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OBJECTIVE

Elevated serum uric acid (SUA) is increasingly recognized as a risk factor for kidney
disease in adults with diabetes, but data in youth are limited.We hypothesized that
elevated SUA predicts development of elevated urinary albumin excretion (UAE)
and hypertension over time in teens with type 2 diabetes (T2D).

RESEARCH DESIGN AND METHODS

Serum creatinine, cystatin C, SUA, and the urine albumin-to-creatinine ratio (UACR)
were assessed in 539 obese youth, ages 12–17 years, with T2D duration <2 years at
baseline in the Treatment Options for Type 2 Diabetes in Adolescents and Youth
(TODAY) study. Estimated glomerular filtration rate (eGFR) was calculated using
creatinine and cystatin C. Hypertension was defined as systolic or diastolic blood
pressure‡130/80mmHg and elevatedUAE asUACR‡30mg/g. Cox proportional
hazards models evaluated the relationship between SUA and outcome variables
longitudinally over an average follow-up of 5.7 years, adjusting for age, sex, race/
ethnicity, BMI, HbA1c, eGFR, ACE inhibitor/angiotensin receptor blocker use, and
TODAY treatment group assignment.

RESULTS

At baseline, hyperuricemia (‡6.8 mg/dL) was present in 25.6% of participants,
hypertension in 18.7%, and elevated UAE in 6.1%. During follow-up of up to 7 years,
hypertension developed in 37.4% and UAE in 18.0%. Higher baseline SUA increased
the risk of incident hypertension (hazard ratio [HR] 1.19, 95% CI 1.03–1.38, per 1 mg/dL
increase in SUA) and elevated UAE (HR 1.24, 95% CI 1.03–1.48) in adjusted models.

CONCLUSIONS

Hyperuricemiawas common in youthwith T2D. Higher baseline SUA independently
increased the risk for onset of hypertension and elevatedUAE. Research is needed to
determine whether SUA-lowering therapies can impede development of diabetic
kidney disease and hypertension in T2D youth.
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Diabetic kidney disease (DKD) and car-
diovascular disease (CVD) are leading
causes of morbidity and mortality in
type 2 diabetes (T2D) (1) and develop
at an alarming rate in adolescents with
T2D (2–4). Previous analyses of the lon-
gitudinal data from the Treatment Op-
tions for type 2 Diabetes in Adolescents
and Youth (TODAY) study demonstrated
that the prevalence of elevated urinary
albumin excretion (UAE) increased from
6.3% at baseline to 16.6%, while the
prevalence of hypertension increased
from 11.6% at baseline to 33.8% at an
average follow-up of 3.9 years (3). Hy-
pertension is closely related to DKD and
serves as both a risk factor and clinical
manifestation of DKD and CVD in T2D.
Once overt DKD and CVD manifest,

progression can often be postponed, but
rarely prevented, by current strategies
for glycemic, blood pressure, and lipid
control (5). Accordingly, alternative
therapeutic targets are needed to
supplement traditional treatments in
preventing the development and pro-
gression of DKD and CVD in youth-onset
T2D.
Elevated serum uric acid (SUA) is in-

creasingly recognized as an important
risk factor for hypertension and DKD in
adults with type 1 diabetes (T1D) (6) or
T2D and the general population (7).
Mechanisms whereby elevated SUA con-
fers increased risk for CVD and DKD are
incompletely defined. Studies have sug-
gested that inflammation (8), insulin re-
sistance (9), intrarenal hemodynamic
dysfunction (10), vascular, glomerular,
and tubular injuries (9,11), and loss of
nephron mass (12,13) could explain an
etiologic relationship between elevated
SUA and vascular disease in T2D and how
elevated SUA may accelerate progression
of DKD and CVD. To our knowledge, there
are no longitudinal data on the relation-
ship between SUA and hypertension or
elevated UAE in adolescents with T2D.
Our aim was to investigate the longi-

tudinal relationship between SUA and
hypertension or elevated UAE during the
7 years of study. We hypothesized that
higher SUA in youth with T2D would
confer greater risk of incident hyperten-
sion and elevated UAE. Moreover, we
sought to add to our previouswork (3,14)
by describing the prevalence of hyper-
uricemia (defined as SUA$6.8 mg/dL) in
the TODAY study of youth-onset T2D at
baseline and to extend the elevated UAE

and hypertension data in TODAY partic-
ipants to 7 years.

RESEARCH DESIGN AND METHODS

TODAY Randomized Clinical Trial
The rationale, design, andmethodsof the
TODAY trial have been reported in detail
(15). Beginning in July 2004 and ending in
February 2009, 699 participants were
randomly assigned to metformin mono-
therapy,metformin plus rosiglitazone, or
metformin plus an intensive lifestyle in-
tervention program. Eligibility criteria
included youth 10–17 years of age
with T2D according to American Diabe-
tes Association 2002 criteria with diabe-
tes duration ,2 years, overweight or
obese (BMI $85th percentile), nega-
tive diabetes-associated autoantibodies,
fasting C-peptide .0.6 ng/mL, and an
adult caregiver willing to support study
participation. Participantswere excluded
for refractory hypertension, defined as
blood pressure $150/95 mmHg despite
appropriate medical therapy, or a calcu-
lated Cockcroft and Gault creatinine
clearance ,70 mL/min. Eligible subjects
entered a 2- to 6-month run-in period
with goals of weaning from nonstudy
diabetes medications, tolerating metfor-
min up to a dose of 1,000 mg twice daily
but no less than 500 mg twice daily,
attaining glycemic control (HbA1c ,8%
for at least 2 months) on metformin
alone, mastering standard diabetes ed-
ucation, and demonstrating adherence
to study medication and visit attendance.
Study medication arms were masked
to investigators, study personnel, and
participants.

The primary objective of the parent
study was to compare the three treat-
ment arms (metformin alone, metformin
plus rosiglitazone, and metformin plus
intensive lifestyle intervention) on time
to treatment failure, classified as time
to loss of glycemic control, defined as
HbA1c $8% for 6 months or sustained
metabolic decompensation requiring in-
sulin. Half of the cohort reached the
primary end point, and the results dem-
onstrated that adding rosiglitazone to
metformin was associated with more
durableglycemic control after anaverage
follow-up of 3.9 years (range 2–6.5).
Insulin was initiated at the time of the
primary outcome. Secondary aims in-
cluded comparison of hypertension
and microvascular complications. Partic-
ipants received standardized treatment

for confirmed hypertension and/or ele-
vated UAE.

The TODAY study was extended for
postintervention follow-up (TODAY2
phase 1, T2P1) that lasted 3 years and
began immediately after the TODAY clin-
ical trial was completed. One objective of
the T2P1 longitudinal follow-up study
was to continue observation of the
TODAYcohortbeyond theendof theTODAY
randomized clinical trial after random-
ized treatment was discontinued. T2P1
provided medications for diabetes man-
agement (i.e., metformin and/or insulin)
as well as for hypertension and elevated
UAE. Treatment for hypertension included
dietary intervention with a registered
dietitian, initiation of an ACE inhibitor,
and, if blood pressure remained ele-
vated, additional antihypertensive medica-
tions at the discretion of the treating
physician. Participants with elevated
UAE with or without hypertension were
treated with an ACE inhibitor, unless
contraindicated. If elevated UAE persisted
despite the maximum dose of the ACE
inhibitor, additional medications could
be added at the discretion of the treating
physician or in consultation with a
nephrologist. Results presented in this
report are secondary analyses using ob-
servational data from the parent TODAY
clinical trial in addition to T2P1. The
protocol was approved by the institu-
tional review boards of all participating
institutions, and appropriate informed
consent and assent was obtained.

Study Sample
The analysis included 539 of the 699
TODAY participants. Those excluded
for lack of baseline SUA data did not
differ significantly on any demographic
or baseline characteristic (sex, race/
ethnicity, age, BMI, or HbA1c) from the
539 included in this study. Analyses in-
cluded all data available for the TODAY
and T2P1 participants at each annual visit
time points up to 84months of follow-up
(baseline and 12, 24, 36, 48, 60, 72, and
84months). Participantsweremonitored
for an average of 5.7 6 1.7 years.

Study Measures and Laboratory
Methods
Demographic data were collected at
randomization. Weight, height, and cal-
culated BMI were obtained at random-
izationandatevery study visit thereafter.
Blood samples were obtained at baseline
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and annually and processed immediately
according to standardized procedures
and shipped on dry ice for analysis at
the TODAY central biochemical labora-
tory (15). SUA was measured by color-
imetric method on Roche Modular P
autoanalyzer assay (Roche Diagnostics,
Indianapolis, IN). Hyperuricemia was de-
fined as SUA $6.8 mg/dL, which repre-
sents the solubility of uric acid at normal
physiological pH and temperature (16).
As a sensitivity analysis, we also con-
ducted analyses with sex-specific cutoffs
for hyperuricemia (SUA:male$7mg/dL;
female $6 mg/dL), which provided sim-
ilar findings. HbA1c (high-performance
liquid chromatography) and insulin
(double-antibody radioimmunoassay) as-
says were performed as previously
described (3). Insulin sensitivity was
calculated annually from 1/fasting insu-
lin (mL/mU), which correlates strongly
with hyperinsulinemic-euglycemic clamp–
derived in vivo insulin sensitivity in obese
youth with or without T2D (17).
Concentrations of creatinine in serum

and urine were determined annually by
using the Creatinine Plus enzymatic
Roche reagent on a Modular P analyzer
(Roche Diagnostics). The results of this
procedure are traceable to the isotope
dilution mass spectrometry reference
methodandallow for accurate estimated
glomerular filtration rate (eGFR). The
reportable range of creatinine in is
0.03–60.0 mg/dL serum/plasma samples
and 0.03–1,200.0 mg/dL in urine sam-
ples. Concentration of cystatin C in serum
was determined at baseline and annually
by immunochemistry using Siemens re-
agents (Siemens Healthcare Diagnostics,
Newark, DE) on a Siemens nephelometer
autoanalyzer (BNII). This method is stan-
dardized against the International
Federation of Clinical Chemistry and
Laboratory Medicine/European Refer-
ence Material DA-471 Reference Mate-
rial (RT Corp, Laramie, WY). Because
of the expected normal-to-elevated
GFRs for age, we calculated eGFR by
the Zappitelli combined creatinine and
cystatin C equation (eGFR = 25.38 *
[1/serum cystatin C]0.331 * [1/serum
creatinine]0.602 * [1.88height]), which has
demonstrated strong agreement with
measured GFRs at these ranges for ado-
lescents (18,19). As a sensitivity analysis,
we also calculated eGFR by the Full Age
Spectrum (FAS) combined serum creat-
inine (SCr) and serum cystatin C (ScysC)

equation, which has been newly vali-
dated in both pediatrics and adults and
lends itself well to studies examining the
transition frompediatric to early adulthood
(20):

FAScombined ¼ 107:3

a3 SCr
Qcrea

þ ð12aÞ3ScysC
QcysC

The FAS equation is based on normalized
serum creatinine (SCr/Q), where Qcrea is
themedian SCr fromhealthy populations
to account for age and sex, and QcysC is
defined as 0.82mg/L for ages,70 years.
The coefficient a in the denominator is a
weighting factor for the normalized renal
biomarkers. We used a = 0.5, which
means the denominator is equal to the
average of both normalized biomarkers
(20).

Blood pressure was measured using a
CAS 740 monitor with standardized os-
cillometric cuff sizes at every visit, after a
5-min rest with the participant sitting.
Three measurements were taken at
1-min intervals. The average of the sec-
ond and third systolic and diastolic
measures was calculated to obtain blood
pressure at that visit. Hypertension
was defined as an average systolic
(SBP) or diastolic (DBP) blood pressure
$130/80 mmHg or$95th percentile for
age, sex, and heightmeasured on at least
two consecutive study visits and one
interim visit. Mean arterial pressure
was calculated as (2 3 DBP + SBP)/3.
The urine albumin-to-creatinine ratio
(UACR) was measured at baseline and
annually thereafter unless a result was
abnormal. Spot urine samples were ob-
tained after an overnight fast of 10 to
14 h. Elevated UAE (referred to as albu-
minuria in previous TODAY publications)
was defined as a UACR of $30 mg/g on
two of three urine samples collected
during a 3-month minimal period (21).
Macroalbuminuria was defined as a
UACR$300mg/g. Monitoring and treat-
ment of confirmed elevated albumin
excretion with ACE inhibitor therapy
were conducted as previously described
(21). Treatmentwasmonitored by a safety
oversight process using central data to
enhance study site compliance and con-
sistency with treatment protocols.

Statistical Analysis
Analyses were performed using SAS 9.4
for Windows (SAS Institute, Cary, NC). F
tests and x2 tests were used to compare

quantitative and categorical character-
istics by sex at baseline. Variables with a
skewed distribution (UACR, insulin sen-
sitivity, triglycerides, and hs-CRP) were
log-transformed as appropriate. We re-
port the incidence rate per 100 person-
years and the cumulative incidence of
hypertension and elevated UAE over an
average follow-up of 5.7 years. The lon-
gitudinal association of SBP, DBP, and
UACR with baseline SUA and hyperuri-
cemia was evaluated in linear mixed
models to account for the serial corre-
lations over time and included all obser-
vations collected in participants up to
84 months of follow-up. Measures of
correlation over time are presented as
b 6 SE, percentage change, mean differ-
ence 6 SE, or percentage difference in
geometric means as appropriate, depend-
ing on whether the dependent variable was
log-transformed (formodelsusingUACRas
the outcome) and/or the independent
variablewas categorical (formodels using
baseline hyperuricemia as a covariate).

Cox proportional hazardsmodelswere
used to examine the relationships be-
tween baseline SUA or hyperuricemia
and incident hypertension and elevated
UAE. Participants with existing elevated
UAEor hypertensionwere excluded from
all time-to-event analyses. The propor-
tional hazards assumption in the Cox
proportional hazards model was as-
sessed with graphical methods and
with models including time-by-covariate
interactions; all covariates tested met the
assumption. All longitudinal and time-to-
event models were adjusted for baseline
eGFR, age, HbA1c, BMI, sex, race/
ethnicity, randomized treatment group,
and antihypertensive medication use. In
sensitivity analyses, we further adjusted
for insulin sensitivity to examine whether
the relationship between SUA, elevated
UAE, and hypertension was independent
of insulin sensitivity. Analyses were also
repeated, replacing eGFR via the Zappi-
telli equation with eGFR via the FAS
equation in the models to see whether
the change in equation had an impact.
Similarly, analyses were repeated using a
sex-specific cutoff for baseline hyperurice-
mia. In the time-to-event models, the in-
teraction of sex and race/ethnicity with
SUAwas also evaluated to testwhether the
relationship between baseline SUA and the
outcomes differed by sex or race/ethnicity.
Where an interaction was present, the
analysis was stratified and results within

1122 SUA and Hypertension in Youth-Onset T2D Diabetes Care Volume 42, June 2019

D
ow

nloaded from
 http://diabetesjournals.org/care/article-pdf/42/6/1120/553051/dc182147.pdf by guest on 27 August 2022



each subgroup were presented. All anal-
yses were considered exploratory, and
a,0.05was the cutoff used to determine
statistical significance.

RESULTS

Baseline Characteristics and
Hyperuricemia
Table 1 reports participant characteris-
tics at baseline for the 539 participants
included in the analysis. The mean SUA at
baseline was 5.86 1.4 mg/dL, with 26%
of participants found to have hyperuri-
cemia. Compared with girls, boys had
greater baseline SUA (5.46 1.2 vs. 6.66
1.4 mg/dL, P , 0.0001) and hyperurice-
mia prevalence (12 vs. 50%, P, 0.0001).
In addition, non-Hispanic black and His-
panic participants had lower baseline SUA
(5.66 1.2 and 5.86 1.4, respectively, vs.

6.3 6 1.6 mg/dL, P , 0.0001 and P =
0.0004) and hyperuricemia prevalence
(20% and 25%, respectively, vs. 37%,
P = 0.0048) compared with non-Hispanic
white participants. Baseline SUA concen-
trations and hyperuricemia prevalence
stratified by both sex and race/ethnicity
are reported in Supplementary Table 1.

Prevalence, Incidence Rate, and
Cumulative Incidence ofHypertension
and Elevated UAE
At baseline, 18.7% of the participants had
hypertension, 6.1%hadUACR$30mg/g,
and 1.5% had UACR $300 mg/g. The
incidence rates over 7 years were 8.5 per
100 person-years for hypertension, 3.5
per 100 person-years for UACR $30
mg/g, and 0.7 per 100 person-years
for UACR $300 mg/g. The cumulative

incidence was 37.4% for hypertension,
18% for UACR $30 mg/g, and 4% for
UACR$300 mg/g, when excluding base-
line prevalence (Supplementary Fig. 1).

Associations Between SUA, SBP, DBP,
and UACR
Baseline SUA correlated with an increase
in SBP (b 6 SE 0.81 6 0.25, P = 0.001),
DBP (0.61 6 0.21, P = 0.004), and UACR
(percent change 10.2%, P = 0.003) over
time in multivariable models. Similar
results were obtained using baseline
hyperuricemia in the models. Indeed,
baseline hyperuricemia associated with
increase in SBP (b6 SE 2.596 0.78, P =
0.0009), DBP (1.91 6 0.65, P = 0.004),
and UACR (percent change 26.3%, P =
0.01). Further adjustments by log insu-
lin sensitivity did not attenuate the

Table 1—Baseline characteristics of participants stratified by sex

Overall
(n = 539)

Female
(n = 344)

Male
(n = 195)

P value for
difference by sex

Female 63.8 – – –

Age (years) 13.9 6 2.0 13.6 6 2.0 14.4 6 1.9 ,0.0001

Diabetes duration (months) 7.9 6 5.9 8.1 6 6.0 7.5 6 5.7 NS

Race/ethnicity
Black non-Hispanic 33.6 36.0 29.2 NS
Hispanic 43.0 41.3 46.2
White non-Hispanic 20.0 18.3 23.1
Other 3.3 4.4 1.5

Tanner stage
4–5 89.8 90.4 88.7 NS
,4 10.2 9.6 11.3

BMI (kg/m2) 34.6 6 7.8 34.3 6 7.5 35.2 6 8.3 NS

Blood pressure (mmHg)
Systolic 112.7 6 11.1 110.6 6 10.4 116.5 6 11.2 ,0.0001
Diastolic 66.4 6 8.2 65.8 6 8.3 67.4 6 7.9 0.031
Mean arterial pressure 81.8 6 8.4 80.7 6 8.4 83.8 6 8.0 ,0.0001

ACE inhibitor/ARB use 4.6 4.9 4.1 NS

Lipid-lowering medication use 0.9 1.2 0.5 NS

UACR (mg/g)* 30.5 6 116.0, 7 (8) 35.1 6 128.9, 7 (10) 22.6 6 88.9, 6 (8) 0.043

Serum cystatin-C (mg/L) 0.75 6 0.12 0.72 6 0.11 0.80 6 0.11 ,0.0001

Serum creatinine (mg/dL) 0.61 6 0.13 0.58 6 0.11 0.66 6 0.13 ,0.0001

eGFR (mL/min/1.73 m2)
Zappitelli combined equation 109.7 6 15.1 112.2 6 15.2 105.3 6 13.9 ,0.0001
FAS equation 116.7 6 16.4 119.6 6 16.4 111.6 6 15.2 ,0.0001

HbA1c (%) 6.0 6 0.7 6.0 6 0.7 5.9 6 0.7 NS

Insulin sensitivity (1/IF) (mL/mU)* 0.05 6 0.05 0.05 6 0.04 0.05 6 0.04 NS

HDL cholesterol (mg/dL) 38.9 6 8.8 39.7 6 9.0 37.3 6 8.1 0.0021

Triglycerides (mg/dL)* 113.6 6 74.3 112.0 6 69.6 116.6 6 82.0 NS

Triglycerides–to–HDL cholesterol ratio 3.1 6 2.3 3.1 6 2.2 3.3 6 2.5 NS

hs-CRP (mg/dL)* 0.44 6 0.88 0.43 6 0.64 0.45 6 1.21 NS

SUA (mg/dL) 5.83 6 1.41 5.36 6 1.17 6.65 6 1.43 ,0.0001

SUA $6.8 mg/dL 25.6 11.6 50.3 ,0.0001

Data are presented asmean6 SD or percentage, and for UACR, themedian (interquartile) is also given. P values for differences by sex were calculated
from F tests or x2 tests. ARB, angiotensin-receptor blocker; IF, fasting insulin. *Variables were log-transformed before testing.
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relationships between baseline SUA, SBP,
DBP, and UACR (Table 2).

Associations Between SUA, Incident
Hypertension, and Elevated UAE
Higher baseline SUA was independently
associated with an increased risk of hy-
pertensionover7years (hazard ratio [HR]
1.2, 95% CI 1.0–1.4, P = 0.01, per 1 mg/dL
of SUA) in adjusted models. Male sex,
HbA1c, BMI, and antihypertensive med-
ication use also were associated with an
increased risk of incident hypertension
(Table 3). Baseline hyperuricemia con-
ferred almost a twofold increased risk of
hypertension over 7 years (Fig. 1A).
Higher baseline SUA was also indepen-
dently associated with an increased risk
of elevatedUAEover 7 years (HR1.2, 95%
CI 1.0–1.5, P = 0.004, per 1 mg/dL of SUA)
in multivariable models. Higher baseline
HbA1c also predicted a greater risk of
elevated UAE (Table 3). Baseline hyper-
uricemia did not confer a greater risk of
elevated UAE in fully adjusted models
(Fig. 1B). Replacing baseline eGFR by the
Zappitelli equation with baseline eGFR by
the FAS equation in the models did not
affect the results. Results fromunivariate
Cox regression analyses for SUA and for
each covariate evaluated are presented
in Supplementary Table 2.
There were sex (P = 0.03) and race/

ethnicity (P = 0.04) interactions between
baseline SUA and elevated UAE. There-
fore, we also stratified our analyses by

sex and race/ethnicity. In boys, higher
baseline SUA independently conferred
greater risk of UAE (P = 0.004), but the risk
conferred by baseline hyperuricemia did
not reach statistical significance (P = 0.28)
(Fig. 2A). In girls, neither higher baseline
SUA nor baseline hyperuricemia was
associated with greater risk of UAE
(Fig. 2A). In non-Hispanic white youth,
both higher baseline SUA (HR 1.4, 95% CI
1.1–1.9; P = 0.02) and baseline hyper-
uricemia (HR 4.2, 95% CI 1.1–15.3, P =
0.03) conferred greater risk of elevated
UAE. On the contrary, in non-Hispanic
black and Hispanic youth, neither higher
baseline SUA nor baseline hyperuricemia
was associated with a greater risk of
elevated UAE (Fig. 2B). There were no
sex (P = 0.07) or race/ethnicity (P = 0.39)
interactions between baseline SUA and
hypertension, and therefore, these anal-
yses were not stratified by sex or race/
ethnicity.

CONCLUSIONS

Our study demonstrates for the first time
that hyperuricemia is common in ado-
lescents with T2D and that a higher
baseline SUA independently increased
risk for incident hypertension and ele-
vated UAE over 7 years. The relationships
between SUA, blood pressure, and UACR
were independent of insulin sensitiv-
ity. We also found important sex and
race/ethnicity interactions between SUA
and elevated UAE, with the strongest

relationships found between SUA and
elevated UAE in boys and non-Hispanic
white youth.

T2D in youth is increasing in preva-
lence in parallel with the rise in obesity
(4). In the U.S., almost half of patients
with renal failure have DKD, and$80% of
DKD is due to T2D (5). Moreover, DKD
causes early mortality and contributes to
increased CVD risk (22). Compared with
adult-onset T2D, youth-onset T2D has a
moreaggressive phenotype,with greater
insulin resistance, more rapid b-cell de-
cline, and a higher prevalence of DKD,
arguing for dedicated studies in youth
(2–4). While adolescents with T2D are
at greater risk of developing CVD and
DKD than youth with T1D or adults with
adult-onset T2D (2–4), there are limited
longitudinal studies of potential contrib-
utors to DKD in youth-onset T2D. Accord-
ingly, TODAY provides the opportunity to
examine the relationships between risk
factors and the development of renal and
vascular complications.

The relationship between SUA and
hypertension was first noted in the
1870s (23). SUA was initially thought
to be a surrogate marker and by-product
of decreased GFR that conferred greater
risk of hypertension and CVD rather
than a risk factor. Since then, SUA has
been shown to be associated with the
development of both DKD and CVD in
adults with T2D (24). Several studies have
further demonstrated an independent

Table 2—Longitudinal associations/correlations of SBP, DBP, and UACR with baseline SUA and hyperuricemia in multivariable
models*

SBP (mmHg) DBP (mmHg) UACR (mg/g)

Baseline SUA (per 1 mg/dL)
Model 1dwithout adjustment for insulin sensitivity
b 6 SE or % change 0.81 6 0.25 0.61 6 0.21 10.2
P value 0.0013 0.0041 0.0030

Model 2dwith adjustment for insulin sensitivity
b 6 SE or % change 0.77 6 0.25 0.60 6 0.21 10.3
P value 0.0024 0.0046 0.0028

Baseline hyperuricemia ($6.8 mg/dL vs. not)
Model 1dwithout adjustment for insulin sensitivity
Mean difference 6 SE or % difference in means 2.59 6 0.78 1.91 6 0.65 26.3
P value 0.0009 0.0037 0.0133

Model 2dwith adjustment for insulin sensitivity
Mean difference 6 SE or % difference in means 2.50 6 0.78 1.92 6 0.66 27.4
P value 0.0014 0.0036 0.0098

*Measures of correlation over time are presented from linear mixed models adjusted for baseline eGFR, age, HbA1c, BMI, sex, race/ethnicity,
randomized treatment group, and antihypertensive medication use before and after adjustment for insulin sensitivity. For the models relating
baseline SUA to SBP and DBP, data are b estimate 6 SE; for models relating baseline SUA to UACR (log-transformed before testing), data are
percentage change in UACR per unit change in baseline SUA; for those relating baseline hyperuricemia to the outcomes, data are the difference in
means in SBP or DBP or the percentage difference in geometric mean in UACR between the two SUA groups ($6.8mg/dL vs. not). P values between
outcome and exposure are also shown.
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relationship between SUA and incident
hypertension in adults (7,25) and also in
adolescents (26). SUA as a unified risk
factor for the development of both DKD
and CVD does not necessarily imply
causation, but increasing evidence im-
plicates SUA in the pathogenesis of vas-
cular complications in T2D. To our
knowledge, there are limiteddif anyd
longitudinal studies examining the ef-
fect of elevated SUA in adolescents with
T2D and its relationship with the de-
velopment of DKD and CVD.
Studies have suggested that in-

flammation (8), insulin resistance (9),

intrarenal hemodynamic dysfunction
(10,27), vascular, glomerular, and tubular
injuries (9,11), and loss of nephron mass
(12,13) could explain an etiologic rela-
tionship between elevated SUA and vas-
cular disease in T2D and how elevated
SUA may accelerate progression of DKD
and CVD. Brenner et al. (28) proposed in
a recent study that hypertension may be
a function of nephron mass loss. In fact,
Denic et al. (12) recently reported that
higher SUA was associated with lower
number of nephrons in 1,388 living kid-
ney donors. The mechanism linking low
nephron number to hypertension has

been proposed to be renal arteriolop-
athy, interstitial inflammation, endothe-
lial dysfunction, and renin expression
(13,29). That hyperuricemia can result
in hypertension independently of neph-
ron numbers is also plausible, as sug-
gested by experimental models (30). The
pathogenesis of hypertension in DKD is
complex and may also involve inappro-
priate sodium reabsorption, increased
activity of the sympathetic nervous sys-
tem and renin-angiotensin-aldosterone
system (RAAS), endothelial cell dysfunc-
tion, and increased oxidative stress and
inflammation. SUA has been implicated
in several of these mechanisms in exper-
imental models, including activating
RAAS, the sympathetic nervous system,
and mediating endothelial dysfunction,
but the data are inconsistent and the
relationships incompletely delineated
(31,32). Further, there is increasing ev-
idence that SUA may have a causal role
in obesity and insulin resistance (33). It is
therefore interesting that the relation-
ships we observed between SUA, inci-
denthypertension, andelevatedalbumin
excretion were independent of esti-
mated insulin sensitivity.

We demonstrated a sex interac-
tion between SUA and elevated UAE
that was not evident with hyperten-
sion. Whereas the pathogenesis under-
lying this interaction is unclear,
potential mechanisms may relate to sex
hormones, including increased renal
clearance of urate due to estrogen in
premenopausal women (34,35). The

Table 3—Multivariable Cox proportional hazardsmodels predictinghypertension and elevatedUAE (defined asUACR ‡30mg/g)

Hypertension UACR $30 mg/g

Characteristics (reference group or unit change)* HR (95% CI) P value HR (95% CI) P value

Baseline SUA (per 1 mg/dL) 1.19 (1.03–1.38) 0.015 1.24 (1.03–1.48) 0.022

Baseline eGFR (per 1 mL/min/1.73 m2) 1.01 (0.99–1.02) 0.14 1.01 (0.99–1.03) 0.12

Age at baseline (per 1 year) 1.04 (0.95–1.14) 0.38 0.99 (0.88–1.12) 0.93

Male 1.78 (1.20–2.65) 0.0044 0.94 (0.57–1.55) 0.82

Race/ethnicity (reference group: non-Hispanic white)
Non-Hispanic black 0.98 (0.61–1.57) 0.93 1.06 (0.56–2.04) 0.85
Hispanic 0.70 (0.44–1.10) 0.12 1.32 (0.72–2.41) 0.37

HbA1c (per 1%) 1.32 (1.03–1.69) 0.027 1.39 (1.04–1.86) 0.026

BMI (per 1 kg/m2) 1.05 (1.02–1.08) 0.0002 1.00 (0.97–1.03) 0.97

Antihypertensive medication use at baseline 4.64 (1.85–11.7) 0.0011 2.20 (0.94–5.15) 0.07

Treatment group (reference group: metformin)
Metformin + rosiglitazone 0.74 (0.49–1.14) 0.96 0.75 (0.44–1.30) 0.72
Metformin + intensive lifestyle intervention 0.99 (0.66–1.49) 0.17 1.10 (0.67–1.81) 0.31

*Reference groups are specified for categorical covariates and unit changes are given for continuous ones. HR (along with 95% CI and P values) is for
specified unit change (for continuous covariates) or respective to reference group (for categorical covariates), where ,1 indicates less risk and .1
indicates more risk.

Figure 1—Forest plot portraying the HR, 95% CI, and P value of the association between baseline
SUA or hyperuricemia and incident hypertension (A) or elevated UAE (UACR $30 mg/g) (B) in
adjustedmodels over time in TODAY.Allmodelswere adjusted for baseline eGFR, age, HbA1c, BMI,
antihypertensive medication use, sex, race/ethnicity, and randomized treatment group assign-
ment.
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increased renal clearance may provide
protection against development of el-
evated UAE but not incident hyperten-
sion, although this remains speculative.
In addition, a race/ethnicity interac-
tion was observed between SUA and
elevated UAE but not with hypertension.
The stronger relationship between SUA
and elevated UAE in non-Hispanic white
participants is unlikely to relate to race/
ethnicity differences in SUA concentra-
tions because they were similar across
the race/ethnicity groups in our study.
Further, the sex distribution across the
race/ethnicity groups was not statisti-
cally different, and our sample size was
not large enough to allow stratification
for both race-ethnicity and sex. Different
expressions and polymorphisms of urate

transporters, including urate transporter
1 (URAT1), GLUT9b, and organic anion
transporters OAT4 and OAT10, may ex-
plain race/ethnicity-related differences
in renal handling of urate, but this con-
tinues to be incompletely understood
and should be considered hypothesis
generating (36).

Therapies to lower SUA, including al-
lopurinol, have attenuated elevated al-
bumin excretion and slowed eGFR
decline in adults with T2D (37,38). Fur-
thermore, Feig et al. (39) demonstrated a
reduction of blood pressure in a random-
ized, double-blind, placebo-controlled,
crossover trial in adolescents with newly
diagnosed hypertension. To our knowl-
edge, however, there are no such trials
yet in youth-onset T2D. In adults with

T1D, SUA lowering with febuxostat mod-
estly lowered blood pressure without
impacting the RAAS, suggesting that el-
evated SUA may augment other hemo-
dynamic or inflammatory mechanisms
(40). Results from the Preventing Early
Renal Function Loss (PERL) allopurinol
study, an ongoing multicenter random-
ized clinical trial in adults with T1D, are
pending (41). It is also important to
emphasize that in contrast to youth
and adults with T2D, people with T1D
tend to have lower SUA concentrations
due to the uricosuric effect (6,9). There-
fore, findings in T1D may not be generaliz-
able to T2D and vice versa.

Our study does have important
strengths and limitations. Limitations in-
clude the use of eGFR and insulin sen-
sitivity rather than directmeasurements.
Repeated gold standard assessments of
GFR and insulin sensitivity would have
been difficult in such a large, long-term
longitudinal study. Moreover, our data
were limited to random UACR collections
rather than timed urine collections, and
information on use of hypouricemic
drugswas not collected during the study.
The lack of association between hyper-
uricemia and elevated UAE may relate
to an inadequate follow-up period, treat-
ment of hypertension, and a relatively
limited number of observations with the
dependent (e.g., elevated UAE) and in-
dependent (e.g., hyperuricemia) varia-
bles both being categorical. The exact
timing of T2D onset remains difficult to
ascertain, and therefore, our diabetes
duration is likely subject to inaccuracy.
Yet, we can probably better pinpoint T2D
onset in adolescents compared with
adults due to the rapid deterioration
and onset of diabetes in youth.

The strengths of our study include up
to 7 years of longitudinal data from the
largest multicenter study of youth-onset
T2D subjects, who were extensively phe-
notyped. The relatively large number of
participants with available data at several
time points for UACR, SBP, DBP, and also
other important covariates (e.g., HbA1c,
BMI) also allowed us to examine the
independent relationships between
SUA, elevated UAE, and hypertension.
Finally, there was less than 10% missing
data in TODAY over the 5.7 years of
follow-up.

In summary, we demonstrate for the
first time that hyperuricemia is present in
more than one-quarter of youth with T2D

Figure 2—Forest plot portraying the HR, 95% CI, and P value of the association between baseline
SUA or hyperuricemia and incident elevated UAE (UACR$30mg/g) stratified by sex (A) and race/
ethnicity (B) in adjusted models over time in TODAY. All models were adjusted for baseline
eGFR, age, HbA1c, BMI, antihypertensivemedication use, sex (formodel B), and race/ethnicity (for
model A).
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and that greater SUA strongly predicts
greater risk for hypertension and ele-
vated albumin excretion. Future direc-
tions include examining the relationships
between SUA, retinopathy, neuropa-
thy, and other CVD markers, including
echocardiographic and arterial stiffness
measures.
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