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4. Rationale:

The prevalence of diabetes mellitus is increasing in the US* and around the
world.? While diabetes is defined by a state of chronically elevated glucose, the
pathophysiology precipitating persistent hyperglycemia remains unclear. Previous
studies have found associations between byproducts of glycolysis and subsequent
diabetes,®* suggesting that intracellular impairments to metabolism may lead to
disruptions in extracellular glucose homeostasis. However, much remains unknown
regarding the pathophysiology underlying the development of persistent hyperglycemic
states.

Hyperuricemia is a well-described phenomenon associated with the metabolic
syndrome.>" Early studies in patients with von Gierke’s disease, a type I glycogen
storage disorder, established that excess intracellular, glycolytic precursors like glucose-
6-phosphate contribute to hyperuricemia.? Similarly, epidemiologic studies have shown
that fructose, a low-glycemic index sugar metabolized exclusively within liver cells, is
associated with elevations in uric acid as well.>*® Together these studies suggest that uric
acid is a marker for increased intracellular glycolysis, excess glycolytic substrates, and
potentially dysfunctional metabolic pathways preceding detectable changes in
intravascular glucose concentrations.

A number of prospective epidemiologic studies have shown that elevations in uric
acid precede subsequent diagnoses of diabetes.**?* Similarly, studies have shown that
uric acid is positively associated with 1-hour post-load plasma glucose.?? Elevations in
uric acid are believed to be caused by a combination of impaired glycolysis, diversion of
metabolites to the hexose-monophosphate pathway, and inhibition of urate excretion by
lactate or insulin resistance.2?** A potential causal association between uric acid and
diabetes remains controversial, however. Recent genetic evidence suggests that genes
associated with elevations in uric acid are not associated with diabetes.?* Furthermore,
many cross-sectional and prospective studies have shown an inverse association between
diabetes and uric acid.?* It is hypothesized that there is a threshold effect, such that
excess elevations in fasting glucose among persons with diagnosed diabetes induce
urinary excretion of uric acid, which accounts for the reduction in serum uric acid.** %
This suggests that the degree of impairment in glucose metabolism may differentially
impact circulating levels of uric acid in the blood. However, few studies have utilized
repeat measurements of uric acid and glucose to investigate the complex associations
between dysglycemic states and serum uric acid.?

A better understanding of the relationship between uric acid and diabetes could
improve the diagnosis and management of diabetes in a number of clinically relevant
ways. First, increased knowledge of the intracellular precursors to glycemia could help
to identify subgroups of the population at high risk for diabetes. Second, it could help
elucidate pathways and metabolites that could serve as potential therapeutic targets.
Finally, knowledge of the effect of diagnosed diabetes on serum uric acid could clarify
the effects persistent hyperglycemia on uric acid over time and how diabetes can alter
serum concentrations of a metabolite associated with cardiovascular and rheumatologic
disease.

The ARIC Study is an ideal setting to examine the relationship between uric acid
and prevalent and incident diabetes and pre-diabetic states. The proposed project will
leverage repeat measurements of serum uric acid and glucose, long duration of follow-up,



and high number of incident diabetes cases (there were 1,526 incident cases of diabetes
by visit 4 and >1,000 cases of incident self-reported diabetes ascertained during the
annual telephone calls to participants after visit 4) in this diverse community-based
cohort. Uric acid was measured at visits 1 and 4 in ARIC, allowing us to
comprehensively examine changes in uric acid before and after the development of
diabetes and pre-diabetic states among those persons without diabetes at visit 1.

5. Main Hypothesis/Study Questions:

Primary study questions:

1. Are serum uric acid concentrations measured at visit 1 associated with incident
diabetes ascertained between visits 1&4 or after visit 4 (self-reported cases
ascertained during the annual follow-up telephone calls) among individuals with
a glucose <100 mg/dL and a glucose of 100-125mg/dL after controlling for
potential confounders?

2. Is glycemic status at visit 4 (fasting glucose < 100mg/dL, fasting glucose of 100-
125 mg/dL, diagnosed diabetes) associated with change in serum uric acid from
visit 1 to visit 4?

3. Among persons with incident diabetes, is duration of diabetes (determined by the
difference between visit 4 date and date of incident diabetes ascertainment)
associated with change in serum uric acid from visit 1 to visit 4?

Secondary study questions:
1. Are the associations between uric acid and incident diabetes independent of
fasting glucose and fasting insulin?

Hypotheses:

1. Uric acid as a marker of aberrant intracellular glycolysis will be associated with
increased risk of incident diabetes even among individuals with a normal fasting
glucose

2. Diabetes status will be associated with change in serum uric acid between visits 1
and visit 4. Specifically, persons with pre-diabetics will have a past increase in
serum uric acid (relative to normoglycemic participants) and diagnosed diabetes
will be associated with a past decrease in serum uric acid (relative to
normoglycemic participants).

3. Duration of diabetes will be associated with reductions in serum uric acid, but this
change will plateau as duration increases.

6. Design and analysis (study design, inclusion/exclusion, outcome and other
variables of interest with specific reference to the time of their collection, summary



of data analysis, and any anticipated methodologic limitations or challenges if
present).

Study Design: Prospective and cross-sectional analyses of data from the ARIC Study.
See Figure.

Inclusion/Exclusion:

We will include all subjects with known diabetes case status and valid uric acid
measurements at both visits 1 and 4. We will exclude individuals who were not fasting
for at least 8 hours at the time of uric acid measurement, individuals who represent a rare
study ethnic group (Indian or Asian), and those missing covariate information. In
prospective analyses, individuals with an existing diabetes diagnosis at the baseline
period (visit 1 for incident diabetes between visits 1-4 or visit 4 for incident diabetes
ascertained via annual follow-up guestionnaires) will be excluded. A sensitivity analysis
will be performed excluding participants taking urate-lowering medications.

Exposure Assessment:
The following exposures will be assessed in this proposed study:

1. Uric acid assessed at visits 1 and 4 will be treated as a categorical variable (based
on population quartiles). Uric acid was measured using the uricase-peroxidase
enzymatic method with a reliability coefficient of 0.91 and the within-person
variability was 7.2%.3%

2. Visit 4 diabetes status will be classified as (1) normoglycemic with fasting
glucose < 100mg/dL, (2) pre-diabetic with fasting glucose of 100-125 mg/dL, (3)
diabetes incident case diagnosed by self-report between visit 1 and visit 4, and (4)
diabetes prevalent case at visit 1.

3. Diabetes duration by visit 4: a continuous variable calculated as the date of visit 4
minus the date of incident diabetes diagnosis. This will also be evaluated as a
categorical variable using quartiles.

Outcome:
The following outcomes will be examined in this proposed study:

1. Incident diabetes ascertained between visits 1 and 4 using the following criteria: a
fasting glucose > 126 mg/dL, a nonfasting glucose > 200 mg/dL, use of a diabetes
medication, or self-reported physician diagnosis. Time of diagnosis is estimated
using a linear increase in glucose from the last diabetes-free visit.*’

2. Incident diabetes ascertained between visit 4 and the most recent annual follow-
up data files available from annual telephone calls to all participants. Incident
diabetes will be based on self-report during annual telephone calls made to all
ARIC participants between visit 4 and April 18", 2011. Participants will be
considered having diabetes on the date they responded “yes” to glucose-lowering
medication use or the following questions: “Has a doctor ever said you have
Diabetes or sugar in the blood?”” (2006-February 7, 2008) or “Since we last



contacted you has a doctor said you have diabetes or sugar in the blood?”
(February 7, 2008 — April 18", 2011).

3. Change in uric acid defined as the difference in measurements between visit 1 and
visit 4

Other Variables of Interest:

Covariates will include gender (male or female), age (continuous), race (black or
white), field center, body mass index (continuous), hypertension history (average
SBP>140, DBP>90, or medication use), eGFR-CKDEPI creatinine equation
(continuous), fasting glucose (continuous), LDL cholesterol (continuous), HDL
cholesterol (continuous), triglycerides (log10 transformed and continuous), education
(dichotomous greater or less than high school), family history of diabetes (dichotomous),
fasting insulin (continuous), smoking status (current, former, and never), alcohol status
(current, former, and never), and diuretic use.

Survival Analysis (Primary):

Proportions and mean baseline characteristics of the study participants will be
reported by uric acid quartiles. Uric acid quartiles will be utilized in Cox proportional
hazard models to examine the risk of incident diabetes for each ascertainment period:
visit 1 up through visit 4 and visit 4 up through April 18", 2011 (annual follow-up
questionnaire). Individuals, who do not develop diabetes will be censored on the date of
their last questionnaire response. The cumulative incidence and incidence rates will be
further explored with crude cumulative incidence estimates, incidence rate ratios, Kaplan-
Meier curves, and various combinations of cubic and linear splines with knots at the
medians of each uric acid quartile. Furthermore, effect modification of the association
between uric acid and incident diabetes will be evaluated in strata of impaired fasting
glucose status (100-126mg/dL) versus normal serum glucose (<100mg/dL).

Cross-sectional Analysis (Secondary):

Multivariable linear regression models will be used to examine the associations
between (1) diabetes duration and visit 4 uric acid values, (2) between diabetes duration
and change in uric acid values from visit 1 to visit 4, and (3) between visit 4 diabetes
status (normoglycemic, prediabetic, incident diabetes, and prevalent diabetes prior to visit
4). These models will be adjusted for factors thought to be related to serum uric acid
concentrations and diabetes, namely, age, gender, race, lipoproteins (HDLc and LDLc),
triglycerides, body mass index, hypertension status, kidney function (estimated
glomerular filtration rate), education attainment, smoking status, alcohol use, diuretic use,
fasting glucose, and fasting insulin.

Limitations:

There are several limitations to this study design. The survival models rely on single
uric acid measurements at visit 1 and visit 4. Furthermore, there is a difference in
definition of diabetes after visit 4 in that utilization of self-reported diabetes misses the
undiagnosed/mild cases of diabetes. The cross-sectional duration analysis is subject to
survival bias in that a participant needed to live until visit 4 to be included in the analysis.
Finally, as an observational study, residual confounding is always a concern.
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Figure. Study Design
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