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ABSTRACT
Objective Consumption of high fructose corn syrup
(HFCS)-sweetened beverages increases serum urate and
risk of incident gout. Genetic variants in SLC2A9, that
exchanges uric acid for glucose and fructose, associate
with gout. We tested association between sugar
(sucrose)-sweetened beverage (SSB) consumption and
prevalent gout. We also tested the hypothesis that
SLC2A9 genotype and SSB consumption interact to
determine gout risk.
Methods Participants were 1634 New Zealand (NZ)
European Caucasian, Māori and Paciﬁc Island people
and 7075 European Caucasians from the Atherosclerosis
Risk in Communities (ARIC) study. NZ samples were
genotyped for rs11942223 and ARIC for rs6449173.
Effect estimates were multivariate adjusted.
Results SSB consumption increased gout risk. The OR
for four drinks/day relative to zero was 6.89 ( p=0.045),
5.19 ( p=0.010) and 2.84 ( p=0.043) for European
Caucasian, Māori and Paciﬁc Islanders, respectively. With
each extra daily SSB serving, carriage of the goutprotective allele of SLC2A9 associated with a 15%
increase in risk ( p=0.078), compared with a 12%
increase in non-carriers ( p=0.002). The interaction term
was signiﬁcant in pooled ( pInteraction=0.01) but not
meta-analysed ( pInteraction=0.99) data. In ARIC, with
each extra daily serving, a greater increase in serum
urate protective allele carriers (0.005 ( p=8.7×10−5)
compared with 0.002 ( p=0.016) mmol/L) supported the
gout data ( pInteraction=0.062).
Conclusions Association of SSB consumption with
prevalent gout supports reduction of SSB in
management. The interaction data suggest that SLC2A9mediated renal uric acid excretion is physiologically
inﬂuenced by intake of simple sugars derived from SSB,
with SSB exposure negating the gout risk discrimination
of SLC2A9.

INTRODUCTION

To cite: Batt C, PhippsGreen AJ, Black MA, et al.
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A central risk factor for gout is hyperuricaemia.1
The dominant mechanism of determining hyperuricaemia is by regulation of uric acid excretion, primarily renal, but also involving the gut.2
Regulation of serum urate is under genetic and
environmental control,3 with 28 loci that inﬂuence
serum urate levels identiﬁed as a result of genomewide association scanning in European Caucasian.4
The major genetic regulator is SLC2A9, which

encodes the GLUT9 renal molecule that transports
uric acid in exchange with glucose and fructose.5 6
Variants within SLC2A9 explain 3.70% of the
phenotypic variance in serum urate levels in
European Caucasian and are strongly associated
with gout in European Caucasian, NZ Māori and
NZ Paciﬁc Islander sample sets.4 7
There is positive association between higher consumption of beverages sweetened with fructosecontaining sweeteners, such as high fructose corn
syrup (HFCS), and increased risk of incident gout
in men and women.8–10 For exposure to ≥2
sugar-sweetened beverages (SSB) per day, within
the Health Professionals Follow-up Study there was
a 1.78-fold increased risk of gout in men,8 and in
the Nurses’ Health Study a 3.05-fold increased risk
in women.9 The increased risk of gout resulting
from exposure to SSB is mediated, at least in part,
by an effect on serum urate levels in both men and
women,10 and acute and hypercaloric ingestion of
fructose raises serum urate levels.11 12 Fructose is
metabolised in the liver, initiated by the unregulated phosphorylation of fructose to fructose-1phosphate. The subsequent depletion of ATP and
increase in AMP is proposed to lead to increased
serum urate via the catabolism of AMP.9 13 14 Acute
ingestion of HFCS-sweetened soft drinks increases
the renal fractional excretion of uric acid (FEUA),15
suggesting a response of renal transport to either
uric acid or fructose. Given that SLC2A9 also
transports fructose and glucose,5 6 and that
SLC2A9 genotype inﬂuences serum urate and
FEUA response to a fructose load,16 it is possible
that fructose and glucose can both directly interfere
with SLC2A9-mediated renal uric acid excretion.
There were two aims of this study. One, to replicate association between consumption of SSB and
prevalent gout in a country where soft drinks are
sweetened with sucrose and not HFCS. The second
aim was to test for non-additive interaction
between SSB consumption and SLC2A9 genotype.

SUBJECTS AND METHODS
Subjects
Clinical and survey information was collected from
1634 individuals from 2006 to 2011 (table 1).
Cases (n=925) were recruited from rheumatology
clinics, workplaces and community focal points
from the Auckland, Bay of Plenty, Wellington,
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Table 1 Baseline demographic and clinical characteristics of study participants by ethnicity

Individuals (n)
Cases
Controls
Age mean, years (range)
Cases
Controls
Sex (% male)
Cases
Controls
BMI mean, (range)
Cases
Controls
Kidney disease (%)
Cases
Controls
High blood pressure (%)
Cases
Controls

NZ European Caucasian

NZ Māori

Obs

Obs

–
592

590

582

579

585

592
412
180
57.9
63.8
44.4
68.3
77.8
46.7
29.4
29.8
28.3
12.8
17.6
1.7
38.0
49.9
10.2

–
(17–94)
(23–94)
(17–79)

501

498
(19.2–62.7)
(19.2–61.7)
(19.5–62.7)

496

486

488

502
190
312
47.1 (17–81)
54.2 (23–81)
42.7 (17–80)
51.0
80.3
33.2
33.2 (18.1–77.0)
35.0 (21.7–72.7)
32.1 (18.1–77.0)
8.6
18.5
2.7
32.4
57.6
17.1

NZ Pacific Islander

ARIC European Caucasian

Obs

Obs

–
539

539

530

518

540
323
217
44.6
47.7
39.9
75.9
87.9
57.9
36.4
37.4
34.9
8.5
12.9
1.9
34.5

–
(17–86)
(18–81)
(17–86)

7075

7075
(19.4–71.1)
(21.5–71.1)
(19.4–65.1)

528

7073

6757

7037
15.6

7075
148
6927
53.8 (44–65)
54.5 (45–65)
53.8 (44–65)
47.4
75.0
46.8
26.4 (14.4–54.6)
28.0 (21.1–40.5)
26.3 (14.4–54.6)
1.2
1.4
1.2
12.7
20.3
12.6

NZ, New Zealand; Obs, Observations.

Christchurch and Dunedin areas of New Zealand (NZ), and
had gout ascertained using the American Rheumatology
Association Criteria.17 Controls with no self-reported history of
gout (n=709) were convenience sampled from workplaces and
community focal points in the Auckland region of NZ. Ancestry
was self-reported. The research was approved by the NZ
Multi-Region Ethics Committee (MREC 05/10/130) and all subjects gave written informed consent.
Subjects were included from the Atherosclerosis Risk in
Communities (ARIC) study and comprised 7075 controls of
European Caucasian ancestry who self-reported as having not
taken blood pressure-lowering medication in the previous
2 weeks (at either of exam 1 (1987–1989) or 4 (1996–1998)).
Primary gout cases (n=148) were European Caucasian subjects
who self-reported at Exam 4 as having physician-diagnosed gout
and did not report as having taken blood pressure-lowering
medication in the previous 2 weeks (at either of exam 1 or 4).

Data collection and selection of exposure groups
Collection of exposure, genetic, anthropomorphic and relevant
clinical data is described in the online supplementary material.

in the logistic regression model, again taking the value of the
model coefﬁcient relating to the variable in question. In order
to make ORs interpretable for multilevel discrete variables,
these variables were converted to binary (two-level) form prior
to analysis. Logistic regression analysis was used to assess the
association between gout (binary response variable), and SSB
consumption and SLC2A9 genotype (explanatory variables) and
linear regression analysis was used to assess the association
between serum urate levels (response variable), and SSB consumption and SLC2A9 genotype (explanatory variables).
Unstandardised regression coefﬁcients are reported. Main
effects were included in the model for SSB consumption and
SLC2A9, and for the covariates age, sex, BMI, kidney disease,
high blood pressure, alcohol and fruit consumption. Individuals
with missing data from any variable were excluded from analysis. An interaction term between SSB consumption (as a continuous variable) and SLC2A9 genotype (binary: carriage and
non-carriage of the serum urate-lowering and gout-protective
minor allele) was also included. Results from different datasets
were combined by both pooling data and adjusting for the
dataset in association analysis, and Mantel–Haenszel
meta-analysis with random effects. STATA software V.8.0 was
used for all statistical analysis (http://www.stata.com).

Data analysis
Regression analysis was used to investigate relationships between
the variables in this study. For continuous response variables,
this involved standard linear regression; for binary response
variables (ie, discrete variables with only two levels), logistic
regression was used. Ptrend was the χ2 p value associated with
the SSB variable in regression analysis. Both main effects and
interaction terms were included in the models where appropriate. Coefﬁcients with p values ≤0.05 were considered to indicate a signiﬁcant association between the response and
explanatory variables. For discrete explanatory variables with
more than two levels, signiﬁcance was achieved if at least one of
the variable’s model coefﬁcients achieved a p value of ≤0.05.
The adjusted OR for a single explanatory variable was obtained
by using the logistic regression coefﬁcient. An adjusted OR for
the same variable was obtained by including additional variables
2102

RESULTS
SSB consumption and risk of gout
Table 1 presents clinical and demographic characteristics of
study subjects and online supplementary table S1 presents characteristics of the sample sets according to SSB consumption.
The level of SSB intake was lower in the ARIC sample; two possible explanations, at least in part, for this are: one, that the
ARIC exposure data were collected 1987–1989 and the NZ
exposure data 2006–2011 and two, the ARIC sample set consists of individuals 44 years of age or older, whereas the NZ
samples consisted of younger individuals (table 1), who
consume more SSB (see online supplementary table S1).
Testing for association of SSB consumption with gout and
unadjusted ORs provided no evidence that increasing intake of
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sucrose-sweetened and HFCS-sweetened beverages was associated with increasing risk of gout in any of the sample sets
(table 2; ptrend=0.56, 0.17, 0.16 and 0.20 for the NZ European
Caucasian, Māori, Paciﬁc Islander and ARIC sample sets,
respectively). Multivariate adjustment by gout risk factors BMI,
age, sex, alcohol and fruit consumption, kidney disease and
hypertension provided stronger evidence for association in all
NZ ancestral groups (all ptrend<0.11; OR for gout risk for 4
SSB/day relative to 0 SSB/day in NZ European Caucasian,
Māori and Paciﬁc Islander sample sets were 6.89 ( p=0.045),
5.19 ( p=0.010) and 2.84 ( p=0.043), respectively). In the
ARIC cohort, the OR for ≥5 SSB/day of 2.31 ( p=0.20) was
comparable with that for the NZ European Caucasian group
(OR=2.38, p=0.20). Adjustment by individual covariates (see
online supplementary table S2) revealed age to be the major
confounder—a combination of younger people consuming more
SSBs (see online supplementary table S1: in controls the change
in age per increase in SSB category were β=−3.21,
p=1.2×10−4; β=−1.77, p=3.7×10−5; β=−1.40, p=7×10−3;
β=−0.50, p=3.6×10−14 for NZ European Caucasian, Māori,
Paciﬁc Islander and ARIC, respectively), and NZ control sample
sets having a younger age of recruitment than cases (table 1)
would have obscured association between SSB and risk of gout
in the unadjusted analysis.

Testing for non-additive interaction between SSB
consumption, SLC2A9 genotype and risk of gout
The SLC2A9 gene was genotyped (see online supplementary
table S3). Within the NZ Paciﬁc Islanders, NZ European
Caucasians and ARIC, and all datasets combined, there was a
greater increase in risk of gout per increase in daily SSB consumption category in the presence of the gout protective and
serum urate-lowering allele than in the group homozygous for
the (major) gout risk and serum urate-increasing allele (table 3;
71% vs 11% in NZ Paciﬁc Islander; 27% vs 16% in NZ
European Caucasian; 16% vs 5% in ARIC). In NZ Māori, there
appeared to be an opposing effect, with the increase in risk of
gout per unit increase in SSB consumption greater in the major
allele homozygous group (OR=1.19) than the minor
allele-carrying group (OR=0.76). Interaction analysis of
SLC2A9 genotype ( presence or absence of the protective
(minor) allele C7; rs11942223 in NZ and rs6449173 in ARIC)
and SSB as a continuous measure did not reveal consistent evidence for non-additive interaction according to the method of
combining datasets (table 3; pInteraction=0.010 in pooled combined groups, pInteraction=0.99 by meta-analysis of individual
interaction terms from the four sample sets).There was evidence
for heterogeneity in interaction terms ( pHet=0.025), with the
Māori sample set driving the heterogeneity ( pInteraction=0.39,
pHet=0.17 excluding the Māori samples).

Testing for non-additive interaction between SSB
consumption, SLC2A9 genotype and serum urate
Given evidence for a difference in effect according to genotype
between SLC2A9 and SSB consumption with gout as outcome,
we next investigated if a similar phenomenon occurred with
serum urate as outcome. In the ARIC cohort (excluding people
classiﬁed with gout), there was a positive correlation between
SSB consumption and serum urate levels, with a 0.003 mmol/L
( p=6.9×10−6) increase in serum urate per change in SSB category (table 4). Each copy of the rs6449173 minor allele (C—a
perfect surrogate (r2=1.0) for the C allele of rs11942223 in
European Caucasian) decreased serum urate by 0.025 mmol/L
( p<1×10−8). With increasing SSB consumption in the overall

cohort the presence of the normally serum urate-lowering
C allele conferred a higher increase in serum urate per change
in SSB category (0.005 mmol/L, p=8.7×10−5) compared to
those without the C allele (0.002 mmol/L, p=0.016). There was
a trend towards signiﬁcance for non-additive interaction
between rs6449173 and SSB in determining serum urate levels
(βInteraction=0.003, p=0.062). Artiﬁcially sweetened soft drinks
did not raise serum urate levels (β=0.000, p=0.48), nor was
there any indication of a genotype-speciﬁc effect of artiﬁcially
sweetened soft drinks on serum urate (β=0.000, p=0.41 in
the group not carrying the C allele; β=−0.004, p=0.45 in the
C allele carrier group; βInteraction=−0.001, p=0.39).

DISCUSSION
We demonstrate association between sucrose-sweetened soft
drink consumption and risk of gout in the Polynesian (Māori
and Paciﬁc Islanders) and European Caucasian ancestral groups
of NZ, with risk independently conferred when age, gender,
BMI, alcohol and fruit consumption, kidney disease and hypertension were taken into account. We also found an indication of
non-additive interaction between SLC2A9 genotype and SSB
consumption in determining the risk of gout when analysing
genotype-speciﬁc groups. However, the statistical support for
non-additive interaction in risk of gout was inconsistent (table
3; pInteraction=0.01 in pooled individual-level data with adjustment by dataset and pInteraction=0.99 in meta-analysis of interaction terms from the four individual datasets). There was
evidence for heterogeneity between the four sample sets
meta-analyzed ( pHet=0.025; the NZ Māori sample set driving
the heterogeneity had a signiﬁcant interaction term of
pInteraction=0.018), suggesting that combination of datasets by
meta-analysis may be overconservative for these data. On
balance, however, we are cautious about concluding that there is
evidence for non-additive interaction between SLC2A9 genotype and SSB consumption in gout risk, our data are an indication of non-additive interactions that require further supportive
evidence in additional datasets. The ARIC serum urate analysis
supported the gout data—a greater genotype-speciﬁc increase of
serum urate was seen for C-allele carriers than non-carriers,
with no differential effect seen with the consumption of artiﬁcially sweetened beverages (table 4). There was a trend towards
signiﬁcant evidence for interaction between SLC2A9 genotype
and SSB (but not artiﬁcially sweetened beverage) consumption
in the determination of serum urate levels (table 4;
pInteraction=0.062). Collectively, these data suggest a nonadditive genotype-speciﬁc interaction between SSB consumption
and SLC2A9 genotype, and imply a physiological mechanism
whereby high simple sugar exposure derived from soft drinks
over-rides the positive versus negative risk discrimination of the
SLC2A9 gout risk alleles by interfering with the ability of
SLC2A9 to transport uric acid.
It is worthwhile directly comparing our study to those of Choi
et al8 9 who positively associated HFCS-sweetened beverage consumption with risk of incident gout, as the similarities and differences are illuminating. First, both the Choi et al studies were
done in the North American population where the most common
soft drink sweetener used is HFCS (HFCS-55), which is 55%
fructose and 42% glucose. In NZ the sweetener used is sucrose,
which is equimolar fructose and glucose. Our data, therefore,
broaden the generalisability of the role of non-artiﬁcially sweetened soft drink consumption, including to an ancestral group
other than European Caucasian. Second, both Choi et al reports
studied health professionals (the Health Professionals Study
(HPS) in men8 and the Nurses Health Study (NHS) in women9),
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Risk of gout for sugar-sweetened beverage intake by ethnic group
Obs (n controls, n cases)

592 (180, 412)
563

502 (312, 190)
463

536 (217, 319)
485

7059 (6911, 148)
6705

0

0.01 to 0.99*

1.0 to 1.99

2.0 to 2.99

3.0 to 3.99

4.0 to 4.99

5.0+

PTrend†

1.00
–
1.00
–

1.53 (0.31 to 7.49)
0.60
2.17 (0.38 to 12.51)
0.39

0.79 (0.52 to 1.21)
0.28
1.11 (0.60 to 2.05)
0.75

1.51 (0.78 to 2.93)
0.22
2.82 (1.08 to 7.34)
0.034

0.65 (0.30 to 1.41)
0.28
1.42 (0.47 to 4.27)
0.53

3.93 (0.89 to 17.26)
0.070
6.89 (1.05 to 45.44)
0.045

1.05 (0.43 to 2.64)
0.90
2.38 (0.64 to 8.84)
0.20

0.56

1.00
–
1.00
–

1.14 (0.35 to 3.73)
0.83
0.32 (0.05 to 1.91)
0.21

0.66 (0.40 to 1.08)
0.10
0.76 (0.36 to 1.58)
0.46

0.69 (0.36 to 1.33)
0.27
1.28 (0.52 to 3.14)
0.59

1.22 (0.63 to 2.36)
0.56
0.89 (0.33 to 2.35)
0.81

1.94 (0.91 to 4.17)
0.088
5.19 (1.48 to 18.17)
0.010

1.34 (0.74 to 2.43)
0.33
1.44 (0.59 to 3.53)
0.42

1.00
–
1.00
–

–
–
–
–

0.85 (0.50 to 1.45)
0.55
1.20 (0.59 to 2.46)
0.62

0.84 (0.49 to 1.42)
0.51
0.84 (0.42 to 1.69)
0.63

0.84 (0.48 to 1.47)
0.53
1.00 (0.47 to 2.13)
1.00

2.42 (1.09 to 5.33)
0.029
2.84 (1.04 to 7.77)
0.043

1.38 (0.76 to 2.50)
0.29
2.17 (0.98 to 4.77)
0.055

0.16

1.00
–
1.00
–

1.71 (0.78 to 3.74)
0.18
1.50 (0.68 to 3.30)
0.31

1.54 (0.69 to 3.43)
0.29
1.36 (0.61 to 3.05)
0.46

1.48 (0.57 to 3.83)
0.43
1.19 (0.45 to 3.12)
0.73

3.79 (1.35 to 10.61)
0.011
3.05 (1.07 to 8.66)
0.037

–
–
–
–

2.54 (0.73 to 8.80)
0.14
2.31 (0.65 to 8.19)
0.20

0.15

0.020

0.17
0.11

0.050

0.26

*Selection of exposure groups is described in the Methods.
†pTrend was the p value associated with the single line SSB variable in regression analysis.
‡Adjusted by age, sex, BMI, alcohol (continuous variable), fruit intake (continuous variable), kidney disease, high blood pressure and relatedness (ARIC only).
ARIC, Atherosclerosis Risk in Communities; NZ, New Zealand; SSB, sugar (sucrose)-sweetened beverage.
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NZ European Caucasian
Unadjusted OR (95% CI)
p Value
Adjusted OR‡ (95% CI)
p Value
NZ Māori
Unadjusted OR (95% CI)
p Value
Adjusted OR‡ (95%CI)
p Value
NZ Pacific Islander
Unadjusted OR (95% CI)
p Value
Adjusted OR‡ (95% CI)
p Value
ARIC
Unadjusted OR (95% CI)
p Value
Adjusted OR‡ OR (95% CI)
p Value

Frequency of SSB intake (servings/day)
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Table 2

Table 3 Sugar-sweetened beverage consumption and change in gout risk, with stratification by SLC2A9 genotype

NZ European Caucasian

NZ Māori

NZ Pacific Islander

ARIC

All Populations Combined

Unstratified
C allele non-carrier
C allele carrier
Unstratified
C allele non-carrier
C allele carrier
Unstratified
C allele non-carrier
C allele carrier
Unstratified
G allele non-carrier‡
G allele carrier
Unstratified
Minor allele non-carrier‡
C allele carrier

Obs

Δ In gout risk, 95% CI (odds ratio)*

p

563
373
148
463
396
51
489
454
27
6721
4082
2639
8236
5305
2888

1.20
1.16
1.27
1.11
1.19
0.76
1.13
1.11
1.71
1.09
1.05
1.16
1.13
1.12
1.15

0.020
0.14
0.091
0.11
0.019
0.20
0.030
0.039
0.13
0.26
0.58
0.29
1.9×10−4
0.001
0.082

(1.03
(0.95
(0.96
(0.98
(1.03
(0.49
(1.01
(0.99
(0.85
(0.94
(0.88
(0.88
(1.06
(1.05
(0.98

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

to 1.40)
1.43)
1.67)
1.27)
1.37)
1.16)
1.27)
1.25)
3.42)
1.27)
1.26)
1.54)
1.20)
1.21)
1.34)

βInteraction (95% CI)†

p

0.021 (−0.016 to 0.058)

0.27

−0.064 (−0.12 to −0.011)

0.018

0.073 (−0.018 to 0.16)

0.12

0.00028 (−0.0067 to 0.0072)

0.94

−0.013§ (−0.022 to −0.003)

0.010

*Change in gout risk per increase in consumption category adjusted by age, sex, BMI, alcohol (continuous variable), fruit intake (continuous variable), kidney disease, high blood
pressure, relatedness and sample set where combined.
†SSB/day ordinal (ordered) variables (0, 1, 2, 3, 4, 5, 6) were created as described in the supplementary material and used as a continuous variable to derive the SSB by genotype
interaction term with risk of gout as outcome.
‡ARIC genotyped with rs11942223 surrogate rs6449173 (major allele A, minor allele C).
§Interaction term by Mantel Haenszel meta-analysis was 0.000 (−0.033 to 0.034), p=0.99 (the p value of the Q test for heterogeneity was 0.025).
ARIC, Atherosclerosis Risk in Communities; NZ, New Zealand; Obs, Observations; SSB, sugar (sucrose)-sweetened beverage.

whereas our study was not targeted to any particular demographic. One statistic that reﬂects this demographic difference is
the prevalence of higher SSB consumption in the NZ datasets.
In the HPS, 2.3% of participants consumed ≥2 drinks/day, and
in the NHS, 1.9% consumed ≥2/day. In our sample set, 18.9%
of European Caucasian controls, 34.4% of Māori controls and
56.1% of Paciﬁc Island controls consumed ≥2/day. Third, our
study was on prevalent gout, not incident gout in the case of the
studies of Choi et al8 9 (although some incident cases may have
been included in the ARIC samples (see online supplemental
material)). From the incident gout studies it is possible to conclude that HFCS-sweetened beverage consumption was causative of gout, and should be targeted in primary prevention. By
contrast, given our study was of cross-sectional design on prevalent gout, our results are more consistent with a contribution to
established gout by SSB consumption. Collectively, this evidence strongly supports recommending reduction in SSB in
primary prevention of gout,8 9 and also in management of
patients with established gout, as an adjunct to urate-lowering
therapy.

One weakness in our study is the incompleteness of our
dietary data, meaning we cannot address whether or not consumption of larger quantities of SSB is a marker for other
dietary risk factors for hyperuricaemia and gout—a diet high in
purine-rich foods, alcohol and vitamin A, and low in vitamin C
and coffee.18–22 Given our data were adjusted for alcohol consumption, we are conﬁdent that this risk factor is not a confounder in the SSB-gout association. The studies reporting
association between HFCS-sweetened soft drink consumption
and serum urate levels and gout in men took into account consumption of meat, seafood, purine-rich vegetables and total
vitamin C,8 10 suggesting that serum urate levels and gout risk
are independently inﬂuenced by soft drink consumption.
Although not a weakness in our study per se, rather a weakness
inherent in case-control studies in general, it is possible that SSB
consumption is a marker for a separate causal environmental
risk factor. Arguing against this possibility is the biological
plausibility of SSB consumption as a causal factor in gout, and
some evidence for interaction with the simple sugar and uric
acid transporter, SLC2A9.

Table 4 Sugar-sweetened and artificially sweetened beverage consumption and change in serum urate levels in ARIC controls, with
stratification by SLC2A9 genotype
Sweetener
HFCS

Artificial

Unstratified
C allele non-carrier‡
C allele carrier
Unstratified
C allele non-carrier‡
C allele carrier

Obs

Δ In serum urate, 95% CI (mmol/L)*

p Value

6574
3977
2597
6574
3977
2597

0.003
0.002
0.005
0.000
0.000
−0.004

6.9×10−6
0.016
8.7×10−5
0.48
0.41
0.45

(0.002 to 0.005)
(0.000 to 0.004)
(0.003 to 0.007)
(−0.000 to 0.001)
(−0.000 to 0.001)
(−0.013 to 0.006)

βInteraction, 95% CI†
0.003 (−0.000 to 0.059)

−0.001 (−0.002 to 0.001)

p Value
0.062

0.39

*Change per increase in consumption category (as defined for the NZ data) adjusted by age, sex, BMI, alcohol (continuous variable), fruit intake (continuous variable), kidney disease,
high blood pressure and relatedness.
†Beverage consumption per day ordinal (ordered) variables (0, 1, 2, 3, 4, 5, 6) were created as described in the Supplementary Material and used as a continuous variable to derive the
consumption by genotype interaction term with serum urate as outcome.
‡Genotyped with rs11942223 surrogate rs6449173 (major allele A, minor allele C)—r2=1 with rs11942223 in European Caucasian.
ARIC, Atherosclerosis Risk in Communities; NZ, New Zealand; HFCS, high fructose corn syrup; Obs, Observations.
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SLC2A9 is expressed as two isoforms23—full-length
(SLC2A9v1) and a variant missing 28 N-terminal residues
(SLC2A9v2). SLC2A9v1 is expressed on the basolateral (blood)
membrane, and SLC2A9v2 is expressed on the apical (reabsorption) membrane of the renal proximal tubule.24 There is a positive correlation between serum urate levels and SLC2A9v2
expression, but not for SLC2A9v1.25 If genotype at rs11942223
correlates with expression of the different isoforms,26 then the
interaction data can be viewed in a different context, as differential reaction of two structurally distinct proteins, albeit encoded
by the same gene, to increased SSB consumption; one isoform
(SLC2A9v2, encoded by the major serum urate-raising allele)
reacts in a simple additive fashion and the other (SLC2A9v1,
encoded by the minor serum urate-lowering allele) in a not
straightforward non-additive way. From the current state of
knowledge and given the complexity of urate transport in the
renal tubule it is difﬁcult to propose a plausible mechanism to
explain any non-additive interaction (under the assumption that
this risk is mediated through a change in serum urate level). It is
known that individuals of European Caucasian ancestry positive
for the gout-protective C-allele at rs11942223 exhibit a reduced
change in serum urate and increased FEUA in response to an
acute fructose load, with no genotype-speciﬁc effect in people
of NZ Māori and Paciﬁc Islander (Polynesian) ancestry.16 These
data are inconsistent with the observation of increased serum
urate and risk of gout in C-allele carrying individuals of
European Caucasian and Polynesian ancestry upon exposure to
fructose-containing SSB (tables 3 and 4), suggesting that distinct
biological mechanisms underlie the ref 16 observation and the
interaction data reported herein. Chronic exposure to fructosecontaining SSB would more likely involve other mechanisms
(eg, epigenetic) that inﬂuence the expression and activity of
SLC2A9.
In summary, our data support the recommendation that
reduction of SSB consumption should be pursued in established
gout. The collective data suggest a non-additive genotypespeciﬁc interaction between SSB consumption and SLC2A9
genotype and imply a physiological mechanism whereby high
simple sugar exposure derived from soft drinks interferes with
the ability of SLC2A9 to transport uric acid.
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