (rs2231137,
rs2231142, and rs72552713) polymorphisms using pyrosequencing.
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2.2. DNA Extraction, Polymerase Chain Reaction, and Pyrosequencing

Genomic DNA was extracted from the blood samples using the GeneAll® Exgene
Blood SV kit (GeneAll Biotechnology, Inc., Seoul, Korea). Polymerase chain reaction (PCR)
was performed using the below-mentioned protocol, and ABCG2 and SLC2A9 PCR primers
used for pyrosequencing are described in Table Al. In brief, the PCR product mixture
(a total of 30 uL) was composed of 3 puL of PCR buffer, 2 uL. of ANTP (2.5 mM), 1 puL of
forward and reverse primers (10 pmol) each, 5 units of Taq polymerase 0.3 pL (Intron
Biotechnology, Inc., Seoul, Korea), and 50 ng genomic DNA, with the remaining volume
containing distilled water. For pyrosequencing, 20 pL of the amplified PCR product was
mixed with 5 pL of streptavidin beads, 40 pL of binding buffer, and 15 pL of distilled water
in a single well in the 96-well PCR microplate, and incubated while shaking for 10 min
using a micromixer (FINEPCR, Seoul, Korea) at room temperature. The beads containing
the immobilized template were captured on the vacuum filter probes and subsequently
transferred to each trough containing 70% ethanol, denaturation solution (0.2 M NaOH),
washing solution (10 mM Tris-acetate, pH 7.6), and distilled water for 5 s. After draining
the remaining liquid, the probe was placed onto the PyroMark Q96 HS plate (QIAGEN,
Hilden, Germany) with a 40 uL annealing mixture containing 0.5 uL of 100 pmol sequencing
primer. The PyroMark Q96 HS plate was heated at 85 °C for 2 min and cooled to 20 °C.
The plate was then placed on a PyroMark Q96 MD pyrosequencer (QIAGEN) for sequence
analysis [40]. The pyrosequencing accuracy was validated by direct DNA sequencing of
randomly selected samples using the same genomic DNA.

2.3. Measurement of Uric Acid

Separate serum Vacutainer tubes (BD Vacutainers, Franklin Lakes, NJ, USA) were
used to collect the blood samples from participants. Uric acid levels were measured using
a Hitachi 7470 autoanalyzer (Hitachi, Tokyo, Japan) employing the uricase differential
spectrophotometric method described in a previous study [41]. The average uric acid level
during the two visits was used for the analysis.

2.4. Statistical Analysis

Data were expressed as mean value + standard deviation (SD), and a p value < 0.05
was considered significant. Genetic equilibrium and linkage disequilibrium were tested
according to the Hardy-Weinberg formula using SNPAlyze ver. 7.0 (DYNACOM Co.,
Ltd., Yokohama, Japan). In addition, haplotypes and diplotypes for SLC2A9 and ABCG2
polymorphisms were determined using this software. Statistical comparisons of uric acid
levels among the ABCG2 and/or SLC2A9 genotypes were performed using the one-way
analysis of variance test after a normality test (Shapiro-Wilk test; SAS ANOVA procedure),
followed by Tukey’s post hoc analysis. The intraclass correlation coefficient (ICC) was
calculated to assess the reliability and consistency of uric acid measurements between visits
1 and 2 [42]. Statistical analyses were performed using the statistical software package SAS,
ver. 9.4 (SAS Institute, Cary, NC, USA).

3. Results

The demographic data of the participants, based on their ABCG2 and SLC2A9 geno-
types, are described in Table 1. There were no significant differences in weight, height, age,
or body mass index (BMI) among the genotypes of the analyzed SNPs. The measured serum
uric acid levels did not differ significantly between visits 1 and 2 (ICC = 0.8075); there-
fore, the average value from each participant was used for subsequent analyses (Figure 1).
The minor allele frequencies (MAF) of ABCG2 rs2231137, rs2231142, and rs72552713 were
0.192, 0.258, and 0.018, respectively (Table 2). In addition, the MAF of SLC2A9 rs734553,
rs16890979, and rs3733591 were 0.020, 0.018, and 0.280, respectively (Table 2). None of the
analyzed SNPs deviated from the Hardy-Weinberg equilibrium (Table 2).
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Figure 1. Observed uric acid levels in 250 healthy male subjects. The intraclass correlation coefficient

between uric acid measured at visits 1 and 2 was 0.8075.

Table 1. Demographics of the participants.

. Heterozygous = Homozygous
Wild Type Mutant Mutant p Value
GG (n =167) GA (n=70) AA (n=13)
Weight (kg) 69.3 £ 6.7 69.4 +6.7 67.8 £ 6.0 0.714
ABCG2 .
1$2231137 Height (cm) 1754 + 49 1745+ 49 1747 £ 34 0.354
Age (years) 245422 247 +24 246+ 24 0.838
BMI (kg/m?) 226+24 22.8+2.6 222423 0.609
CC (n=138) CA (n=95) AA (n=17)
Weight (kg) 68.5+ 64 70.1 £ 6.5 70.7 + 8.8 0.139
ABCG2 .
£$2231142 Height (cm) 175.0 £ 4.6 1752 £ 5.1 1759 £ 4.8 0.728
Age (years) 245423 247 +24 247 +1.8 0.724
BMI (kg/m?) 224+24 229425 229+29 0.354
CC (n=241) CT(n=9)
Weight (kg) 69.2 + 6.6 722+ 8.6 0.174
ABCG2 Heigh 175.0 £ 4.8 177.6 £33 0.121
1s72552713 eight (om) V=4 0+3. :
Age (years) 246123 244423 0.868
BMI (kg/m?) 226+24 229+3.0 0.690
TT (n = 240) TG (n =10)
Weight (kg) 69.2 6.6 71.3+79 0.323
SLC2A9 ;
5734553 Height (cm) 1751+ 4.8 1748 £5.3 0.831
Age (years) 245423 254422 0.237
BMI (kg/m?) 22.6+24 234432 0.300
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Table 1. Cont.

Wild Type HeteMrl(l)tzzI:gtous Ho&zglftous p Value
GG (n =241) GT (n=9)

Weight (kg) 69.2 £ 6.6 70.0 £9.7 0.722
rss12§92(349979 Height (cm) 175.1 4.8 1748 £ 5.5 0.829
Age (years) 245423 257 +21 0.139
BMI (kg/m2) 226 +24 23.0 £ 39 0.605

AA(n=126) AG®n=108) GG (n=16)
Weight (kg) 68.9 £ 6.1 701£74 66.3 £5.1 0.071
rfef%ze,é& Height (cm) 174.8 4.9 175.4 + 4.8 175.6 + 4.8 0.613
Age (years) 245424 247 +2.3 2414+12 0.512
BMI (kg/mz) 226+24 228 +£2.7 215+1.6 0.147

Table 2. Genotypes of the participants and allele frequencies for the ABCG2 and SLC2A9 polymor-

phisms.
Genotype Frequencies Allele Frequencies X2 p Value
ABCG2
rs2231137 GG GA AA G A
n 167 70 13
Frequencies 0.668 0.280 0.052 0.808 0.192 1.792 0.181
ABCG2
rs2231142 cC cA AA C A
n 138 95 17
Frequencies 0.552 0.380 0.068 0.742 0.258 0.0022 0.963
ABCG2
1rs72552713 cc ct T C T
n 241 9 0
Frequencies 0.964 0.036 0 0.982 0.018 2.248 0.134
SLC2A9
734553 TT TG GG T G
n 240 10 0
Frequencies 0.96 0.04 0.980 0.020 1.666 0.197
SLC2A9
rs16890979 GG GA AA = A
n 241 9 0
Frequencies 0.964 0.036 0.982 0.018 2.248 0.134
SLC2A9
rs3733591 AA AG GG A =
n 126 108 16
Frequencies 0.504 0.432 0.064 0.720 0.280 0.946 0.331

x2, comparison between observed numbers and expected numbers and the calculated Hardy-Weinberg equilib-

rium.
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When ABCG2 polymorphisms were assessed to determine their association with serum
uric acid levels, neither ABCG2 rs2231137 nor rs72552713 influenced the variation in serum
uric acid levels; however, ABCG2 rs2231142 influenced it in a gene dose-dependent manner
(5.51 mg/dL for CC, 6.10 mg/dL for CA, and 6.57 mg/dL for AA; p < 0.001) (Table 3 and
Figure 2). Similar to ABCG2 rs2231142, SLC2A9 rs3733591 also influenced the serum uric
acid levels in a gene dose-dependent manner (5.42 mg/dL for AA, 6.12 mg/dL for AG,
and 6.74 mg/dL for GG; p < 0.001). However, neither SLC2A9 rs734553 nor rs16890979
polymorphisms were found to be significantly associated with serum uric acid levels
(Table 3 and Figure 2).

Table 3. Comparisons between serum uric acid levels according to the ABCG2 and SLC2A9 polymor-

phisms.
Genotypes Alleles n Mean + SD 95% CI
GG 167 5.55 £ 0.88 (5.66-5.93)
rggﬁé , GA 70 5.88 + 0.84 (5.68-6.08)
AA 13 5.80 £ 0.88 (5.02-6.09)
p value 0.448
CC 138 5.51 + 0.83 (5.37-5.65)
rsgggcﬁiz CA 95 6.10 + 0.74 (5.94-6.25)
AA 17 6.57 +0.74 (6.19-6.96)
p value <0.001
ABCC2 CC 241 5.79 £ 0.87 (5.68-5.90)
rs72552713 CT 9 6.25 + 0.53 (5.84-6.65)
p value 0.118
SLC2A9 TT 240 5.80 £ 0.87 (5.69-5.91)
rs734553 TG 10 6.07 £0.74 (5.54-6.60)
p value 0.328
SLC2A9 GG 241 5.80 £ 0.87 (5.69-5.91)
rs16890979 GA 9 6.02 + 0.79 (5.41-6.63)
p value 0.449
AA 126 5.42 £+ 0.80 (5.28-5.56)
ri;%ggl AG 108 612 +0.75 (5.98-6.26)
GG 16 6.74 + 0.48 (6.48-7.00)
p value <0.001

CI, confidence interval.

As co-segregation behavior was observed in ABCG2 rs2231142 and SLC2A9 rs373359
polymorphisms on serum uric acid levels, the diplotypes of rs2231142 and rs373359 SNPs
and their association with serum uric acid levels were also assessed. The four different
haplotypes for both polymorphisms and their frequencies are listed in Table A2. The
observed numbers and frequencies of diplotypes are shown in Table 4. In the diplotype
distribution for ABCG2 rs2231142 and SLC2A9 rs3733591, the frequencies of the four
diplotype groups were higher than 15% (29.6% for H1H1, 22.4% for H1H2, 17.2% for H1H3,
and 17.6% for H1H4), and the frequencies of other observed diplotype groups (H2H2,
H2H4, H3H3, and H3H4) were less than 4% in this population (Table 4). Serum uric acid
levels were the lowest in the H1H1 group (5.16 £ 0.78 mg/dL) and highest in the H3H4
group (7.15 £ 0.56 mg/dL) (Table 4 and Figure 3).
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Table 4. Frequencies and observed serum uric acid levels according to the diplotypes of ABCG2
rs2231142 and SLC2A9 rs3733591.

Diplotypes Number Frequency (%) Mean + SD 95% CI
H1H1 74 29.6 5.16 £0.78 5.00-5.32
H1H2 56 224 5.77 £ 0.62 5.62-5.92
H1H3 43 17.2 572 £0.70 5.53-5.92
H1H4 44 17.6 6.38 £ 0.65 6.21-6.56
H2H2 8 3.2 6.54 £ 0.51 6.66-7.22
H2H4 8 32 6.54 £ 0.51 6.18-6.91
H3H3 9 3.6 6.06 = 0.45 5.76-6.36
H3H4 8 3.2 7.15 £ 0.56 6.75-7.56
H4H4 0 0 - -

(A)
8-
6_
4_
“ GG (n=167)GA (n=70) AA (n=13)
ABCG2 rs2231137
(D)
ns
8 i 1
6-
o E o
o
4

TT (n=240) TG (n=10) GG (n=0)
SLC2A9 rs734553

Serum Uric Acid (mg/dL)

Serum Uric Acid (mg/dL)

0
o

N

CC (n=138) CA (n=95) AA (n=17)
ABCG2 rs2231142

N

GG (n=241) GA (n=9) AA (n=0)
SLC2A9 rs16890979

Serum Uric Acid (mg/dL)

Serum Uric Acid (mg/dL)

N

N

CC (n=241) CT (n=9) TT (n=0)

ABCG2 rs72552713

AA (n=126) AG (n=108) GG (n=16)

SLC2A9 rs3733591

Figure 2. Comparisons between serum uric acid levels according to ABCG2 (A-C) and SLC2A9 (D-F)
polymorphisms. The asterisks indicate the significant differences of groups (**, p < 0.01; ****, p <0.0001,
circle: homozygote wildtype, rectangle: heterozygote mutant, triangle: homozygote mutant).
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Figure 3. Comparisons between serum uric acid levels according to diplotype of ABCG2 rs2231142
and SLC2A9 rs3733591 polymorphisms. (**, p < 0.01; ***, p < 0.001; ****, p < 0.0001). The asterisks
indicate the statistically different levels of uric acid in each diplotype when compared to the H1H1
diplotype (wild type).

4. Discussion

The results of this study revealed that both the ABCG2 rs2231142 and SLC2A9 rs3733591
polymorphisms were associated with variations in serum uric acid levels in this population.
In addition, these two polymorphisms exhibited gene dose-dependent and additive effects
on the elevation of serum uric acid levels. However, herein, other SNPs (ABCG2 rs72552713,
ABCG2 rs2231137, SLC2A9 rs734553, and SLC2A9 rs16890979) did not affect serum uric
acid levels.

Similarly, Tu et al. showed that the SLC2A9 rs3733591 polymorphism significantly
affected serum uric acid levels in Han Chinese and Solomon Islander populations [24].
They showed that the SLC2A9 rs3733591 C allele is associated with the risk of gout and
tophaceous gout in these populations. However, unlike our study, it failed to show a gene
dose-dependent effect on serum uric acid levels: C-allele carriers showed higher serum
uric acid levels than TT carriers (5.44 mg/dL), but the levels of serum uric acid in CC
carriers (5.93 mg/dL) were comparable to those in CT carriers (5.91 mg/dL), suggesting
a dominant inheritance model different from the current gene dose-dependent model. It
has also been reported that the ABCG2 rs2231142 polymorphism influences serum uric
acid levels in a Han Taiwanese population [43]. Similarly, the results were focused only on
serum uric acid levels following the dominant inheritance model (CC carriers vs. CA or AA
carriers) and not the gene dose-dependent model. Although our results are similar to those
of previous studies [24,43], the present study revealed obvious genetic effects of the ABCG2
and SLC2A9 polymorphisms on serum uric acid levels. These results may be evident
because of the tailored study design used to adjust for confounding factors. Indeed, the
literature reviewed indicated that serum uric acid is affected by various factors, including
aging, sex, genetic, and environmental factors (e.g., BMI, blood pressure, fasting plasma
glucose, red blood cell count, hemoglobin, white blood cell count, platelet count, and total
cholesterol level) that may affect individual uric acid levels [44,45]. The results discussed
herein were able to compare the individual uric acid levels after excluding confounding
factors by enrolling only healthy young male participants, while previous studies could
have been influenced by the abovementioned covariates.

In general, hyperuricemia is defined as serum uric acid levels exceeding 7.0 mg/dL,
which is believed to increase the risk of gout and is related to metabolic syndromes (diabetes,
hypertension, and obesity), chronic kidney disease, and various other cardiovascular
diseases [46-50]. Interestingly, the results of our study showed that the average uric acid
level in the AA/AG diplotype for ABCG2 rs2231142/SLC2A9 rs3733591 was 7.15 mg/dL.
Considering that these values were measured in healthy young participants, we assumed
that ABCG2 rs2231142 and SLC2A9 rs3733591 polymorphisms may have a clinical impact
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on uric acid levels. However, the average uric acid level in CC/AA (H1H1) diplotype for
ABCG2 rs2231142 /SLC2A9 rs3733591 was 5.16 mg/dL, which is within the normal range
in the male population (3—6 mg/dL) [51]. In addition, it is plausible to assume that the
ABCG2 and SLC2A9 transporters play a substantial role in normal serum uric acid levels.

Interestingly, SLC2A9 is an influx transporter that plays a role in the process of
reabsorption of uric acid at the renal proximal tubule, thus influencing serum uric acid
levels [26]. Considering the role of the transporter, its dysfunction by the polymorphism
should cause a decrease in serum uric acid level, but SLC2A9 rs3733591 polymorphism
resulted in an increase in serum uric acid level in this study. We could not clearly explain
these contradictory results. Additionally, we also could not find information to explain
these findings during a literature review. SLC2A9 genetic polymorphisms other than
rs3733591 resulted in a decrease in gout susceptibility, but only the rs3733591 genetic
polymorphism was related to increasing gout susceptibility in the opposite direction. In
detail, there was no significant effect of the polymorphism on gout susceptibility in Easter
Island and Western Polynesians, and Caucasians, including those from New Zealand, but
it has a significant role in Korean, Solomon Island, and Maori populations [26].

The prevalence of ABCG2 rs2231142 and SLC2A9 rs3733591 was relatively higher (MAF
> 0.25) in the East Asian population (e.g., Korean, Japanese, and Chinese), compared to
that of other ethnic groups [29,52-57]. However, the MAF of ABCG2 rs2231142 was 0.11 for
Caucasians and 0.02 for African Americans [53]. In addition, the MAF of SLC2A9 rs3733591
was 0.16 for Caucasians and 0.12 for African Americans [43,56,57]. These results suggested
that the two polymorphisms exhibit an ethnic difference in distribution and that their
clinical impacts on uric acid levels may be more profound in East Asian populations. The
impact of ABCG2 rs2231142 and SLC2A9 rs3733591 on uric acid levels based on ethnicity
has not been confirmed yet. However, there is evidence that uric acid levels are relatively
higher in Asians than those in other populations [58,59]. The reference interval for uric acid
levels was the highest in Asians (3.9-9.1) and lowest in Hispanics (3.7-8.4) [58]. However,
the risk of the prevalence of gout based on ethnicity is difficult to confirm from these results
due to the many potential confounding factors [60-62].

Our study has some limitations that should be considered. Only healthy participants,
not hyperuricemic or gout patients with high serum uric acid levels, were enrolled. In
addition, sex and age are considered major risk factors influencing serum uric acid lev-
els [43], but we enrolled only young male participants to exclude these confounding factors.
However, these limitations originate from efforts to eliminate possible confounders.

In conclusion, the results of our study demonstrated that both the ABCG2 rs2231142
and SLC2A9 rs3733591 polymorphisms affected serum uric acid levels in a dose-dependent
manner and elevated serum uric acid levels in healthy young male participants.
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Appendix A

Table Al. Description of the oligonucleotide primers used for PCR and pyrosequencing for the
detection of ABCG2 and SLC2A9 SNPs.

Primer Sequences Size, bp PCR Tm, °C
Forward 5-GCTCATTGCCACACATTT-3/
ABCG2 188 60
rs2231137 Reverse B 5-GAAGCCATTGGTGTTTCC-3’
Sequencing 5-ATGTCGAAGTTTTTATCC-3’
ABCC2 Forward B 5-ATGTTGTGATGGGCACTCTGAC-3'
152231142 Reverse 5-TATCCACACAGGGAAAGTCCTACT-3' 210 60
Sequencing 5'-GAAGAGCTGCTGAGAACT-3'
Forward 5-GTCTTAGCTGCAAGGAAAGAT-3
ABCG2 166 60
rs72552713 Reverse B 5'-CCAAAGCACTTACCCATATAGA-3’
Sequencing 5 -AATGTAATTCAGGTTAYGTG-3'
Forward B 5'-ACCCCATGATCTGATTATT-3
SLC2A9 176 60
rs734553 Reverse 5-ACCCACCCTCATGATTTA-3’
Sequencing 5'-GGCTGACTGATTAGATCC-3'
Forward 5-GCATTAGACATGATGGACACTC-3/
SLC2A9 3 60
rs16890979 Reverse B 5-AGGCCATGGTGACAATCA-3/
Sequencing 5-TTCTTGGGTAAAGCAGAC-3'
Forward 5-GCATTAGACATGATGGACACTC-3
SLC2A9 23 60
rs3733591 Reverse B 5-AGGCCATGGTGACAATCA-3'
Sequencing 5-GGAGGTCCTGGCTGAGAG-3'
ABCG2, ATP-binding cassette subfamily G member 2; SLC2A9, solute carrier family 2 member 9; SNP, single
nucleotide polymorphism; PCR, polymerase chain reaction; B, biotinylated at the end of the primer; Tm, melting
temperature.
Table A2. Frequencies and number of haplotypes of ABCG2 rs2231142 and SLC2A9 rs3733591.
Haplotypes ABCG2 rs2231142 SLC2A9 rs3733591 Frequencies
H1 C A 0.5427
H2 C G 0.1993
H3 A A 0.1773
H4 A G 0.0807
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