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Abstract

Objective—To evaluate whether sugar sweetened beverage consumption, a significant source of
dietary fructose, is associated with higher serum uric acid levels and blood pressure in adolescents.

Study design—We analyzed cross-sectional data from 4867 adolescents aged 12-18 years old in
the National Health and Nutrition Examination Survey 1999-2004. Dietary data was assessed from
24-hour dietary recall interviews. Sugar sweetened beverages included fruit drinks, sports drinks,
soda, and sweetened coffee or tea. We used multivariate linear regression to evaluate the association
of sugar sweetened beverage consumption with serum uric acid and with blood pressure.

Results—Adolescents who drank more sugar sweetened beverages tended to be older and male. In
the adjusted model, serum uric acid increased by 0.18 mg/dL and systolic blood pressure z-score
increased by 0.17 from the lowest to the highest category of sugar sweetened beverage consumption
(P for trend 0.01 and 0.03, respectively).

Conclusions—These results from a nationally representative sample of US adolescents indicate
that higher sugar sweetened beverage consumption is associated with higher serum uric acid levels
and systolic blood pressure, which may lead to downstream adverse health outcomes.
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Since the introduction into the US food supply in the 1970s, high fructose corn syrup has
become the most popular sweetener used in processed foods, especially in beverages such as
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sodas and fruit drinks.! Fructose, unlike glucose or other monosaccharide sugars, is solely
metabolized in the liver where it induces nucleotide catabolism, thereby producing uric acid.
2,3 Human studies confirm that experimental fructose feeding or intravenous fructose
administration raises serum uric acid levels.*~" This may be important because serum uric acid
has been suggested to be a marker of cardiovascular disease risk® and a potential intermediate
step towards the development of hypertension.?

Sugar sweetened beverages are a significant source of calories for adolescents, contributing
301 kilocalories per day or 13% of total daily energy.10 Two previous epidemiologic studies
in adults have shown that sugar sweetened beverage consumption is associated with higher
serum uric acid levels.11: 12 Although sugar sweetened beverage consumption has been
associated with obesity in children and adolescents, 2 it is unknown how sugar sweetened
beverage consumption is independently associated with serum uric acid levels in adolescents.
In addition, even though uric acid has been positively associated with blood pressure elevation
and primary hypertension in children,14=17 it is unknown how sugar sweetened beverage
consumption is associated with blood pressure level in adolescents.

The goal of this study was to evaluate whether the consumption of sugar sweetened beverages
is associated with higher serum uric acid levels, and with higher blood pressure, in a nationally
representative sample of adolescents.

METHODS

This is a cross-sectional study using data from the National Health and Nutrition Examination
Survey (NHANES) 1999-2004, a complex sample survey designed to collect data on the health
and nutrition from a representative household population in the United States.18 Certain
populations, such as adolescents and racial/ethnic minorities were over-sampled to improve
estimates in these groups.

The NHANES protocol was reviewed and approved by the National Center for Health
Statistic’s Institutional Review Board. Informed consent and assent were obtained, where
appropriate, from all participants before any study procedure.

There were 4938 adolescents aged 12 to18 years with dietary intake data and serum uric acid
levels measured in NHANES 1999-2004. We excluded pregnant adolescents (n= 71). Thus,
there were 4867 adolescents available for this analysis.

In NHANES 1999-2004, information on race/ethnicity (non-Hispanic white, non-Hispanic
black, Hispanic, or other), medical history, and medication usage was collected by self-report
in a standardized in-home medical interview. Information on age, weight, height, body mass
index (BMI), and blood pressure was determined at the time of the physical examination
component of the survey. Blood pressure was measured using a mercury sphygmomanometer
using the American Heart Association guidelines.2® Up to four blood pressure measurements
were taken. When more than one blood pressure measurement was available, the average
systolic and diastolic blood pressure measurements were calculated. Smoking status was
determined by a self-reported history of smoking in the previous 5 days, or a serum cotinine
level (a metabolite of nicotine) > 15 ng/mL.20

Twenty-four hour dietary recall interviews were administered at the time of the physical
examination component of the survey using a computer-assisted dietary interview system with
multiple-pass format and standardized probes. Both weekdays and weekend days were
sampled. Dietary information was available from three data sets: the total nutrients file, the
individual food files, and the pyramid servings intake data for NHANES. The NHANES total
nutrient intake files provided dietary fiber intake, sodium intake, caffeine intake, and total
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calories. The individual food files provided alcohol intake and individual food items which
were analyzed by their USDA food code. Sugar sweetened beverages included fruit drinks,
soft drinks, sports drinks, reconstituted powders (e.g. Kool-aid®, Tang®), and sweetened
coffee or tea. Juices included unsweetened fruit juice or nectar. Diet beverages included non-
caloric beverages such as diet sodas, coffee or tea without sweeteners, and low calorie drinks.
Milk beverages included: cows milk, buttermilk, goat’s milk, and reconstituted milk. The
pyramid serving intake data provided information on the number of servings per day of fruit,
vegetables, dairy, meat, and seafood.

Serum uric acid levels were measured by a colorimetric method whereby uric acid is oxidized
by uricase to allantoin and hydrogen peroxide. Details about quality-control procedures have
been published elsewhere.2! Values are reported in milligrams per deciliter (to convert to
micromoles per liter, multiply by 59.48).

Beverage consumption was categorized based on readily understood serving sizes (12 ounces
is equivalent to one can of soda and 8 ounces is equivalent to one serving size of milk or juice),
distribution of the data, and to ensure sufficient sample size.1® Sugar sweetened beverage
consumption was categorized by number of ounces consumed per day (0 oz/day, 1-12 oz/day,
13-24 oz/day, 25-36 oz/day, or >36 0z/day). Juices were categorized by number of ounces
consumed per day (0 oz/day, 1-8 oz/day, 9-16 oz/day or >16 o0z/day). Diet beverage
consumption was categorized by number of ounces consumed per day (0 oz/day, 1-12 oz/day
or > 12 oz/day). Milk beverage consumption was categorized by number of ounces consumed
per day (0 oz/day, 1-8 oz/day, 9-16 oz/day, or >160z/day).

All statistical analyses were completed using STATA (version 9.0 StataCorp, College Station,
TX) taking into account samples’ weights, strata, and primary sampling units from NHANES
1999-2004 in order to adjust for unequal probabilities of selection and the multistage stratified
sample design.?2 The weighted proportions were used to extrapolate to the adolescent US
population using 2000 US Census counts. Linear test for trend was reported for categories of
beverage consumption.

We used linear regression models to evaluate the association of sugar sweetened beverage
consumption categories with serum uric acid levels, and with blood pressure. We explored the
following potential confounding variables: age (years), race/ethnicity, sex, BMI z-scores,
height, z-scores, total calories (kcal/day), smoking, alcohol (>50 gm/day), fruit (servings/day),
dairy (servings/day), meat and seafood (servings/day), dietary fiber intake (gm/day), caffeine
intake (mg/day), sodium intake (mg/day), milk consumption, and diet beverage consumption.
Our initial linear regression models adjusted for basic clinical and demographic variables: age,
race/ethnicity, sex, BMI z-score, and total calories simultaneously. Confounding variables
chosen for our final linear regression model met at least one of the following criteria: variables
with P < 0.20 or those that changed the coefficient > 10%. The final model for serum uric acid
and sugar sweetened beverage consumption simultaneously adjusted for age, race/ethnicity,
sex, BMI z-score, total calories, smoking, alcohol, dietary fiber intake, milk, and diet beverage
consumption. The final model for systolic blood pressure z-scores simultaneously adjusted for
age, race/ethnicity, sex, BMI z-score, height z-score, total calories, smoking, alcohol, caffeine,
sodium, and milk consumption. The final model for diastolic blood pressure z-scores
simultaneously adjusted for age, race/ethnicity, sex, BMI z-score, total calories, smoking,
alcohol, and sodium intake.

To evaluate for potential interactions by sex and obesity (BMI >95™ percentile for sex and
age) on the association of beverage consumption with serum uric acid and blood pressure, we
added interaction terms for sex and obesity to the unadjusted and fully adjusted models.
Interaction terms with P < 0.20 were designated & priori as significant.
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We performed sensitivity analysis by excluding adolescents who reported taking
antihypertensive medications, as some antihypertensive medications can affect serum uric acid
levels. We performed sensitivity analysis by including unsweetened fruit juices in the category
of sugar sweetened beverages, as fruit juices include naturally occurring fructose. We also
performed a sensitivity analysis by excluding sweetened coffee or tea in the category of sugar
sweetened beverages, as some sweetened coffee or tea may include drinks sweetened with
sucrose.

Demographic and clinical characteristics of the study population are shown in Table I. 82.5%
of adolescents report drinking any amount of sugar sweetened beverages in a day. Adolescents
who drank more sugar sweetened beverages tended to be older and male. Sugar sweetened
beverage consumption did not differ according to race/ethnicity, BMI z-score, height z-score,
or dietary fiber intake. Sugar sweetened beverage consumption was associated with higher
intake of total calories, sodium, and caffeine. Sugar sweetened beverage consumption was
associated with less milk and diet beverage consumption. Adolescents in the highest category
of sugar sweetened beverage consumption were more likely to smoke and to drink alcohol than
adolescents in the lowest categories of sugar sweetened beverage consumption.

The association of sugar sweetened beverage consumption with serum uric acid levels is shown
in Table 1. In the unadjusted model, serum uric acid levels increased by 0.50 mg/dL in
adolescents in the highest category of sugar sweetened beverage consumption compared with
adolescents in the lowest category of sugar sweetened beverage consumption. In the adjusted
model (Table Il, Models 1) increasing sugar sweetened beverage consumption was associated
with higher serum uric acid levels. However in the model additionally adjusted for alcohol,
smoking, dietary fiber, milk, and diet beverage consumption (Table Il, Model 2), serum uric
acid levels increased by only 0.18 mg/dL in adolescents in the highest category of sugar
sweetened beverage consumption compared with adolescents in the lowest category of sugar
sweetened beverage consumption (p for trend = 0.01) (Figure). We found that the correlation
of sugar sweetened beverage consumption with serum uric acid levels was not modified by sex
or obesity (P for interaction > 0.2 each).

The association of sugar sweetened beverage consumption with systolic blood pressure z-score
is shown in Table I11. In the unadjusted model, higher sugar sweetened beverage consumption
was not significantly associated with higher systolic blood pressure z-score. However, when
adjusted for age, race/ethnicity, sex, total calories, and BMI z-score, sugar sweetened beverage
consumption was associated with higher systolic blood pressure, a z-score difference of 0.18
(Table 111, Model 1). Both age and total calories was positively associated with sugar sweetened
beverage consumption, but negatively associated with systolic blood pressure z-score (data not
shown), and therefore masked the association in the unadjusted model. In the model
additionally adjusted for height z-score, sodium, caffeine, smoking, alcohol, and milk
consumption (Table 111, Model 2), sugar sweetened beverage consumption was associated with
higher systolic blood pressure, a z-score difference of 0.17 (P for trend = 0.03). There was no
association between sugar sweetened beverage consumption with diastolic blood pressure z-
score in the unadjusted or adjusted models (Table I11). We found that the correlation of sugar
sweetened beverage consumption with blood pressure was not modified by sex or obesity (P
for interaction > 0.2 each).

There were 3458 (73.4%), 330 (5.4%), 622 (11.9%) and 457 (9.3%) adolescents who reported
drinking 0 oz/day, 1-8 oz/day, 9-16 oz/day and >16 oz/day of fruit juice, respectively. Fruit

juice consumption was not independently associated with serum uric acid or blood pressure.

When fruit juices were included with sugar sweetened beverages, we observed a similar
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associations between sugar sweetened beverage consumption with serum uric acid and diastolic
blood pressure. When fruit juices were included with sugar sweetened beverages, we observed
a similar effect size between sugar sweetened beverage consumption and systolic blood
pressure however it did not reach conventional levels of statistical significance.

When sweetened coffee or tea was excluded from the sugar sweetened beverage category, there
were 879 (19.7%), 587 (10.1%), 1437 (28.8%), 886 (17.5%), and 1078 (23.9%) adolescents
who reported drinking 0 oz/day, 1-12 oz/day, 13-24 oz/day, 25-36 oz/day, or >36 oz/day of
sugar sweetened beverages. After exclusion of sweetened coffee or teas, we observed a similar
association between sugar sweetened beverage consumption with serum uric acid, systolic
blood pressure, and diastolic blood pressure.

There were 17 adolescents in our sample who report taking antihypertensive medications.
When they were excluded from our analysis, we observed similar associations between sugar
sweetened beverage consumption with serum uric acid and blood pressure.

We did not exclude adolescents with chronic kidney disease as only 61% of adolescents had
a serum creatinine level measured. However, in the subset of adolescents who had a serum
creatinine measured, there were 11 adolescent with an estimated GFR < 90 ml/min per
1.73m?2 and none less than 60ml/min per 1.73m2.23 We did not exclude adolescents who took
medications (allopurinol and probenecid) which affect uric acid levels, because prescription
medications were not recorded for adolescents 16 years old or younger. However in the subset
of adolescents between 16-18 years old who had prescription medications recorded, there were
no adolescents who took medications that would affect the serum uric acid level.

DISCUSSION

Adult studies have shown serum uric acid levels to be predictive of major outcomes even when
values are within the normal range.® It should be noted that the adjusted difference in serum
uric acid between the lowest and highest category of sugar sweetened beverage consumption
was relatively small. In adult studies, the risk associated with serum uric acid varies with the
outcome. The observed serum uric acid difference between extreme categories, 0.18mg/dL, in
the NHANES 111, was associated with an 50% increased risk of incident gout in a large
prospective adult cohort study.11: 24 On the other hand, for every 1mg/dL increase in serum
uric acid, there was a 7% increase in the development of incident kidney disease or death after
adjusting for multiple variables such as age, sex, race, systolic blood pressure, alcohol,
smoking, HDL-cholesterol, and baseline kidney function.2®

The mean systolic blood pressure z-score increased by 0.17 for the highest sugar sweetened
beverage category. This represents a difference of 2mmHg (95% CI 1-2mmHg). In a general
normotensive adult population, a 2mmHg reduction of systolic blood pressure would lower
stroke mortality by 10% and ischemic heart disease by 7%.26

Sugar sweetened beverages are primarily sweetened with high fructose corn syrup, a mixture
of fructose and glucose. Unlike glucose, fructose is solely metabolized in the liver where
phosphorylation of fructose by fructokinase depletes intracellular phosphate. Activation of the
enzyme AMP deaminase-1 increases adenine nucleotide catabolism, producing uric acid.28
Serum uric acid levels, even within the normal range, are associated with other cardiovascular
risk factors and predict cardiovascular events in adults.® Serum uric acid levels have been
associated with cardiovascular risk factors like hypertension and the metabolic syndrome in
adolescents.14-17

We found that higher sugar sweetened beverage consumption was associated with higher
systolic blood pressure in adolescents. Our results are consistent with studies that suggest that
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fructose consumption may contribute to the pathogenesis of hypertension through its action
on serum uric acid.? Serum uric acid may raise systemic blood pressure by increasing renal
inflammation, activating the renin-angiotensin system, and decreasing nitric oxide production.
29 secondly, fructose feeding can acutely decrease urinary sodium excretion, thereby
potentially raising systemic blood pressure.39 Lastly, sugar sweetened beverage consumption
is associated with increased salt intake which may contribute to higher blood pressure.3! In a
referral based population, Feig et al found that children with primary hypertension had higher
serum uric acid than healthy controls.1> Using NHANES data, Goldstein et al found that
adolescents with higher serum uric acid had higher blood pressure.’ In the Bogalusa Heart
study, serum uric acid levels correlated with childhood systolic and diastolic blood pressure,
but results were unadjusted for age, sex, race, or BMI.14 Using the NHANES data, Ford et al
found that adolescents in the highest tertile of serum uric acid levels were more likely to have
high blood pressure and other components of the metabolic syndrome.16 In a cohort of healthy
adolescents, Savoca et al showed that those who had more caffeinated soda consumption had
higher systolic blood pressure;32 however, these observations by were not adjusted for age,
sex, BMI, caffeine intake, or smoking, thereby confounding their results.

The strength of this study is that it includes a nationally representative population of
adolescents, which increases generalizability. The study population was also large and
rigorously characterized, which allowed us to adjust for important potential confounding
factors, for which previous studies in children could not account, such as BMI, smoking,
alcohol, caffeine intake, and other dietary factors.

However, there are also limitations. 24-hour dietary recalls, although providing reliable
population means for intake,33 is not the best tool to estimate the usual diet as it only assesses
intake for one day. Food frequency questionnaires are a better measure of long-term patterns
of intake.34 We were unable to use the food frequency questionnaires for this study because
the food frequency questionnaires in NHANES 1999-2002 did not include sugar sweetened
beverage consumption.3> Random measurement errors from 24-hour dietary recall would
likely create a non-differential form of misclassification bias, which will bias against finding
an association between sugar sweetened beverage consumption and uric acid. This
misclassification bias may also diminish the observed effect size of the sugar sweetened
beverage consumption and systolic blood pressure association. At the same time, the p-value
for trend in the sugar sweetened beverages and systolic blood pressure association is very close
to the conventional threshold for statistical significance so it is possible that this is a false
positive association due to chance. Data on family history of gout or hypertension was not
collected in the NHANES surveys for participants less than 20 years old. The effect of family
history of gout and hypertension could affect serum uric acid and systolic blood pressure
through several potential pathways. Offspring of hypertensive parents have higher serum uric
acid and lower fractional excretion of uric acid than offspring of normotensive parents.36: 37
Secondly, offspring of hypertensive parents have higher blood pressure.38: 39 As families with
gout or hypertension may have shared environmental factors like dietary patterns, family
history may be a residual confounding variable we were unable to account for in our analysis.
Because of the cross-sectional study design, we can not demonstrate that it was the consumption
of sugar sweetened beverage which raised serum uric acid. However, it seems reasonable to
assume that higher serum uric acid or systolic blood pressure did not cause adolescents to drink
more sugar sweetened beverages.

The current study provides new information on how sugar sweetened beverage consumption
among adolescents may affect cardiovascular risk factors, namely serum uric acid and blood
pressure. Because this association does not appear to be modified by the presence or absence
of obesity, our data suggests that reducing the sugar sweetened beverage consumption will
have beneficial cardiovascular effects in adolescents, regardless of weight status.
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Figure 1.
Sample mean of serum uric acid with 95% confidence intervals by categories of sugar

sweetened beverage consumption adjusted for age, race/ethnicity, sex, total calories, BMI z-
score, alcohol, smoking, dietary fiber intake, diet beverage consumption, and milk
consumption. P for trend = 0.01
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