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Previous studies have shown a relationship between uric
acid concentration and progression of renal disease. Here
we studied causality between the serum uric acid
concentration and progression of diabetic nephropathy in
3895 individuals with type 1 diabetes in the FinnDiane
Study. The renal status was assessed with the urinary
albumin excretion rate and estimated glomerular filtration
rate (eGFR) at baseline and at the end of the follow-up.
Based on previous genomewide association studies on
serum uric acid concentration, 23 single nucleotide
polymorphisms (SNPs) with good imputation quality were
selected for the SNP score. This score was used to assess
the causality between serum uric acid and renal
complications using a Mendelian randomization approach.
At baseline, the serum uric acid concentration was higher
with worsening renal status. In multivariable Cox
regression analyses, baseline serum uric acid concentration
was not independently associated with progression of
diabetic nephropathy over a mean follow-up of 7 years.
However, over the same period, baseline serum uric acid
was independently associated with the decline in eGFR. In
the cross-sectional logistic regression analyses, the SNP
score was associated with the serum uric acid
concentration. Nevertheless, the Mendelian randomization
showed no causality between uric acid and diabetic
nephropathy, eGFR categories, or eGFR as a continuous
variable. Thus, our results suggest that the serum uric acid
concentration is not causally related to diabetic
nephropathy but is a downstreammarker of kidney damage.
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D iabetic nephropathy is a common complication in
type 1 diabetes, affecting approximately one-third of
the patients.1 Characteristic of the condition are

persistent urinary albumin excretion and a progressive decline
in renal function.2 Indeed, diabetic nephropathy is a major
factor leading to dialysis and renal transplantation. Impor-
tantly, however, diabetic nephropathy is also associated with
premature death.3 In order to alleviate the long-term burden
related to renal failure, it is important to discover factors asso-
ciated with its development and progression.

A number of epidemiologic studies have shown a connec-
tion between serum uric acid concentration and progression
of diabetic nephropathy in type 1 diabetes. Jalal et al.,4 for
example, reported that during a 6-year follow-up period,
elevated baseline serum uric acid concentrations predicted the
development of albuminuria. Similarly, Hovind et al.5 observed
that uric acid was associated with subsequent development of
macroalbuminuria, but not microalbuminuria, during 18-year
follow-up. Moreover, Ficociello et al.6 reported that the baseline
uric acid concentration was associated with the development of
an early decrease in glomerular filtration rate (GFR) in a 6-year
follow-up. In their study, uric acid was not, however, associated
with an increase in urinary albumin excretion rate (AER).

In epidemiologic studies, causal inference and confounding
pose challenges to the accurate interpretation of the results. In
such studies, randomization, as customarily conducted in
randomized, controlled trials, may not be applicable due to the
study design or ethical reasons. To tackle this shortcoming,
mendelian randomization, a form of genetic randomization
study has been used to assess causality between an outcome
and a given biological variable. This is done by studying the
relationship between the outcome and a genetic determinant of
the biological variable of interest. The idea behind Mendelian
randomization is that the alleles derived from both parents are
randomly assigned to gametes during meiosis. Therefore, the
process is unaffected by confounding factors. Large-scale meta-
analyses of genomewide association studies (GWASs) have
revealed multiple genetic risk factors associated with elevated
serum uric acid concentrations, with the strongest effect seen at
rs12498742 in the SLC2A9 gene encoding a transporter that
mediates urate flux across the renal proximal tubule.7,8
Kidney International (2017) 91, 1178–1185

http://dx.doi.org/10.1016/j.kint.2016.11.025
http://dx.doi.org/10.1016/j.kint.2016.11.025
mailto:per-henrik.groop@helsinki.fi
http://crossmark.crossref.org/dialog/?doi=10.1016/j.kint.2016.11.025&domain=pdf
http://www.kidney-international.org


AJ Ahola et al.: Uric acid and diabetic nephropathy c l i n i ca l i nves t iga t ion
Although of the genetic variants, rs734553 in the SLC2A9 gene
(also known as GLUT9), was used in the Mendelian random-
ization setting to show a causal link between serum uric acid
and progression of chronic kidney disease (CKD) in the general
(mainly nondiabetic) population,9 another Mendelian
randomization study, based on genetic variation in uric acid
transporters, reported a possible causal link between increased
serum uric acid and improved kidney function in healthy men
(i.e., in the opposite direction).10 Furthermore, in populations
not focusing on individuals with diabetes, the observed causal
associations between serum uric acid concentration and
various vascular outcomes are mixed. Kleber et al.11 reported
that high uric acid is causally related to adverse cardiovascular
outcomes, especially that of sudden cardiac death. Palmer
et al.,12 on the other hand, observed no causality between uric
acid and ischemic heart disease or blood pressure.

Mendelian randomization has not previously been used to
assess the relationship between the serum uric acid concen-
tration and the development of diabetic nephropathy in type
1 diabetes. In the current study, we therefore aimed to assess
the causality between the serum uric acid concentration and
the progression of diabetic nephropathy in patients with type
1 diabetes using a Mendelian randomization approach.

RESULTS
At baseline, 2524 participants had normal AER, 540 had
microalbuminuria, 536 had macroalbuminuria, and 295 had
end-stage renal disease (ESRD) (Table 1, Figure 1). Themedian
(interquartile range) baseline serumuric acid concentrations in
the respective groups were 214 mmol/l (182–252), 239 mmol/l
(199–276), 323 mmol/l (256–398), and 336 mmol/l (278–400)
(correlation coefficient between the renal status and serum uric
acid concentration r ¼ 0.481, P < 0.001) (Figure 2).

Progression of albuminuria
Of the 3600 participants without ESRD at baseline, pro-
spective data on renal status were available for a total of 3384
Table 1 | Baseline characteristics of study subjects categorized b

Normal AER
N [ 2524 (64.8%)

Microalbuminuri
N [ 540 (13.9%

Men (%) 48.1 59.4
Age (yr) 37 (27–47) 39 (30–49)
Diabetes duration (yr) 17 (9–27) 25 (17–33)
BMI (kg/m2) 24.6 (22.6–26.6) 25.5 (23.1–28.0)
Systolic blood pressure (mm Hg) 129 (119–140) 135 (124–148)
Diastolic blood pressure (mm Hg) 79 (71–85) 80 (74–88)
Insulin dose (units/kg per day) 0.67 (0.53–0.82) 0.70 (0.56–0.90)
Serum uric acid (mmol/l) 214 (182–252) 239 (199–276)
eGFR (ml/min per 1.73 m2) 94 (82–107) 89 (75–105)
HbA1c (mmol/mol) 65.0 (56.3–74.9) 71.6 (61.7–80.3)
HbA1c (%) 8.1 (7.3–9.0) 8.7 (7.8–9.5)
Total cholesterol (mmol/l) 4.8 (4.2–5.4) 5.0 (4.4–5.6)
HDL cholesterol (mmol/l) 1.33 (1.11–1.58) 1.28 (1.06–1.53)
Triglycerides (mmol/l) 0.94 (0.72–1.28) 1.08 (0.82–1.56)

AER, albumin excretion rate; BMI, body mass index; eGFR, estimated glomerular filtratio
Data are presented as frequency (%) for categorical variables and median (interquartile
aP value represents the difference among the 4 groups of renal status.
bValues represent median (interquartile range) values of participants with normal AER,
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individuals (94%). At the end of the mean follow-up period
of 7 � 4 years, kidney disease had progressed in 521 of these
participants (15.4%) (Table 2). Compared with those whose
renal status remained unchanged during the follow-up, those
whose renal status declined had longer diabetes duration,
higher body mass index, higher systolic blood pressure,
higher diastolic blood pressure, higher serum uric acid con-
centration, lower estimated glomerular filtration rate (eGFR),
higher HbA1c, higher total cholesterol, lower high-density
lipoprotein cholesterol, and higher triglyceride concentra-
tion at baseline. Moreover, the progressors were more
frequently men.

Of those with normal AER at baseline, the renal status of a
total of 202 individuals (8.6%) deteriorated to micro-
albuminuria or worse during the follow-up period (Figure 1).
The renal status progressed in 95 individuals (19.5%) and 224
individuals (41.9%) with microalbuminuria and macro-
albuminuria at baseline, respectively. In the unadjusted Cox
regression analyses, baseline serum uric acid concentration
was associated with the progression from normal AER to
microalbuminuria (P ¼ 0.047), from microalbuminuria to
macroalbuminuria (P ¼ 0.031), and from macroalbuminuria
to ESRD (P < 0.001) (Table 3). After adjusting for con-
founding factors (normal AER to microalbuminuria: triglyc-
eride concentration, HbA1c, sex, and diastolic blood pressure;
microalbuminuria to macroalbuminuria: triglyceride con-
centration, HbA1c, and sex; macroalbuminuria to ESRD:
HbA1c, diastolic blood pressure, and eGFR), baseline serum
uric acid concentration was, however, no longer associated
with the progression (respective P values: P ¼ 0.648,
P ¼ 0.133, and P ¼ 0.054).
Decrease in eGFR
Of the 2455 participants with baseline eGFR stages 1 and 2,
the renal status of a total of 139 individuals (5.7%) deterio-
rated to stages 3 to 5 during the follow-up period. In the
multivariable Cox regression analysis, the serum uric acid
y renal status at baseline

a
)

Macroalbuminuria
N [ 536 (13.7%)

ESRD
N [ 295 (7.6%)

All
N [ 3895 P valuea

58.2 60.0 52.0 <0.001
41 (34–50) 46 (41–52) 39 (30–48) <0.001
28 (22–34) 34 (29–40) 22 (13–31) <0.001

25.6 (23.3–28.6) 23.6 (21.1–26.4) 25.0 (23.0–27.0) <0.001
142 (130–157) 150 (136–167) 132 (121–145) <0.001
82 (77–90) 84 (73–91) 80 (72–86) <0.001

0.65 (0.53–0.79) 0.67 (0.51–0.83) 0.67 (0.53–0.83) <0.001
323 (256–398) 336 (278–400) 233 (192–281) <0.001
58 (36–77) NA 90 (75–105)b <0.001

72.7 (63.9–85.8) 67.2 (56.3–77.0) 67.2 (57.4–77.0) <0.001
8.8 (8.0–10.0) 8.3 (7.3–9.2) 8.3 (7.4–9.2) <0.001
5.2 (4.6–5.9) 4.9 (4.1–5.7) 4.9 (4.3–5.5) <0.001

1.19 (0.95–1.42) 1.22 (0.93–1.53) 1.30 (1.08–1.56) <0.001
1.41 (1.03–2.04) 1.40 (0.98–1.90) 1.03 (0.77–1.46) <0.001

n rate; ESRD, end-stage renal disease; NA, not available.
range) for continuous nonnormally distributed variables.

microalbuminuria, and macroalbuminuria.
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Follow-up AER data (N = 3384)
Nonprogressors Progressors

Kidney disease (AER)
Normal AER N = 2159 N = 202
Microalbuminuria N = 393 N = 95
Macroalbuminuria N = 311 N = 224

Follow-up eGFR data (N = 2755)
Renal status (eGFR)
Stage 1 N = 1329 N = 196
Stage 2 N = 825 N = 117
Stage 3 N = 106 N = 98
Stage 4 N = 5 N = 64
Stage 5 N = 15 N = NA

Mendelian randomization (N = 2720)

Kidney disease (AER)
Normal AER N = 1511
Microalbuminuria N = 422
Macroalbuminuria N = 498
ESRD N = 289

Renal status (eGFR)
Stage 1 N = 1163
Stage 2 N = 907
Stage 3 N = 253
Stage 4 N = 85
Stage 5 N = 312

Baseline (N = 3895)
Normal AER N = 2524
Microalbuminuria N = 540
Macroalbuminuria N = 536
ESRD N = 295

-216 individuals without
follow-up data

-1175 individuals
without gene data

Figure 1 | Flow chart of the study population. AER, albumin excretion rate; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal
disease.
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concentration was significantly associated with renal deteri-
oration in both the unadjusted model and the model adjusted
for confounding factors (CKD groups 1/2 to 3/4/5: triglyc-
eride concentration, HbA1c, systolic blood pressure, diabetes
duration, and eGFR; CKD groups 1/2/3 to 4/5: triglyceride
concentration, HbA1c, systolic blood pressure, age, diabetes
duration, and eGFR) (P < 0.001) (Table 3).

Of the 2659 participants with baseline eGFR stages 1 to 3,
the renal status of a total of 154 individuals (5.8%) deterio-
rated to stages 4/5 during the follow-up period. In the
multivariable Cox regression analysis, serum uric acid con-
centration was significantly associated with the renal deteri-
oration (P < 0.001, unadjusted and adjusted).

Of the 204 participants with baseline eGFR stage 3, the
renal status of a total of 98 individuals (48.0%) deteriorated
to stages 4/5 during follow-up. In the multivariable Cox
regression analysis, serum uric acid concentration was
significantly associated with renal deterioration in the unad-
justed (P < 0.001) and adjusted (HbA1c and eGFR)
(P ¼ 0.009) models.

Finally, of the 257 participants with macroalbuminuria
and eGFR groups 1 to 3 at baseline, the renal status of a total
of 142 individuals (55.3%) deteriorated to stages 4 to 5 during
follow-up. Also in this population, serum uric acid concen-
tration in the Cox regression analyses was associated with
renal deterioration (P < 0.001, unadjusted and adjusted).

Genetic risk score for serum uric acid
For the purpose of performing Mendelian randomization, we
constructed a single nucleotide polymorphism (SNP) score for
serum uric acid based on the 29 SNPs previously robustly
associatedwith serum uric acid levels (P< 5� 10�8),7 of which
23 were found to be of high quality in our GWAS data
(Supplementary Table S1). The SNP score was strongly asso-
ciated with the baseline serum uric acid concentration
1180
(P ¼ 3.0 � 10�13; F-statistic ¼ 54), supporting the use of the
SNP score in the Mendelian randomization (F-statistics $10
are considered sufficient for analysis).13 The proportion of the
variance of serum uric acid explained by the SNP score (R2) was
1.9%, of which 1.0% was attributable to rs12498742 in SLC2A9
alone. A total of 17.4% variance was explained when adjusting
the model for age and sex (i.e., somewhat higher than the 7%
estimated for the 29 in the general population).7 Despite a
strong association with serum uric acid, the SNP score was not
associated with any of the AER- or eGFR-based nephropathy
classes (P values>0.05) or with eGFR as a continuous variable
(P ¼ 0.74); neither was the score associated with any of the
covariates listed in Table 1 (P values > 0.05).

Mendelian randomization analysis
Next we tested the causality between serum uric acid and
diabetic nephropathy with the Mendelian randomization
approach using the SNP score as the instrumental variable. In
the cross-sectional regression analyses, serum uric acid was
strongly associated (P < 2 � 10�16) with all tested AER- and
eGFR-based nephropathy categories (Table 4, Figure 2). On
the contrary, the Mendelian randomization indicated no
causal effect of serum uric acid on the albuminuria-based or
the CKD group–based nephropathy status (P values >0.05)
evaluated with the control function estimator method14;
similarly, no causal effect of serum uric acid was observed for
eGFR as a continuous variable (P ¼ 0.63, evaluated with the
2-stage least-squares method15) (Table 4). The strongest
known genetic factor for serum uric acid, rs12498742, is
located in SLC2A9, which encodes a transporter protein that
stimulates the uptake of uric acid from the urine into the
blood. The same protein also has an opposing effect of
transporting uric acid from blood into the intestine. Because
of this potential dual effect of the single strongest genetic
factor, we repeated the Mendelian randomization excluding
Kidney International (2017) 91, 1178–1185



Figure 2 | Box plots showing that baseline serum uric acid concentration (a,b), but not the genetic risk score (GRS) for serum uric acid
levels (c,d), differs by diabetic nephropathy (DN) and chronic kidney disease (CKD) classes. (a,c) Grouped by DN status (1, normal albumin
excretion rate; 2, microalbuminuria; 3, macroalbuminuria; 4, end-stage renal disease). (b,d) Grouped by CKD class. Serum uric acid: untrans-
formed serum uric acid concentration, mmol/l. The GRS is multiplied by 100. Figures are based on the 2720 patients in the Mendelian
randomization analysis.

AJ Ahola et al.: Uric acid and diabetic nephropathy c l i n i ca l i nves t iga t ion
rs12498742 from the SNP score. Even after exclusion, the
SNP score was strongly associated with serum uric acid
(P ¼ 4.1 � 10�7, F-statistic ¼ 25.7), and results of all Men-
delian randomization analyses remained nonsignificant.

DISCUSSION

In the current study, we evaluated the role of serum uric acid
concentration on the progression of diabetic nephropathy. In
our cross-sectional analyses, we observed that serum uric acid
concentration was higher in more advanced renal disease, the
progressors had higher baseline uric acid concentrations, and
the calculated SNP score was associated with the serum uric
acid concentration. In line with previous studies,4–6 during
the 7-year follow-up, the baseline serum uric acid concen-
tration strongly predicted the progression of albuminuria and
CKD in unadjusted Cox regression models. However, uric
acid concentration was independently associated with the
decrease in eGFR but not the progression of albuminuria.
Observations in prospective studies do not, however,
Kidney International (2017) 91, 1178–1185
implicate potential causal relationships. Therefore, we evalu-
ated the causality between serum uric acid and diabetic
nephropathy with Mendelian randomization. Contrary to the
positive associations with progression of renal disease in
studies by us and others and to the previously reported
positive causal association with progression of CKD in 755
mainly nondiabetic subjects,9 uric acid concentration was
not causally related to the development of diabetic ne-
phropathy in the Mendelian randomization, as evaluated by
either AER- or eGFR-based nephropathy categories or by
eGFR as a continuous variable.

Results of a number of previous studies, with a follow-up
period ranging from 6 to 18 years, have suggested that serum
uric acid concentration is associated with the progression of
diabetic nephropathy in type 1 diabetes.4–6,16 Common to
these studies is that they all evaluated the association between
baseline uric acid concentration and progression of renal
impairment while taking into account a number of known
confounding factors. Moreover, 1 study showed that lowering
1181



Table 2 | Baseline characteristics of study subjects divided into nonprogressors and progressors of diabetic nephropathy
during the follow-up

Nonprogressors
N [ 2863 (84.6%)

Progressors
N [ 521 (15.4%) P

Men (%) 49.6 61.8 <0.001
Age (yr) 37 (28–48) 39 (31–48) 0.063
Diabetes duration (yr) 19 (11–29) 23 (15–31) <0.001
BMI (kg/m2) 24.8 (22.8–26.9) 25.2 (22.7–27.9) 0.004
Systolic blood pressure (mm Hg) 130 (120–141) 137 (125–152) <0.001
Diastolic blood pressure (mm Hg) 79 (72–85) 82 (76–89) <0.001
Insulin dose (units/kg per day) 0.67 (0.53–0.83) 0.68 (0.54–0.84) 0.130
Serum uric acid (mmol/l) 223 (187–264) 267 (209–376) <0.001
eGFR (ml/min per 1.73 m2) 91 (78–106) 74 (39–97) <0.001
HbA1c (mmol/mol) 66.1 (56.3–76.0) 77.7 (66.1–89.1) <0.001
HbA1c (%) 8.2 (7.3–9.1) 9.2 (8.2–10.3) <0.001
Total cholesterol (mmol/l) 4.8 (4.2–5.4) 5.2 (4.5–5.8) <0.001
HDL cholesterol (mmol/l) 1.31 (1.10–1.57) 1.20 (0.97–1.45) <0.001
Triglycerides (mmol/l) 0.97 (0.74–1.34) 1.34 (0.97–2.06) <0.001

BMI, body mass index; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein.
Data are presented as frequency (%) for categorical variables and median (interquartile range) for continuous nonnormally distributed variables.
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of serum uric acid concentration with drugs was associated
with a reduced risk of renal outcomes during a 3.4-year
follow-up in patients with type 2 diabetes.17 In the current
analyses, the progressors also had a higher serum uric acid
concentration at baseline. Higher baseline uric acid concen-
tration did not, however, remain significant in the multivar-
iate model, suggesting that, at least in our population, other
variables play a stronger role in the progression of renal
failure.

Because the lack of prediction in the multivariate models
could be due to multicollinearity with other covariates, we
assessed whether the serum uric acid concentration is causally
related to diabetic nephropathy using the Mendelian random-
ization approach. These Mendelian randomization analyses
suggested that the serum uric acid concentration does not have
Table 3 | Association between baseline serum urate concentratio
regression analyses

Progression M

Normal AER: microalbuminuria Una
Ad

Microalbuminuria: macroalbuminuria Una
Ad

Macroalbuminuria: ESRD Una
Ad

CKD groups 1/2 to groups 3/4/5 Una
Ad

CKD groups 1/2/3 to groups 4/5 Una
Ad

CKD group 3 to groups 4/5 Una
Ad

Macroalbuminuria and CKD groups 1/2/3 to groups 4/5 Una
Ad

AER, albumin excretion rate; CKD, chronic kidney disease; eGFR, estimated glomerula
confidence interval, per 1 unit increase in log2 serum uric acid (i.e., odds ratio for doub
aAdjusted for triglyceride concentration, HbA1c, sex, and diastolic blood pressure.
bAdjusted for triglyceride concentration, HbA1c, and sex.
cAdjusted for HbA1c, diastolic blood pressure, and eGFR.
dAdjusted for triglyceride concentration, HbA1c, systolic blood pressure, diabetes durati
eAdjusted for triglyceride concentration, HbA1c, systolic blood pressure, age, diabetes d
fAdjusted for HbA1c and eGFR.
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any causal effect on the diabetic kidney complications, but is
rather a downstream marker of the kidney damage. This is a
novel observation because no other previous studies used the
Mendelian randomization approach to study the causal asso-
ciation between serum uric acid and diabetic nephropathy.
Although 1 previous Mendelian randomization study of serum
uric acid and CKD was performed in a much smaller study
population (755mainly nondiabetic subjects) andwas based on
only 1 genetic variant rather than an SNP score, they found a
positive causal association between serum uric acid and CKD.9

The controversial results might reflect different pathophysio-
logicmechanisms behind diabetic nephropathy andCKD in the
general population or might be due to potential pleiotropic
effects of the particular SNP used in the previous study
(rs734553 in SLC2A9), possibly affecting some other
n and renal deterioration over the follow-up period: Cox

odel HR (95% CI) P value

djusted 1.480 (1.004–2.182) 0.047
justeda 1.110 (0.710–1.735) 0.648
djusted 1.852 (1.059–3.237) 0.031
justedb 1.594 (0.866–2.932) 0.133
djusted 4.433 (3.239–6.065) <0.001
justedc 1.539 (0.992–2.387) 0.054
djusted 7.584 (4.966–11.581) <0.001
justedd 2.793 (1.748–4.461) <0.001
djusted 18.803 (13.369–26.444) <0.001
justede 3.037 (1.920–4.805) <0.001
djusted 4.651 (2.827–7.651) <0.001
justedf 2.232 (1.221–4.082) 0.009
djusted 3.374 (2.253–5.052) <0.001
justedc 2.472 (1.616–3.782) <0.001

r filtration rate; ESRD, end-stage renal disease; HR (95% CI), hazard ratio and 95%
ling of the serum uric acid).

on, and eGFR.
uration, and eGFR.

Kidney International (2017) 91, 1178–1185



Table 4 | Mendelian randomization analysis of the effect of serum uric acid on diabetic kidney disease with AER- and
eGFR-based definitions and comparison with the corresponding cross-sectional regression analyses

Comparison No. of cases No. of controls

Mendelian randomization Cross-sectional regressiona

OR or b (95% CI)b P value OR or b (95% CI)b P value

Albuminuria-based comparisons
miA/maA/ESRD versus noA 1209 1511 1.18 (0.32–4.37) 0.801 13.54 (10.71–17.11) <2 � 10�16

maA/ESRD versus noA/miA 787 1933 1.57 (0.34–7.29) 0.565 35.91 (26.68–48.34) <2 � 10�16

ESRD versus noA/miA/maA 289 2431 2.12 (0.3–15.2) 0.455 9.69 (7.26–12.93) <2 � 10�16

maA/ESRD versus noA 787 1511 1.52 (0.28–8.36) 0.631 45.24 (32.59–62.81) <2 � 10�16

ESRD versus noA 289 1511 2.27 (0.21–24.35) 0.497 100.92 (60.11–169.42) <2 � 10�16

eGFR-based comparisons
CKD groups 3/4/5 versus groups 1/2 650 2070 2.31 (0.44–12.21) 0.801 48.76 (35.21–67.52) <2 � 10�16

CKD groups 4/5 versus groups 1/2/3 397 2323 2.48 (0.39–16.01) 0.565 24.57 (17.96–33.6) <2 � 10�16

CKD groups 4/5 versus group 1 397 1163 2.35 (0.21–25.82) 0.455 154.63 (90.91–263.01) <2 � 10�16

eGFR, continuous 2720 2.24 (�17.29 to 21.77) 0.631 �40.15 (�42.35 to �37.94) <2 � 10�16

AER, albumin excretion rate; CI, confidence interval; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; maA, macro-
albuminuria; miA, microalbuminuria; noA, normal albumin excretion rate; OR, odds ratio per 1-unit increase in log2 serum uric acid (i.e., odds ratio for doubling of the serum
uric acid).
aCross-sectional regression was calculated with logistic regression for case-control variables and with linear regression for eGFR as a continuous variable. Models are not
adjusted for covariates.
bEffect size estimate is given for case-control variables as OR; for eGFR as continuous variable; effect size estimate is given as b, representing the increase of eGFR per 1-unit
increase in log2 serum uric acid.
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confounding factors for CKD. Of note, the variant was not
associated with serum uric acid in that study. Similar to our
study, Hughes et al.10 used a genetic risk score to investigate the
causality between serum uric acid and renal function, using
Mendelian randomization.10 Importantly, the study population
did not exclusively include patients with diabetes. In that study,
a uric acid transporter genetic risk score was not associated with
renal function in their combined population or inwomen, but it
was associatedwith improved renal function inmen rather than
with reduced renal function, as would be expected based on
previous literature. The authors suggest that the observed renal
protection might be due to the activity of the uric acid trans-
porters rather than to serum uric acid concentrations.

The genetic background of serum uric acid concentration
has been studied intensively, and a large meta-analysis of
>140,000 individuals of European ancestry identified 29 loci
affecting the level of serum uric acid.7 We were able to
extract 23 of these loci of high quality from our genomewide
genetic data, including the 2 strongest variants near the
SLC2A9 and ABCG2 genes. The F-statistic of 53.7, describing
the strength of the instrumental variable (i.e., the SNP
score), indicated that the SNP score was well powered for the
analysis (values >10 are considered sufficient for Mendelian
randomization).18 Therefore, the lack of causal association is
unlikely to be a false-negative finding. Furthermore, we used
the SNP score instead of single SNPs in order to maximize
the statistical power and to mitigate any potential pleiotropic
effects addressable to single genetic variants. As a sensitivity
test, our negative results remained when the analyses were
repeated after excluding from the SNP score the strongest
single variant in SLC2A9, as the encoded transporter also has
an opposite effect of transporting uric acid from blood to the
intestine, in addition to its main role of stimulating the
uptake of uric acid from the urine into the blood.19

If uric acid is not causally related to the deterioration of
diabetic renal disease, the question arises why lowering of
Kidney International (2017) 91, 1178–1185
serum uric acid was associated with a reduced risk of renal
outcomes in patients with type 2 diabetes.17 The answer may
be that uric acid is only a minor player in the multifaceted
cascade leading to renal disease, but that the drugs used to
lower uric acid have other effects beyond lowering uric acid.
Moreover, as 1 Mendelian randomization study suggests that
serum uric acid is a causal risk factor for CKD in the general
population,9 it might be that serum uric acid plays a role only
in the processes leading to nondiabetic renal disease rather
than in pure diabetic nephropathy. Although a substantial
proportion of patients with type 2 diabetes and kidney disease
do not have diabetic nephropathy but have renal impairment
due to other reasons similar to the general population
(such as aging, overweight, and hypertension), the vast majority
of patients with type 1 diabetes have histologic lesions typical
of diabetic nephropathy,20 potentially explaining why no causal
association was seen between uric acid and renal impairment
in our study population. Ongoing studies addressing this
issue will provide important new data in order to understand
the true role of uric acid in diabetic kidney disease.

Our study has both strengths and limitations. We studied a
fairly large population of genetically homogeneous and well-
characterized patients, which provides a reasonably good
basis to study the phenomenon. In Mendelian randomization,
pleiotropy, a condition in which a single gene influences
several traits, may be of concern. In case the selected SNP
would be associated not only with the uric acid concentration
but also with another variable that also has an effect on the
diabetic nephropathy, the results would be biased. The use of
an SNP score does, however, dilute the effect of a single
variant pleiotropy. In addition, the use of the SNP score in-
creases the statistical power over using single variants. Finally,
our study is descriptive and therefore does not give any
insight into the potential mechanisms behind the progression
of diabetic nephropathy. More research is required to assess
the role of uric acid in the diabetic complications.
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In summary, serum uric acid does not seem to be a clin-
ically useful predictor of the disease progression beyond other
known risk factors.
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METHODS
Subjects were participants in the Finnish Diabetic Nephropathy
Study (FinnDiane), a prospective study to investigate the factors
associated with diabetic complications in type 1 diabetes. Included in
the current analyses were all participants with serum uric acid
measurements at baseline and known urinary AERs at baseline and
at the end of the follow-up period. Individuals taking gout medi-
cation 1 year before the uric acid measurement were excluded. In all,
data were available from 3895 Caucasian participants with type 1
diabetes (52% men; mean age � SD, 39 � 12 years at baseline). The
study protocol was approved by the Ethics Committee of the Hos-
pital District of Helsinki and Uusimaa, and patients gave written
informed consent before participation.

Serum uric acid concentration was measured at baseline using an
enzymatic method. Serum lipid and lipoprotein concentrations were
measured as previously described.21 HbA1c was determined locally
using standardized assays. Patient height and weight were measured
while wearing light-weight clothing. From these measurements,
body mass index was calculated (kg/m2). After at least a 10-minute
rest, blood pressure was measured with patients in the sitting posi-
tion and was repeated after 2 minutes, and the mean of these
measurements was used in the analyses.

Progression of renal disease was based on the assessment of
deterioration in the levels of AER and eGFR during the follow-up
period. AER was measured in at least 2 of 3 timed 24-hour or
overnight urine collections. Patients were classified as follows:
normal AER (<20 mg/min or <30 mg/24 h), microalbuminuria
(AER $20 and <200 mg/min or $30 and <300 mg/24 h), macro-
albuminuria (AER $200 mg/min or $300 mg/24 h), or ESRD
(undergoing dialysis or having had a kidney transplant). The eGFR
was calculated using the CKD-EPI formula.22 Patients were divided
into CKD groups 1 to 5 based on their eGFR values (group 1:
eGFR $90 ml/min per 1.73 m2; group 2: eGFR $60 and <90 ml/
min per 1.73 m2; group 3: eGFR $30 and <60 ml/min per 1.73 m2;
group 4: eGFR $15 and <30 ml/min per 1.73 m2; group 5: <15 ml/
min per 1.73 m2 or ESRD). For patients with ESRD, eGFR was set at
10 ml/min per 1.73 m2 for the analyses requiring a continuous eGFR
value. Patients were followed for an average of 7 � 4 years. At the
end of the follow-up period, the renal status was reevaluated, and
patients were, accordingly, divided into progressors and non-
progressors based on the newly assessed AER level and CKD group.
Progression, defined by AER or eGFR level, was assumed if an in-
dividual advanced from healthier AER or eGFR level to one of more
advanced levels, respectively.

Among the FinnDiane participants, with serum uric acid and
albuminuria–based diabetic nephropathy group defined at base-
line, GWAS data were available for 2720 subjects. GWAS geno-
typing, quality control, and imputation have been previously
described.23 Based on a previous GWAS on serum uric concen-
tration,7 29 SNPs were selected for the SNP score. The estimated
allele doses of the 29 SNPs were converted to the most likely
genotypes using a probability threshold of 0.9 for the genotype
calling. After filtering the SNPs with genotyping rate <0.95 or
P < 0.01 for Hardy-Weinberg equilibrium, 23 SNPs of good
quality remained (Supplementary Table S1). The SNP score
was calculated by weighting the risk allele count by the reported
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per-allele effect,7 and the score was scaled by the number of
available SNPs.

Statistical analyses
Descriptive results are reported as percentages for categorical data and
median (interquartile range) for continuous data as they were non-
normally distributed. The respective statistical comparisons between
progressors and nonprogressors were conducted using the c2 test and
Kruskal-Wallis test. The correlation between serum uric acid concen-
tration and renal status at baseline was studied with Spearman’s r.
Multivariate Cox regression was used to study whether baseline serum
uric acid concentration was associated with progression of diabetic
nephropathy. Baseline variables that remained significant in the
multivariateCox regression analyses, before inclusionof serumuric acid
concentration into the models, were used as confounding factors.
The association between the SNP score and the serum uric acid con-
centration was tested by linear regression. The Mendelian randomiza-
tion approach was used to assess causality between serum uric acid
concentration and diabetic nephropathy. Mendelian randomization is a
formof instrumental variable analysis.Weused the 2-stage least-squares
method to analyze the effect of eGFR as a continuous variable.15 For
case-control phenotypes, we used the control function estimator
method, which is deemed more suitable for binary outcomes than the
2-stage least-squares (2SLS) method and better controls the effect of
covariates that are not included in the model.14 Statistical analyses were
performed with IBM SPSS Statistics for Windows, Version 19.0 (IBM
Corp., Armonk, NY), plink v.1.09 (https://www.cog-genomics.org/
plink2/),24 and R software (http://cran.r-project.org/; “sem” package
for 2SLS).
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