Excess Free Fructose Beverages and Allergy in Children
and Adolescents: Results From NHANES 2005-2006

Ruili Yu, MD"*

Bo Yang, MD**
Lili Cai, BS*
Xuechun Lu, MD>
Xueyan Wang, BS'

'Department of Allergy, Beijing Shijitan
Hospital, Capital Medical University,
Beijing, China

?Department of Hematology, Nanlou Divi-
sion & National Clinical Research Center
for Geriatric Disease, Chinese PLA General
Hospital, Beijing, China

3Department of Laboratory Medicine,
Nanlou Division & National Clinical Research
Center for Geriatric Disease, Chinese PLA
General Hospital, Beijing, China

*These authors contributed equally as
co-first authors.

Conflicts of interest: authors report none.

CORRESPONDING AUTHOR

Xueyan Wang, BS
Department of Allergy
Beijing Shijitan Hospital
Capital Medical University
Tieyi Rd 10, Handian District
Beijing 100038, China
xueyanwangxw@yeahmca.cn
btfywangxueyan@126.com

ABSTRACT

PURPOSE Our purpose was to investigate the relationship between intake of
excess free fructose beverages and allergy among children and adolescents.

METHODS We analyzed data of 860 children (aged 6 to 12 years) and 1,142
adolescents (aged 13 to 19 years) from the National Health and Nutrition Exami-
nation Survey 2005-2006. Logistic regression analyses were performed to deter-
mine the associations between consumption of excess free fructose beverages
and allergic symptoms or allergic sensitization.

RESULTS The pattern of findings was not entirely consistent, but some analyses
supported the hypothesis of an association between intake of excess free fructose
beverages and allergy. After controlling for the potential confounders, children
who consumed nondiet fruit drinks at least 5 times per week had a nearly 2.5-
fold greater odds of allergic sensitization than did those who consumed such
drinks only 1 to 3 times per month (OR = 2.446; 95% Cl, 1.583-3.780). Adoles-
cents who consumed excess free fructose beverages at least 5 times per week
or 1 to 4 times per week had about fivefold greater odds of presence of allergic
symptoms than did those who seldom consumed these beverages (OR = 5.164;
95% (I, 1.866-14.297 and OR = 4.112; 95% Cl, 1.857-9.107, respectively).
Adolescents who consumed apple juice at least 5 times per week had a twofold
greater odds of presence of allergic sensitization than did the seldom consumers
(OR = 2.215; 95% (I, 1.178-4.164).

CONCLUSIONS These findings provide some support for the hypothesis of a link
between intake of excess free fructose beverages and allergic symptoms or aller-
gic sensitization in children and adolescents.

Ann Fam Med 2018;16:408-418. https://doi.org/10.1370/afm.2292.

INTRODUCTION

he incidence of childhood allergies has been steadily increasing,
with far-reaching health and economic consequences. According to
a Centers for Disease Control and Prevention (CDC) report, the
prevalence of food allergies among children from birth to 17 years rose
from 3.4% in 1997-1999 to 12.5% in 2009-2011.! A 2013 study reported
that the annual average cost of care for a child with an allergy was $4,184,
and the annual cost per year for treatment of childhood food-related aller-
gies in the United States was $248 billion.> Globally, 3 million individuals
of all ages have asthma, and 4 million are diagnosed with allergic rhinitis.?
Although much research has explored the causes and mechanisms of
asthma among children, far fewer studies have addressed food-related
allergies among children and adolescents. One promising area of research
involves establishing a connection between exposure to intake of excess
free fructose in foods and beverages and subsequent development of
childhood allergies. A growing body of evidence indicates that excess
free fructose consumption in foods and beverages is directly linked to an
increased risk for metabolic disease.*®
The sweetener high-fructose corn syrup is found in thousands of foods
and beverages, mostly throughout the United States and other Western
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countries. In addition, the amount of dietary fructose
being consumed is steadily increasing, particularly
among younger populations. High-fructose corn syrup
can be manufactured to have variable amounts of fruc-
tose and is available in concentrations of up to 90%.¢”
Data from the National Health and Nutrition Examina-
tion Survey (NHANES) III study (1988-1994) of 21,483
adults and children aged 2 years or older showed that
daily fructose consumption increased dramatically dur-
ing the study years. For example, from 1988 to 1994,
mean daily fructose intake was 54.7 g/d (10.2% of total
daily caloric intake), compared with 37 g/d (8% of total
daily caloric intake) from 1977 to 1978. Fructose con-
sumption was highest among adolescents aged 12 to 18
years (72.8 g/d, or 12.1% of total daily calories). The
results also indicated that by 1994 more than 10% of
Americans' daily calories came from fructose.®

DeChristopher et al were among the first inves-
tigators to connect the intake of apple juice, fruit
drinks, and soda with the increasing incidence of
asthma in US children aged 2 to 9 years.”' Using
data from NHANES 2003-2006, the authors showed
that higher intake of excess free fructose beverages
was significantly associated with the development of
asthma in children aged 2 to 9 years. Thus, intake of
high free fructose beverages, such as apple juice and
beverages sweetened with high-fructose corn syrup
were tied to a higher incidence of asthma among chil-
dren. Importantly, the NHANES 2003-2004 survey
did not include a specific questionnaire on allergic
symptoms. Such a questionnaire that specifically
examined allergic symptoms was not included until
NHANES 2005-2006.

Moderate fructose consumption, or up to 50 g/d
(about 10% of daily energy intake), is believed to
have no adverse effects on lipid and glucose control,
and consuming up to 100 g/d does not affect body
weight.!"" The most common way to measure fructose
in foods and beverages is by mass spectrometry with
combined liquid and gas chromatography. Kits to
measure D-fructose and D-glucose in foods, originally
developed for measuring sugars in wines, are also
widely available.

According to Walker et al, there are no legal
requirements that food labels provide information on
glucose content in foods and beverages made with
high-fructose corn syrup, fruit juice concentrate, or
crystalline fructose, all ingredients that are increas-
ingly being added to foods and beverages. Lower
costs and easy commercial use are 2 reasons that the
percentage of high-fructose corn syrup continues to
rise in foods, soft drinks, and fruit juices.'*'® Fruit
juices are a common and often overlooked source of
high-fructose corn syrup. Apple juice is one of very

few foods that contain fructose in a relatively high
proportion to glucose (approximately a 2:1 ratio).'"* In
contrast, orange juice contains an approximately 1:1
ratio of fructose to glucose.

To augment results of earlier studies linking con-
sumption of excess free fructose beverages and asthma
in children, we designed a study to specifically investi-
gate possible associations between allergic sensitization
and the consumption excess free fructose beverages
among children and adolescents.

METHODS

Data Source
We used data from the Centers for Disease Control
and Prevention (CDC) and the National Center for
Health Statistics (NCHS) for NHANES 2005-2006.
We selected data only from the 2005-2006 survey,
because this data cycle uniquely included a question-
naire on allergic symptoms and serum immunoglobulin
E (IgE) testing.”

Because all NHANES data are deidentified, analysis
of the data does not require institutional board review
board approval or informed consent by all participants.

Study Population

A total of 10,348 participants were included in
NHANES 2005-2006. We limited our analysis to 3,433
children (aged 6 to 12 years) and adolescents (aged 13
to 19 years) with recent allergic symptoms. Those par-
ticipants without NHANES Food Frequency Question-
naire sample weight data were excluded. The final study
group included 860 children and 1,142 adolescents. We
separated the participants into groups of children and
adolescents because adolescents are assumed to have
greater accessibility to beverages and thus may have
greater exposure to excess free fructose than children.

Study Variables

The variables obtained for each participant included
demographic data (age, sex, race/ethnicity), associated
diseases (current asthma or history of asthma), lifestyle
factors (body mass index [BMI, kg/m?], a history of
smoking, secondhand smoke in the household, physical
activity), and dietary nutrients (total daily sugar, sodium,

fiber, folate, vitamins A, C, D, E, B, and B,,)."*"”

Dietary Nutrients

Information about daily intake of sugars and micro-
nutrients was obtained during in-person interviews
conducted by NHANES investigators.'® Detailed
dietary intake information for the 24 hours before the
interview was extracted, and total daily intake of sug-
ars and other micronutrient data (sodium, fiber, folate,
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and vitamins A, C, E, B, and B,,) were collected and
treated as continuous variables.

Excess Free Fructose Beverages

During in-person interviews, NHANES investigators
used the Food Frequency Questionnaire to collect infor-
mation on patterns of food and food group consumption
for each individual during the previous 12 months."® All
questions for very young participants were answered on
their behalf by their parents or guardians.

For our study, we concentrated on fructose and
extracted information on the frequency of intake of
apple juice, other nondiet fruit drinks, and nondiet
soft drinks. The average daily frequency of drinking
nondiet soft drinks during the past year was calcu-
lated by adding individual values in the summer and
the rest of the year. The NHANES specialized soft-
ware (Diet*Calc, the National Cancer Institute) uses
algorithms to assign frequencies to responses from
the Food Frequency Questionnaire. Data on intake of
excess free fructose beverages were combined as fol-
lows to establish new intervals for our analysis: intake
of less than 1 to 3 times per month (includes none) as
the reference group; intake 1 to 4 times per week; and
intake of 5 times per week.

To analyze the combined effects of intake of excess
free fructose beverages, the following algorithm from
DeChristopher et al was used: Intake frequencies for
apple juice, nondiet fruit drinks, and nondiet soft drinks
were assigned a value of 0.0 for 1 or fewer times per
month; 0.117 for 2 to 3 times per month; 0.357 for 1 to
4 times per week; and 1.0 for more 5 or more times per
week.”!” These values were combined to calculate aver-
age total daily intake of excess free fructose beverages.
For our statistical analyses we further recoded 1 or
fewer times per month and 2 to 3 times per month into
a single category, resulting in 3 groups (>1-3 times per
month, 1-4 times per week, and =5 times per week).

Laboratory Measures

Serum vitamin D (25-hydroxyvitamin D) data were
extracted based on “Vitamin D" from the NHANES
Laboratory Data Protocol.” For this study, the cut-

off value of serum vitamin D was categorized into

the following groups: sufficiency, 50-250 nmol/L;
insufficiency, 30-50 nmol/L; deficiency, <30 nmol/L.
C-reactive protein measurements were obtained from
NHANES laboratory data. Detailed descriptions of
these and other laboratory procedures can be found on

the NHANES Web page.?°

Allergic Symptoms
Data of allergic symptoms were obtained from the
personal household interview data on common allergic

diseases collected by the NHANES allergy component
(prefix AGQ). Participants who answered yes to any of
the following questions were defined as having allergic
symptoms:

1. "During the past 12 months, have you had any
allergy symptoms or an allergy attack>”

2. "During the past 12 months, have you had a
problem with sneezing, or a runny, or blocked nose
when you did not have a cold or the flu?"

3. "During the past 12 months, did a doctor or
other health professional tell you that you have a sinus
infection?”

4. "Have you ever had an itchy rash which was
coming and going for at least 6 months>” with “Have
you had this itchy rash at any time in the last 12
months?”

5. "During the past 12 months, have you had an
episode of hay fever?”

Allergic Sensitization
Serum samples were analyzed for total and allergen-
specific IgE using the ImmunoCAP 1000 System
(Pharmacia Diagnostics). A detailed description of the
laboratory method used can be found on the NHANES
2005-2006 Web page.*®

Allergic sensitization was defined as a positive spe-
cific IgE response (>0.35 kU/L) to at least 1 of the aller-
gens tested (the individual had to have information for
the full panel of 19 allergens from a previous study).?!

Statistical Analysis
Demographic, lifestyle, dietary, and laboratory data
were expressed as the weighted mean (standard error)
for continuous variables, or as a weighted percentage
for categorical variables. Differences in categorical
variables between the 2 study groups were determined
using the Rao-Scott ? test,*> whereas differences in
continuous variables were established with the Com-
plex Samples General Linear Model (CSGLM) (IBM
Corp). The CSGLM procedure performs linear regres-
sion analysis, as well as analysis of variance and covari-
ance, for samples drawn by complex sampling methods.
Analysis was performed individually for the total
of excess free fructose beverages consumed, which
included apple juice, nondiet fruit drinks, and non-
diet soft drinks. Univariate and multivariate logistic
regression analyses were performed to determine the
association between an individual's beverage intake
and allergic symptoms or allergic sensitization. All
analyses included Food Frequency Questionnaire
sample weights, strata, and primary sampling units,
according to the recommendations from the NCHS.
This approach addressed oversampling, nonresponse,
and noncoverage, and it provided nationally represen-
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tative estimates. All statistical assess-
ments were 2-sided, and significance
was established as P =.05. Statistical
analyses were performed with the
statistical software package SPSS
complex sample module version 22.0

(IBM Corp).

RESULTS

A total of 10,348 participants were
included in the NHANES 2005-
2006 database. The initial sample
population included 3,433 children
(aged 6 to 12 years) and adolescents
(aged 13 to 19 years) who had data of
allergic symptoms. After excluding
those who did not have Food Fre-
quency Questionnaire sample weight
data, a final group of 860 children
and 1,142 adolescents were included
in the analyses. Using NHANES
Food Frequency Questionnaire
sample weights, the analytic sample
size (n=2,002) was equivalent to

a population-based sample size of
57,094,348 participants (27,722,581
children and 29,371,767 adolescents).
Additional descriptive characteristics
of the study participants are shown
in Table 1.

Differences were seen between
the 2 age-groups in allergic symp-
toms and allergic sensitization.
Overall, 37.4% of the children and
42.7% of the adolescents had allergic
symptoms, whereas 40.0% of the
children and 43.9% of the adoles-
cents had allergic sensitization.

Significant differences were
also found between the 2 groups
in smoking, secondhand smoke
exposure, number of smokers in
the home, and amounts of dietary
sodium, total sugar, vitamins C, E,
B

vitamin D level.

, B, and folate, as well as serum
According to results from the
Rao-Scott x* test, allergic symp-
toms in children were significantly
associated with total consumption
of excess free fructose beverages

(P =.035) and intake of nondiet soft
drinks (P =.012), but they were not

Table 1. Demographic and Basic Characteristics of Children and
Adolescents From NHANES 2005-2006

Adolescents,

Children, 6-12 y 13-19y P
Characteristic (n =860) (n=1,142) Value
Demographic
Age, weighted mean (SE), y 8.99 15.82
(0.08) (0.13)
BMI, z score, weighted mean (SE)? 0.483 0.533 728
(0.114) (0.054)
Sex, weighted % .208
Male 52.5 47.0
Female 47.5 53.0
Race, weighted % .381
Mexican American 14.2 1.1
Other Hispanic 2.4 2.5
White 59.6 65.8
Black 15.0 14.9
Other 8.7 5.8
Asthma history, weighted % 776
Yes 18.4 19.6
No 81.6 80.4
Current asthma, weighted % .544
Yes 14.3 12.6
No 85.7 87.4
Lifestyles
Smoking, weighted % <.001°
Smoking 0.3 27.7
Nonsmoking 99.7 72.3
Secondhand smoke exposure, .002°
weighted %
Yes 1.7 19.3
No 88.3 80.7
Number of smokers at home, .021°
weighted %
0 88.8 80.8
1 5.5 7.6
2 5.1 9.8
3 0.6 1.8
MET score, weighted mean (SE)© 3,863.78 (337.11) NA
Dietary nutrients, weighted
mean (SE)
Sodium,mg 3,013.42 (61.66) 3,560.90 (96.82) <.001°
Total sugar, g 133.09 (3.35) 150.61 (3.83) .003°
Vitamin A, mg 612.00 (32.95) 576.77 (25.85) .257
Vitamin C, mg 76.49 (3.26) 88.69 (3.98) 0270
Vitamin E, mg 5.72 (0.23) 6.70 (0.30) .017°
Vitamin Bs, mg 1.63 (0.05) 1.96 (0.06) <.001°
Vitamin By, mg 4.77 (0.22) 5.73 (0.26) 021
Fiber, g 13.41 (0.40) 13.76 (0.53) .383
Folate, mg 373.58 (10.65) 408.46 (13.21) 0140
continues

BMI = body mass index; MET = metabolic equivalent of task; NA = not available.

Note: Data were weighted according to the National Health and Nutrition Examination Survey protocol.
2BMI for age charts.

b Significant difference between the 2 groups.

<For participants aged 12 years or older.
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Table 1. Demographic and Basic Characteristics of Children and
Adolescents from NHANES Cycle 2005-2006? (continued)
Adolescents,
Children, 6-12 y 13-19y P
Characteristic (n =860) (n=1,142) Value
Laboratory measures
Creactive protein, weighted 0.29 (0.10) 0.17 (0.02) .219
mean (SE), mg/dL
Serum vitamin D level, <.001¢
weighted %-¢
Sufficiency 83.2 70.4
Insufficiency 15.9 23.1
Deficiency 0.9 6.5
Allergic symptom, weighted % .108
Yes 37.4 42.7
No 62.6 57.3
Allergic sensitization, weighted % 135
Yes 40.0 43.9
No 60.0 56.1
BMI = body mass index; MET = metabolic equivalent of task; NA = 7.
2Data were weighted according to the National Health and Nutrition Examination Survey protocol.
b BMI for age charts.
<Significant difference between the 2 groups.
dFor participants 12 years or older.

associated with intakes of apple
juice and nondiet fruit drinks alone
(Figure 1). Allergic sensitization was
associated with intake of nondiet
fruit drinks in children (P < .001;
Figure 2). Moreover, there was a
statistically significant association
between the allergic symptoms and
total consumption of excess free
fructose beverages (P =.005; Fig-
ure 3), as well as between allergic
sensitization and apple juice intake
(P=.001; Figure 4) in adolescents.
Intake of excess free fructose
beverages for children and adoles-
cents is shown in Table 2. Overall
there were no significant differences
between children and adolescents in
total intake of excess free fructose
beverages, apple juice, and nondiet
fruit drinks. A ¥? test did reveal
significant differences, however,
for nondiet soft drinks (P =.013).
The percentage of adolescents who

Figure 1. Allergic symptoms in children and consumption of excess free fructose beverages.
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Note: Allergic symptoms in children were significantly associated with total excess free fructose beverage intake (P = .035) and nondiet soft drink intake (P =.012), but
not with consumption of apple juice and nondiet fruit drinks alone.
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Figure 2. Allergic sensitization in children and consumption of excess free fructose beverages.

A. Total excess free fructose beverages
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Note: Allergic sensitization in children was significantly associated with nondiet fruit drink intake (P < .001).

Figure 3. Allergic symptoms in adolescents and

consumption of excess free fructose beverages.

A. Total excess free fructose beverages
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Note: Allergic symptoms in adolescents were significantly associated with total excess free fructose beverage intake (P = .005).
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Figure 4. Allergic sensitization in adolescents and consumption of excess free fructose beverages.
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Note: Allergic sensitization in adolescents was significantly associated with apple juice intake (P =.001).

drank nondiet soft drinks 5 times or
more per week was much higher than
that of the percentage of children
(73.2% vs 57.7%).

Table 3 shows the associations
between consumption of excess free
fructose beverages and allergic symp-
toms and allergic sensitization in
children. After adjusting for age, sex,
race, BMI z-score, cigarette smoking,
secondhand smoke exposure, dietary
nutrients including sodium, total sug-
ars, vitamins A, C, E, B¢, and B,,, fiber,
folate, C-reactive protein level, serum
vitamin D level, asthma history and
current asthma, excess free fructose
beverage consumption (total excess
free fructose beverages, apple juice,
nondiet fruit drinks, and nondiet
soft drinks) was not associated with
allergic symptoms in children. After
adjusting for the confounders, how-
ever, children who consumed nondiet
fruit drinks at least 5 times per week
had a nearly 2.5-fold greater odds of

Table 2. Intake of Excess Free Fructose Beverages for Children
and Adolescents From NHANES 2005-2006

Children, 6-12 y  Adolescents, 13-19 y

(n =860) (n=1,142)
Characteristic No. (%) No. (%)? P Value
Total EFF beverages
1-3/mo 43 (6.9) 62 (9.1) 117
1-4iwk 71 (9.6) 56 (4.9)
>5/wk 746 (83.6) 1,024 (86.0)
Apple juice
1-3/mo 437 (54.5) 611 (62.7) 130
1-4iwk 246 (28.5) 308 (23.8)
>5/wk 171 (17.0) 220 (13.5)
Nondiet fruit drinks
1-3/mo 315 (45.0) 448 (45.9) 279
1-4/wk 262 (32.2) 312 (26.3)
>5/wk 251 (22.7) 340 (27.8)
Nondiet soft drinks
1-3/mo 142 (20.6) 131 (13.7) 0130
1-4iwk 190 (21.7) 138 (13.1)
>5/wk 481 (57.7) 826 (73.2)

EFF = excess free fructose; NHANES = National Health and Nutrition Examination Survey.
Note: Data were weighted according to the NHANES protocol.

2 Weighted percentage.
b Significant difference between the 2 groups.
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Sensitization in Children

Table 3. Associations Between Intake of Excess Free Fructose Beverages and Allergic Symptoms and

Allergic Symptoms

Allergic Sensitization

Excess Free Fructose
Beverage Intake

Univariate
Crude ORs (95% CI)

Multivariate?
Adjusted ORs (95% Cl)

Multivariate?
Adjusted ORs (95% Cl)

Univariate
Crude ORs (95% CI)

Total
1-4/wk vs 1-3/mo
>5/wk vs 1-3/mo
Apple juice
1-4/wk vs 1-3/mo
>5/wk vs 1-3/mo
Nondiet fruit drinks
1-4/wk vs 1-3/mo
>5/wk vs 1-3/mo
Nondiet soft drinks
1-4/wk vs 1-3/mo
>5/wk vs 1-3/mo

3.933 (0.874-17.698)
3.589 (1.030-12.501)

0.899 (0.605-1.334)
1.752 (0.849-3.617)

1.217 (0.862-1.718)
1,510 (0.699-3.264)

2.283 (1.157-4.505)°
1.960 (1.234-3.114)°

3.676 (0.561-24.070)
3.433 (0.725-16.246)

0.914 (0.590-1.418)
2.060 (0.833-5.094)

1.051 (0.621-1.782)
1.496 (0.554-4.041)

2.272 (0.881-5.859)
1.873 (0.968-3.622)

1.750 (0.511-5.989)
1.070 (0.440-2.602)

1.344 (0.464-3.894)
0.873 (0.371-2.057)

0.748 (0.433-1.293)
1.163 (0.504-2.685)

0.697 (0.410-1.186)
0.994 (0.461-2.146)

0.671 (0.381-1.182)
2.636 (1.709-4.067)°

0.576 (0.300-1.105)
2.446 (1.583-3.780)°

1.269 (0.575-2.804)
0.945 (0.484-1.847)

1.204 (0.424-3.415)
0.891 (0.378-2.100)

BMI = body mass index; OR = odds ratio.

bp <.05.

2 Adjusted for age, sex, race, BMI z score, smoking, secondhand smoke, dietary intakes, including sodium, total sugars, vitamin A, vitamin C, vitamin E, vitamin Bs, vita-
min By, fiber, folate, Greactive protein, serum vitamin D level, asthma history, and current asthma.

allergic sensitization than did those who consumed
these beverages 1 to 3 times per month (OR =2.446;
95% CI, 1.583-3.780).

The association between excess free fructose bev-
erage consumption and allergic symptoms was stronger
in adolescents after adjusting for age, sex, race, BMI
z-score, smoking, secondhand smoke exposure, physi-
cal activity, dietary nutrients including sodium, total
sugars, vitamin A, C, E, B, B,,, fiber, folate, C-reactive
protein level, serum vitamin D level, asthma history,
and current asthma. Adolescents who consumed excess
free fructose beverages at least 5 times per week or 1
to 4 times per week had about fivefold greater odds
of allergic symptoms than did those who consumed
excess free fructose beverages only 1 to 3 times per
month, after controlling for potential confounding
variables (OR =5.164; 95% CI, 1.866-14.297; and
OR=4.112; 95% CI, 1.857-9.107, respectively). In addi-
tion, adolescents who consumed apple juice at least 5
times per week had twofold greater odds of response
of allergic sensitization than did those who consumed
only 1 to 3 times per month after adjusting the con-
founders (OR=2.215; 95% CI, 1.178-4.164) (Table 4).

DISCUSSION

The results of this study indicate a pattern suggest-
ing there may be an association between allergic
symptoms, allergic sensitization, and consumption

of excess free fructose beverages. Because the find-
ings do not show a consistent pattern, however, these

results must be considered hypothesis generating
rather than definitive.

Among children aged 6 to 12 years, those who
were heavy consumers of nondiet fruit drinks had 2.5
times increased odds of having allergic sensitization
compared with those who seldomly consumed nondiet
fruit drinks. Among adolescents 13 to 19 years of age,
the association was even stronger. Heavy consumers of
apple juice had 2 times increased odds of having aller-
gic sensitization than were seldom consumers. Heavy
and moderate consumers of excess free fructose bever-
ages had about 5 times and 4 times increased odds,
respectively, of having allergic symptoms than did
seldom consumers.

A number of previous studies have evaluated the
link between consumption of sugary drinks and devel-
opment of allergies during childhood and adolescence
and have targeted fructose in particular. Why target
fructose? Fructose is sweeter than glucose or sucrose,
and in soft drinks and other sweet foods, fructose
rewards sweet taste and delivers calories while provid-
ing little nutrition.?®* Bovard also attributes the popular-
ity of fructose partly to its sweetness, because fructose
is approximately twice as sweet as glucose.?* In the
context of foods containing high-fructose corn syrup,
less fructose is required to achieve the same sweetness
of sucrose—a key factor driving its popularity and
status as a preferred sweetener among US food manu-
facturers. Walker and colleagues add that increasingly
larger serving sizes, higher daily consumption rates of
fruit juices, and the increasingly common use of fruit
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Table 4. Associations Between Intakes of Excess Free Fructose Beverages and Allergic Symptoms and
Allergic Sensitization in Adolescents

Allergic Symptoms

Allergic Sensitization

Excess Free Fructose
Beverage Intake

Univariate
Crude ORs (95% CI)

Multivariate?

Adjusted ORs (95% Cl)

Univariate

Crude ORs (95% Cl)

Multivariate?

Adjusted ORs (95% Cl)

Total
1-4/wk vs 1-3/mo
>5/wk vs 1-3/mo
Apple juice
1-4/wk vs 1-3/mo
>5/wk vs 1-3/mo
Nondiet fruit drink
1-4/wk vs 1-3/mo
>5/wk vs 1-3/mo
Nondiet soft drink
1-4/wk vs 1-3/mo
>5/wk vs 1-3/mo

2.071 (0.894-4.799)
3.006 (1.356-6.664)°

1.370 (0.626-3.002)
1.622 (0.920-2.862)

1.304 (0.841-2.021)
1.276 (0.763-2.131)

1.569 (0.749-3.288)
1.664 (0.882-3.139)

4.112 (1.857-9.107)

5.164 (1.866-14.297)°

1.520 (0.535-4.322)
1.764 (0.896-3.473)

1.308 (0.955-1.792)
1.426 (0.741-2.747)

2.053 (0.499-8.454)
1.893 (0.845-4.238)

1.673 (0.445-6.287)
1.965 (0.312-12.364)

1.664 (1.191-2.326)
2.444 (1.433-4.170)°

0.880 (0.511-1.514)
0.926 (0.598-1.435)

1.010 (0.460-2.216)
0.852 (0.412-1.761)

7.135 (0.901-56.529)
3.766 (0.977-14.513)

1.506 (0.969-2.338)
2.215 (1.178-4.164)

1.224 (0.717-2.092)
0.936 (0.421-2.080)

1.406 (0.304-6.500)
1.011 (0.453-2.261)

BMI = body mass index; OR = odds ratio.

bp <.05.

2 Adjusted for age, sex, race, BMI z-score, smoking, secondhand smoke, physical activity, dietary intakes, including sodium, total sugars, vitamin A, vitamin C, vitamin
E, vitamin Bg, vitamin By, fiber, folate, Greactive protein, vitamin D, asthma history, and current asthma

juice concentrate or high-fructose corn syrup in these
products may cause a greater-than-expected daily
intake of fructose. These authors tested a number of
popular soft drinks, as well as fruit juices, to determine
the fructose content.”> They found that commercial
fruit juices, such as Minute Maid and Juicy Juice 100%
Apple Juice, had the highest fructose-to-glucose ratios,
and contained twice as much fructose as glucose.

The mechanisms by which high levels of excess
free fructose ingestion may ultimately lead to develop-
ment of food allergies among children and adolescents
is still being debated. As mentioned earlier, DeChris-
topher and colleagues suggest that the association
between asthma and intake of soft drinks may actually
be caused by unpaired (excess) free fructose found in
high-fructose corn syrup-containing drinks.”!° In one
study, using a rigorous food elimination diet, a method
recommended by the National Institute of Allergy and
Infectious Diseases to reliably assess food sensitivity,?
it was found that high-fructose corn syrup is associated
with chronic airway mucus hypersecretion, chronic
bronchitis, and asthma. This finding led to the fructosi-
tis hypothesis, suggesting that consumption of unpaired
free fructose contributes to the in situ formation of
proinflammatory advanced glycation end products
resulting from fructose malabsorption. Fruit drinks are
included in the hypothesis because sources of unpaired
(excess) free fructose include apple juice, fruit drinks,
apples, pears, watermelons, mangoes, and agave syrup.'?
With high levels of unabsorbed fructose and favorable
alkaline conditions in the upper intestine, unabsorbed

fructose glycates partially digested dietary proteins and
converts them into antigens, or in situ intestinal forma-
tion of advanced glycation end products (enFruAGEs).
These antigens can then produce proinflammatory
signaling, leading to airway mucus hypersecretion and
promotion of respiratory symptoms.2°

Glucose and fructose are metabolized differently.
Absorbed fructose is extracted by and held and pro-
cessed in the liver. Glucose absorbed or produced in
the liver from fructose or other precursors is either
metabolized in the liver or exported to the blood-
stream and also to extrahepatic tissues. According to
Bray, fructose is poorly absorbed from the gastroin-
testinal tract and almost entirely cleared by the liver,
and by phosphorylation, which bypasses the limiting
phosphofructokinase step, and hepatic processing of
fructose favors lipogenesis.?* Several authors have
found changes in circulating lipids among partici-
pants ingesting high-fructose diets."?*?” To track the
metabolic route of dietary fructose, Sun and Empie
used isotopic tracer labeling and reviewed the litera-
ture as well.?® These authors found that a substantial
amount of ingested fructose is oxidized by the body
to produce energy. Under resting conditions fructose
may be preferentially or similarly used to produce
energy as glucose, whereas under exercise conditions,
glucose seemed to be more preferentially used to pro-
duce energy. When fructose and glucose are ingested
together, the mixed sugars are oxidized faster than
either alone. Sun and Empie also noted that fructose
metabolism may be very different between normal
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and obese individuals. Much remains to be investi-
gated, including the mechanisms for the small amount
of fructose (1%) that is directly converted to plasma
triglycerides.

Another team of researchers has proposed a “false-
alarm” hypothesis for the connection between high-
fructose ingestion and development of food allergies.
In this hypothesis, advanced glycation end products
derived from cooked meats, oils, and cheeses, as well as
highly concentrated sugars, lead to a misinterpretation
of a threat from dietary allergens, promoting devel-
opment of food allergy.?” Thus, according to Smith
et al, dietary advanced glycation end products and
advanced-glycation end-product—forming sugars or
other alarmins might be the missing link between cur-
rent models of food allergy and the dramatic increase
in food allergy in Western countries.”

Strengths and Limitations

To our knowledge, this study is the first to investi-

gate the link between excess free fructose beverage
consumption and childhood allergy. One strength

of our study was the use of the NHANES database.
This benchmark national health survey is one of the
few population-based surveys available. Investigators
are rigorously trained, and specific collection of data
ensures high response rates from participants. Because
this analysis was conducted using a nationally repre-
sentative sample, our results could be generalized to
the entire US population. Our study did have a few
limitations. Because it was a cross-sectional analysis, we
could not make any inferences on causality. In addition,
interview (questionnaire) data are based on self-report,
which may be influenced by recall problems, misunder-
standing of questions, and a variety of other factors.
Importantly, the lack of a convincing dose-response
effect, as well as the variable pattern of associations,
including some associations that become nonsignificant
in multivariable analyses, argue for caution in interpret-
ing the causality of the observed associations, which
also could be due to unmeasured confounding.

The general pattern of the findings provides some
evidence for the hypothesis that there may be a link
between intake of excess free fructose beverages and
allergic symptoms and allergic sensitization in children
and adolescents. The mechanisms point to the hypoth-
esis that enFruAGE may be a contributor. Further lon-
gitudinal studies are needed to confirm the causality
and to clarify the underlying mechanisms.

To read or post commentaries in response to this article, see it
online at http://lwww.AnnFamMed.org/content/16/5/408.
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