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Objective: Gout is a crystal-induced inflammatory arthritis caused by elevated uric
acid. Physical activity has the potential to reduce serum uric acid (SUA), thus
improving the disease burden of gout. In this study, we examined the association of
objectively-measured physical activity and SUA.

Methods: A cross-sectional study was conducted using survey, laboratory, and
accelerometer data from the 2003-2004 National Health and Nutrition Examination
Survey (NHANES). SUA concentrations (mg/dL) were obtained during an initial exam, and
then physical activity (kCal/day) was measured with 7 days of ActiGraph accelerometry
in participants (n = 3,475) representative of the ambulatory, non-institutionalized US
civilian population. Regression, including restricted cubic splines, was used to assess
the relation of physical activity and SUA in bivariate and adjusted models. Covariates
included age, gender, race/ethnicity, alcohol use, body mass index, renal function, and
urate-lowering therapy.

Results: In the bivariate model, physical activity was correlated with SUA concentrations
and included a non-linear component (o < 0.01). In the adjusted model, linear splines
were employed with a node at the SUA nadir of 5.37mg/dL; this occurred at 703 kCal/day
of physical activity. The association of physical activity and SUA was negative from 0 to
708 kCal/day (p = 0.07) and positive >703 kCal/day (o < 0.01 for the change in slope).

Conclusion: Physical activity and SUA are associated in a non-linear fashion, with
a minimum estimated SUA at 703 kCal/day of objectively-measured physical activity.
These findings raise intriguing questions about the use of physical activity as a potential
adjunctive therapy in patients with gout, and further interventional studies are needed to
elucidate the effects of moderate intensity exercise on SUA concentrations.
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INTRODUCTION

Gout is a crystal-induced inflammatory arthritis caused by
excess uric acid. Both gout and elevated serum uric acid
(SUA) concentrations are associated with metabolic syndrome,
a disorder characterized by central obesity, dyslipidemia,
hypertension, and glucose intolerance (Tsouli et al., 2006). In
the United States (US), the prevalence of metabolic syndrome
is significantly higher in patients with gout (63%) than in
the general population (25%) (Choi et al, 2007). Moreover,
both elevated SUA concentrations and metabolic syndrome are
associated with hyperinsulinemia, which may lead to decreased
renal excretion of uric acid (Quiniones Galvan et al., 1995; Perez-
Ruiz et al., 2015; Toyoki et al., 2017).

Even at moderate intensity, physical activity improves insulin
sensitivity and decreases concentrations of fasting insulin
(Houmard et al., 2004), which may increase renal uric acid
excretion (Quinones Galvan et al., 1995; Perez-Ruiz et al., 2015;
Toyoki et al., 2017). Regular physical activity may also help
mitigate the increased risk of cardiovascular disease (CVD) and
mortality in patients with gout (Chen et al., 2015; Disveld et al.,
2018; Fiuza-Luces et al., 2018), though little is known about the
ideal level of exercise in this patient population. Previous studies
have demonstrated professional athletes, as well individuals with
higher levels of fitness, have lower SUA concentrations than
healthy controls (Church et al., 2002; Lippi et al., 2004). Self-
reported physical activity has also been associated with lower
odds of hyperuricemia among healthy individuals (Park et al.,
2019), and in one interventional study of obese Japanese men,
moderate physical activity was associated with lower uric acid
concentrations (Nishida et al., 2011).

Currently, there are no American College of Rheumatology
guidelines regarding physical activity levels in patients with gout
(Fitzgerald et al., 2020), and to our knowledge, no studies have
quantitatively evaluated the relation of objectively measured
physical activity and SUA concentrations in the US population.
We hypothesize that greater amounts of physical activity reduce
SUA concentrations, and this is of high clinical relevance for
patients with gout and hyperuricemia. Here, our objective was
to evaluate whether objectively measured physical activity is
correlated with lower SUA concentrations in a large, nationally
representative, cross-sectional population sample.

MATERIALS AND METHODS
Study Population

A cross-sectional study was conducted using data from the
2003-2004 National Health and Nutrition Examination Survey
(NHANES). NHANES refers to a series of cross-sectional studies
examining the health and nutritional status of adults and
children in the US. The 2003-2004 NHANES study population
(N = 12,761) was selected using a stratified, multistage
probability sampling design and included a representative
sample of the noninstitutionalized US civilian population
with certain oversampled populations (adolescents, patients
>60 years old, African-Americans, and Mexican-Americans)
(Centers for Disease Control Prevention, 2005). Our study

included ambulatory participants >20 years-old with reported
SUA concentrations who also participated in the accelerometry
portion of NHANES 2003-2004 (n = 3,475).

Assessment of Covariates

Demographic data including age, sex, and race/ethnicity were
self-reported by participants and were assessed at the time
the survey was administered. Gout status was not assessed as
part of the NHANES 2003-2004 survey, but the use of urate-
lowering medications (i.e., allopurinol and probenecid) during
the previous 1 month was obtained by research personnel
during the household interview. Allopurinol use and probenecid
use were included in our adjusted analysis as categorical
variables (yes/no). Per NHANES survey criteria, alcohol use
was also defined categorically (yes/no) based on whether survey
participants reported >12 drinks in the past 1 year. Body
mass index (BMI) was calculated using the height and weight
obtained by physical exam and was evaluated as a continuous
variable. Blood samples were collected at mobile examination
centers, and our study included SUA concentrations and renal
function, assessed by serum creatinine (mg/dL). These values
were evaluated as continuous variables and were measured using
a Beckman Synchron LX20 chemistry analyzer as part of a
standard biochemistry profile.

Physical Activity Assessment

Following the initial evaluation described above, physical activity
was assessed with seven days of accelerometry. Participants were
instructed to wear an Actigraph accelerometer (model 7164)
during all waking hours of the day, except while bathing or
swimming. The device was attached to their right hip by an
elastic belt. The device recorded vertical acceleration as “counts,”
which correspond to intensity of physical activity. The device was
checked using an ActiGraph calibrator, and data were recorded
in 1-min epochs. Non-wear time was defined as 20 or more
consecutive minutes of zero counts; non-wear time was excluded
from the analysis. To prevent aberrantly high activity measures,
days where recorded activity was >40,000 kilocalories (kCal)
were also excluded. A day was considered valid when data were
available for at least 12 h in a 24-h period, and the final dataset
included only those participants with at least four valid days (>12
h/24-h period) of wear time.

Accelerometer counts were converted to energy expenditure
(kCal/min) using algorithms provided by the National Cancer
Institute (http://appliedresearch.cancer.gov/nhanes_pam/) as
well as the CALERIE accelerometer study (Sloane et al., 2009).
Specifically, for count-to-energy expenditure conversions, the
work-energy equation was used at lower activity intensity (counts
per 1-min epoch <1,952) and the Freedson energy equation
was used at moderate and high intensities (counts per 1-min
epoch >1,952). Average daily energy expenditure (kCal/day) was
determined for all individuals.

Statistical Analysis

Adjusting for the complex sampling design employed by
the NHANES 2003-2004 survey, multivariable regression was
used to evaluate the relation of objectively-measured physical
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activity using accelerometer data and SUA concentrations. We
initially assessed a bivariate model to directly compare the
relation of physical activity and SUA concentrations. This model
was subsequently adjusted for age, sex, race/ethnicity, alcohol
use, BMI, serum creatinine, and the use of urate-lowering
medications. The relationship between physical activity and SUA
was assumed to have both linear and non-linear components.
Restricted cubic splines (Harrell, 2015) were initially employed
to investigate the functional form of the non-linear component,
with follow-up inspection of the resulting plots to assess if
a simpler parameterization (e.g., higher order polynomials,
linear splines) would be revealed. The final model would be
composed of all covariates, and both a linear and a non-linear
component-the later suggested by the prior step. Secondary
analyses were also performed to assess possible interactions
between physical activity and sex, and physical activity and BMI
(<25 or >25 kg/m?). All p-values were two-sided, and p < 0.05
was considered to be significant for all tests. All statistical analyses
were conducted using SAS software (V.9.3, SAS Institute, Cary,
NC, USA).

RESULTS

The characteristics of the study population are summarized
in Tablel. The median [interquartile range (IQR)] SUA
concentration among participants was 5.22 (4.31-6.21) mg/dL,
and 0.65% of participants reported using urate-lowering
medications during the previous month. The median (IQR)
energy expenditure from physical activity was 403 (262-
604) kCal/day.

Physical activity, reported as energy expenditure in kCal/day,
was significantly associated with SUA concentrations in our
initial bivariate model (p < 0.01), and follow-up analyses with
restricted cubic splines identified a non-linear component to
the relationship. After controlling for age, sex, race/ethnicity,
alcohol use, BMI, renal function, and the use of urate-
lowering therapy, the graphical appearance of the adjusted model
suggested a V-shaped relationship between physical activity
and SUA concentration (Figures 1A,B), with an asymptote
at ~700 kCal/day. Thus, the relationship was modeled using
linear splines.

When the linear and spline terms were included in the
controlled model, the results indicated a negative correlation (
= —0.00046, p = 0.07) between units of physical activity (i.e.,
1 kCal/day) and SUA from 0 to 703 kCal/day and a positive
correlation (B = 0.00038, p < 0.01) above 703 kCal/day. Using
mean values for our covariates, predicted SUA concentrations
were as high as 5.84 mg/dL among individuals with minimal
activity levels, and the SUA nadir of 5.37 mg/dL was noted to
occur at 703 kCal/day of physical activity. The difference between
the corresponding slope from 0 to 703 kCal/day and the slope
>703 kCal/day was statistically significant (p < 0.01).

In addition to physical activity levels, age, sex, race/ethnicity,
BM]I, renal function, and use of allopurinol (but not probenecid)
were all significantly related to SUA concentrations (p < 0.05 for
all covariates). There was no significant interaction between the

TABLE 1 | Subject characteristics.

Characteristic N = 3,475

Age, median (IQR) 45.3 (33.0-57.8)

Sex, female % 50.9%
Race/ethnicity %

White 73.5%
Black 9.8%
Mexican American 7.7%
Other Hispanic 3.6%
Other 5.4%

BMI, kg/m?, median (IQR)

Physical activity (kCal/day)

Mean + SD

Median (IQR)

Creatinine, mg/dL, median (IQR)
Serum uric acid, mg/dL, median (IQR)

27.3 (24.0-31.4)

468 + 291
403 (262-604)
0.81(0.69-0.96)
5.22 (4.31-6.21)

Uric acid <4 mg/dL 17.3%
Uric acid 4.1-6mg/dL 52.5%
Uric acid 6.1-8mg/dL 27.1%
Uric acid >8mg/dL 3.2%
Medication use % 0.65%
AIIopurinoIf 0.61%
Probenecid 0.04%
Alcohol uset % 72.3%

BMI, body mass index; SD, standard deviation; IQR, interquartile range.
T Febuxostat was not approved in the US until 2009.
*Alcohol use defined per survey results as >12 drinks per 1 year.

physical activity term and sex or BMI (<25 or >25 kg/m?) in
relation to SUA concentrations in our secondary analyses.

DISCUSSION

In this cross-sectional study of a large, nationally representative
sample of US adults, the relation of physical activity and SUA
concentrations were associated in a non-linear fashion, with
a minimum estimated SUA at 703 kCal/day of objectively-
measured physical activity in our adjusted model. Physical
activity and SUA concentrations were negatively correlated from
0 to 703 kCal/day and positively correlated >703 kCal/day.
In participants with minimal activity levels, predicted SUA
concentrations based on mean covariate values were as high as
5.84 mg/dL, and the SUA nadir of 5.37 mg/dL was observed at
703 kCal/day of physical activity. To our knowledge, no studies
have quantitatively evaluated the relation of objectively measured
physical activity and SUA concentrations in the US population,
and overall, the results from this study appear to suggest a
beneficial association between physical activity and SUA.

Our results support findings from prior investigations in
unique populations, or using self-reported physical activity. In
obese male factory workers in Japan, moderate, but not light or
vigorous, intensity physical activity was associated with lower
SUA concentrations (Nishida et al., 2011). Similar results were
noted in a study of South Korean men and women, where
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FIGURE 1 | The relation of physical activity and serum uric acid concentrations. (A) Depicts measured and predicted uric acid concentrations (mg/dL) across the
entire range of average daily physical activity (kCal/day). (B) Shows a more focused view of predicted uric acid concentrations for the middle 95% of the population
(median + 47.5%) based on average daily physical activity. Predicted uric acid levels for both figures are based on the same multivariable analysis, adjusted for age,
gender, race/ethnicity, alcohol use, Body Mass Index, serum creatinine, and use of urate-lowering medications.

600 700 800 900 1000

Predicted uric acid
Measured uric acid

self-reported participation in regular health-enhancing physical
activity was associated with lower odds of hyperuricemia (Park
et al., 2019).

Though we cannot determine causality in our cross-sectional
study, we hypothesize that the reduced SUA concentrations
observed with physical activity may be related to changes in
insulin sensitivity. Physical activity reduces insulin resistance
and decreases fasting insulin levels, particularly in individuals

who engage in regular moderate aerobic exercise (Houmard
et al., 2004). Favorable insulin changes related to physical activity
may increase renal uric acid excretion (Quifiones Galvan et al.,
1995; Perez-Ruiz et al., 2015; Toyoki et al., 2017), resulting in
reduced SUA concentrations, and these observations may be
highly relevant for patients with hyperuricemia. While further
prospective studies are needed to confirm our findings in patients
with gout, physical activity not only has the potential to reduce
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SUA concentrations but may also help prevent cardiovascular
disease in this high-risk population (Camhi et al., 2011; Fiuza-
Luces et al., 2018).

Through our previous work in patients with pre-diabetes,
we have found that moderate intensity aerobic exercise training
produces superior improvements in insulin sensitivity compared
to vigorous intensity activities (Slentz et al, 2016), and this
may be one potential reason why an attenuated SUA effect
was observed for participants averaging >703 kCal/day. Other
possible explanations for the attenuated effect of higher levels
of physical activity on SUA concentrations include dietary
considerations (higher purine intake or fructose-sweetened
beverage consumption) (Hak and Choi, 2008), increased uric acid
release from muscle damage and protein catabolism (Hammouda
et al., 2012; Jamurtas et al., 2018), and competitive inhibition
of uric acid excretion due to increased lactic acid production
(1967;Neumayr et al., 2003).

The strengths of our study are the large, nationally
representative population provided by the NHANES dataset and
the use of accelerometry data to objectively measure physical
activity. We also recognize a number of limitations primarily
related to the cross-sectional nature of this study. Although
participants wore accelerometers for 1 week, in the absence of
an intervention, this provides only a cross-sectional assessment
of regular physical activity. Thus, we were unable to determine
causality and the mechanism(s) of the observed associations.
Also, only one SUA measurement was performed, and this
occurred prior to the objective physical activity assessment
period. Because SUA exhibits biological variability, additional
assessments of SUA would have improved SUA accuracy. A gout
diagnosis was not included in the list of medical conditions
captured in the 2003-2004 NHANES questionnaire, and all
patient sociodemographic and medication information was self-
reported.

CONCLUSION

In this cross-sectional study of the US population, physical
activity and SUA concentrations were associated in a
non-linear fashion, with a minimum estimated SUA at
703 kCal/day of objectively-measured physical activity.
These findings raise intriguing questions about the use of
physical activity as a potential adjunctive therapy in patients
with gout, and further interventional studies are needed
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