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Abstract

Background: Uric acid (UA) is known to be associated with excess adiposity and insulin resistance. Our aim was
to investigate the relationship between UA and the factors associated with the metabolic syndrome and type 2
diabetes mellitus (T2DM), both initially and longitudinally.

Methods: Serum UA was assessed as a potential determinant of concurrent blood pressure, serum lipids, glucose
regulation measured via an oral glucose tolerance test (OGTT), acute insulin response (AIR), and insulin action
(M) measured with hyperinsulinemic—euglycemic clamps in 245 participants (72% Native American, 56% male).
UA was also assessed as a predictor of the above variables in 60 participants with follow-up data available
(median follow-up time=11.2 years [interquartile range (IQR)=8.1, 13.6 years]. The impact of UA on the risk of
T2DM was determined as 36 of the 245 participants developed T2DM after the baseline visit.

Results: UA was negatively associated with both concurrent and future M, such that for every 1 mg/dL increase
in serum UA, M decreased 7.6% (P<0.001) and future M decreased 6.3% (P=0.02). However, UA was not
associated with AIR (P=0.7). UA concentrations were a predictor of T2DM [hazard risk ratio (HRR)=1.5;
P=0.02]. UA was positively associated with both concurrent blood pressure and lipids and also predicted future
increases in blood pressure and total cholesterol.

Conclusions: Not only did UA associate with concomitant insulin action, blood pressure, and lipids, it also
predicted future declines in insulin action and T2DM. UA is a potential target for preventing decreases in insulin
sensitivity and rises in blood pressure and cholesterol.

Introduction

RIC AcID (UA) 15 THE final oxidation product of purine

metabolism generated during enzymatic degradation of
hypoxanthine and xanthine. Uric acid levels often reflect
dietary choices, including high intake of of purine-rich foods
and fructose-containing foods.'? For example, the rise in UA
levels observed in the American population has been at-
tributed to the replacement of glucose with fructose in many
foods, including many American soft drinks.?

Serum UA levels are known to be increased in people
with excess adiposity, and recently, UA has also been
shown to be associated with other cardiovascular risk fac-
tors, including hypertension and dyslipidemia.1'3’5 In a
cross-sectional study, UA has been shown to be positively
correlated with the number of metabolic syndrome com-
ponents in an individual.® Serum UA has been associated
with an increased risk for development of worsening glu-
cose status in a study in men. In an elderly population,

people with high UA levels had an increased risk of future
development of type 2 diabetes mellitus (T2DM).® Hyper-
uricemic subjects have also been reported to have lower
levels of insulin production, as assessed by the homeostasis
model assessment (HOMA)-B index, implying a possible
role for UA in B-cell function.”

Although there is good evidence that UA is associated
with components of the metabolic syndrome, it is unclear if
UA is a marker for concurrent lifestyle choices or is in-
volved in the causal pathways leading to hypertension,
dyslipidemia, or T2DM, either by affecting insulin secretion,
insulin sensitivity, or both. To determine if UA is a longi-
tudinal, as well as a cross-sectional, predictor of insulin
action, insulin secretion, blood pressure or serum lipids, we
investigated the relationship of UA to multiple measures in
a longitudinal study of risk factors for the development of
T2DM. We also used prospectively gathered data to deter-
mine if UA levels are a risk factor for development of
T2DM.

Obesity and Diabetes Clinical Research Section, Phoenix Epidemiology and Clinical Research Branch, National Institute of Diabetes and
Digestive and Kidney Diseases, National Institutes of Health, Department of Health and Human Services, Phoenix, Arizona.
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Methods
Study population

From 1982 to 2007, we recruited healthy research volun-
teers, aged 18-55 years old, from the central Arizona area for
our clinical research study on the metabolic determinants of
obesity and T2DM. Only nondiabetic visits with serum
creatinine levels <1.5mg/dL, serum triglyceride level
<400mg/dL, serum cholesterol levels <300mg/dL, serum
alanine aminotransferase (ALT)<100units/L, and serum
aspartate aminotransferase (AST)<90 units/L were consid-
ered. The current analysis included 245 participants with
data for serum UA available within 2 weeks of a 75-g oral
glucose tolerance test (OGTT), body composition analysis,
hyperinsulinemic-euglycemic clamp, blood pressure mea-
surements, and a lipid panel. The lipid panel included high-
density lipoprotein (HDL) measurements for 185 of the 245
subjects. Intravenous glucose tolerance tests (IVGTT) for as-
sessment of acute insulin release (AIR) were available for 231
of the 245 subjects. Sixty of the initial subjects had longitu-
dinal data available with at least one return visit with repeat
UA levels, blood pressure assessment, lipid measures, and a
hyperinsulinemic-euglycemic clamp.

For determination of development of T2DM, data were
available from either repeat study visits at our clinical re-
search unit or from a long-term longitudinal study of health
in Native Americans from the Gila River Indian Community
of Arizona in which many volunteers also participated.® The
latter study included biennial exams with chart review, his-
tory and physical exam, and a 75-g OGTT. Median follow-up
time was 11.2 years [interquartile range (IQR)=8.1, 13.6
years] after the initial visit. Development of T2DM was de-
termined from either the study-related OGTT according to
2003 American Diabetes Association (ADA) criteria®® or
chart review. Both study protocols were approved by the
Institutional Review Board of the National Institute of Dia-
betes and Digestive and Kidney Diseases. Written informed
consent was obtained for all research subjects.

Data collection

Upon admission, blood was drawn for measurement of
fasting serum uric acid. The ILAB 900 Analytical System
(Instrumentation Laboratory, Bedford, MA) was used to
determine serum uric acid concentrations before 1997. From
1997 to 2007, the Dade Dimension RxL analyzer (Siemens/
Dade Behring, Deerfield, IL) was used. The reference range
of the two systems was similar, and the method of analysis
was not a significant covariate in any of the statistical
models; therefore, data from the two systems were consid-
ered to be comparable.

After 3 days of stabilization on a weight-maintaining diet,
volunteers underwent a 75-g OGTT with measurement of
fasting and 2-hr glucose and insulin concentrations. The se-
rum insulin concentrations were measured by radioimmu-
noassay using the Herbert modification'® of the method of
Yalow and Berson'" or by an automated analyzer (Concept 4,
ICN Radiochemicals Inc, Costa Mesa, CA). Regression
equations were used to convert insulin concentrations to the
earlier radioimmunoassay (RIA) values for comparability.

Body composition measurements were determined by
underwater weighing with measurement of residual lung
volume by helium dilution (53 participants) or by total body
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dual energy X-ray absorptiometry (DXA; DPX-L; Lunar Ra-
diation, Madison, WI) (192 participants). DXA measure-
ments were standardized to underwater values using a
conversion equation.'” Blood pressure was taken with the
volunteer in a seated position the same morning as the serum
UA levels were drawn. Fasting serum total cholesterol, tri-
glycerides, and HDL were measured by the automated im-
munoassay method using the Dade Behring dimension
system analyzer (Siemens, NY).

AIR was measured as the initial response to a 25-g IVGTT.
As previously described, AIR was calculated as the average
increment in plasma insulin concentration above basal levels
in samples obtained at 3, 4, and 5min after injection of glu-
cose.”® Insulin action (M) was assessed using the hyper-
insulinemic-euglycemic clamp technique.’* After an
overnight fast, a continuous insulin infusion was adminis-
tered at a constant rate of 40 mU/m? per min, and a variable
infusion of 20% dextrose was used to maintain a constant
plasma glucose level of 100mg/dL. M, as a measure of in-
sulin action, was the rate of dextrose required to maintain
euglycemia during the last 40min of the insulin infusion
corrected for steady-state plasma insulin levels, glucose
levels, and endogenous glucose production. M values were
normalized to estimated metabolic body size defined as fat
free mass plus 17.7 kg.'>*°

Statistical analysis

Subject characteristics are presented as meanz+standard
deviation for continuously distributed data and median with
25th and 75th percentiles for skewed data. M and AIR were
logyp transformed to meet the assumptions of linear regres-
sion. The degree of Pima heritage was determined by the
self-identified number of great-grandparents of full Pima
heritage. To determine the relationship of UA with metabolic
syndrome components, including M, AIR, blood pressure,
triglycerides, cholesterol, and HDL, three linear regression
models were created. Model 1 included uric acid, age, sex,
and degree of Pima heritage. Model 2 included all the cov-
ariates in model 1 plus percent body fat (PFAT), renal
function (creatinine), and hepatic function (AST). Model 3
included all the covariates of model 2 plus blood pressure,
total cholesterol, and triglyceride measurements (excluding
the variable used as the dependent variable in the model).
HDL was not included in model 3 because it limited the
sample size, and sensitivity analyses confirmed that HDL
did not substantially change the relationship of UA to any of
the other variables. Model 2 was considered the most par-
simonious of the statistical models. The AIR analysis was
limited to those subjects of 100% Pima heritage (1n=124) be-
cause there are large differences in insulin secretion rates
between people of Pima heritage and others.'® In the 60
subjects with repeat measures, baseline UA and change in
UA over time were evaluated as predictors of future M, AIR,
blood pressure, cholesterol, triglycerides, percent body fat,
and fasting and 2-hr glucose. Given the limited sample size
of this subset of subjects, only the covariates from model 2
described above were included in the linear regression
model along with the baseline value of the factor of interest
and follow-up time.

Thirty-six of the 245 participants developed T2DM during
the follow-up period. A Cox proportional hazards model was
used to evaluate whether initial UA concentrations predicted
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the development of T2DM. Event time was the time from the
initial measurement of UA to diagnosis of T2DM or the last
available nondiabetic follow-up visit. The model was adjusted
as above for model 1, model 2, and model 3. (Of note, in-
cluding HDL in model 3 did not change our results.) To fur-
ther explore the relationship of UA with risk of T2DM, a
follow-up analysis was done with the proportional hazards
model of model 2 but with UA expressed as a dichotomous
variable, i.e., above versus below the median of 4.9mg/dL,
instead of as a continuous variable. Alpha was set at 0.05.
Statistical analyses were performed using SAS version 9.2 and
SAS Enterprise Guide 4.2. (SAS Institute Inc, Cary, NC).

Results
Subject characteristics

Characteristics of the 245 subjects (56% male) in the cross-
sectional analysis are described in Table 1, and correlations
between UA and the other variables are shown in Table 2.
Mean serum UA levels were 5.0+1.3mg/dL (median 4.9 mg/
dL). Fifty-three percent of the study population was of full
Pima heritage, 28% had no Pima heritage (20% Caucasian, 8%
African-American), and 19% were of mixed heritage.

UA was higher in men (5.6+1.1 vs. 43+1.1mg/dL;
P<0.001). There were no racial differences in UA concen-
trations. Serum UA levels remained higher in men compared
to women (P <0.001), even after adjustment for covariates. In
linear regression models, UA was positively associated with
PFAT [Table 3; unexplained variance of PFAT (partial )
attributable to UA in model 2=3.4%].

M and AIR

UA was a significant predictor of concurrent M in the 245
participants, even after adjustment for covariates (partial
1*=5.5% in model 2; Fig. 1A and Table 3). In a subset analysis
of subjects of 100% Pima heritage (1=124), the results were
similar. UA was not significantly associated with AIR (P=0.7).

TaBLE 1. DEMOGRAPHICS OF THE 245
CROSS-SECTIONAL PARTICIPANTS

Variables Values
Age (years) 29.0+£7.2
Percent body fat (%) 32.0+8.7
Body mass index (kg/m?) 33.6+£7.9
Systolic blood pressure (mmHg) 117.4+16.2
Diastolic blood pressure (mmHg) 722+12.2
Insulin action, M (mg/kg EMBS/min) 2.6 (2.1-3.5)
Acute insulin response, AIR (pmol/1)*  210.9 (133.8-367.4)
Fasting plasma glucose (mg/dL) 86.5+10.8
2-hr plasma glucose (mg/dL) 119.0+37.8
Serum uric acid (mg/dL) 5.0%1.3
Total cholesterol (mg/dL) 173134
Triglycerides (mg/dL) 146+ 67
AST (units/L) 27.7£13.0
ALT (units/L) 384222
Serum creatinine (mg/dL) 1.0£0.2

Values are expressed as mean * standard deviation (SD) or median
(range 2575 percentile).

“Full-heritage Pima Indians only (1=124).

EMBS, estimated metabolic body size (fat free mass +17.7),
adjusted for mean glucose and insulin concentrations; AST, aspartate
aminotransferase; ALT, alanine aminotransferase.
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TABLE 2. SPEARMAN CORRELATIONS BETWEEN SERUM
URric Acip AND COVARIATES OF THE 245
CROSS-SECTIONAL PARTICIPANTS

Spearman correlation P
Variables coefficient (p) value
Age (years) -0.01 0.9
Degree of Pima heritage -0.10 0.13
Percent body fat (PFAT) (%) -0.26 <0.001
Systolic blood pressure 0.29 <0.001
(mmHg)
Diastolic blood pressure 0.33 <0.001
(mmHg)
Insulin action, M -0.17 0.01
(mg-kg~ Y(EMBS)-min 1)
Acute insulin response -0.03 0.7
(AIR) (pmol/L)?
Fasting glucose (mg/dL) 0.01 0.9
2-hr glucose (mg/dL) -0.05 0.5
Total cholesterol (mg/dL) 0.16 0.01
Triglycerides (mg/dL) 0.21 <0.001
AST (units/L) 0.24 <0.001
ALT (units/L) 0.16 0.01
Creatinine (mg/dL) 0.4 <0.001

“Full-heritage Pima Indians only (1=124).

EMBS, estimated metabolic body size (fat free mass +17.7),
adjusted for mean glucose and insulin concentrations; AST, aspartate
aminotransferase; ALT, alanine aminotransferase.

In the 60 participants with longitudinal data available,
baseline serum UA predicted future M (partial 7*=5%;
P=0.02), even after controlling for the covariates in model 2,
follow-up time, and baseline M (Fig. 1B). For every 1 mg/dL
increase in initial serum UA, future M was decreased by
6.3% [95% confidence interval (CI) 2.7, 9.9%]. Neither base-
line UA nor the change in UA predicted future AIR.

Thirty-six of 245 subjects were diagnosed with T2DM. In
proportional hazards analyses, UA was associated with an
increased risk of T2DM (Table 3). If UA was dichotomized
into concentrations above or below the median value
(4.9mg/dL), those subjects with a ‘higher” UA had a greater
risk of T2DM [hazard risk ratio (HRR)=2.3; P=0.04]. In a
subset analysis of subjects of 100% Pima heritage, 32 subjects
were diagnosed with T2DM, and results were similar.

Hypertension and lipids

Serum UA correlated with both systolic and diastolic
blood pressure (SBP and DBP) and lipids, even after ad-
justment for covariates (Table 3). UA was positively associ-
ated with SBP (partial *=1% in model 2) and DBP (partial
*=1% in model 2). UA was also positively associated with
total cholesterol (partial *=2% in model 2) and triglycerides
(partial *=3% in model 2). UA was negatively correlated
with HDL (partial *=3% in model 2) in the subset of 185
subjects with this data available (Table 3). UA was not sig-
nificantly associated with concurrent fasting glucose, 2-hr
glucose, or serum insulin concentrations.

In participants with longitudinal data available, the
change in UA over time predicted an increase in future SBP
(partial *=11%; P=0.007) and DBP (partial 7*=9%; P=0.01)
after controlling for the covariates of model 2 plus follow-up
time and baseline blood pressure. For every 1mg/dL rise in
serum UA, future SBP increased by 6.9 mmHg (95% CI 2.0,
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TABLE 3. AssoOCIATION OF URIC AcID WITH METABOLIC SYNDROME COMPONENTS AFTER ADJUSTMENT FOR COVARIATES

Predicted variables

Percent T2DM
body fat Insulin SBP DBP Triglycerides ~ Cholesterol HDL (HRR)
(%) action (mmHg) (mmHg) (mg/dL) (mg/dL) (mg/dL)  (n=245;
(n=245) (n=245)? (n=245) (n=245) (n=245) (n=245) (m=185) 36 events)
Uric acid B=-1.5; B=-45%; p=29; p=2.2; p=13.7; B=5.5; p=-1.8; NS
P<0.001 P<0.01 P<0.001 P<0.001 P<0.0001 P<0.01 P=0.03
Model 1: UA, age, B=-1.3; B=-9.8%; p=23; B=1.9; f=19.2; B=8.3; B=-2.5;, HRR=1.4;
sex, degree of P<0.0001 P<0.0001 P<0.01 P<0.01 P<0.0001 P<0.0001 P<0.01 P=0.03
Pima Heritage
Model 2: model B=-1.5; B=-7.6%; p=19; B=1.5; B=17.7; B=8.0; B=-2.3;, HRR=1.5
1+ % body P<0.0001 P<0.0001 P=0.02 P=0.03 P<0.0001 P<0.001 P=0.02 P=0.02
fat?, creatinine,
AST
Model 3: model B=-1.4; B=-7.0%; p=19; B=1.8; f=14.3; B=5.4; f=-2.5, HRR=1.5;
2 + other risk P<0.001 P<0.0001 P=0.03 P=0.02 P<0.001 P=0.01 P=0.01 P=0.03

factors®

“Insulin action was log transformed to conform to the assumptions of linear regression, therefore, results are expressed as percent change in

insulin action with each 1mg/dl increase in uric acid.

POther risk factors included systolic blood pressure, diastolic blood pressure, triglycerides, and cholesterol. Models where one of these risk
factors was the predicted variable did not include that variable as an explanatory variable.

SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, high-density lipoprotein; T2DM, type 2 diabetes mellitus; HRR, hazard
risk ratio for T2DM determined by proportional hazards analyses; B, parameter estimates for the change in the predicted variable for each
1mg/dL increase in uric acid as predicted by linear regression models; UA, uric acid; AST, aspartate aminotransferase.
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FIG. 1. (A) The cross-sectional relationship between serum

uric acid (UA) concentration and residual log;, insulin action
(M) after adjustment for age, race, sex, percent body fat, and
renal and liver function (n=245; partial +*=0.05; P<0.001).
(B) The relationship between baseline serum UA and resid-
ual follow-up logo insulin action (M) after adjustment for
age, race, sex, percent body fat, baseline M, and follow-up
time (n=60; partial *=0.05; P=0.02). EMBS, estimated
metabolic body size.

11.9mmHg), and future DBP increased by 9.9 mmHg (95%
CI 2.5, 17.4mmHg). Change in UA also predicted an increase
in total serum cholesterol (partial r*=6%; P=0.04) such that
for every 1 mg/dL increase above initial serum UA, future
cholesterol increased by 8.2 mg/dL. Neither baseline UA nor
the change in UA was associated with future serum insulin
concentrations, glucose levels, PFAT, triglycerides, or HDL.

Discussion

We confirmed the association of serum UA with insulin
action, SBP and DBP measurements, and cholesterol in a
population that included a high proportion of Native
Americans. We were also able to demonstrate that the in-
creased risk of developing T2DM seen with higher UA levels
depends primarily on the association of UA with insulin
action, as serum UA did not correlate with AIR. Interest-
ingly, baseline UA measurements predicted future declines
in insulin action, and rising UA over time was associated
with future increases in blood pressure and cholesterol in
longitudinal analysis.

The cross-sectional relationship between serum UA and
insulin action has been described in other ethnicities.!” ™ In
one study, serum triglycerides and insulin action together
explained 50% of the variation in serum UA level in a group
of 37 subjects.'” In a comparison of obese individuals with
lean individuals, insulin action was inversely associated with
serum UA.'® A large Italian study also reported a negative
correlation between hyperuricemia and insulin action.'” The
relationship between UA and an increased risk for devel-
opment of T2DM has also been found in larger studies.*®
However, we now add to this prior literature by replicating
the cross-sectional relationship between UA, insulin action,
and T2DM in a younger and ethnically different population
sample with a range of percent body fat. Our study extends
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the cross-sectional findings further by showing that serum
UA also correlates with declines in future insulin action, as
measured by repeated hyperinsulinemic-euglycemic clamps
and independently from measures of adiposity.

It is unclear if higher UA levels directly lead to declines in
insulin sensitivity and elevations in blood pressure and lip-
ids or whether UA is a secondary marker for another path-
ophysiologic process. It is possible that UA may have direct
effects because UA is the end product of purine degradation,
a pathway that leads to the production of reactive oxygen
species (ROS).*® ROS produced during the enzymatic reac-
tion of xanthine oxidase, the protein that catalyzes the oxi-
dation of xanthine to UA, have been hypothesized to induce
endothelial dysfunction by reducing the bioavailability of the
vasodilator nitric oxide, thus leading to vasoconstriction.?!
This process has been implicated in the link between hy-
peruricemia and hypertension.”® A reduction in nitric oxide
concentrations induced by elevated levels of ROS in tissues
may also contribute to insulin resistance because central
nervous system inhibition of nitric oxide synthase activity
leads to decreased insulin action in rodents, and mice with
genetic removal of the nitric oxide synthase protein have
been shown to be insulin resistant.*"**

Inhibition of xanthine oxidase with allopurinol, a drug
used to treat hyperuricemia, has been shown to improve
endothelial dysfunction and reduce free radicals.’ In
fructose-fed rodents, allopurinol has been shown to lower
SBP, improve insulin sensitivity, and normalize triglyceride
levels.”> Long-term allopurinol treatment in normotensive
people with established T2DM has been shown to reduce
hemoglobin Alc levels.”® The prediction of future insulin
action by baseline UA levels, independent from measures of
adiposity, supports a potential direct effect of UA.

However, because change in UA levels, rather than base-
line UA levels, predicts future blood pressure and cholesterol
levels, UA may also be an indicator for poor dietary choices,
including excess consumption of high-fructose food and
drink. A diet high in fructose increases purine production
because fructose activates the rate-limiting step of de novo
synthesis of purines in the liver,® thus leading to overpro-
duction of purines and a subsequent increase in UA levels. In
subjects on purine-free diets supplemented with either glu-
cose or fructose, those who received fructose supplementa-
tion had significantly higher serum and urine UA levels.**
Fructose is known to be more lipogenic than glucose and has
been associated with both hypertriglyceridemia and insulin
resistance.” A recent animal model has shown that rats fed
high-fructose diets exhibited a decreased number of insulin
receptors in liver and skeletal muscle compared to controls.*
Insulin resistance in fructose-fed rodents is reversed by in-
hibition of peroxisome proliferator-activated receptor-y
coactivator-1B (PGC-1f), a master regulator of glucose and
lipid metabolism.”” Because increased consumption of fruc-
tose in soft drinks has been shown to increase serum UA
levels,?® lifestyle changes to decrease consumption of fruc-
tose may lead to lower serum UA and produce improve-
ments in insulin sensitivity, risk of T2DM, blood pressure,
and lipids.

Limitations of our study include the relatively small
sample size, especially the small number of T2DM events. In
addition, this is a secondary analysis of previously collected
data in a study designed to understand the metabolic de-
terminants of obesity and T2DM, and, as a result, two
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separate assays were used to measure UA. However, the
data were collected prospectively and the risk of T2DM was
determined with proportional hazards models. We did not
perform ROC analyses, which would have been an alternate
method to determine the additional risk prediction provided
by UA beyond that of traditional risk factors and might have
indicated cutoffs for uric acid in terms of T2DM risk. Given
the long period of follow-up time, we considered propor-
tional hazards analysis to be the more appropriate method
for determining risk. The strengths of our study include the
use of hyperinsulinemic—euglycemic clamps to assess insulin
action, the availability of longitudinal data, and the replica-
tion of findings from prior studies in a healthy population
with a high proportion of Native Americans, thereby, in-
creasing the generalizability of this knowledge.

In conclusion, higher UA levels were associated with
obesity, insulin resistance, higher blood pressure, and higher
triglyceride and cholesterol concentrations. Baseline UA
levels predicted future declines in insulin action, and an in-
crease in UA over time was associated with increases in
blood pressure and total cholesterol. There was an increased
risk of T2DM with higher levels of UA, which is likely due
mainly to the relationship of UA with insulin action. UA
concentrations should be considered for routine measure-
ment when assessing patients for metabolic syndrome, in
part, for overall risk assessment and in part, as a tool for
dietary counseling. It is conceivable that treatments that
lower UA may improve insulin action, and also, possibly
decrease the risk of T2DM. Future studies to observe the
effects of reducing UA levels on insulin action and the risk of
T2DM will be needed to validate this hypothesis.
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