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ORIGINAL RESEARCH

Weak Association Between Genetic 
Markers of Hyperuricemia and Cardiorenal 
Outcomes: Insights From the STANISLAS 
Study Cohort With a 20-Year Follow-Up
Mehmet Kanbay , MD, PhD; Constance Xhaard , PhD; Edith Le Floch, PhD; Claire Dandine-Roulland, PhD; 
Nicolas Girerd, MD, PhD; João Pedro Ferreira , MD, PhD; Jean-Marc Boivin, MD, PhD; Sandra Wagner, PhD; 
Delphine Bacq-Daian, PhD; Jean-François Deleuze, PhD; Faiez Zannad , MD, PhD; Patrick Rossignol , MD, PhD

BACKGROUND: Hyperuricemia is associated with poor cardiovascular outcomes, although it is uncertain whether this relation-
ship is causal in nature. This study aimed to: (1) assess the heritability of serum uric acid (SUA) levels, (2) conduct a genome-
wide association study on SUA levels, and (3) investigate the association between certain single-nucleotide polymorphisms 
and target organ damage.

METHODS AND RESULTS: The STANISLAS (Suivi Temporaire Annuel Non-Invasif de la Santé des Lorrains Assurés Sociaux) study 
cohort is a single-center longitudinal cohort recruited between 1993 and 1995 (visit 1), with a last visit (visit 4 [V4]) performed 
≈20 years apart. Serum lipid profile, SUA, urinary albumin/creatinine ratio, estimated glomerular filtration rate, 24-hour ambu-
latory blood pressure monitoring, transthoracic echocardiography, pulse wave velocity, and genotyping for each participant 
were assessed at V4. A total of 1573 participants were included at V4, among whom 1417 had available SUA data at visit 1. 
Genome-wide association study results highlighted multiple single-nucleotide polymorphisms on the SLC2A9 gene linked to 
SUA levels. Carriers of the most associated mutated SLC2A9 allele (rs16890979) had significantly lower SUA levels. Although 
SUA level at V4 was highly associated with diabetes, prediabetes, higher body mass index, CRP (C-reactive protein) levels, 
estimated glomerular filtration rate variation (visit 1–V4), carotid intima-media thickness, and pulse wave velocity, rs16890979 
was only associated with higher carotid intima-media thickness.

CONCLUSIONS: Our findings demonstrate that rs16890979, a genetic determinant of SUA levels located on the SLC2A9 gene, 
is associated with carotid intima-media thickness despite significant associations between SUA levels and several clinical 
outcomes, thereby lending support to the hypothesis of a link between SUA and cardiovascular disease.
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Cardiovascular diseases (CVDs), including coro-
nary heart diseases, heart failure, and stroke, are 
the most common noncommunicable diseases 

globally, resulting in annually 17.8  million deaths and 
35.6 million years lived with disability.1 Nonmodifiable 
risk factors, such as age, sex, and genetic mutations, 
as well as modifiable risk factors, including dyslipid-
emia, diabetes, obesity, physical inactivity, tobacco 

smoking, hypertension, and numerous systemic dis-
eases, have been identified.2,3 Hyperuricemia has 
emerged as a significant contributor in the develop-
ment of hypertension, chronic kidney disease (CKD), 
diabetes, CVD, and hepatosteatosis.4–8 Increased ac-
tivation of the renin-angiotensin-aldosterone system, 
endothelial dysfunction, oxidative stress, inflamma-
tion, fibrosis, and the decline in NO availability have all 
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been shown to play a critical role in the pathogenesis 
of hyperuricemia-related cardiovascular and renal dis-
eases.9–12 In addition to its direct role in the pathophys-
iology of CVD, hyperuricemia also appears to have 
an indirect role by altering other risk factors, such as 
diabetes and hypertension.13,14 Patients with hyperuri-
cemia have significantly lower levels of estimated glo-
merular filtration rate (eGFR) and a higher incidence 
of atherosclerosis assessed by carotid intima-media 
thickness.15–17 A large-scale meta-analysis furthermore 
revealed that a 1-mg/dL increase in serum uric acid 
(SUA) level results in an ≈13% increase in rates of inci-
dent hypertension.18

Individual variations in SUA levels stem from genetic 
and environmental factors, including dietary modifi-
cations, such as high fructose, purin-rich food (meat 
and fish), and/or alcohol intake, medication use, and 
poor glycemic control.19–22 Heritable causative factors 
are believed to contribute to 35% to 77% of cases, 
whereas recent genome-wide association studies 
(GWASs) have pointed out mutations on the SLC2A9 
gene located on chromosome 4.23,24 SLC2A9, a uric 
acid transporter (also known as GLUT9), is highly 

expressed in proximal tubules and is involved in the 
transport of uric acid from tubular cells into the per-
itubular interstitial space, whereas absorption from the 
glomerular ultrafiltrate is predominantly dependent on 
another carrier, SLC22A12.25,26 Single-nucleotide poly-
morphisms (SNPs) of both genes have been associated 
with hyperuricemia and clinical features of gout. For 
example, in a study conducted in 104 primary patients 
with gout and 300 control subjects, rs11231825, the G 
allele of GLUT9 rs16890979, was found to be linked to 
underexcretion of uric acid in proximal tubules.27

Studies investigating the role of genetic polymor-
phisms, in particular SNPs, in systemic diseases, in-
cluding CVD, hypertension, diabetes, and diabetic 
complications, have yielded conflicting results with no 
consensus on the causal relationship between genetic 
variants and clinical outcome.28–33 Within the framework 
of the large-scale familial STANISLAS (Suivi Temporaire 
Annuel Non-Invasif de la Santé des Lorrains Assurés 
Sociaux) study cohort,34 in which SUA data were avail-
able at 2 time points with an ≈20-year follow-up, we pre-
viously reported that increased SUA is associated with 
the development of hypertension and vascular/renal 
target organ damage (blood pressure increase, eGFR 
decline, and arterial stiffness) in initially healthy midlife 
subjects.35 In the present study, our aim was to (1) as-
sess the heritability of SUA levels, (2) assess the rela-
tionship between SNPs (GWAS) and SUA levels, and 
(3) investigate the association between SNPs most as-
sociated with SUA and metabolic outcomes and target 
organ damage.

METHODS
Study Design and Study Population
The data that support the findings of this study are 
available from the corresponding author on reason-
able request. The STANISLAS study cohort is a single-
center longitudinal cohort recruited between 1993 and 
1995 at the Center for Preventive Medicine in Nancy, 
France, composed of 1006 families with 4295 sub-
jects. After the baseline visit (visit 1 [V1]), 1705 subjects 
were reassessed 20 years later on their last visit (visit 
4 [V4]). Serum lipid profile, SUA, urinary albumin/cre-
atinine ratio, CRP (C-reactive protein), and serum cre-
atinine were measured through obtained serum and 
urine samples at each visit. V4 also included 24-hour 
ambulatory blood pressure monitoring, transthoracic 
echocardiography, and pulse wave velocity. eGFR cal-
culations were performed using the CKD Epidemiology 
Collaboration formula.36 Subjects were considered 
healthy at the baseline visit (V1) with absence of any 
acute or chronic diseases, thereby allowing observa-
tion of the development of diseases and intermediary 
phenotypes.34

CLINICAL PERSPECTIVE

What Is New?
•	 Genetic polymorphisms located on the SLC2A9 

gene, involved in urate transportation, are as-
sociated with serum uric acid levels.

•	 Meanwhile, genetic polymorphisms are not as-
sociated with cardiovascular outcomes, except 
for carotid intima-media thickness.

What Are the Clinical Implications?
•	 Serum uric acid level might be associated with 

diabetes, prediabetes, higher body mass index 
levels, and decline in glomerular filtration rate 
and CRP (C-reactive protein) levels.

•	 Cardiovascular outcome related with serum uric 
acid level is likely dependent on multiple factors, 
including polygenetic inheritance and environ-
mental factors, such as diet.

Nonstandard Abbreviations and Acronyms

GRM	 genetic relatedness matrix
STANISLAS	 Suivi Temporaire Annuel Non-

Invasif de la Santé des Lorrains 
Assurés Sociaux

SUA	 serum uric acid
V1	 visit 1
V4	 visit 4
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Definition and measurement methods of hyperten-
sion, diabetes, pulse wave velocity, and carotid intima-
media thickness were previously defined.35 Glomerular 
filtration rate variation V1 to V4 is defined as the decline 
in glomerular filtration rate in subjects between V1 and 
V4. This study was approved by our institutional review 
board. All participants gave written informed consent 
before enrollment in the study.

Statistical Analysis
For heritability estimation, a dedicated linear mixed 
model was used, allowing us to simultaneously include 
additive genetic effects across the genome, common 
environment effects shared by family members, as well 
as fixed effects (sex and age). Two approaches were 
used to take into account genetic relatedness: first, a 
kinship matrix based on declared family relationships; 
second, a genetic relatedness matrix (GRM) based on 
genotype correlation computed using the polymorphic 
SNPs of genotyped participants. The use of the GRM 
allowed a better inference of relatedness between sib-
lings, as opposed to an expected average.37

GWAS was used to investigate the association be-
tween variations in SUA levels and genetic polymor-
phisms, with the results presented as Manhattan plots. 
GWASs with SUA level at V1 and V4 were tested using a 
linear mixed-effect model to take into account pedigree 
data under an additive genetic model, with age and sex 
of the subjects used as covariates. Results were consid-
ered genome-wide significant at P<1E-8 as usual.

Logistic or linear mixed models with age and sex as 
covariates were used to test for association between 
CVD and organ damage outcomes with SUA levels as 
well as with SNPs most associated with SUA.

All analyses were performed with R (version 3.5.0) 
using the R package Gaston (version 1.5.7)38 for heri-
tability estimation and GWAS analysis.

RESULTS
Participant Characteristics
SUA data were available for 1697 participants at V4, for 
whom 1573 (mean age, 48.8 years; range, 18–88 years; 
48.9% men) also had genotype data. Among them, 
1538 participants had SUA data at V1, for whom 1417 
(mean age, 31.7 years; range, 6–71 years; 48.0% men) 
were genotyped. In addition to general characteristics of 
the cohort, mean SUA levels are shown in Table 1.

Heritability of SUA Level
At V1, the heritability estimation through variance de-
composition analysis for SUA levels, measured with 
the kinship matrix for 1538 participants, revealed herit-
ability rates of 28.1% and 8% for family effect. When 

estimation was assessed with GRM for the 1417 
subjects with available genomic data, the heritability 
rates accounted for 34.6% and 5.6% for family effect 
(Table 2). At V4, ≈20 years later, analysis using the kin-
ship matrix for SUA levels for 1697 participants revealed 
higher rates of heritability estimation (65.3%) as well as 
with GRM for the 1573 subjects with available genomic 
data (heritability rate, 66.3%) (Table 2). Combined vari-
ance decomposition analysis for SUA levels including 
both visits is shown in Table 2. Analysis with the kinship 
matrix revealed 39.6% for heritability, 0.4% for family 
effect, and 18.4% for repeated measures effect (be-
cause subjects appear in both V1 and V4), whereas 
GRM analysis revealed 40.1% for heritability, 0.8% for 
family effect, and 17.1% for repeated measures effect.

GWAS Results
Numerous SNPs located on the SLC2A9 gene on 
chromosome 4 as well as certain SNPs from other 
chromosomes, including chromosomes 10 to 11, were 
highly associated with SUA levels, as shown in the 
Manhattan plot (Figure 1), demonstrating the associa-
tion between SNP ranking by chromosomes and SUA 
levels at V1 (Figure  1). Of all significantly associated 
SNPs (Table  3), only rs16890979 corresponded to a 
missense mutation in the SLC2A9 gene; the remaining 
SNPs, located in introns of the SLC2A9 gene, were in 
high linkage disequilibrium with rs16890979 (data not 
shown). ANOVA of SUA levels at V1 across rs16890979 
genotypes revealed that carriers of the T allele had 
lower SUA levels (Figure 2).

Similarly, the Manhattan plot demonstrating the 
association between SNPs and SUA levels at V4 
illustrated a similar pattern of associated SNPs on 
the SLC2A9 gene with the highest peak (Figure 3). In 
addition, ANOVA indicated that carriers of the T allele 
had significantly lower SUA levels at V4 (Figure 4).

Associations With Metabolic Outcomes 
and Target Organ Damage
SUA level at V4 was highly associated with systemic 
(sub)clinical outcomes, including diabetes, prediabe-
tes, higher body mass index levels, V1 to V4 eGFR 
variation, and CRP levels. However, rs16890979 was 
only associated with carotid intima-media thickness 
and pulse wave velocity (at binary analysis) (Table 4).

DISCUSSION
This long-term follow-up study revealed a rather high 
heritability for SUA level (ranking from 28% to 66%, ac-
cording to the model and analyzed time point). More 
specifically, the GWAS on SUA levels showed a highly 
significant signal associated with the SLC2A9 gene, 

D
ow

nloaded from
 http://ahajournals.org by on A

pril 27, 2022



J Am Heart Assoc. 2022;11:e023301. DOI: 10.1161/JAHA.121.023301� 4

Kanbay et al� Hyperuricemia and Cardiovascular Outcome

encoding for a glucose transporter also involved in 
urate transportation, which significantly increases SUA. 
Meanwhile, rs16890979, the most associated SNP of 
SUA and responsible for a missense mutation on the 
SCL2A9 gene, was conversely not associated with 

clinical cardiovascular outcomes, except for carotid 
intima-media thickness. More important, SUA levels 
were associated with most metabolic and clinical cardi-
ovascular and renal outcomes. These findings are com-
patible with the hypothetical link between SUA and CVD.

Table 1.  General Characteristics and Mean SUA Levels of the Study Participants

Variable All subjects Genotyped subjects

Visit 1 Visit 4 Visit 1 Visit 4

No. of subjects 1538 1697 1417 1573

Age, mean (range), y 31.78 (6–71) 48.9 (18–88) 31.7 (6–71) 48.8 (18–88)

Male/female ratio, n (%) 734/804 (47.7/52.3) 824/873 (48.5/51.5) 680/737 (48.0/52.0) 768/805 (48.9/51.1)

Smoker, n (%) 254 (16.5) 363 (21.4) 226 (15.9) 332 (21.1)

Systolic BP office, mean±SD, 
mm Hg

… 125.6±15.5 / 125.6±15.5

Diastolic BP office, mean±SD, 
mm Hg

… 72.4±8.9 / 72.4±8.9

Systolic BP 24 h, mean±SD, 
mm Hg

… 120.2±10.3 / 120.1±10.2

Diastolic BP 24 h, mean±SD, 
mm Hg

… 74.2±7.2 / 74.2±7.2

Systolic BP daytime, mean±SD, 
mm Hg

… 124.5±10.7 / 124.4±10.7

Diastolic BP daytime, mean±SD, 
mm Hg

… 78.3±7.6 / 78.3±7.6

Systolic BP nighttime, mean±SD, 
mm Hg

/ 111.5±10.4 / 111.5±10.4

Diastolic BP nighttime, mean±SD, 
mm Hg

/ 66.1±7.5 / 66.2±7.5

Antihypertensive treatment, n (%) / 307 (18.1) / 281 (17.9)

Atherosclerosis plaques, n (%) / 211 (12.4) / 190 (12.1)

Index LVM, mean±SD, g/m² / 76.2±19.2 / 76.1±19.3

Left ventricular hypertrophy, n (%) / 220 (13.0) / 203 (12.9)

Pulse wave velocity, mean±SD, m/s / 8.5±1.8 / 8.5±1.8

Pulse wave velocity >10 m/s, n (%) / 266 (15.7) / 236 (15.0)

Carotid intima-media thickness, 
mean±SD, μm

/ 631.9±146.9 / 630.3±146.5

Carotid intima-media thickness 
>900 μm, n (%)

/ 76 (4.5) / 71 (4.5)

CRP, mean±SD, mg/dL / 3.0±5.7 / 2.9±5.7

Urine ACR, mean±SD, mg/mmol / 1.4±8.2 / 14.1±80.5

Urine ACR >3 mg/mmol, n (%) / 77 (4.5)

Glomerular filtration rate, 
mean±SD, mL/min per 1.73 m²

103.3±23.3 96.4±15.3 103.5±23.5 96.5±15.4

Glomerular filtration rate decline 
between visit 4 and visit 1, 
mean±SD, mL/min per 1.73 m²

/ 8.1±16.6 / 8.3±16.8

Diabetes, n (%) 9 (0.6) 74 (4.4) 9 (0.64) 72 (4.7)

Prediabetes, n (%) 151 (9.8) 664 (39.1) 143 (10.1) 611 (39.7)

Body mass index, mean±SD, kg/
m2

22.6±4.3 26.0±4.8 22.5±4.3 25.9±4.8

SUA level, mean±SD, µmol/L 265.6±67.6 306.3±75.9 265.3±68.1 305.3±75.4

Hypouricemia (<119 µmol/L), n (%) 1 (0.1) 3 (0.2) 1 (0.1) 3 (0.2)

Hyperuricemia (>420 µmol/L), n (%) 32 (2.1) 124 (7.31) 31 (2.2) 108 (6.9)

The slash mark (/) indicate that the data is not available for the Visit 1.
ACR indicates albumin/creatinine ratio; BP, blood pressure; CRP, C-reactive protein; LVM, left ventricular mass; and SUA, serum uric acid.
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As for most common noncommunicable diseases 
worldwide causing significant mortality and morbidity, 
CVDs have multiple modifiable and nonmodifiable risk 
factors, among which SUA levels have gained consider-
able attention and scientific curiosity. Although the exact 
underlying pathophysiology remains unclear, elevated 
SUA levels have been shown to be related with CVD, 
including atherosclerosis, hypertension, and ischemic 
heart diseases.39 In addition, lowering SUA with allopuri-
nol mitigates endothelial dysfunction, insulin resistance, 
as well as left ventricular hypertrophy.14,40,41

SUA is under the strong influence of genetic con-
trol, among which the SLC2A9 gene, encoding primar-
ily for the glucose transporter GLUT9, is reported by 
large-scale GWASs to have the greatest effect.31,42,43 
Nevertheless, the causal relationship between cardio-
vascular outcomes and genetic polymorphisms re-
mains to be determined.

The mutated SLC2A9 allele rs16890979 has been 
linked to variations in SUA levels in comprehensive 

meta-analysis studies, in which only the genetic sus-
ceptibility for gout has been extensively assessed.44 
Indeed, an association between rs16890979 and the 
underexcretion of urate has been reported in prox-
imal tubules, thereby causing hyperuricemia.27,44 
Moreover, in a GWAS of SUA levels in association 
with GLUT9, each copy of the wild-type allele resulted 
in a 0.47-mg/dL decline in SUA (95% CI, 0.31–0.63; 
P=1.43E-11), with a more prominent effect in women.45 
Similarly, rs16890979 has been linked to gout in the 
FHS (Framingham Heart Study).46 In a study involving 
516 Amish participants on 6 days of standardized diets 
and no antihypertensive medication use, rs16890979 
was shown to have an effect on blood pressure as-
sessed by 24-hour ambulatory blood pressure mon-
itoring.47 However, such a short follow-up period for 
the development of chronic conditions, such as hy-
pertension, may be misleading. Conversely, the more 
comprehensive cardiovascular assessment of healthy 
subjects performed herein, including baseline and 

Table 2.  Percentage of Variance Decomposition for SUA at V1 (for All Participants With Kinship and for Genotyped 
Participants With GRM)

Variable Heritability, % Family effect, % Repeated measures, % Residual effect, %

V1

Kinship (n=1538) 28.1 8.0 63.9

GRM (n=1417) 34.6 5.6 60.2

V4

Kinship (n=1697) 65.3 7.2 27.5

GRM (n=1573) 66.3 7.7 26.0

Both visits

Kinship (n=3235) 39.6 0.4 18.4 41.6

GRM (n=2990) 40.1 0.8 17.1 42.0

GRM indicates genetic relatedness matrix; SUA, serum uric acid; V1, visit 1; and V4, visit 4.

Figure 1.  Manhattan plot, illustrating the association between single-nucleotide polymorphisms 
and serum uric acid level at visit 1.
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Table 3.  Characteristics of the 78 SNPs Having the Highest Association With SUA Level at V4 (P<10−8)

rs Name Chromosome A1 A2 Freq A2 β SD P value Variation Gene

rs938554 4 C G 0.777 3.808 0.467 3.65E-16 Intron SLC2A9

rs6832439 4 A G 0.777 3.808 0.467 3.65E-16 Intron SLC2A9

rs16890979* 4* T* C* 0.777* 3.796* 0.467* 4.52E-16* Missense* SLC2A9*

rs734553 4 G T 0.747 3.644 0.449 5.07E-16 Intron SLC2A9

rs13129697 4 G T 0.712 3.420 0.430 1.85E-15 Intron SLC2A9

rs10805346 4 C T 0.552 3.100 0.391 2.35E-15 Intron SLC2A9

rs737267 4 T G 0.741 3.484 0.445 4.68E-15 Intron SLC2A9

rs6855911 4 G A 0.740 3.480 0.445 5.34E-15 Intron SLC2A9

rs4475146 4 A C 0.768 3.587 0.460 6.20E-15 Intron SLC2A9

rs6838021 4 T C 0.775 3.607 0.464 7.22E-15 Intron SLC2A9

rs7669607 4 T C 0.775 3.661 0.471 7.48E-15 Intron SLC2A9

rs28592748 4 T C 0.777 3.671 0.472 7.60E-15 Intron SLC2A9

rs4591605 4 T C 0.777 3.671 0.472 7.60E-15 Intron SLC2A9

rs7678287 4 A G 0.776 3.663 0.472 8.18E-15 Intron SLC2A9

rs9991278 4 T C 0.777 3.666 0.472 8.34E-15 Intron SLC2A9

rs7696983 4 A C 0.776 3.652 0.471 8.93E-15 Intron SLC2A9

rs4481233 4 T C 0.810 3.849 0.498 1.03E-14 Intron SLC2A9

rs7683856 4 A G 0.776 3.645 0.472 1.10E-14 Intron SLC2A9

rs13111638 4 T C 0.805 3.779 0.493 1.84E-14 Intron SLC2A9

rs6449213 4 C T 0.803 3.754 0.491 2.16E-14 Intron SLC2A9

rs3775948 4 G C 0.735 3.330 0.442 4.76E-14 Intron SLC2A9

rs4697701 4 A G 0.709 3.207 0.426 4.86E-14 Intron SLC2A9

rs13106991 4 A G 0.782 3.474 0.469 1.26E-13 Intron SLC2A9

rs7442295 4 G A 0.779 3.457 0.467 1.33E-13 Intron SLC2A9

rs4529048 4 C A 0.729 3.254 0.441 1.62E-13 Intron SLC2A9

rs11942223 4 C T 0.779 3.434 0.467 2.01E-13 Intron SLC2A9

rs4144 4 T C 0.778 3.497 0.479 2.74E-13 Intron SLC2A9

rs9998811 4 A G 0.780 3.410 0.467 2.97E-13 Intron SLC2A9

rs4639073 4 C T 0.781 3.420 0.469 3.02E-13 Intron SLC2A9

rs7696092 4 C A 0.777 3.471 0.478 3.99E-13 Intron SLC2A9

rs4637402 4 C T 0.776 3.460 0.477 4.04E-13 None

rs17251963 4 C T 0.806 3.552 0.490 4.25E-13 None

rs12509955 4 T C 0.778 3.454 0.479 5.34E-13 Intron SLC2A9

rs7671266 4 T C 0.780 3.442 0.477 5.59E-13 Intron WDR1

rs16868246 4 C G 0.788 3.389 0.475 9.92E-13 Intron SLC2A9

rs13125646 4 A G 0.788 3.357 0.474 1.49E-12 Intron SLC2A9

rs62288518 4 C T 0.785 3.321 0.479 4.06E-12 Intron WDR1

rs7680126 4 G A 0.770 3.149 0.460 7.80E-12 Intron SLC2A9

rs4697933 4 A G 0.792 3.293 0.483 8.98E-12 None

rs17420080 4 T C 0.786 3.243 0.478 1.13E-11 None

rs2868937 4 T C 0.791 3.281 0.484 1.22E-11 None

rs35782983 4 A G 0.805 3.332 0.493 1.41E-11 Intron WDR1

rs4640669 4 A G 0.792 3.243 0.482 1.75E-11 None

rs4697703 4 G A 0.786 3.207 0.478 2.02E-11 Intron WDR1

rs11728093 4 C A 0.789 3.222 0.483 2.59E-11 None

rs78030862 4 A G 0.799 3.257 0.489 2.69E-11 None

rs17198547 4 T C 0.800 3.240 0.491 3.99E-11 None

 (Continued)
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end of follow-up assessments of carotid intima-media 
thickness, pulse wave velocity, CRP, albuminuria, 24-
hour ambulatory blood pressure monitoring, and eGFR 
variation, represents one of the significant strengths of 
our study.

Another SNP located on introns of the SLC2A9 
gene, rs734553, which was found in high linkage 
disequilibrium with rs16890979 in the current study, 
was associated with changes in carotid intima-media 

thickness, internal diameter, and pulse wave veloc-
ity in a study conducted with 449 subjects from 107 
families in Italy. A similar genotype-cardiovascular 
outcome pattern with rs734553 allele has also been 
demonstrated in a meta-analysis composed of 1227 
subjects.30 However, assessment of individual studies 
included in the meta-analysis revealed 353 subjects 
with type 2 diabetes and coronary artery disease in the 
GHS (Gargano Heart Study) population, 119 subjects 

rs Name Chromosome A1 A2 Freq A2 β SD P value Variation Gene

rs10022911 4 G A 0.801 3.190 0.491 8.50E-11 None

rs6827401 4 G A 0.851 3.465 0.552 3.35E-10 Intron SLC2A9

rs4698036 4 G T 0.757 2.881 0.464 5.56E-10 None

rs6827946 4 C T 0.774 2.822 0.469 1.80E-09 None

rs9291640 4 C T 0.784 2.864 0.481 2.63E-09 Intron SLC2A9

rs147801768 10 A G 0.999 −33.108 5.727 7.41E-09 Missense NOLC1

rs6449144 4 T G 0.653 −2.380 0.412 7.53E-09 Intron SLC2A9

rs4698014 4 T C 0.772 2.730 0.473 7.93E-09 None

rs7666545 4 C T 0.813 2.847 0.502 1.47E-08 Intron SLC2A9

rs11723742 4 G A 0.768 2.650 0.468 1.47E-08 Intron WDR1

rs149582759 11 A G 0.998 −27.249 4.824 1.62E-08 Missense SYTL2

rs11722228 4 T C 0.650 −2.298 0.410 2.00E-08 Intron SLC2A9

rs6825187 4 T C 0.650 −2.298 0.410 2.00E-08 Intron SLC2A9

rs714436 4 C A 0.783 2.676 0.480 2.44E-08 None

SNPs are listed according to their P value order. Sex and age are used as covariates. A1, Allele 1; A2, Allele 2; Freq A2, Frequency of Allele 2; SNP indicates 
single-nucleotide polymorphism; SUA, serum uric acid; and V4, visit 4.

* Indicates rs16890979, which is the mutated allele of SLC2A9.

Table 3.  Continued

Figure 2.  Boxplot for serum uric acid (SUA) at visit 1, according to genotype at rs16890979 
(ANOVA P value=2.0E-12; pairwise t tests; P value for TT/TC=0.0006; P value for TC/CC=2.4E-7; P 
value for TT/CC=7.9E-9).
The box represents the median and the interquartile range (IQR), and the whiskers represent Q1–1.5 IQR 
for the minimum and Q3+1.5 IQR for the maximum. Q1, quartile 1; Q3, quartile 3.
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with a history of myocardial infarction in the Tor Vergata 
Atherosclerosis Study and 755 participants with stage 
2 to 5 CKD in the Multiple Intervention and Audit in 
Renal Disease to Optimise Care study.30 Although in-
vestigation of genotype-cardiovascular outcome in-
teractions in individuals with severe comorbidities can 
potentially lead to noncomprehensive interpretations 
because of numerous confounding factors, one of the 
major strengths of our study, on the other hand, was 
the ability to assess a healthy familial cohort at base-
line with a wide-ranging age distribution and longer 

follow-up periods. Accordingly, investigation of the re-
lationship between the rs734553 allele and CKD pro-
gression in a study composed of 755 participants with 
CKD and 211 controls demonstrated that participants 
with 2 copies of the mutated gene had a higher SUA 
compared with carriers, whereas the risk for CKD pro-
gression was similar in both groups, with a 2.35 times 
higher risk of CKD progression (hazard ratio, 2.35; 
95% CI, 1.25–4.42; P=0.008).48

Although various observational studies have demon-
strated a link between SUA and ischemic heart disease 

Figure 3.  Manhattan plot, illustrating the association between single-nucleotide polymorphisms 
and serum uric acid at visit 4.
 

Figure 4.  Boxplot for serum uric acid (SUA) at visit 4, according to genotype at rs16890979.
ANOVA P value=1.0E-10; pairwise t tests; P value for TT/TC=0.002; P value for TC/CC=1.5E-6; P value 
for TT/CC=1.4E-7. The box represents the median and the interquartile range (IQR), and the whiskers 
represent Q1–1.5 IQR for the minimum and Q3+1.5 IQR for the maximum. Q1, quartile 1; Q3, quartile 3.
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or cardiovascular mortality, large-scale Mendelian ran-
domization studies have failed to show such associ-
ation. One such large-scale Mendelian randomization 
analysis, including 2 cohorts with 58 072 and 10 602 
subjects, which analyzed SLC2A9 (rs7442295) gene 
variation for SUA levels, failed to demonstrate a causal 
relationship between SUA and ischemic heart dis-
ease and found higher body mass index as a major 
confounding factor.49 Similar findings have been 
demonstrated in a few other Mendelian randomization 
analyses.50,51 Thus, the association found in the pres-
ent study between SUA levels and outcomes, such as 
carotid intima-media thickness, may not be causal in 
nature. However, contradictory findings implicating a 
causal role of SUA levels on cardiovascular outcome 
have been shown in another Mendelian randomization 

analysis with 166  486 subjects from 17 prospective 
observational studies.52

Contradictory findings illustrating no causal relation-
ship between genomic variants of the SLC2A9 gene 
and hypertension have also been reported in a meta-
analysis assessing 6 case-control studies, including a 
total of 11  897 adult participants, in which all of the 
included case-control studies were composed of both 
hypertensive and normotensive subjects at baseline.32 
Furthermore, no risk for elevated blood pressure has 
been reported in a GLUT9 knockout mice study, even 
under inosine-induced hyperuricemic conditions and 
despite development of mild kidney dysfunction, as 
evidenced by a decline in glomerular filtration rate, el-
evated serum creatinine levels, and demonstration of 
fibrosis and chronic inflammation in kidney biopsies.53

Table 4.  Associations of SUA Level and rs16890979 With Metabolic as Well as Clinical, Cardiovascular, and Renal 
Outcomes

Variable Association with SUA level at visit 4* Association with rs16890979†

β SD P value β SD P value

Hypertension (binary) 0.001 0.0001 4E-10 0.014 0.016 0.36

Pulse wave velocity (m/s) 0.0001 0.0006 0.91 0.087 0.063 0.17

Pulse wave velocity >10 m/s (binary) 0.0001 0.0001 0.51 0.029 0.014 0.04

Carotid intima-media thickness (μm) 0.035 0.047 0.45 14.88 5.04 0.003

Carotid intima-media thickness >90 µm 
(binary)

0.0001 0.0001 0.41 0.005 0.009 0.57

CRP (mg/dL) 0.0096 0.0023 3E-5 −0.366 0.249 0.14

Urine albumin-creatinine ratio (mg/mmol) 0.0047 0.0034 0.17 −0.570 0.370 0.12

Urine albumin-creatinine ratio >3 mg/mmol 0.0001 0.0001 0.26 −0.013 0.009 0.13

Estimated glomerular filtration rate (mL/min 
per 1.73 m²)

−0.036 0.044 1E-15 −0.27 0.49 0.59

Glomerular filtration rate variation V1–V4 (mL/
min per 1.73 m²)

0.026 0.006 1E-5 0.53 0.65 0.41

Prediabetes (binary) 0.0001 0.0002 9E-7 0.007 0.019 0.73

Diabetes (binary) 0.0003 0.0001 0.03 −0.003 0.013 0.82

Body mass index (kg/m2) 0.025 0.002 <1E-16 0.248 0.199 0.21

Hyperuricemia 0.022 0.0001 <1E-16 −0.03 0.01 0.005

Atherosclerosis plaques 0.0001 0.0001 0.26 −0.013 0.014 0.41

Index LVM (g/m²) 0.026 0.007 0.0002 1.37 0.74 0.07

LVH 0.0002 0.0001 0.14 0.028 0.014 0.06

Systolic BP office (mm Hg) 0.013 0.006 0.02 1.12 0.63 0.08

Diastolic BP office (mm Hg) 0.0041 0.003 0.21 0.60 0.37 0.11

Systolic BP 24 h (mm Hg) 0.013 0.004 0.001 0.71 0.42 0.09

Diastolic BP 24 h (mm Hg) 0.0037 0.003 0.19 0.20 0.31 0.51

Systolic BP daytime (mm Hg) 0.013 0.004 0.002 0.76 0.44 0.09

Diastolic BP daytime (mm Hg) 0.003 0.003 0.32 0.24 0.33 0.46

Systolic BP nighttime (mm Hg) 0.009 0.004 0.02 0.68 0.45 0.13

Diastolic BP nighttime (mm Hg) 0.0018 0.003 0.55 0.19 0.33 0.57

Mixed model with random effect on family, with age and sex as covariates. BP indicates blood pressure; CRP, C-reactive protein; LVH, left ventricular 
hypertrophy; LVM, left ventricular mass; SUA, serum uric acid; V1, visit 1; and V4, visit 4.

*Effect per 1-µmol/L increment.
†Effect per minor allele.
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Diabetes, along with multiple other medical con-
ditions, has mostly been linked to hyperuricemia, 
whereas our findings demonstrated that uncontrolled 
diabetes with high plasma glucose levels is associated 
with hypouricemia. Certain studies have furthermore 
shown that hypouricemia in patients with type 2 diabe-
tes was associated with poor metabolic control, late-
onset presentation, progression to overt nephropathy, 
or hyperfiltration.54,55 Although hyperuricemia is a more 
typical feature in patients with diabetes, hypouricemia 
should not be overlooked because it may indicate poor 
metabolic control or kidney involvement.

The relatively small sample size of our cohort, 
which included 1006 families and 4295 subjects, is 
a major limitation of our study and raises the pos-
sibility of overlooking certain statistically significant 
associations in terms of genetic polymorphism and 
medical characteristics. A large-scale phenome-wide 
association study, including 339 256 subjects at the 
age of 40 to 69 years, demonstrated statistically sig-
nificant associations between SUA levels and vari-
ous medical comorbidities, including inflammatory 
polyarthropathies, hypertensive disease, circulatory 
disease, metabolic disorders,56 carotid intima-media 
thickness, and pulse wave velocity, whereas our 
study failed to demonstrate some of these associ-
ations, which may be attributable to smaller sample 
size, variations in study group characteristics, and 
various other environmental factors. Therefore, the 
SNP rs16890979 was found herein to be correlated 
with the same parameters in contrast to SUA levels; 
nevertheless, the association is weak, which may 
support the notion of sample group variations and 
environmental factors. However, another possible hy-
pothesis is that SNP rs16890979 may cause these 
outcomes through different mechanisms in addi-
tion to its effect on SUA levels. SNPs of SLC22A12, 
SLC11A2, and ABCG2 have been linked to hyperuri-
cemia in certain GWASs in contrast to our study, a 
feature that may be attributable to the smaller sam-
ple size. Another limitation of our study is the differ-
ence between assessment methods between V1 
and V4, whereby V4 is more comprehensive and de-
tailed, which possibly may lead to a miscomparison 
of certain outcomes. Furthermore, for estimation of 
heritability, we attempted to consider common en-
vironmental effects shared by the families, although 
in the present cohort, only a low family effect was 
observed. Nevertheless, as a limitation of this study, 
the confounding effect of various other environmen-
tal factors, ranging from diet to drugs, as well as the 
effect of lifestyle-dependent factors on SUA and co-
existing comorbidities, whether SUA dependent or 
SUA independent, should be kept in mind. The anal-
ysis of these confounding factors requires the use of 
multiple different statistical tests for various clinical 

outcomes and genetic polymorphisms, which leads 
to poor level of evidence on genetic polymorphisms 
and clinical outcomes in the literature.

CONCLUSIONS
SUA levels, which are highly heritable and varied, de-
pending on individual genotypes, have a significant 
impact on cardiovascular outcomes. Genetic poly-
morphisms located on the SLC2A9 gene, encoding 
for a glucose transporter, which is also involved in 
urate transportation, are associated with SUA levels. 
However, these genetic polymorphisms are not asso-
ciated with cardiovascular outcomes, except for ca-
rotid intima-media thickness, whereas SUA levels, on 
the other hand, are associated with most cardiovas-
cular outcomes. Therefore, it could be hypothesized 
that cardiovascular outcomes are likely dependent on 
multifactorial pathophysiology, including polygenetic 
inheritance, along with a possible large-scale role of 
environmental factors, including diet and exposures, 
all of which cause an increase in SUA. Future compre-
hensive studies are clearly needed to investigate the 
role of environmental factors in association with geno-
type on SUA levels and cardiovascular outcomes.
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