
The Impact of 
Beverages on 
Ingestive Behavior

Shanon L. Casperson

www.mdpi.com/journal/nutrients

Edited by

Printed Edition of the Special Issue Published in Nutrients

nutrients



The Impact of Beverages on Ingestive
Behavior





The Impact of Beverages on Ingestive
Behavior

Special Issue Editor

Shanon L. Casperson

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade



Special Issue Editor

Shanon L. Casperson

USDA-ARS

USA

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Nutrients

(ISSN 2072-6643) from 2017 to 2018 (available at: https://www.mdpi.com/journal/nutrients/

special issues/beverage ingestive)

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03897-812-1 (Pbk)

ISBN 978-3-03897-813-8 (PDF)

c© 2019 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Special Issue Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to “The Impact of Beverages on Ingestive Behavior” . . . . . . . . . . . . . . . . . . . . ix

Terryl J. Hartman, Regine Haardörfer, Brenda M. Greene, Shruti Parulekar and

Michelle C. Kegler

Beverage Consumption Patterns among Overweight and Obese African American Women
Reprinted from: Nutrients 2017, 9, 1344, doi:10.3390/nu9121344 . . . . . . . . . . . . . . . . . . . 1

Anneleen I Decloedt, Anita Van Landschoot, Hellen Watson, Dana Vanderputten and

Lynn Vanhaecke

Plant-Based Beverages as Good Sources of Free and Glycosidic Plant Sterols
Reprinted from: Nutrients 2018, 10, 21, doi:10.3390/nu10010021 . . . . . . . . . . . . . . . . . . . 10

Manuela Rigo, Jane Willcox, Alison Spence and Anthony Worsley

Mothers’ Perceptions of Toddler Beverages
Reprinted from: Nutrients 2018, 10, 374, doi:10.3390/nu10030374 . . . . . . . . . . . . . . . . . . . 28
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Preface to “The Impact of Beverages on Ingestive

Behavior”

Today, the number of beverage choices in the supermarkets is greater than at any other time

in our history. We know from the growing body of literature that beverage choice has a substantial

impact on metabolism, food reinforcement, and eating behaviors. Accounting for 17 to 19 percent of

total caloric intake, what we drink can be as important to our health as what we eat. This collection

showcases original articles from research groups around the world (i.e., United State of America,

Australia, China, Spain, France) that provide insight into our perceptions, intake patterns, and

post-ingestive consequences related to the beverages we consume. The variety of the topics and

the interdisciplinary content will appeal to a large audience. Specifically, clinicians will be able to

utilize these findings to better develop nutritional interventions to implement in their daily practice,

and researchers will be able to build on the outcomes in future studies.

Shanon L. Casperson

Special Issue Editor
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Abstract: The goal of this research was to assess patterns of beverage consumption and the
contribution of total beverages and classes of beverages to overall energy intake and weight status.
We conducted an analysis in a community-based study of 280 low-income overweight and obese
African American women residing in the rural South. Participants provided baseline data including
demographic characteristics, weight and two 24-h food and beverage dietary recalls. Mean energy
intake from beverages was approximately 273 ± 192 kcal/day or 18.3% of total energy intake.
The most commonly reported beverage was plain water, consumed by 88.2% of participants, followed
closely by sweetened beverages (soft drinks, fruit drinks, sweetened teas, sweetened coffees and
sweetened/flavored waters) consumed by 78.9% of participants. In multiple regression analyses total
energy and percent energy from beverages and specific categories of beverages were not significantly
associated with current body mass index (BMI). It is widely accepted that negative energy balance
may lead to future weight loss. Thus, reducing consumption of beverages that contribute energy but
not important nutrients (e.g., sugar sweetened beverages) could be an effective strategy for promoting
future weight loss in this population.

Keywords: beverages; sugar sweetened beverages; overweight; obesity

1. Introduction

It is estimated that over one-third of all U.S. adults are obese. However, substantial disparities
exist among racial/ethnic minorities [1]. For example, approximately 56.9% of adult African American
women are obese compared to 45.7% of Hispanic and 35.5% of Caucasian women [2]. Obesity
and weight gain and their accompanying metabolic abnormalities have been linked to several
chronic diseases including cardiovascular disease, type 2 diabetes and cancer at several sites [3].
Energy-containing beverages could promote weight gain because they are substantial sources of
energy in the U.S. diet [4]. In nationally representative data, Storey and colleagues [5] and more
recently, Han and Powell [6] reported that beverage consumption by adults varied by race/ethnicity,
socioeconomic status, age and sex. Overall, for women, beverage energy intake peaked at ages
20–39 years contributing approximately 19% of total energy intake, or 380 kcal/day. Han and Powell [6]
observed that mean beverage energy intake ranged from 362 kcal/day among Mexican American
women and was highest among African American women at 405 kcal/day. Racial minorities were more
likely to report consuming more sugar sweetened beverages overall, and among children, adolescents

Nutrients 2017, 9, 1344; doi:10.3390/nu9121344 www.mdpi.com/journal/nutrients1
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and adults [6]. Added sugar is one factor which could contribute to obesity and related chronic
diseases, thus, sugar-sweetened beverages, the largest source of added sugar in the diet of the US
population, have been a major focus of obesity prevention efforts [7].

The objective of the present study was to describe the contribution of total beverages and classes
of beverages, particularly sugar sweetened beverages, to overall energy intake and to evaluate the
associations between beverage consumption and body mass index (BMI) in a population of overweight
and obese African American women.

2. Materials and Methods

2.1. Population and Data Collection

The Healthy Homes/Healthy Families (HHHF) study is a randomized controlled intervention
trial designed to test the effectiveness of home-based coaching to promote healthier home food and
physical activity environments for weight gain prevention. Details of the study and data collection
procedures have been reported [8]. The trial, developed by the Emory Prevention Research Center
(EPRC) in partnership with the Cancer Coalition of South Georgia and the EPRC Community Advisory
Board (CAB) followed a community based participatory research model. The CAB is comprised of
residents of southwest Georgia representing local organizations such as churches, businesses, health
departments, and civic organizations.

All data collection procedures for HHHF were approved by the Institutional Review Board at
Emory University and participant verbal informed consent was obtained by telephone. Overweight
and obese (body mass index ≥ 25) female participants ages 35–65 were recruited from February 2011
to December 2012 from nine southern Georgia clinic sites affiliated with three federally qualified health
centers. Eligible individuals had to speak English, live with at least one other person, and reside within
30 miles of a participating community health center. We excluded those with contraindications for a
medically unsupervised intervention that focused on healthy eating and physical activity to promote
weight gain prevention (e.g., pregnant women). Trained interview staff collected data by telephone at
baseline, six and 12 months. Participants provided demographic (e.g., age, educational status, income,
residence, number of children living in the household–defined as sleeping in that home at least three
nights per week) and health-related information including physical activity, anthropometry (height in
feet and inches and weight in pounds used to calculate body mass index–BMI kg/m2), completed a
series of home food environment questions, and completed two 24-h dietary recalls (one week and one
weekend day) at each time point. The data included in the present report are from baseline, prior to
any intervention, and include only overweight and obese African-American participants (n = 280).

2.2. Dietary Assessment

Dietary data were collected on one weekday and one weekend day on unannounced,
non-consecutive days using the Nutrition Data System for Research (NDSR, Version 2010, Nutrition
Coordinating Center, University of Minnesota, Minneapolis, MN, USA). Participants were mailed
a printed food booklet to assist them when estimating portion sizes for foods and beverages. Data
were cleaned by examining 100% of foods, records, and meal quality assurance reports produced by
NDSR. Reports were reviewed for irregular food and beverage weights, total energy and fat amounts;
database minimum/ maximum amount flags; and food detail notes. Missing foods were resolved by
comparing nutrients to product nutrition labels per product websites. Nutrient values were compared
to similar NDSR entries and matched by the following set of nutrient tolerances per 100 g of food:
85 kcal; 2.5 g of fat; 100 mg of sodium; 10 g of carbohydrates; 5 g of protein. Results from the two days
of intake were averaged. Aggregate beverage groups and nutrients of interest contributed by beverage
groups were calculated from the NDSR dietary intake data Food Group Serving Count File and Food
File with online guidance from the developers. We grouped beverages into the following categories:
100% fruit/vegetable, milk unsweetened, non-dairy milk, sweetened/flavored milk, sugar sweetened
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(soft drinks, fruit drinks, sweetened teas, coffees and waters), artificially sweetened, unsweetened (tea,
coffee), alcohol, and water (without additions). Non-alcoholic substitutes were rarely consumed and
were not included. Meal replacement drinks were considered “food” and were not included. For the
aforementioned categories we determined any/no consumption (number, % any) and calculated both
volume (mL) and energy (kcal) estimates of absolute intake, percent total beverage volume (%), and
percent total energy contribution (%). For analyses, we excluded participants with only one recall
or who reported dietary intakes <400 or >5000 kcal total energy/day (adapted from guidelines by
Willett [9]).

2.3. Statistical Analyses

Statistical analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Analyses
included 280 participants with complete data. Initial analyses examined the distribution of the
beverage and other variables and evaluated distributions and potential outliers. In univariate
analyses we evaluated the association between demographic characteristics with total beverage
intake as servings, absolute volume (mL), absolute energy (kcal) and percent energy contributed by
beverages (%). The associations between demographic and lifestyle characteristics with beverage
groups (Table 1) are reported as a percentage of participants who reported consuming any of the
category. In subsequent univariate analyses we evaluated the association between groups of beverages
with overweight/obesity reflected by categories of body mass index (BMI-kg/m2) (Table 2). For these
analyses, within each beverage group, we included only those respondents who were consumers.
Results are reported as means with standard deviations (SD) (for continuous data) or number and
percent (for categorical data) by strata of participant characteristics of interest. Multivariate linear
and multinomial regression models were constructed with BMI as the outcome variable coded as
continuous and categorically (overweight, obese, morbidly obese), respectively. The results of the
multivariate linear and multinomial regression analyses were similar; thus, only the multivariate linear
results are presented in results. We evaluated the associations for BMI with total beverage energy
variables (continuous total beverage energy (kcal) and % energy from beverages). We also evaluated
the associations among BMI with a priori selected grouped beverage variables (continuous 100%
fruit/vegetable juices, dairy/non-dairy milks, sugar sweetened beverages, and alcohol) entered into
models either as absolute beverage energy (kcal) or percent total energy (%kcal). Results (beta, standard
errors (SE) and p-values) are reported for all variables under consideration with model fit statistics
(total r-squared) reported separately. In sensitivity analyses we repeated the above regression analyses
for a reduced sample (n = 244) which eliminated participants reporting <24 oz. total beverage/day
and were considered potential beverage under-reporters. The results for the reduced sample were
similar to the overall results; thus, the full sample results are presented throughout. All statistical tests
were two-sided and p-values < 0.05 were considered statistically significant.

3. Results

Table 1 presents total and grouped beverage consumption by demographic and lifestyle
characteristics of the population. Overall, in this population of overweight and obese African American
women mean energy intake from beverages was approximately 273 ± 192 kcal/day or 18.3% of total
energy intake. The most commonly reported beverage was plain water, consumed by 88.2% of
participants, followed closely by sweetened beverages (soft drinks, fruit drinks, sweetened teas,
sweetened coffees and sweetened/flavored waters) consumed by 78.9% of participants. Unsweetened
beverages (tea, coffee, not including water) and artificially sweetened beverages (diet soft drinks, diet
fruit drinks, diet tea and diet coffee beverages) were reported by 46.8% and 29.3% of participants,
respectively. Milk consumption (without additions) was reported by 68.2% of participants, overall.
Study participants who were younger, lived with children, and had more education tended to report
greater energy intakes from beverages either for absolute intake (kcal/day) or relative to total energy
intake (i.e., percentage of energy intake). Morbidly obese participants reported more absolute energy
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contributed by beverages (~300 kcal/day) than either obese or overweight (249 and 278 kcal/day,
respectively) participants; however, percentage of energy intake from beverages was similar for
overweight (19.9%) and morbidly obese (19.3%) participants. Obese participants reported 17.1%
of energy from beverages. There were no significant differences in the percentage of participants
reporting any (v. no) consumption of sweetened beverages by strata of demographic characteristics.
Table 2 presents mean beverage consumption for categories of beverages among consumers with
results stratified by BMI (overweight, obese, morbidly obese). Among participants who reported
consuming sugar sweetened beverages, those who were morbidly obese reported the highest daily
energy intakes from beverages (187 kcal) compared to overweight (161 kcal) and obese participants
(150 kcal). Morbidly obese participants also reported a lower percentage of their total beverage intake
as water (48.8% total volume (mL)) compared to either overweight (53.4%) or obese (51.7%) participants.
In multiple regression analyses total energy from beverages and percent energy from beverages were
not significantly associated with BMI modeled as a continuous outcome (Table 3). Similarly, no clear
patterns emerged for energy intake from beverages in multinomial regression models where BMI was
considered as a categorical outcome variable [10]. Finally, in multivariate regression models, none of
the a priori selected grouped beverage variables were associated with BMI as a continuous outcome
(Table 3) or as a categorical outcome [10].
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4. Discussion

In this population of low-income overweight and obese African American women mean beverage
energy intake was 272 (±195) kcal/day or approximately 18% of total daily energy intake. The most
commonly consumed beverages were water (88.2%), sugar sweetened beverages (78.9%) and milk
without additions (68.2%).

Daily consumption of sugar sweetened beverages was common across all demographic
characteristics considered in our analyses. Approximately 79% of our participants reported consuming
sugar sweetened beverages, similar to the 82% observed by Bleich [11] among US Non-Hispanic Black
adults. Although consumption was more common among overweight than obese participants in our
study, among consumers, mean energy intake (kcal/day) from sugar sweetened beverages was highest
among the morbidly obese (187 ± 135 kcal/day). This value exceeds the American Heart Association’s
recommendation for no more than 100–150 kcal/day from all added sugar [12]. For those who were
morbidly obese and reported consuming sugar sweetened beverages, 38% of their total fluid intake
was from sugar sweetened beverages.

In multivariate regression analyses we did not observe any associations between intakes of
energy-contributing beverages (total), sugar sweetened beverages, or other categories of beverages with
current weight. However, based on our data, we cannot reject the possibility that energy-containing
beverages could be a contributing factor to future weight gain. In a randomized controlled crossover
design including 44 women, DellaValle et al. [13] observed that energy-containing beverages consumed
with a meal added to energy intake without significantly affecting satiety. Similarly, a recent systematic
review concluded that energy consumed in liquid form is more difficult to offset in subsequent meals
and could promote positive energy balance [7]. Energy intakes from sugar sweetened beverages of the
magnitude reported in this study (e.g., 1000–1300 kcal/week), which appear relatively modest, could
lead to weight gain on the order of one or more pounds per month in the context of overall energy
intakes above the requirements for weight maintenance. In addition, a growing body of research
suggests that regular consumption of sugar sweetened beverages may be associated with incidence of
cardiometabolic disease, independent of obesity [14].

Previous research of the relationship between sugar sweetened beverage consumption and weight
among adults has been summarized in a number of recent comprehensive reviews. A systematic
review of sugar-sweetened soft beverages and obesity by Gibson [15] concluded that the effect
of sugar sweetened beverages on obesity among adults was likely small except in susceptible
individuals or at very high intakes. Gibson [15] described results from six previous reviews of
sugar sweetened beverages and obesity; two citing the evidence as strong, one probable, and three
inconclusive or negligible. Notably, in prospective studies the strongest associations between sugar
sweetened beverage consumption and increases in weight have been observed among participants
who increased their consumption over time compared to those who maintained either a high or a low
consumption. Another recent review focusing on the evidence of common beliefs in obesity research
stated that although increased consumption of energy-contributing beverages tends to be coupled
with increased total energy intake, associations with BMI have rarely been observed [16]. In contrast,
Hu [17] concluded that when all the evidence is considered, the relationship between consumption
of sugar sweetened beverages and weight is modest but compelling and important from a public
health perspective.

Beverage intakes are of interest beyond the contribution to energy intake. Milk is a source of
key nutrients, including calcium and vitamin D, and in some emerging research has been linked
with cardiovascular health benefits [18,19]. In contrast to our results where more than 2/3 of
participant reported consuming milk, in nationally representative data for Non-Hispanic Black adults
for 1999–2004, Bleich and colleagues [11] reported that only 31% of those ages 20–44 consumed milk
on any given day (data were not stratified by gender). Vitamin C, a water-soluble antioxidant, is an
essential nutrient with well-established roles in a number of biological processes including immune
function, collagen synthesis, and protein metabolism. There is at least some evidence that citrus juices
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may have potential benefits for chronic disease prevention [17,18]. 100% fruit and vegetable juices,
important contributors to vitamin C and phytochemical intake, were consumed by 40% of respondents
in our study. In the study by Bleich et al. [11] 24% of Non-Hispanic Black adults 20–44 years old
reported consuming 100% fruit and vegetable juices.

This research had several strengths. We report results for consumption of total beverage and
categories of beverages among a unique population of low-income overweight and obese African
American women in South Georgia. Demographic data and two days of beverage intake data were
collected and processed by trained staff using standardized methods. Despite these strengths, there
are several limitations with our study. This population was recruited as part of an intervention study
focusing on weight management; therefore, all of the participants were overweight or obese, and the
results may not be generalizable to similar adults of healthy weight. This analysis is cross-sectional,
and includes self-reported data for both weight and dietary intake data, and thus could be subject to
confounding or bias. Although these data were collected at baseline and prior to any intervention, if
obese and morbidly obese persons, had already decreased their consumption of energy-containing
beverages or replaced consumption of caloric beverages with non-caloric alternatives to facilitate
weight loss, then we would underestimate the relationship between beverage energy intake and weight.
We are unable to completely explore this possibility with our data. Compared to overweight women
(20.6%) more morbidly obese women (30.1%) reported any consumption of artificially sweetened
beverage; yet, the percent of total beverage volume contributed by artificially sweetened beverages
among the morbidly obese women (27.3%) was not strikingly different than overweight women
(25.2%). Under-reporting of energy intake by overweight and obese persons has been consistently
reported [20]. If under-reporting of energy-containing beverages was more substantial among women
with higher BMIs, as a result, we could underestimate the relationship between energy-containing
beverages and BMI. We cannot completely rule out this possibility; however, mean sugar sweetened
beverage volume was greatest among morbidly obese participants in this population.

5. Conclusions

To conclude, in this study of overweight and obese African American women, we did not
observe a significant association between intakes of overall energy-containing beverages or categories
of beverages with current weight status. Due to the cross-sectional nature of this data we cannot
estimate the prospective relationship between beverage intake and obesity incidence or weight gain.
For example, we cannot rule out the possibility that energy from beverages contributed to positive
energy balance and weight gain over time. In a future analysis we may further explore the potential
contribution of intervention-related changes in sugar sweetened beverage consumption on weight loss.
An important consideration is that our tailored intervention model allowed intervention participants to
select healthy actions to focus on and not all intervention participants (n = 89) selected decreasing sugar
sweetened beverage intake as a behavior they wished to modify. Nonetheless it is widely accepted that
negative energy balance leads to weight loss. Thus, reducing consumption of beverages that contribute
energy but not important nutrients (e.g., sugar sweetened beverages) could be an effective strategy for
promoting future weight loss in this population.

Acknowledgments: This publication was supported by Cooperative Agreement Number # 5U48DP001909 from
the Centers for Disease Control and Prevention. The findings and conclusions in this journal article are those of
the authors and do not necessarily represent the official position of the Centers for Disease Control and Prevention.
The authors wish to thank members of the Emory Prevention Research Center Community Advisory Board for
their guidance in the design and implementation of this research. We also wish to thank Iris Alcantara, our
interviewers, the Cancer Coalition of South Georgia, and study participants for their valuable contributions to
this research.

Author Contributions: Authors M.C.K., R.H. and B.M.G. designed the study. Authors R.H., S.P. and T.H. planned
and conducted the statistical analysis. T.H. wrote the first draft of the manuscript and all authors contributed to
and have approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

8



Nutrients 2017, 9, 1344

References

1. Ogden, C.L.; Carroll, M.D.; Kit, B.K.; Flegal, K.M. Prevalence of childhood and adult obesity in the united
states, 2011–2012. JAMA 2014, 311, 806–814. [CrossRef] [PubMed]

2. Ogden, C.L.; Carroll, M.D.; Fryar, C.D.; Flegal, K.M. Prevalence of Obesity among Adults and Youth: United
States, 2011–2014; National Center for Health Statistics: Hyattsville, MD, USA, 2015.

3. American Institute for Cancer Research. Updated Estimate on Obesity-Related Cancers. Available
online: http://www.aicr.org/cance-research-update/2014/march_19/cru-updated-estimate-on-obesity-
related-cancers.html (accessed on 1 October 2017).

4. Nielsen, S.J.; Popkin, B.M. Changes in beverage intake between 1977 and 2001. Am. J. Prev. Med. 2004, 27,
205–210. [CrossRef] [PubMed]

5. Storey, M.L.; Forshee, R.A.; Anderson, P.A. Beverage consumption in the us population. J. Am. Diet. Assoc.
2006, 106, 1992–2000. [CrossRef] [PubMed]

6. Han, E.; Powell, L.M. Consumption patterns of sugar-sweetened beverages in the united states. J. Acad.
Nutr. Diet. 2013, 113, 43–53. [CrossRef] [PubMed]

7. Malik, V.S.; Schulze, M.B.; Hu, F.B. Intake of sugar-sweetened beverages and weight gain: A systematic
review. Am. J. Clin. Nutr. 2006, 84, 274–288. [PubMed]

8. Kegler, M.C.; Alcantara, I.; Haardorfer, R.; Gazmararian, J.A.; Ballard, D.; Sabbs, D. The influence of home
food environments on eating behaviors of overweight and obese women. J. Nutr. Educ. Behav. 2014, 46,
188–196. [CrossRef] [PubMed]

9. Willett, W.C. Nutritional Epidemiology, 3rd ed.; Oxford University Press: New York, NY, USA, 2013.
10. Hartman, J.K. Emory University: Atlanta, GA, USA, Unpublished work. 2017.
11. Bleich, S.N.; Wang, Y.C.; Wang, Y.; Gortmaker, S.L. Increasing consumption of sugar-sweetened beverages

among us adults: 1988–1994 to 1999–2004. Am. J. Clin. Nutr. 2009, 89, 372–381. [CrossRef] [PubMed]
12. Johnson, R.K.; Appel, L.J.; Brands, M.; Howard, B.V.; Lefevre, M.; Lustig, R.H.; Sacks, F.; Steffen, L.M.;

Wylie-Rosett, J. The American Heart Association Nutrition Committee of the Council on Nutrition, Physical
Activity; Metabolism and the Council on Epidemiology and Prevention. Dietary sugars intake and
cardiovascular health: A scientific statement from the american heart association. Circulation 2009, 120,
1011–1020. [PubMed]

13. DellaValle, D.M.; Roe, L.S.; Rolls, B.J. Does the consumption of caloric and non-caloric beverages with a meal
affect energy intake? Appetite 2005, 44, 187–193. [CrossRef] [PubMed]

14. Imamura, F.; O’Connor, L.; Ye, Z.; Mursu, J.; Hayashino, Y.; Bhupathiraju, S.N.; Forouhi, N.G. Consumption
of sugar sweetened beverages, artificially sweetened beverages, and fruit juice and incidence of type 2
diabetes: Systematic review, meta-analysis, and estimation of population attributable fraction. BMJ 2015,
351, h3576. [CrossRef] [PubMed]

15. Gibson, S. Sugar-sweetened soft drinks and obesity: A systematic review of the evidence from observational
studies and interventions. Nutr. Res. Rev. 2008, 21, 134–147. [CrossRef] [PubMed]

16. Casazza, K.; Brown, A.; Astrup, A.; Bertz, F.; Baum, C.; Brown, M.B.; Dawson, J.; Durant, N.; Dutton, G.;
Fields, D.A.; et al. Weighing the evidence of common beliefs in obesity research. Crit. Rev. Food. Sci. Nutr.
2015, 55, 2014–2053. [CrossRef] [PubMed]

17. Hu, F.B. Resolved: There is sufficient scientific evidence that decreasing sugar-sweetened beverage
consumption will reduce the prevalence of obesity and obesity-related diseases. Obes. Rev. 2013, 14,
606–619. [CrossRef] [PubMed]

18. Helm, L.; Macdonald, I.A. Impact of beverage intake on metabolic and cardiovascular health. Nutr. Rev.
2015, 73 (Suppl. 2), 120–129. [CrossRef] [PubMed]

19. Frei, B.; Birlouez-Aragon, I.; Lykkesfeldt, J. Authors’ perspective: What is the optimum intake of vitamin C
in humans? Crit. Rev. Food. Sci. Nutr. 2012, 52, 815–829. [CrossRef] [PubMed]

20. Murakami, K.; Livingstone, M.B. Prevalence and characteristics of misreporting of energy intake in us adults:
NHANES 2003–2012. Br. J. Nutr. 2015, 114, 1294–1303. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

9



nutrients

Article

Plant-Based Beverages as Good Sources of Free
and Glycosidic Plant Sterols

Anneleen I Decloedt 1,2,*, Anita Van Landschoot 1,3, Hellen Watson 1, Dana Vanderputten 3

and Lynn Vanhaecke 2

1 Faculty of Bioscience Engineering, Laboratory of Biochemistry and Brewing, Ghent University,
Valentin Vaerwyckweg 1, B-9000 Ghent, Belgium; Anita.Vanlandschoot@ugent.be (A.V.L.);
Hellen.Watson@ugent.be (H.W.)

2 Faculty of Veterinary Medicine, Department of Veterinary Public Health and Food Safety, Laboratory of
Chemical Analysis, Ghent University, 133 Salisburylaan, B-9820 Merelbeke, Belgium;
Lynn.Vanhaecke@ugent.be

3 Faculty of Science and Technology, Department of Biosciences and Food Sciences, University College Ghent,
Valentin Vaerwyckweg 1, B-9000 Ghent, Belgium; Dana.Vanderputten@hogent.be

* Correspondence: Anneleen.decloedt@ugent.be; Tel.: +32-9-264-7316

Received: 25 October 2017; Accepted: 18 December 2017; Published: 29 December 2017

Abstract: To address the ever-growing group of health-conscious consumers, more and more
nutritional and health claims are being used on food products. Nevertheless, only very few food
constituents, including plant sterols, have been appointed an approved health claim (European
Commission and Food and Drugs Administration). Plant sterols are part of those limited lists
of approved compounds for their cholesterol-lowering properties but have been praised for their
anti-inflammatory and anti-carcinogenic properties as well. Despite this indisputable reputation,
direct quantitative data is still lacking for naturally present (conjugated) plant sterols in beverages.
This study aimed to fill this gap by applying a validated extraction and UPLC-MS/MS detection
method to a diverse range of everyday plant-based beverages. β-sitosterol-β-D-glucoside (BSSG)
showed to be by far the most abundant sterol in all beverages studied, with concentrations up to 60–90
mg per 100 mL in plant-based milk alternatives and fresh fruit juices. Ergosterol (provitamin D2)
could be found in beers (0.8–6.1 μg per 100 mL, from the yeast) and occasionally in juices (17–29 μg per
100 mL). Overall, the results demonstrated that the concentrations of water-soluble sterol conjugates
have been underestimated significantly and that specific plant-based beverages can be good, low-fat
sources of these plant sterols.

Keywords: (conjugated) plant sterols; beverages; cholesterol-lowering; ergosterol; anti-aging;
coronary heart disease; health claims; anti-inflammatory; anti-carcinogenic

1. Introduction

Over the last decade, the beverage industry has taken a serious jump into the future by introducing
a broad range of new, convenient, natural, and functional beverages. These beverages, often called
health drinks, include (iced) teas and juices but also shakes and “super drinks” such as pomegranate
juice or Aloe vera extract–based drinks. For most of these products, a range of different nutrition and
health claims are being formulated on the label and in advertisements. These claims stimulate the
consumer to purchase these particular beverages in order to increase their personal health status.
Popular health claims are “free from” claims such as gluten-free or lactose-free but also vegan, organic,
“helps to prevent coronary heart disease” and “lowers cholesterol” claims are being used quite often.
To streamline these claims, FDA (Food and Drug Administration) and EC (European Commission)
rules have been adopted on the use of nutrition and health claims on foods. Up until now, only very
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few compounds have been appointed an approved health claim by both organizations. Plant sterols are
part of that limited list of approved compounds for their cholesterol-lowering properties (FDA Health
Claim; Phytosterols and Risk of Coronary Heart Disease) (EFSA, Article 14 (1)(a) “Reduction of disease
risk” of the Regulation on nutrition and health claims 1924/2006). Less well-known, but perhaps
even more promising, are a range of other suggested health benefits related to the consumption of
plant sterols such as anti-carcinogenic, anti-inflammatory, and anti-oxidative effects [1–6]. Despite this
general interest, quantitative data on the concentration of these sterols in day-to-day consumption
goods and especially beverages are extremely scarce.

Plant sterols, or phytosterols, are one of the main constituents of plant membranes, playing
an important role in cell membrane stability and as signal transducers [7]. Ergosterol (provitamin D2),
on the other hand, takes up a similar role in protozoa and fungi (e.g., yeast) and is a provitamin form
of vitamin D2 or ergocalciferol. Exposure of ergosterol to ultraviolet (UV) light causes a photochemical
reaction that produces vitamin D2. This happens naturally to a certain extent, and quite often,
mushrooms are irradiated after harvest to increase their Vitamin D2 content [8]. Fungi are also grown
industrially so that ergosterol can be extracted and converted to Vitamin D2 for sale as a dietary
supplement and food additive [9]. Chemically, ergosterol (provitamin D2) and plant sterols are
very alike and similar to their human and animal counterpart, cholesterol (Figure 1). They contain
a stereo-specific oriented methyl or ethyl substitution at the C24 position of the sterol side chain and,
in the case of stigmasterol, ergosterol, and brassicasterol, an additional double bound between C22
and C23 [4,10] (Table 1). Upon human consumption, these structural and functional resemblances
allow plant sterols and ergosterol to interfere with cholesterol absorption in the intestinal tract through
displacement of cholesterol from the micelles and/or competition with cholesterol binding proteins.
As a result, low-density lipoprotein (LDL) cholesterol levels will decrease, lowering the risk for
coronary heart failure [11,12].

Figure 1. Chemical structure of the main free and conjugated plant sterols (campesterol, stigmasterol,
brassicasterol, β-sitosterol (BSS), and β-sitosterol-β-D-glucoside (BSSG)), cholesterol (animal sterol),
and ergosterol (fungal/yeast sterol, provitamine D2).
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Table 1. Chemical similarities and structural differences between cholesterol, ergosterol (provitamin
D2) and plant sterols. Listed characteristics include mean mass, molecular formula, number of double
bounds, position of double bounds, and alkyl group present at C24 (none, methyl, or ethyl).

Sterol Name Mean Mass (Da) Molecular Formula

Structural Characteristics

Double Bounds
Position Double

Bounds
Alkyl Group at C24

Cholesterol 386.654 C27H46O 1 C5–C6 /

Ergosterol
(Provitamin D2)

396.648 C28H44O 3
C5–C6
C7–C8

C22–C23
Methyl

β-sitosterol-β-D-glucoside
(BSSG)

576.847 C35H60O6 1 C5–C6 Ethyl

β-sitosterol
(BSS)

414.707 C29H50O 1 C5–C6 Ethyl

Brassicasterol 398.675 C28H46O 2 C5–C6
C22–C23 Methyl

Stigmasterol 412.691 C29H48O 2 C5–C6
C22–C23 Ethyl

Campesterol 400.691 C28H48O 1 C5–C6 Methyl

The European Food Safety Authority (EFSA) and FDA concluded that, relative to a placebo, blood
LDL cholesterol levels can be reduced by 7 to 12.5% if a person consumes 1.5 to 3 grams of plant sterols
and stanols (expressed as free sterols) a day (EFSA claim, article 14(1)(a)) [13,14]. A recent meta-analysis
by Ras et al. (2014) (124 studies, 202 stratas) extended these findings; they found that plant sterol
intakes of 0.6 to 3.3 g per day gradually reduce LDL-cholesterol concentrations by, on average, 6 to
12% [15]. The cholesterol-lowering effect is usually established within two to three weeks after diet
change and could be sustained for months [16]. No significant alterations in high-density-lipoprotein
(HDL)-cholesterol (the “good” cholesterol), or triglycerides in general, were reported. Effectiveness of
this approach has been positively tested in hypercholesteraemic patients as well as in individuals with
normal cholesterol levels [17].

FDA and EC rules on novel food and novel food ingredients (in force since 1997) require all new
ingredients to go through an applicant-specific authorization procedure that involves a rigorous safety
assessment before they can be placed on the market (Regulation (EC) No 258/97, concerning novel
foods and novel food ingredients). Under these rules, approval has been given for the addition of
plant sterols in a range of foods, but these are mostly high-fat products such as yellow fat spreads,
dairy products (e.g., yogurt), mayonnaise, and salad dressings. Unsaturated forms of plant sterols,
phytostanols, have also been added to food. An example hereof is a non-fatty alternative, chewable
plant stanol ester gum, for which efficacy has been confirmed recently [18]. Nevertheless, high
concentrations of phytostanols are not natural, as high concentrations of phytostanols are very rare in
most plants (with the exemption of a few cereal species and their derived products such as rice oil) [7].

Natural water-soluble (glycosidic) plant sterols could be a good alternative for these (fatty)
phytostanol- and phytosterol-enriched products [19], especially if they can be obtained from easy to
consume low-fat and low-energy natural food sources such as beverages. Unfortunately, only very
limited direct, quantitative data is available on the natural presence of (glycosidic) plant sterols. Racette
et al. (2009) already noted that glycosylated plant sterols are often excluded from sterol analysis, mostly
due to the lack of standards and analytical difficulties [20]. In their study, total plant sterol content,
including glycosides, was computed indirectly as the sum of the individual plant sterols determined
by double (acidic and alkalic) hydrolysis. Their indirect analyses showed that glycosylated plant
sterols (in general) comprised 20% of total plant sterols, in different diets. They also suggested that
nuts, seeds, legumes, wheat germ, whole grains, bran, fruit, and vegetables could be important sources
of glycosylated plant sterols. The presence of BSSG in dietary supplements and (fatty) foods such
as nuts and wheat has also been touched upon by Phillips et al. (2005). The highest concentrations
found back then, using indirect detection, were in flaxseed and soybean (up to 11 mg per 100 g dry
weight, DW) [21]. Muller et al. (2007) suggested that BSS(G) and ergosterol from beer can compete
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with cholesterol during protein binding and as such prevent cholesterol uptake. However, he did not
succeed in quantifying the true amounts of BSS(G) present in beers [22].

Therefore, this manuscript aimed to extend an extraction method and UPLC-MS/MS detection
method, which was recently optimized and fully validated according to EC 2002/657 guidelines
and Association of Analytical Chemists (AOAC) MS criteria, with these two compounds of interest
(β-sitosterol-β-D-glucoside and ergosterol) (Multiple Reaction Monitoring, MRM) [23]. Campesterol,
stigmasterol, brassicasterol, ergosterol (provitamine D2), BSSG, and BSS concentrations were
determined in a broad range of plant-based beverages, including a variety of (concentrate-based)
juices, vegetable juices, beers, teas, malt-based (non-alcoholic) drinks, and plant-based milk alternatives
(e.g., oat or soy beverages). Particular attention was payed to sample selection to cover a range of
drinks that is as broad as possible. Plant extract–containing sodas were also included for comparison.
Overall nutritional values and other (non-)beneficial compounds used in the formulation were also
summarized (e.g., concentrations of proteins, vitamins, and minerals present).

2. Materials and Methods

Chloroform (analytical grade) and HPLC grade methanol (Methanol Optima®) were purchased
from Fisher Scientific (Leicestershire, UK). Methanol (analytical grade) was purchased from VWR
(Merck, Darmstadt, Germany). HPLC grade, ultrapure (UP) water was acquired from an in-house
water purification system (Arium® 611UV, Sartorius Stedium Biotech, VWR, Haasrode, Belgium).
Cholesterol (≥99%, from lanolin), β-sitosterol (BSS) (≥97%, from soy beans), brassicasterol (≥95%,
from semisynthetic), provitamin D2 (ergosterol) (≥97%, European Pharmacopoeia Reference Standard),
and stigmasterol (≥97%, Supelco, Certified Reference Material) were purchased from Sigma Aldrich
(St-Louis, Missouri, USA). Campesterol (≥98%, from seeds of Brassica campestris) was obtained from
Wuhan ChemFaces Biochemical Co., Ltd. (Wuhan, Hubei, China). β-sitosterol-β-D-glucoside (BSSG)
(≥95%, from semisynthetic) was purchased from Neuroquest (Halifax, NS, Canada). Stock solutions of
each component (500 or 200 ng/μL) and dilutions up to 1 ng/μL were made in HPLC grade methanol.
All solutions were kept at 4 ◦C and protected from direct light (brown flasks and additional aluminum
foil coat).

Beverages were purchased from different suppliers/producers including Oat-ly AB (Mälmo,
Sweden), 2Food (Soesterberg, The Netherlands), Paulaner Brauerei GmbH & Co. KG (Münich,
Germany), AB Inbev (Leuven, Belgium), Olgerdin Egill Skallagrímsson Brewery (Reykjavik, Iceland),
Ghent University College (Ghent, Belgium), The Coca-Cola Company (Ghent, Belgium), Melitta België
n.v. (Lokeren, Belgium), DreamTM Hain Celestial Group, Inc. (Aalter, Belgium), Continental Foods
Belgium (Puurs, Belgium), Pepsico Belux BVBA/SPRL (Zaventem, Belgium). Delhaize Le Lion/De
Leeuw (Brussel, Belgium), Alpro, The WhiteWave Foods Company (Wevelgem, Belgium), Forever
Living Products (Scottsdale, AZ, USA), Tao family (Ternat, Belgium), NV Brasseries Alken-Maes SA
(Malines/Opwijk, Belgium), Haacht Brewery plc (Boortmoorbeek, Belgium), Carlsberg Breweries
A/S (Copenhagen, Denmark), Palm breweries (Steenhuffel, Belgium), Brasserie du Bocq (Purnode,
Belgium), Duvel Moortgat NV (Puurs, Belgium), Omer Vander Ghinste Brewery (Bellegem, Belgium),
Nestle SA (Vevey, Switzerland), and Unilever (Brussel, Belgium).

Statistical model designs were used to optimize the general analytical extraction procedure.
Dependent variables that might significantly affect the extraction efficiency were screened with
a fractional factorial D-optimal design. These variables were selected on the basis of a literature
survey and further optimization of only the influential variables was performed through response
surface modeling (RSM) (Modde Pro 12, Umetrics software, Sartorium Stedim Biotech, Umeå, Sweden).
The optimal sample volume for liquid samples (beverages) was determined using an additional
small-scale full factorial design, and 5 mL was found to be the optimal sample volume, both in relative
response per mL and S/N [23] (Table 2).
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Table 2. Summary of the validated extraction protocol to extract plant sterols and ergosterol from
a diverse range of beverages [23].

1. 5 mL (diluted) Δ beverage in a 50 mL tube
2. Addition of cholesterol (100 μL, 10 ng or 50 ng per μL)
3. (Calibration samples: fortified with different plant sterols)
4. Liquid-liquid extraction with 8 mL chloroform:methanol (2:1)
5. Vortex (30 s) + ultrasonication * (10 min)
6. Centrifugation (4400× g, 10 min)
7. Cottonwool filter
8. Second liquid-liquid extraction (repeat step 2 to 5)
9. 1 mL fresh chloroform:methanol added to the filter (filter wash out)

10. Transfer 2 mL extract to new tube
11. 15–20 min drying (under liquid N2, 46 ◦C)
12. 180 μL methanol (vortex 30 s, ultrasonication * 10 min)
13. 20 μL ultrapure H2O (vortex 30 s, ultrasonication * 3 min, vortex 30 s)
14. Centrifugation (12,300× g, 10 min)
15. Transfer 150 μL to plastic LC-MS vial with insert for analysis

Δ Samples were diluted if the first results showed that endogenous concentrations were too high to be able to
include calibration points containing two to ten times the endogenous concentration (mostly for BSSG and BSS);
* Ultrasonication: power 100, frequency 80 kHz.

An ultra-high performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS)
detection method was used for the quantification of free plant sterols, ergosterol, and BSSG in a single
run. Previously, this method was fully validated for quantification of campesterol, BSS, stigmasterol,
ergosterol, and brassicasterol [23]. Preliminary experiments showed that this method is also suitable
for quantification of BSSG. Separation was carried out using an AccelaTM High Speed LC (Thermo
Fisher Scientific, San Jose, CA, USA) equipped with a Thermo Fisher Scientific™ Hypersil GOLD™
C18 Column (particle size: 1.9 μm, 50 × 2.1 mm I.D.). The mobile phases used were ultra-pure water
(solvent A) and methanol (LC-MS grade, solvent B). All analytes could be accurately separated in a
total run time of less than 10 min (Table 3). The gradient started with a linear gradient of 90% solvent
B (methanol) for the first 2 min, increasing to 100% at 5.5 min, and then held at 100% for 1.5 min (up to
7 min). Afterward, the column was allowed to equilibrate at the initial conditions of 10% A and 90% B
for 2 min. The divert valve was used to load the detector from 1.0 to 4.5 min. Scheduling was used to
increase sensitivity, by limiting the detection window for each analyte to 0.6 min before and after the
expected retention time. Detection was carried out on a TSQ Vantage triple stage quadrupole mass
spectrometer equipped with an atmospheric pressure chemical ionization probe (APCI) (Thermo Fisher
Scientific, San Jose, CA, USA). Injection volumes were 10 μL each and the APCI source was operated
in the positive ion mode. The discharge current was set at ±4 μA. The sheath, sweep and auxiliary gas
pressures were set at 20, 2, and 10 arbitrary units, respectively, the capillary temperature at 300 ◦C,
and the vaporizer temperature at 320 ◦C. The collision gas pressure was kept at 1.5 mTorr, and the
cycle time was 0.8 s. Data were acquired in the selected/multiple reaction-monitoring (SRM/MRM)
mode. All specified product ions (Table 3) were used for peak integration, ion ratio determinations,
and quantification purposes.
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Table 3. Selected/multiple reaction monitoring (SRM/MRM) specifics for all compounds of interest:
precursor ions, product ions (as m/z, mass over charge), absolute and relative retention time
(RT, in minutes, min), appropriate S-Lens amplitude (volt, V), and the corresponding collision energy
(CE, in electron volt, eV).

Analyte
Precursor Ion Product Ions

Mean Relative Ion
Abundancy *

Retention Time
(Relative)

S-Lens Voltage Collision Energy

(m/z) (m/z) (%) (min) (V) (eV)

β-Sitosterol-β-D-glucoside
BSSG

397.3

91 70
1.80

(0.77) 88

47
95 73 35

105 100 40
147 93 28

Ergosterol
Provitamine D2

379.3

69 78
2.04

(0.87) 120

23
91 100 53

105 90 34
15 82 24

Brassicasterol 381.3

105 100
2.27

(0.97) 82

43
159 67 23
297 93 14
311 40 13

Cholesterol
internal standard

369.3
91 83 2.35

(1.00) 84
52

95 69 34
105 100 40

Campesterol 383.3

81 67
2.61

(1.11) 86

35
91 85 49
95 74 34

105 100 43

Stigmasterol 395.3

81 64
2.63

(1.12) 59

37
91 91 52

105 100 44
297 90 18

β-sitosterol
BSS

397.3

91 70
2.90

(1.23) 88

47
95 73 35

105 100 40
147 93 28

* In solvent, at full width half maximum (FWHM) and relative to the product ion with the highest intensity.

Area ratios were calculated relative to the internal standard (ISTD) cholesterol, which was added
to both calibration and unknown samples, to compensate for losses during sample preparation
and/or variation of the analytical analysis. Cholesterol was considered a suitable internal standard
as no significant endogenous concentrations are present in the samples of interest (plant-based)
and cholesterol is very similar to the calibrated analytes (Figure 1; Tables 1 and 3), chemically and
in retention time but nevertheless chromatographically distinguishable and less expensive than
isotopically labeled standards. Applying this method to other samples that, contrary to the samples
analyzed in the current study, do contain significant concentrations of endogenous cholesterol would
imply the use of another internal standard (e.g., 5α-cholestan-7β-ol or a deuterated (glycosidic)
plant sterol).

Of each beverage, at least three non-fortified samples were extracted together with a nine-point
matrix-matched calibration curve (≥12 samples per matrix), constructed based upon nine fortification
levels (0, 0.25, 0.5, 1, 2, 4, 6, 8, and 10 times the minimal expected endogenous concentration of
each plant sterol individually). The minimal expected endogenous concentration was preliminary
determined based upon calculated expected endogenous concentrations and standard addition
(analysis of matrix matched samples with known added concentrations of plant sterols). Calculations
combined available reference values for solid ingredients with their expected minimal contribution
(%) to the different beverages. All samples were run twice, to take into account analytical variance,
and mean (n = 6) ± standard deviation of these duplicate runs are reported in Tables 4 and 5.
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For almost half of the samples (n = 19/49), endogenous concentrations of BSSG and/or BSS
turned out to be too high to be able to include fortified samples with two to ten times the endogenous
concentrations. For those matrices, additional calibration curves were made in diluted samples and
additional diluted non-fortified samples were analyzed (diluted 4- to 30-fold with UP water, depending
on the matrix). For all samples, endogenous plant sterol concentrations were determined by fitting the
compounds’ area ratio of non-fortified samples into the corresponding calibration curve. For diluted
samples, the concentrations in undiluted samples were recalculated afterward.

3. Results

3.1. Data Analysis and Quality Assurance of the Analytical Method: Limits of Detection and Quantification

Lower limits of quantification (LLOQs) in solvent (90:10 methanol:H2O) for the method used
were between 0.5 and 1.5 ng per mL. In (diluted) beverages, the LLOQ was 0.5–3.0 μg per 100 mL for
liquid samples, depending on the general composition of the sample and the compound of interest.
In general, fatty and protein rich beverages (e.g., soy and oat beverage) hampered the detection of very
low concentrations of plant sterols. Fortunately, most of these beverages were also relatively high in
plant sterols. Previous results showed that the limits of detection (LODs) for solid matrices for the
different compounds were between 10 and 30 μg per 100 g and LLOQs were between 20 and 100 μg
per 100 g [23].

3.2. Quantification of Cholesterol-Lowering (Conjugated) Plant Sterols and Ergosterol (Provitamin D2) with
UPLC-MS/MS

All UPLC-MS/MS determined concentrations of BSS, BSSG, stigmasterol campesterol,
brassicasterol, and ergosterol (provitamin D2) in a diverse range of beverages (fruit juices, vegetable
juices, plant-based milk alternatives, gel, soft drinks, teas, (non-alcoholic) malt-based drinks, and beers)
have been summarized in Tables 4 and 5.

4. Discussion

Where possible, obtained plant sterol concentrations were compared to previously obtained thin
layer chromatography (TLC), gas- or liquid chromatography—mass spectrometry (LC/GC-MS) and
GC-FID (Flame Ionization Detector) results available in literature.

4.1. Fruit Juices

BSSG was present in very high concentrations (up to >90 mg per 100 mL). These concentrations
are much higher than the mean concentrations determined in corresponding plants in the past, through
indirect analysis. These results showed that in general only 20% of the plant sterols found in edible
plants (<10 mg per 100 mL) were conjugated [20]. It is thus very likely that glucose-conjugated plant
sterols are currently being underestimated in solid matrices, where they are tightly matrix-bound.
However, due to their water-soluble nature, they are enriched throughout the production process of
plant-based beverages. In addition, it can’t be excluded that the previously used indirect method based
upon chemical hydrolysis [20] was not sufficient to release conjugated plant sterols from the matrix
and complete hydrolysis of the β-glycosidic bound at the same time.

BSS was the most abundant free plant sterol found, in line with mean free plant concentrations in
higher plants, where BSS accounted for 50 to 80% of the total amount of plant sterols [24]. The highest
concentration of BSS (5.3 ± 2.2 mg per 100 mL) was measured in the fresh orange-banana juice.
As a comparison, this is 2.1 and 2.5 times higher than the concentration of BSS in the pomegranate
juice and the multifruit-carrot juice, respectively. The lowest concentration of BSS was found in the
concentrated orange and apple juice (13 and 25 time lower, respectively).

Interestingly, the two fruit juices that contained orange juice as a main ingredient (80% in fresh
orange-banana juice, 100% in the concentrate-based orange juice; Supplementary Materials Table S1)
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contained very similar ratios of BSSG:BSS:campesterol, but the fresh orange-banana juice had 12 to
14 times higher concentrations. The concentration difference for stigmasterol was 26-fold, but that can
be a direct consequence of the 20% banana content. Bananas are typically very high in stigmasterol;
containing up to 200 mg per 100 g dry weight of banana pseudostem (pulp) [25–27].

The large difference between both orange juice based beverages can be explained by looking into
detail at the results obtained for the apple and orange concentrate based juices, which happened to be
produced by the same producer. Their plant sterol concentrations were found to be in linear correlation
with the reported concentrations in the corresponding fruits (orange 23–24 mg and apple 12 mg per
100 g fresh weight with 11 mg BSS, 0.3 mg campesterol and 0.05 mg stigmasterol) [23,28–31]. For both
juices (100% fruit), only around 2% of the initial plant sterol content of the fruits seemed to end up in
the concentrate-based juices (g to mL), which suggests they used similar production processes for both
concentrate-based juices, who were unfortunately equally incapable of containing plant sterols into the
final juices. This illustrates the possible loss of beneficial compounds during the concentration process.
Previous research has shown that the industrial production process can have a significant influence on
the final concentrations (e.g., vitamin C and phenols). Previous research also showed that commercial
squeezing of oranges extracted 22% more phenols than hand squeezing, however, the freezing process
caused a dramatic decrease in phenols and the concentration process caused a mild precipitation
of these compounds to the juice cloud [32]. Similar results have been reported for phenols in apple
juices, but this could be prevented by using initial high temperature-short time (HTST) treatment and
diffusion extraction instead of pressing [33]. Additional research will be needed to elucidate the exact
influence of different fruit juice concentrate production processes on the concentrations of plant sterols
in the final juice.

In pomegranate juice another peculiar result was detected in the chromatogram for stigmasterol.
Stigmasterol could not be quantified as an intense interfering peak appeared at a retention time
very close to the retention time of stigmasterol (with the same precursor and fragment ion masses).
Upon addition of stigmasterol (matrix-matched calibration curve), it was confirmed that this peak
was not stigmasterol. It seems that pomegranate (juice) contains a specific compound/plant sterol,
very similar to stigmasterol, or a specific conjugated form of stigmasterol that deconjugates upon
ionization (see also 4.6 Other water-soluble glucose-conjugated plant sterols). This illustrates the
difficulties caused by the lack of analytical standards for (conjugated) plant sterols. Over 200 different
types of plant sterols have been described [7], but for only a very limited number of those plant
sterols analytical grade (≥95% purity) standards are available. As such, it is very likely that analytical
results still underestimate the contribution of, mostly exotic, novel fruits and other parts of plants that
were previously not used for consumption (novel foods list EU 1997, e.g., pomegranate, chia seeds,
Aloe vera). Especially as a revision of the novel foods directive is due to come into force in January 2018;
the approval process will be significantly shortened and simplified (and thus less expensive) for new
fruits or juices as long as a 25 years history of use can be shown in the country of origin (new Directive
for Traditional Foods, EC Regulation No. 2015/2283). The introduction of these new fruits or juices
onto the market will hamper the accurate detection of plant sterols even more, as these fruits will
be accompanied by less well known plant sterols, wherefore no analytical standards are available.
Additional research will also be needed to evaluate if these less well-known plant sterols exhibit the
same health benefits.

The tropical multifruit-carrot juice was also concentrate-based (18% orange, 19% pine apple,
5% carrot and 3% other fruits including passion fruit, Supplementary Materials Table S1). Orange, pine
apple and carrots are moderately high in plant sterols, containing respectively 23, 17 and 12 mg of plant
sterols per 100 g edible fresh weight, while passion fruit is high in plant sterols (44 mg per 100 g) [28,31].
However, as with most exotic beverages, the true amount of passion fruit blended into the drink was
too low to contribute its beneficial effects (<1%). Nevertheless, the concentrations of plant sterols
in this juice were very high, similar to the concentrations measured in fresh juices. When having a
look at the results for the carrot juice (4.2 Vegetable juices) it can be noted that the concentrations
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measured are very alike. So it seems that despite its low contribution percentage-wise, carrot juice
does make a strong contribution to the final plant sterol concentrations in the juice. Upon extraction it
was already visible that this juice was visually more turbid and more viscous (thicker) than the 100%
orange concentrate-based juice. This observation was supported by the ingredient list. This beverage
included both juice and sauce concentrates (45%), and not just juice concentrate. Including fruit sauces
implies that the cell material rich solid fraction (pulp) is included into the beverage.

No brassicasterol was found in either of these juices, but that is in line with what could be
expected, as their ingredient lists (Supplementary Materials Table S1) did not include plants from the
Brassicaceae family or products derived from these plants.

4.2. Vegetable Juices

In line with the concentrations measured in fruit juices, BSSG was detected in the highest
concentrations, but the difference with BSS was less profound. Respectively, 1.0 ± 0.1 and
approximately 10 mg per 100 mL BSS and BSSG were found in the vegetable drinks analyzed.
A possible explanation for this is that fruits are typically a lot higher in carbohydrates, and
monosaccharides in particular, than vegetables (e.g., orange and pine apple 9 g, apple 10 g, banana
15 g per 100 g fresh weight (FW) versus tomatoes and lettuce 2 g, carrot 6 g, broccoli and cucumber 1 g
per 100 g FW), hence the formation of high concentrations of glucose conjugates seems more likely
(FDA nutrition facts raw fruits and raw vegetables poster, 2016). This sugar content difference is still
detectable in the corresponding juices with mean sugar concentrations of 10 ± 3 and 5 ± 2 g sugar per
100 mL fruit juices and vegetable juices, respectively (Supplementary Materials Table S1), and thus
reflected in the conjugated plant sterol concentrations measured. Mixed vegetable juice (b) is a good
example thereof, as it contains almost twice as much sugars (5.7 g per 100 mL) as the other mixed
vegetable juice (a) (2.7 g per 100 mL), and as a result contained a 2-fold greater amount of BSSG (12 ± 3
versus 6.2 ± 0.5 mg per 100 mL, respectively). The main difference in the ingredient list of both juices
is that juice (b) contains less tomato and celeriac/onion juice (2 g sugar per 100 g FW) and more carrot
juice (6 g sugar per 100 g FW).

Interestingly, and as touched upon in 4.1 Fruit juices, carrot juice showed to be particularly high in
plant sterols, containing two to three times more plant sterols than the other vegetable juices. However,
carrots are not particularly high in plant sterols, suggesting that the juice production technology and
the true amount of carrots used per mL play an important role as well. Generally, fresh carrots are
peeled with steam or mechanical peelers, chopped and eventually cooked to have a better extraction of
the juice. The cooked carrots are mashed in a turbo extractor and then cooled and stored in treatment
tanks where enzymes can be added (increasing juice yield yet reducing carotene content) [34]. After the
enzyme treatment the obtained carrot juice is pasteurized for enzyme inactivation. After that, the carrot
juice passes through the decanter to remove fibers and can be concentrated for transport. The main
difference with the production of other juices is that these are typically not cooked before juice
extraction, which might influence the plant sterol concentrations in the resulting juice. This effect is
reflected in the concentrations of plant sterols found in beetroot juice and carrot juice. One of the main
differences between both juices is that fresh beets are used to produce beetroot juice, while carrots are
boiled before juice extraction. The plant sterol content of their respective raw materials, beetroot and
carrot, are very similar (17.1 and 15.3 mg per 100 g FW) [28], yet carrot juice contained at least six
times more plant sterols. Despite this lack of plant sterols, beetroot (juice) is being put forward as
a promising therapeutic treatment in a range of clinical pathologies associated with oxidative stress
and inflammation, due to the presence of other anti-oxidative constituents [35].

Botanically, tomatoes would be categorized as fruits, but as this study has been performed from
a consumer’s point of view, they have been added to the vegetable juices group. The plant sterol
concentrations measured were also more in line with the vegetable juices group than with the, generally
higher in plant sterols, fruit juices group. Both mixed vegetable juices (a) and (b) also contained high
concentrations of tomato juice (respectively 86% and 79.6% versus 99% in the tomato juice), which was
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reflected by the plant sterol concentrations measured in each of them. Surprisingly, vegetable juice
(b) contained ergosterol (29 ± 4 μg per 100 mL), just like the pomegranate juice (17 ± 4 μg per 100 mL)
(fruit juices group). The most plausible explanation for this is that the vegetables/fruits used for the
production of these juices were contaminated with fungi. Parsi and Gorecki (2006) described how
ergosterol could be used as an indicator for fungal biomass [36]. Upon visual fungal outgrowth they
detected respectively 140 mg and 17 mg ergosterol per 100 g on moldy bread and maple leaves infected
with powdery mildew, putting into perspective the concentrations measured here. Multiple authors
have reported additional expectable concentrations of ergosterol per 100 g cells (DW) (Table 6) but cell
mass estimations based upon concentrations of ergosterol detected will always be rough estimates,
as the concentration of ergosterol present in fungal/yeast cells is dependent of light, age of the cell
and growth conditions [37]. In any case, these very low concentrations of ergosterol measured did not
contribute significantly to the overall intake of sterols.

Table 6. Concentrations of provitamine D2 (ergosterol) measured in yeast and fungi (mg per 100 g dry
weight, DW). Ranked according to concentration [36–39].

Species Ergosterol (mg per 100 g DW)

Yeast

Cryptococcus albidus 4200 ± 1200
Rhodotorulamucilaginosa 3700 ± 760

Rhodotorulaminuta 3700 ± 630
Saccharomycescerevisiae 400–2000

Fungi

Acremoniumfurcatum 1400 ± 780
Stachybotryschartarum 1200 ± 520
Aspergillus versicolor 1100 ± 1500

Penicilliumbrevicompactum 580 ± 1300
Cladosporiumcladosporioides 560 ± 1100

Aureobasidiumpullulans 260 ± 1600

4.3. Plant-Based Milk Alternatives

High concentrations of BSS (up to 4 mg per 100 mL) and especially BSSG (up to 78 mg per 100 mL)
were detected in the almond, oats and cashew base milk alternatives. The rice and rice-coconut based
beverages, on the other hand, only contained low concentrations of plant sterols (<5 mg per mL in total).
The soy based beverage contained higher concentrations of campesterol (1.3 ± 0.3 mg per 100 mL) and
stigmasterol (0.9 ± 0.1 mg per 100 mL), and moderate concentrations of BSS and BSSG, respectively
2.5 ± 0.5 and 4.9 ± 1.9 mg per 100 mL. The high concentrations of campesterol and stigmasterol in soy
are however in line with results obtained in a study by Yamaya et al. (2007) [40]. This study showed
that the content of plant sterols ranged from 202 and 843 μg per g soy bean. The highest amounts were
found in soybeans with high lipid content. BSS, campesterol, and stigmasterol were the main plant
sterols found at the proportions of 43–67%, 17–34%, and 10–30%, respectively. The concentrations
measured in the soy beverage are in line with these ranges, but at the higher end of the range for
campesterol (respectively 52%, 27% and 21% in the soy based beverage). Another difference that
immediately pops out of the list of results is the significant difference between the two almond based
beverages. Almond beverage (a) contained particularly higher concentrations of BSSG (78 ± 14 mg per
100 mL) than almond beverage (b) (13 ± 2 mg per 100 mL), and lower concentrations of stigmasterol
(<0.03 mg per 100 mL) versus (1.9 ± 0.1 mg per 100 mL). An important difference between these
beverages however is that almond beverage (a) was based upon unroasted almonds, while for almond
beverage (b) roasted almonds were used and beverage (a) was sweetened, while beverage (b) was not.

Brassicasterol is typically found in plants belonging to the Brassicaceae family. The family
contains different edible plants such as Brassica oleracea (e.g., broccoli, cabbage and cauliflower),
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Brassica nigra and Sinapis alba (black and white mustard seeds). Also part of this family are the
canola oilseeds producing members of the species Brassica rapa, including Brassica rapa subspecies
oleifera (field mustard) and Brassica napus (rapeseed), and the mustard subspecies of Brassica juncea
(e.g., green and brown mustard). Canola oil producers claim that the total amount of free plant sterols
in edible (low erucic acid) canola oils ranges from 0.63% to 0.71% with 10.8–16.2% brassicasterol,
which would translate to 76–112 mg per 100 g for different cultivars (Canola Council of Canada,
canola oil chemical properties, 2017). Mo et al. (2013) confirmed that canola oil can contain very
high levels of brassicasterol, and other plant sterols, compared to other edible oils but they detected
a more realistic concentration of 48.8 mg brassicasterol per 100 g [41]. Piironen et al. (2000) reported
similar concentrations between 55 and 73 mg per 100 g [42]. Compared to that, concentrations
of brassicasterol found in different vegetables such as cabbage, Brussels sprouts and broccoli are
very low, ranging between 0.2 and 2.0 mg per 100 g [30]. Oat beverage (b), listing canola oil on its
ingredient list (percentage used not listed), showed to contain 217 ± 12 μg brassicasterol per 100 mL.
This concentration translates to 5 (or more) g canola oil per L oat beverage. The total fat percentage of
the oat beverage is 1.5% (originating from the oats, 7–8% fat; and canola oil, 100% fat), proving that
brassicasterol is a good indicator for the amount of canola oil used. The addition of canola oil is also
reflected in the concentrations of other plant sterols found in oat beverage (b). Especially the high
concentration of campesterol found in this beverage (1.10 ± 0.06 versus 0.48 ± 0.05 mg per 100 mL in
oat beverage (a)) could be attributed to canola oil.

Interestingly, two other plant-based milk alternatives (soy and rice based) also contained traces
of brassicasterol (respectively 10 ± 4 and 4.6 ± 0.4 μg per 100 mL), although they did not list canola
oil as an ingredient. Given the low concentration of brassicasterol in the rice beverage it is most
likely that sunflower oil, that is part of the rice beverage’s ingredient list, (unintentionally) got mixed
with canola/mustard seed oil (<1:50 ratio). The soy beverage result is even more intriguing, as no
oil at all was mentioned in the ingredient list. The integrity of this beverage might be questionable.
This suspicion is strengthened by the high concentration of campesterol and stigmasterol found in
this soy beverage, suggesting that a (campesterol rich) oil might have been added after all. Sterol
profiling has already been used to unravel adulteration of other (expensive) oils such as extra virgin
olive oil with other cheaper oils [43–45], but these results show that with this sensitive method it is
even possible to trace back the botanical origin of oils in processed end products such as beverages.

4.4. Gel, Sodas, Teas and Non-Alcoholic Malt-Based Drinks

Most of the teas, sodas, and (non-alcoholic) malt-based drinks contained only low concentrations
of plant sterols (10 to >100-fold lower than the juices and plant-based milk alternatives discussed
earlier) (Tables 4 and 5, orange color code). However, some exceptions should be noted. The Aloe vera
gel–based drink showed to be moderately high in BSSG (17 ± 5 mg per 100 mL), yet low in the other
plant sterols. The orange juice concentrate-based lemonade contained similar concentrations of plant
sterols as the concentrate-based orange juice analyzed, illustrating the dilution effect and/or loss
of plant sterols throughout both production processes. The other two malt-based (biolemonades)
analyzed were slightly higher in plant sterols compared to other sodas (and teas/non-alcoholic
beers/malt drinks) but still far less plant sterol rich than fruit and vegetable juices and plant-based
milk alternatives.

4.5. Beers

The only available data on plant sterols in beer are results from Muller et al. (2007) and Rapota
and Tyrsin (2015) [22,46]. Both indicated that BSS from malt and hop could compete with cholesterol
for protein binding and uptake. Rapota and Tyrsin (2015) were able to prove the qualitative presence of
plant sterols in malt and hop, but no quantitative data were reported [46]. Our own preliminary data
showed that brewer’s hop and malting barley contain, respectively, >140 and >50 mg free plant sterols
per 100 g DW [23]. Muller et al. (2007) analyzed a few beer samples (n = 4), proving the presence
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of BSS in beer, but the results were not quantitative [22]. Throughout the current study, BSSG, BSS,
campesterol, ergosterol, and stigmasterol could be detected and quantified in a variety of different
beers (Table 5). In general, plant sterol concentrations in beer were very low (on average 10 times
lower than concentrations in juices and milk alternatives). Nevertheless, these results did allow us to
unravel correlations between the production process of the different beer types (technologies used)
and the concentrations measured in the end beer.

The wheat beers (n = 4) contained the highest concentration of plant sterols, probably due to the
lack of end filtration in this type of beer, which allows grain residues to remain in the final beer. This is
also reflected by the turbidity of these beers compared to lagers and ales. The H90 EBC (European
Brewery Convention units) turbidity, an indicator for the presence of sub 1 μm particles such as
proteins ranged between 96 and >100 EBC in wheat beers, versus 12 ± 5 EBC and 0.55 ± 0.17 for
ales (n = 4) and lagers (n = 4), respectively (p < 0.001). H25 EBC, indicative for larger particles such
as yeast and diatomaceous earth, was 72 ± 14 EBC in wheat beers, versus 21 ± 12 EBC and 0.25 ±
0.05 EBC for lagers and ales, respectively (p < 0.001). One of the ales (ale (a)) was not filtered either,
so this beer was excluded from the pool of ales. Its turbidity was indeed closer to the turbidity of the
wheat beers (H90 47 ± 2 EBC and H25 71 ± 3 EBC). The opposite was true for ale (e), which includes
very extensive removal of the cold break and end filtration in its production process. This is reflected
by both the low turbidity (H90 9 ± 1 EBC, H25 13 ± 1 EBC) and low concentrations of plant sterols
measured, three times lower than the other ales (Table 5). In general, however, top fermented ales
contained higher concentrations of plant sterols compared to lager beers. This can be related to the
higher original extract (16.4 ± 1.2 P), which is directly linked to the grain bill (amount of grain used),
unless sugar or other carbon sources are being added (Supplementary Materials Table S1). The mean
original extract was significantly lower in lagers (11.3 ± 0.4 P, p < 0.001) and wheat beers (10.3 ± 0.9 P,
p < 0.001).

Interestingly, plant sterol concentrations measured in alcoholic beers and their non-alcoholic
counterparts were significantly lower in the latter, suggesting that different production processes and
less grain were used to produce the non-alcoholic alternatives, further reducing their plant sterol
content. This is also reflected by the significantly lower mean original extract values measured in
non-alcoholic beers compared to their alcoholic counterparts (6.9 ± 0.4 P versus 10.8 ± 0.6, p < 0.001).
Ergosterol was only detected in the wheat beers and ales (with bottle refermentation), not in the
non-alcoholic or lager beers. However, the concentrations were very low, showing that only very
limited amounts of the yeast and its ergosterol end up in the glass. For ales with refermentation in the
bottle, the yeast adheres to the bottle; therefore, ergosterol is not consumed.

4.6. Other Water-Soluble Glucose-Conjugated Plant Sterols

BSSG was the only conjugated plant sterol for which an analytical standard (≥95% NMR purity)
could be acquired. Nevertheless, this standard allowed understanding the fate of conjugated plant
sterols in general. Due to the presence of the polar glucose conjugate the retention on the apolar
column was less than for the free sterols (retention times for BSS and BSSG were 2.90 min and 1.80 min,
respectively). A mean absolute retention time difference of 1.1 ± 0.1 min between both peaks could be
determined. Glucose-conjugated plant sterols will thus arrive into the ionization source significantly
earlier than their free counterparts. Upon ionization (APCI), the β-glycosidic bound is broken down;
the main precursor ion measured in the first quadrupole (Q1) matches the precursor ion for free
BSS. Upon Q2 fragmentation, the same product ions and product ion ratios could be found in Q3.
Interestingly, when broadening the detection window, free campesterol was found to be proceeded
by a second peak as well, at a very similar relative retention time difference (0.43 ± 0.01 for BSS
and BSSG and 0.38 ± 0.01 for campesterol and “campesterol-glucoside”). Taking into account the
mass spectral and product ion ratio match of this peak with campesterol precursor and product ions,
it could be concluded that this peak is most likely campesterol-β-D-glucoside. In line with the results
obtained for BSSG, the peak area of campesterol-β-D-glucoside is at least as high as the peak for free
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campesterol (Figure 2, top right campesterol-glucoside and campesterol, bottom right BSSG and BSS).
This campesterol-β-D-glucoside peak was found in all beverages analyzed. It can be concluded that
current methodologies to measure total plant sterol content underestimate the contribution of these
glycosidic conjugates to the total plant sterol content.

Figure 2. Chromatogram obtained using UPLC–MS/MS after the injection (10 μL) of a four
times diluted organic oat beverage extract. This beverage contained 217 ± 12 μg brassicasterol
(a), 1.1 ± 0.1 mg campesterol (b), <15 μg stigmasterol per 100 mL (c) and 3.9 ± 0.7 mg BSS and
33 ± 4 mg BSSG (d). Panel (b) also clearly illustrates the presence of high concentrations of
campesterol-β-D-glucoside (retention time 1.74 min, m/z 383.3).

5. Conclusions

This study aimed to quantify free and conjugated plant sterols and ergosterol in a broad range
of plant-based (health) drinks. Concentrations of water-soluble glycosidic phytosterols (e.g., BSSG)
showed to be much higher than what could have been expected from concentrations previously
(indirectly) determined in solid foods such as grains, fruits, and vegetables. Plant-based milk
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alternatives and fresh juices for example showed to contain up to 90 mg BSSG per 100 mL. Due to
their water-soluble nature, these sterols may have been enriched throughout the liquid extraction
process used to produce these beverages. Most concentrate based beverages and extracts on the other
hand only contained low concentrations of plant sterols. In addition, previously used extraction and
chemical hydrolysis protocols might not have sufficed to release all conjugated plant sterols from the
matrix and complete hydrolysis of the β-glycosidic bound at the same time. In light of the ever-growing
market of health-conscious consumers, one should be looking into more detail at production processes
to increase enrichment of (conjugated) plant sterols were possible. Another possibility is to further
expand the possibilities of the addition of water-soluble glycosylated plant sterols to low energy foods
such as drinks instead of esterified plant sterols to fatty food matrices.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/10/1/21/s1,
Supplementary Materials Table S1: Detailed composition of the diverse beverages analyzed, including beverage
category (group), beverage name, health claims listed, main ingredients, ingredients percentage, added sugars
and/or sweeteners, vitamins, minerals, stabilizers and thickeners used, energy, fat, carbohydrates, fibers, proteins,
salt content, and alcohol percentage. Upon request, the authors can also provide information on the producer and
batch number of a beverage sample of interest.
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Abstract: Background: The prevalence of obesity among Australian pre-school children is a major
concern with links to poor health outcomes. One contributing factor is excess energy intake.
Sugar-sweetened beverages are energy-dense, nutrient-poor, readily available and have been
implicated in the increasing prevalence of obesity. Furthermore, preschooler beverage consumption
may develop into dietary habits that track into adulthood. There is little research on factors
influencing parents’ decision-making when serving beverages to their preschoolers, or on mothers’
perceptions of preschooler’s beverages. The aim of this study was to explore mothers’ perceptions
of commonly consumed preschooler beverages. Methods: The Repertory Grid Technique and the
Laddering Technique methodologies were utilized in interviews with 28 mothers from Melbourne,
Australia, to explore beverage perceptions. Results: A large number of diverse perceptual categories
(‘constructs’) (n = 22) about beverages were elicited, demonstrating the complexity of mothers’
perceptions when making beverage choices for their preschoolers. The five most common categories
were related to health, sugar, dairy, packaging, and additives. Thematic analysis of responses
from the laddering method identified three major themes: concerns about the types of beverages
mothers would like to provide their preschoolers, the healthiness of a beverage, and the sugar content.
Conclusions: Mothers’ perceptions of beverages are sophisticated and need to be included in the
design of health communication strategies by health promoters and government agencies to influence
mothers’ beverage selections for their preschoolers.

Keywords: toddlers; preschoolers; mothers; parents; sugar-sweetened beverages; Repertory Grid
Technique; Laddering Technique; qualitative methods; Australia

1. Introduction

The high prevalence of overweight and obesity among young children is a major public health
concern and is linked to poor health outcomes in childhood and adulthood, including non-communicable
diseases such as Type 2 diabetes [1,2], sleep apnoea [3], and adverse mental health outcomes [4]. Poor diet
quality, including excess energy, is associated with overweight and obesity in children including
preschoolers [5]. Frequent and energy-dense, nutrient-poor beverage choices are indicators of overall
poor diet quality [6], that may lead to excess energy intake and hence contribute to overweight and
obesity. In addition, there is consistent evidence that dietary habits established in childhood track into
adulthood [7,8]. Excess weight gain is difficult to reverse with interventions, thus early prevention is
recommended [9,10].

Mothers are generally considered as the primary household gatekeepers [11]. They are typically
primarily responsible for bringing beverages into the household and thus control their availability and
accessibility [12]. They also influence beverage consumption through role modelling what, when and
how to drink [13,14].

Mothers’ perceptions or beliefs are likely to influence the types of beverages they provide for their
preschoolers [15]. Unfortunately, there have been relatively few studies of mothers’ perceptions of the
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beverages they provide for their preschoolers (or ‘toddlers’), aged two to four years. Seven studies
have examined mothers’ perceptions of young children’s beverages but four of them focused only
on one attribute, health [16–19]. Two of the remaining three studies examined several attributes of
beverages [20,21], although one of these examined only one beverage, chocolate-flavoured milk on six
attributes [20]. In both these studies the researchers nominated the beverage characteristics that the
respondents rated. Only one study in this area did not pre-empt mothers’ perceptions of preschoolers’
beverages and allowed them to identify attributes important to them [22].

More broadly, two studies of women’s fruit and manufactured snack perceptions [23,24] are
relevant here as they allowed participants to nominate their own food perceptions [25]. Both utilised
the Repertory Grid Technique (RGT) to elicit perceptions of snacks compared to manufactured snack
foods. Jack et al. [23] examined the self-elicited perceptions and the context of consumption of
15 snack foods, including sweet, savoury, fresh and processed in a sample of 12 friends and family
members. These perceptions where then developed into a questionnaire which was administered
to a sample of 51 women, aged 21–55 years, employed at a college in Edinburgh. They found that
the women held a wide variety of perceptions, but these could be grouped into convenience and
indulgence for manufactured snacks, whereas fruit was seen to be more suitable in certain contexts,
e.g., for breakfast. Weston [24] examined mothers’ perceptions, from 12 mothers, of six fruits and
six manufactured, energy-dense and nutrient-poor, snacks commonly served to children aged two to
five years in Australia. Again, a wide variety of perceptions were elicited. Subsequently these were
incorporated in a questionnaire which was administered to 238 preschoolers’ mothers. The results
showed that mothers had four goals in mind when they fed snacks to their preschoolers: convenience,
satiety, eating nutritious food and freedom from additives.

The present study was underpinned by the theoretical framework of the Food-Related Lifestyle
Model [15]. This framework links lifestyle dimensions, such as beliefs about the concrete aspects of
food and beverages (e.g., appearance, taste), higher order or quality attributed (e.g., nutritiousness),
perceived consequences of consumption (e.g., health or mood effects), procedural scripts (shopping or
meal-preparation skills), and personal values to food and beverage selection. The model has been
validated in several countries and in cross-cultural settings [26–28].

In summary, there is a gap in the research literature in regards to mothers’ perceptions of
preschoolers’ beverages. Therefore, the overall aim of this study was to investigate the beliefs and
perceptions of commonly available preschoolers’ beverages held by mothers in Melbourne, Australia.

2. Materials and Methods

2.1. Study Design

Two distinct methods were used in this study to provide a rich, in-depth exploration of the
topic. The first method used was the RGT which is an established method based on Personal
Construct Theory (PCT) [25,29–33]. PCT proposes that people understand or make sense of their
world through their perceptions [30,32,33]. RGT is a semi-qualitative approach in which participants
are asked multiple times to compare and contrast random sets of three ‘elements’ (in the present case:
beverages), allowing the elicitation of bipolar ‘constructs’ (beliefs or perceptions) from the participant’s
reality [25,30,32], rather than the views of the researcher [34,35] .

The second method used in this study was “Laddering” [36]. It is based on means-end-chain
theory [37] and allows the exploration of participants’ motivations that underlie their beliefs or
perceptions of objects such as children’s beverages. It provides the link between the product attributes
and the benefits of consumption and values of the consumer [36].

2.2. Study Participants

Mothers of children aged two to four years residing in two geographical areas in Melbourne,
Australia were invited to participate in the study. The two areas were purposefully selected to
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represent different levels of socio-economic status according to the Australian Bureau of Statistics’
Socio-Economic Indexes for Areas (SEIFA) [38]. We aimed to recruit approximately 15–20 participants
based on the numbers involved in the qualitative portion of the study by Jack et al. [23] and Weston [24]
of 12 participants. Flyers promoting the study were e-mailed to organizations that catered to young
children, such as local swimming pools, crèches and libraries, to display to members. The senior author
(MR) also visited some of these organizations to distribute the flyers in person. From details on the flyer,
interested participants could contact the researcher via phone or e-mail for further information and
a consent form. Mothers could arrange an interview at a time convenient to them and child and bring
their children with them. Inclusion criteria included mothers with children aged two to four years and
sufficient English to read the plain language statement. All participants received a $15 supermarket
voucher in appreciation of their time, along with a unique summary of their perceptions derived from
WebGrid Plus [39].

Ethics approval was obtained from the Human Research Ethics Committee at Deakin University,
on the 10 April 2017, reference HEAG-H 35_2017.

2.3. Procedure

Consenting participants were invited to attend an interview at the recruitment venue or at Deakin
University, and in-depth interviews were conducted. To review and streamline the procedure eight
pilot interviews with mothers of preschoolers were conducted. These data were not used in the
final analyses.

Each of the interviews were divided into two sections involving the administration of the RGT
and then the Laddering Technique for the constructs that the participants considered important to
them. Participant’s socio-demographic characteristics were collected using a short questionnaire at
the conclusion of the interview. These included maternal age, educational background, occupation,
postcode, ethnicity, marital status, and whether the participant was the main shopper.

To determine the mothers’ perceptions of children’s’ beverages, thirteen images of drinks
commonly consumed by Australian preschoolers in the 2011–2012 National Nutrition and Physical
Activity Survey (NNPAS) [40] were selected. Images were selected to represent a wide variety
of products including different costs, nutritional values, and packaging types, with two featuring
animated characters, given the appeal of animated characters to young children [41,42]. The interviews
were audio-recorded and transcribed.

2.4. The Repertory Grid Technique

The beverage images were printed on A4 sized paper and presented in sets of three (triads).
Mothers were asked which beverage was different from the other two and why. The mothers were
advised that there were no incorrect or correct responses and that the researchers were only interested
in the mother’s own perceptions. The response to each triad (termed ‘constructs’ in PCT) were recorded
in written form on five-point bi-polar scales (Figure 1). In judging the triads, the only caveat was that
the participant could only use a construct once. Up to 12 sets of randomly pre-selected triads were
presented to the mothers in the same order. Participants continued to judge new triads while they
could provide a unique construct or until they had viewed all twelve triads. Once all the constructs had
been elicited the mothers were asked to rate all 13 beverages according to the constructs that they had
provided. For example, a construct might be ‘milk-based versus non milk-based’; subsequently all the
beverages would be rated on a five-point bi-polar scale with one anchor point being ‘not milk-based’
(scored as 1) and the opposite anchor point being ‘most milk-based’ (scored as 5).
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Figure 1. A portion of the bipolar scale on which constructs were recorded. Images have been changed
to sketches to protect copyright.

2.5. The Laddering Technique

In the second part of the interview, the participants were asked if each of the constructs they
had provided was important to them, and if so, why? Once the participant had provided a response,
she was asked ‘why?’ again for further clarification. The laddering technique is qualitative in nature
and the why questions are open-ended to explore the underlying motivations and values of the
participants. Those participants who answered “no” to any constructs, i.e., they did not think it was
important to them, were not asked the laddering questions for those constructs.

2.6. Data Analysis

Descriptive statistics were used to summarize the participants’ socio-demographic characteristics
(Table 1).

Table 1. Descriptive demographics of the sample.

Mothers 28

Age (years)
25–29 3
30–34 8
35–39 12
≥40 5

Marital Status
Married/De facto 27
Single/Divorced 1

Education
Year 12 equivalent 4

TAFE 1 or trade qualification 5
University Degree or higher 19

Ethnicity
Australian-born 17

Other nationality 11

Main Shopper in the household
Yes 23

Shared the responsibility 4
No 1
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Table 1. Cont.

Work Status
On maternity leave 2
Employed full-time 3

Employed part-time/casual 12
Home duties/unemployed 7

Student 4

SEIFA 2 using Tertiles
High SEIFA 17
Mid SEIFA 6
Low SEIFA 5

Mean Child Age (months) ± SD 38.68 ± 11.1 or (3.22 ±
0.93) years

1 TAFE: vocational education for apprenticeships and traineeships. 2 SEIFA: socio-economic indexes for areas,
a measure developed by the Australian Bureau of Statistics that ranks geographic areas in Australia according to
relative socio-economic advantage and disadvantage [38].

2.7. Categorisation of Constructs

The constructs were grouped into similar categories according to the frequency of their key words
(Table 2) [43,44]. The research team discussed and agreed on the categorization of these constructs.

Table 2. The six main categories of constructs elicited from the mothers.

Construct Categories
Number of Times the

Participants Used the Construct

Health and Well-being 41
e.g., Unhealthy/healthy
Hyperactivity
e.g., No effect on behaviour/can affect behaviour
Nutrition
e.g., Less nutrition for children/more nutrition for
children;
Contains no protein/contains protein
Satiety/Digestion
e.g., Does not keep him full/keeps him full
Teeth
e.g., Bad for teeth/better for teeth

Sugar—natural and artificial, intrinsic and
extrinsic

33

e.g., Contains no sugar/contains sugar;
Natural sugar/artificial sugar;

Dairy 28
e.g., Not milk-based/milk-based;
No calcium/contains calcium

Packaging 25
e.g., Not a plastic bottle/plastic bottle
One time open/resealable

Additives 22
e.g., Close to nature/contains additives

Pure, natural/man-made, artificial 19
e.g., No or few natural ingredients/contains
natural ingredients

Preparation 19
e.g., Not ready-made/ready made
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Table 2. Cont.

Fruit juice, fruit-based, made from real fruit 17
e.g., Fruit-based/not fruit-based

Carbonation 15
e.g., Not-carbonated/carbonated

Flavouring 14
e.g., Natural flavour/artificial flavour

Soft Drink 11
e.g., Not a soft-drink/soft drink
Diet Claims 9
e.g., non diet/diet

Targeted to Children 9
e.g., Not tailored to children/tailored to children

Real/Processed 8
e.g., Not processed/processed

Miscellaneous 8
e.g., Weak brand/strong brand
Plant-based/animal-based
Less tasty/more tasty
Single serve/multiple serves

Water 7
e.g., Little water concentration/essentially water

Caffeine 6
e.g., No caffeine/contains caffeine

Organic 6
e.g., Not organic/organic

Appearance 5
e.g., Clear-opaque

Context 4
e.g., Not a breakfast drink/breakfast drink
Not a night-time drink-night time drink

Convenience/Cost Value 4
e.g., Free, not-bought/must be purchased
Have at home/have to buy

Origin/Environment 3
e.g., Made in Australia/overseas owned
Not environmentally friendly/environmentally
friendly

Total 312

2.8. Analysis of Mothers’ Repertory Grid Data

Each mother’s ratings of all the beverages were analysed using WebGrid Plus [39]. In this program,
participants’ data were analysed by principal components analysis to derive ‘perceptual maps’ of each
mother’s perceptions of the beverages [31,45].

In the resulting perceptual maps, beverages that are in close proximity to a construct indicate that
the participant perceived the beverage as having that particular attribute. Conversely, beverages that
are far from a construct tend not to possess that construct in the mother’s mind (Figure 2).
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Figure 2. An example of a conceptual map of intermediate complexity.

2.9. Thematic Analysis of the Statements Derived from the Laddering Technique

The mothers’ reasons for the importance of specific constructs, obtained from the laddering
technique, were analysed via thematic analysis [34,35]. The statements were entered into Leximancer,
an automatic thematic analysis software package. Leximancer uses statistical algorithms based on
non-linear dynamics and machine learning to identify and group words or phrases according to their
frequency and their co-occurrence [46]. These are termed ‘concepts’. Concepts that cluster together
form ‘themes’. The themes are “heat mapped” according to the light spectrum; the red circle represents
the strongest theme, and blue/violet is the weakest theme (Figure 3).

Figure 3. The themes derived from the laddering process. Theme size is set to 70%.
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3. Results

Twenty-eight mothers of preschoolers aged two to four years participated in the interviews.
Six further women who had expressed interest declined to participate for varying reasons
(e.g., time constraints), and their demographics were not collected. The duration of the interviews was
20–55 min, with an average of 37 min.

The majority of the mothers (25/28) were aged over 30 years and all but one were married or in
a de-facto relationship. Over two thirds (19/28) had a bachelor’s degree or higher and 61% (17/28)
were born in Australia with the remaining from ten different countries. Over four fifths (23/28) were
primarily responsible for the procurement of foods for the household, and a further four participants
shared this responsibility. Although mothers were recruited within organizations in the targeted area
some lived in neighbouring suburbs of differing socio-economic position (SEP) based onSEIFA [38].
In total 17 mothers were in the high SEP, just over one fifth (6/28) were in the mid-SEP, and five were
in the low SEP.

The number of constructs elicited per participant ranged from five to 12. The total, 28 participants
provided a diverse range of 312 constructs about preschoolers’ beverages. These were grouped into
22 categories (Table 2). The six most frequently mentioned perceptual categories accounted for 54% of
all the constructs. Health and its sub-concepts, hyperactivity, nutrition, satiety, digestion, and oral
health, were most frequently mentioned. In second place was sugar, in all its forms, from natural and
artificial, intrinsic and extrinsic. The remaining top four construct categories were dairy, packaging type,
and the presence or absence of ‘additives’.

3.1. Perceptual Maps of Mothers’ Constructs

Each mother’s repertory grid data yielded a unique perceptual map of their constructs of the
13 beverages. There was great diversity within and between the maps. One example of a map of
intermediate complexity is shown in Figure 2. Details of the other maps are available from the senior
author. This mother perceived fruit juice drink and cordial as having similar attributes and she saw
them low in “naturalness”, processed, coloured and artificially sweetened.

3.2. Themes Derived from the Laddering Responses

Three main themes were identified, named as: ‘Influences of beverage selection’, ‘Drive for
healthiness’ and ‘Reasons for sugar avoidance’ (Figure 2). Six minor themes included ‘fruit’, ‘natural’,
‘body’, ‘teeth’, ‘time’ and ‘child’. There was some overlap of themes, for example many mothers
mentioned ‘sugar’ and ‘drink’ in the same sentence.

3.2.1. Theme 1: Influences of Beverage Selection

The mothers were particularly concerned about the drinks their preschoolers consumed.
All mothers considered certain beverages necessary or ideal for preschoolers such as water, milk and
some mentioned juice, and they reasoned that these choices were important for health.

“The milk and some orange, like a fruit juice, they good because, and their taking. They need a water
a little bit, but the cokes and other thing they not good for kids. Water is most important for them.”

ID: 110, low SEP

There was also consideration of the purpose of the beverage by three mothers, of whether it
quenched thirst or warded off hunger. Four mothers recognised that their children had limited
appetites, or sometimes no appetite, and if a caloric beverage was provided, the child would not be
able to consume a more nutritious food or beverage.

Four mothers mentioned their children’s preferences, but most mothers decided they knew
best. In an attempt to control consumption of undesirable beverages four mothers would ensure the
beverage was inaccessible, for example supermarket shopping without her pre-schooler.
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“I don’t want the kids drink much soft drink although they really like it. So like if I take them to the
supermarket and they see it and want to buy it. If I don’t buy it they will not drink it. Usually I don’t
take them to the supermarket.”

ID: 117, high SEP

In contrast, two mothers mentioned that their children influenced the beverage they received
through their behavior.

“If she does not get juice when she asks for juice then the tantrum is not worth it.”

ID: 106, high SEP

Eleven mothers acknowledged that the social and food context were considered when selecting
a beverage for preschoolers. Therefore, a sugar-sweetened beverage might not be suitable for breakfast
but acceptable for a birthday celebration.

“When we go to McDonalds we buy these things (pop-top fruit drink or soft drink). If we have
a birthday or something.”

ID: 127, low SEP

3.2.2. Theme 2: Drive for Healthiness

All the mothers wanted their children to have a good, disease-free, physically active and
emotionally balanced life. Most acknowledged that both food and drink were important for
good health, which included oral health, being physically fit and having strong disease immunity.
Four mothers commented that it was important to develop habits that achieve healthy outcomes.

“I want him to grow healthy. I am trying to do everything I can in my power to make sure he has
a healthy, well-balanced diet, to grow up healthy, and physically fit.”

ID: 122, high SEP

Half of the mothers were also concerned about avoiding certain substances, like additives,
or caffeine for health reasons, and the unknown consequences of these items.

“ . . . because the long-term effect of those additives on health are not always known and I think
especially for young kids you don’t want really want them consuming these artificial additives if
you’re not really sure how it will affect them short or long-term.”

ID: 105, low SEP

3.2.3. Theme 3: ‘Reasons for Sugar Avoidance’

Twenty-six mothers were concerned about sugar in their preschooler’s diet. Generally, they felt
their preschoolers consumed enough sugar in food, so additional sugar from drinks was excessive.
One mother was concerned that sugar had worse consequences than fat in food.

“I think particularly for drinks, it should, it is always one of those areas where if you are going to cut
down on sugar just not having sugary drinks is the one of the easiest ways to do that”

ID: 101, high SEP

Twenty-four of the mothers also worried about the short and long-term effects of sugary beverages
causing conditions like hyperactivity, tooth decay, and diabetes. In contrast, two mothers believed that
sugar was important and that it had a place in a child’s diet.
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“I think that sugar provides something to the body. I am not sure because I am not a doctor but I think
that sugar still provides something to us, we need maybe a little bit because if we use too much we
may be diabetes later. If you don’t have sugar you will lack the nutrition or something like that.”

ID: 117, low SEP

Three mothers differentiated between different types of sugars, for example: natural, added and
artificial sugars.

“I prefer natural sugar because it is natural, you still have to keep track of how much she’s having,
but at least if it is natural it is better for you.”

ID: 115, high SEP

4. Discussion

This study combined two methodologies, RGT and Laddering Technique, to provide rich data
and in-depth exploration of mothers’ perceptions of preschoolers’ beverages. This is in contrast to
most previous studies that have only focused on one attribute, health [16–19]. This study identified
many unique and diverse perceptions of beverages commonly served to young children and also
identified some of the motivations underlying their purchase and consumption.

The utility of the Food Related Lifestyle Model’s was generally supported by the elicited
perceptions which were complex and multi-faceted. For example, mothers mentioned their preference
for serving milk over formula because of its convenience, a higher order attribute. Mentions of their
preference for organic beverages because of their naturalness represent another higher order quality
factor. References to lids on beverages are examples of concrete attributes that were linked to freshness
and convenience (higher order quality factors). Similarly, references to the calcium content of milk
can be seen as a concrete attribute but also as part of a shopping script: knowing and checking which
beverages provided this nutrient. Finally, the avoidance of sugar-sweetened beverages to avoid child
hyperactivity is a good example of a perceived consequence.

Multiple, Diverse, Perceptual Constructs

Although perceptual maps have been derived from previous studies of food perceptions [23,47]
and preschoolers’ snacks [24], to the best of the authors’ knowledge, no other studies have used
the RGT to examine mothers’ perceptions of preschoolers’ beverages. The perceptual maps of these
beverages were unique to individual mothers and ranged from being very simple to highly complex.
Nevertheless, almost 70% of all the constructs could be grouped into ten major categories, ranging from
extrinsic concrete attributes, e.g., ‘packaging’, to abstract higher-order attributes, e.g. ‘nutrition’ and
‘marketing to children’.

Some of the perceptual categories shown in Table 2 have been reported before. These include the
various health-related constructs like hyperactivity, nutrition, satiety, digestion, dental health [16,21,22];
the mainly negative views of sugar and sugary beverages [16,17,20,22,48]; the benefits of milk [49],
particularly for breakfast and at bedtime [21]; the concrete attributes of packaging such as lids to
prevent spillage [19,22]; and the fear of additives [16,19]. The most novel feature of this study is the
sheer diversity of the perceptions held by this small group of mothers and the complexity of the
combinations of perceptions (‘constructs’) held by individual mothers. Whilst health related constructs
were predominant, other aspects of beverages were also mentioned, such as their naturalness, content,
appearance and suitability for children. Therefore, it cannot be assumed that one or two beverage
attributes are important to mothers; intensive elicitation approaches are required to identify the main
perceptions held within a population group.

The three major motivational themes derived from the thematic analysis of the laddering
responses are consistent with previous research. The ‘Influences on Beverage Selection’ theme is
about the contexts and maternal strategies that affect beverage purchasing and the control of the
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child’s behavior by the mother or the child. These include the use of sugar-sweetened beverages
as treats, the avoidance of situations such as supermarkets in which clashes between the mother’s
and child’s purchase wishes might occur (‘pester power’) [50–55], and the provision of beverages
such as sugar-sweetened beverages so mothers could avoid their tantrums (also reported in previous
work [21,22]). This is similar to Weston’s [24] findings that satisfying the child’s demands and appetite
were major considerations for mothers.

The ‘Drive for Healthiness’ theme highlights the nutritional trade-offs mothers may make
between different beverages and foods according to their nutritional properties, for example,
providing a chocolate-flavoured milk for its calcium content despite its sugar and additives. The theme
is also linked to the development of healthy beverage preferences and life-long healthy habits [56–59].
Mother’ beliefs in the importance of providing healthy drinks and setting up healthy habits concur
with previous research that has shown that the early years are critical for gaining knowledge of
which foods (and beverages) are suitable to eat (and drink) [55]. This highlights the importance of
this research as mothers may provide a beverage to their preschoolers based on their perception of
healthiness, but the beverage may not be recommended by dietary guidelines. Regularly supplying
this beverage to the child may influence the child’s preference and develop a habit or a ‘junk food’
dietary pattern with an excess of discretionary foods and beverages [6,57].

The ‘Reasons for Sugar Avoidance’ theme is topical, with over 200 articles in the “Newsbank”
database of Australian newspapers [60] listed in the past 12 months and globally there has
been an introduction of a sugar-tax on sugar-sweetened beverages in many countries [61,62].
The introduction of this tax has also been recommended by the Australian Medical Association [63].
This suggests that the perceptions identified in this study reflect recent shifts in public consciousness
towards the dangers of excessive sugar consumption. This is a theme that is promoted by industry
with increased production of low-sugar soft drinks [64] and health professionals, e.g., the dietary
guidelines [65]. The increasing evidence of the effect of sugar-sweetened beverage consumption on the
rising level of obesity in children [66,67] underscores the need for regular research in this area to gain
insights on current beliefs that influence beverage consumption.

Some products’ attributes such as taste and financial cost have been reported to be primary
influences over adult food [67–70] and beverage selection [22,71,72] in many consumer research
studies, but these were rarely mentioned by the mothers in the present study. Clearly, there are likely
to be many differences between the context of this study of mothers’ perceptions of preschoolers’
beverages and adult food selection. As the laddering findings show, there are several higher order
motivations underlying the mothers’ selection of beverages for their children. Furthermore, the women
in this study were relatively well educated and the majority were from mid to high SEP, which is
associated with better diet quality [73,74] and fewer monetary constraints [75].

The present findings clearly show that preschoolers’ mothers hold a great variety of perceptions
about beverage attributes. When researchers pre-select certain perceptual attributes with little empirical
foundation (e.g., cost and taste are commonly used), these may not reflect the diversity or priorities
of perceptions and beliefs of the target population [76]. Any health promotion strategies, whether by
health promoters, researchers or companies, should consider elicitation of perceptions as a first step.
Such strategies are likely to be more effective if there is an understanding of the collective consciousness
and individual interests of the target audience [77]. This would allow the creation of more tailored,
and hopefully more effective, [78] health-focused strategies, consistent with the values and beliefs that
are salient to the target population.

A limitation of the study was that the mothers were relatively well-educated and generally
of high SEP so the findings may not reflect the socio-economic diversity of the Melbourne
population. For example, mothers of low SEP may have perceived cost to be more important.
However, the participants were ethnically diverse with 11 nationalities being represented and this
allowed a broad range of perceptions to be elicited. The large number and variety of constructs
identified in the study suggests that many perceptions of preschoolers’ beverages important to the
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mothers were found. It remains for future research to examine the likely influences on these perceptions,
for example, children’s responses to beverages and mother’s own preferences, and the extent to which
they influence preschoolers’ dietary behaviours.

5. Conclusions

Twenty-two categories of mothers’ perceptions of young children’s beverages were identified,
indicating that mothers hold multiple, diverse perceptions. The perceptions ranged from ‘concrete’
attributes, e.g., packaging, to more abstract ‘higher-order’ perceptions, e.g., nutrition. These perceptions
reflect the utility of the Food Related Lifestyle Model [15]. Thematic analysis revealed that the main
motivational concerns for mothers were whether the type of beverage was suitable for their child in
terms of context and behavioural control; the healthiness of the product in terms of nutritional trade-offs
and long-term health habit formation; and the sugar content of the beverages. Future interventions
to influence beverage consumption or research on beverage purchasing and perceptions and beliefs
should include a perception elicitation component to determine the salient issues relevant to the target
population. The findings could also inform interventions, planned for the near future, that educate
parents of preschoolers about ways to determine the sugar concentration of beverages in order to make
healthy choices.
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Abstract: Whether non-nutritive sweetener (NNS) consumption impacts food intake behavior in humans
is still unclear. Discrepant sensory and metabolic signals are proposed to mislead brain regulatory centers,
in turn promoting maladaptive food choices favoring weight gain. We aimed to assess whether ingestion
of sucrose- and NNS-sweetened drinks would differently alter brain responses to food viewing and
food intake. Eighteen normal-weight men were studied in a fasted condition and after consumption
of a standardized meal accompanied by either a NNS-sweetened (NNS), or a sucrose-sweetened
(SUC) drink, or water (WAT). Their brain responses to visual food cues were assessed by means of
electroencephalography (EEG) before and 45 min after meal ingestion. Four hours after meal ingestion,
spontaneous food intake was monitored during an ad libitum buffet. With WAT, meal intake led to
increased neural activity in the dorsal prefrontal cortex and the insula, areas linked to cognitive control
and interoception. With SUC, neural activity in the insula increased as well, but decreased in temporal
regions linked to food categorization, and remained unchanged in dorsal prefrontal areas. The latter
modulations were associated with a significantly lower total energy intake at buffet (mean kcal ± SEM;
791 ± 62) as compared to WAT (942 ± 71) and NNS (917 ± 70). In contrast to WAT and SUC, NNS
consumption did not impact activity in the insula, but led to increased neural activity in ventrolateral
prefrontal regions linked to the inhibition of reward. Total energy intake at the buffet was not significantly
different between WAT and NNS. Our findings highlight the differential impact of caloric and non-caloric
sweeteners on subsequent brain responses to visual food cues and energy intake. These variations may
reflect an initial stage of adaptation to taste-calorie uncoupling, and could be indicative of longer-term
consequences of repeated NNS consumption on food intake behavior.

Keywords: electroencephalography; non-nutritive sweeteners; sweet taste; visual food cues; food
intake; ad libitum buffet
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1. Introduction

Excess sugar consumption, in particular in the form of sugar-sweetened beverages (SSBs), has been
repeatedly identified as a major factor contributing to weight gain, overweight and obesity prevalence
as well as associated metabolic disorders [1–3]. In order to fight increasing rates of overweight and
obesity and help body weight management, many non-caloric molecules with a high sweetening
power, called non-caloric or non-nutritive sweeteners (NNS), were developed and introduced into our
daily diet. That is, hedonic properties of sweet taste can be enjoyed without consuming excess liquid
calories. Yet, epidemiological studies have shown a link between NNS consumption and an increased
prevalence of overweight and obesity risk on the long-run [4–6]. Although risks of reverse causality
cannot be excluded when interpreting the results of observational cohort studies, one other reason for
such a link could be functional properties of the central food intake regulation system discussed below.

In healthy humans, food intake is regulated by a fine-tuned balance between drives towards
palatable items (‘hedonic’ processing and reward valuation), physiological needs (‘homeostatic’
processing), and inhibitory control. While inhibitory control is supported by brain areas of the
executive function network, i.e., dorsal, ventrolateral prefrontal and parietal regions [7], reward
valuation is assisted by cortico-limbic networks comprising basal ganglia, the anterior cingulate
and orbitofrontal cortices [8]. Reward is integrated with homeostatic signals in the hypothalamus
and insula. Gastro-intestinal hormones secreted before (e.g., ghrelin) and after a meal (e.g., insulin),
nervous afferents as well as sweet taste receptor activation in the mouth (and possibly along the
digestive track) all provide feedbacks to the brain and thereby inform these networks on physiological
states and consequences of food ingestion [9–11]. This regulatory system likely evolved with a caloric
value assigned to sweet taste, as naturally occurring sweeteners generally contain about 4 kcal/g.
Due to their sweet but non-caloric properties NNS might thus provide erroneous information to
the food intake regulatory system, potentially inducing maladaptive food choices as compensatory
mechanism [12,13].

In animals, findings support this hypothesis by showing detrimental effects of NNS consumption
on food intake behavior and increased adiposity and body weight longitudinally [14,15]. So far, the
impact of NNS consumption on food choices and body weight control in humans remains controversial,
showing either beneficial, detrimental, or no effects [16–19]. From a neurophysiological perspective,
some studies have shown differences in the cerebral processing of taste information between NNS and
sucrose stimuli of equal sweetness intensity, highlighting the capacity of the human brain to readily
discriminate between caloric and non-caloric sweet taste [20–22]. However, these studies assessed
immediate gustatory responses and neural activity, but not subsequent food cravings and intake of
excess solid calories.

Neuroimaging studies in humans have further shown that food cravings and choices often
result from exposure to visual food cues [23,24]. However, only one study, to our knowledge, has
investigated brain response modulations to food cue exposure following NNS consumption in humans,
i.e., in the context of a 3-month replacement of sucrose-sweetened beverages by artificially sweetened
equivalents [25]. This former study of our group highlighted the potential implication of central
cognitive control mechanisms in weight loss failure. However, that study did not directly compare the
impact of consuming caloric vs. non-caloric sweeteners on responses. Further, participants had not
been blinded to the type of beverage they consumed. Thus, how NNS influence subsequent drives
towards certain types of foods (in particular sweet foods) and how this relates to modulations in food
intake behavior remains largely unknown.

The goal of our current study was thus to investigate whether, as compared to water consumption,
activation of sweet taste receptors with NNS or with sucrose, as part of a standardized meal,
exert different acute effects on (a) postprandial brain responses to food viewing, (b) postprandial
gastro-intestinal hormone secretion known to impact hunger and satiety feelings and (c) subsequent
food intake behavior, both in terms of quantity and quality of choices (ad libitum buffet).
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2. Materials and Methods

2.1. Participants

Eighteen healthy, normal-weight men were recruited. All volunteers used to drink on average
≥3 cans of 33 cL of SSBs per week. None of the participants had current, prior, or family history of
diabetes, cardiovascular, kidney, hepatic, neurological or psychiatric disease. Further exclusion criteria
were color blindness, particular diets (e.g., vegetarianism), any food intolerance or allergy, arterial
blood pressure > 140/90 mmHg at rest, exercising for more than 3 h per week, current medication,
drug-taking or smoking habits, and consuming more than 10 g of alcohol per day. Only infrequent
consumers of NNS-sweetened beverages (≤1 can of 33 cL per week) were included. All volunteers
were weight-stable, right-handed according to the Edinburgh Handedness Inventory [26], and had
normal or corrected-to-normal vision. To ensure medical safety, volunteers were not included when
hemoglobin and ferritin levels were below 13.5 g/L and 50 μg/L respectively, when weighing less than
50 kg, and when having donated blood or participated to another clinical trial in the prior three months.

Recruitment was done by means of advertising at local university campuses. Recruitment,
screening, and follow-up of participants is shown in Figure 1A. Potential participants were first
screened by email and then invited to a screening visit. Nineteen volunteers met all eligibility criteria
and were enrolled in the study. One participant had to be excluded due to medical discomfort during
the first test day; so that 18 volunteers completed the entire protocol.

 

Figure 1. (A) Flow diagram for study participants’ eligibility, enrollment, and follow-up. (B) Detailed
protocol of the in-center test days. Identical procedures were used on the three test days. Test beverages
(WAT, SUC, NNS) were ingested at T = 0 min (350 mL; five 70 mL-glasses every 5 min) and at T = 210
min (one 200 mL glass). EEG: electroencephalographic recording session.

2.2. General Procedure

The study consisted of three in-center test days for each volunteer, on which one of the three
beverage conditions (i.e., Water, Sucrose, and NNS consumption, further referred to as WAT, SUC, and
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NNS) was tested in a randomized crossover controlled design. The beverage conditions were separated
by a wash-out period of three weeks. Each test day was preceded by a 5-day nutritional and lifestyle
recommendation period followed by a 2-day run-in period. During this run-in period, volunteers
received a controlled weight-maintenance diet (55% carbohydrates (including 10% as sugars), 30%
lipids and 15% proteins) calculated from the Harris–Benedict equation with a physical activity factor
set at 1.5. Participants were instructed to consume all meals and snacks at specified times of the day
(7 a.m., 10 a.m., 12 a.m., 3 p.m., 7 p.m.), and to drink only water.

Detailed procedures for the in-center test days are provided in Figure 1B. On each test day,
volunteers reported to the Metabolism, Nutrition, and Physical Activity unit from the Clinical
Research Center of the Lausanne University Hospital at 6.30 a.m. They were fasting since 10 p.m.
the evening before the test. They were asked to void, and body weight was measured thereafter
(Seca 708, Seca GmbH, Hamburg, Germany). Body composition was assessed using bio-electrical
impedancemetry (Biacorpus, Medical Healthcare GmbH, Germany). Each volunteer was then placed
in a bed, and a catheter was inserted into an antecubital vein of the left forearm to allow for repeated
blood collection throughout the test day. The venous path was kept open with a slow perfusion
of saline solution (NaCl 0.9%). Two blood samples were collected in fasted state at T = −60 and
0 min before standardized meal and beverage ingestion. At those time points, participants were also
asked to fill visual analog scales (VAS; 0–100) for hunger, thirst, and satiety levels as well as a Likert
scale (LS; 1–9) for taste cravings. Each volunteer was then accompanied to a light-proof room where
the electroencephalographic (EEG) recording system was installed. A cap with 64 active electrodes
was placed on the participants’ head and prepared so that electrical impedance between electrical
sensor and scalp were kept below 40 kΩ. A first EEG recording took place between T = −60 and
0 min (i.e., further referred to as the pre-prandial recording session), while participants completed an
online continuous recognition task. The EEG recording procedure, as well as visual stimuli and task
used are detailed below (Section 2.8). At T = 0 min, a standardized meal and the 350 mL test drink
(T0-beverage; WAT, SUC, or NNS) were given to each volunteer. Five blood samples were collected
over the post-prandial period, at T = 30, 60, 90, 150 and 210 min after meal and beverage consumption
had started. At T = 30, 60 and 210 min, participants also filled VAS and LS for hunger, thirst, satiety,
and taste cravings. A second EEG recording took place 45 min after meal and beverage ingestion
(i.e., further referred to as the post-prandial recording session), that followed the same procedure as
the pre-prandial session. In order to avoid ceiling effects and further strengthen the impact of beverage
type on spontaneous food intake, participants received a 200 mL pre-buffet drink 210 min after the
meal ingestion (T210-beverage; SUC, WAT or NNS), its composition repeating the beverage condition.
This drink served as a preload for further quantitative and qualitative assessments of spontaneous
food intake at an ad libitum buffet taking place 20 min after the preload ingestion.

The primary study outcomes were pre- to post-prandial changes in brain responses to food
viewing across beverage conditions. All behavioral and physiological parameters were considered
as secondary outcomes. Study sample size was determined by assuming the same effect size on
the spatio-temporal brain dynamics as in [25] (1 − β: 80%; α: 5%). The randomization sequence of
treatment allocation was determined before the start of recruitment by random generation of blocks
using the R software version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria). To ensure
double-blinding of both participants and experimenters to the beverage condition, a third person
(J.C.) prepared the beverages. The experimental protocol was conducted according to the Declaration
of Helsinki and was approved by the Ethics Committee of the Canton de Vaud in September 2015
(protocol number 353/15). The protocol is registered in the international and national registers for
clinical trials (clinicaltrials.gov: NCT02853773 and kofam.ch: SNCTP000001882). Participants were
enrolled between February 2016 and April 2017. All test days were performed between March 2016
and July 2017. All experimental visits took place in the Metabolism, Nutrition and Physical Activity
unit from the Center for Clinical Research of the Lausanne University Hospital. All volunteers were
informed about the procedures during the screening visit and signed a written consent.
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2.3. Meal and Test Beverage Composition

The T0-beverage consisted of five 70 mL-glasses (i.e., 350 mL in total) corresponding to one of the
three beverage conditions (WAT, SUC, NNS). Beverage composition was based on commercialized
concentrations, as determined by Ordoñez and colleagues [27]. The SUC T0-beverage provided
149 kcal (37.1 g of sucrose). The WAT and NNS T0-beverages provided 0 kcal, with 137.2 mg cyclamate,
63.35 mg acesulfame K and 40.6 mg aspartame for the NNS. The standardized meal provided at
T = 0 min was identical for all three beverage conditions. It corresponded to 30% of the estimated
individual 24-h energy requirements calculated from the Harris–Benedict equation, and was low in
sugars and sweet taste (55% carbohydrates (2% sugars), 30% lipids and 15% proteins). Participants
were asked to drink one 70 mL-glass every five minutes and consumed the provided meal in-between,
i.e., starting and ending the meal with the consumption of a 70 mL-glass. To maximize the sweet
taste receptor stimulation by sucrose or NNS, each mouthful of liquid was to be kept in the mouth for
ten seconds before swallowing. The T210-beverage was of the same composition as the T0-beverages.
The SUC T210-beverage thus provided 85 kcal (21.2 g of sucrose). The WAT and NNS T210-beverages
provided 0 kcal, with 78.4 mg cyclamate, 36.2 mg acesulfame K and 23.2 mg aspartame for the NNS.
All beverages were provided at room temperature.

2.4. Qualitative and Quantitative Assessments of Spontaneous Food Intake

The ad libitum buffet presented at the end of the test day comprised 12 snacks, subdivided into
4 categories (3 snacks each) based on the fat content and taste quality of the foods provided, i.e., Low
Fat/Non-Sweet (LF/NSW), Low Fat/Sweet (LF/SW), High Fat/Non-Sweet (HF/NSW), and High
Fat/Sweet (HF/SW). The threshold for Low-Fat/High-Fat and Non-Sweet/Sweet subdivisions was
set at 10 g of lipids/sugars per 100 g of food based on the nutritional information available on the
packaging. The textures were matched as much as possible between food categories. The presentation
context was kept as identical as possible between all beverage conditions, and always took place in the
kitchen of the Clinical Research Center. Snacks were consistently prepared by the same experimenters
(C.C. and L.C.), weighed and presented following the same protocol, and served on identical white
dishes. Each snack was available in larger quantity than the expected average intake. The environment
was kept neutral (e.g., no visible food packaging and no particular odor), and each participant was
either accompanied by the experimenter or left alone for periods of five minutes. Participants remained
uninformed of their food intake being measured, and were told to eat until feeling comfortably sated.
Questions regarding food type were answered, but no nutritional information was given. Water was
provided ad libitum with the snacks. All snack leftovers were carefully weighed after consumption.
Total energy intake and energy intake per food category was calculated based on the nutritional
information available on the packaging.

2.5. Analytical Procedures for Plasma Samples

Plasma was separated from blood cells immediately after sampling by centrifugation during
10 min at 4 ◦C and 3500 rotations per minute. Aliquots of plasma were stored at −20 ◦C until analysis.
Plasma glucose concentrations were measured by enzymatic methods (Randox Laboratories Ltd.,
Crumlin, UK). Plasma insulin and ghrelin concentrations were determined by radioimmunoassay
(Merck Millipore Merck KGaA, Darmstadt, Germany).

2.6. Behavioral Ratings

VAS for hunger, thirst, and satiety consisted of 15-cm long lines with ‘0′ and ‘100′ anchored
to the left and right side, respectively, presented with the written indication “Please indicate how
hungry/thirsty/satiated you are at present by drawing a point on the line below”. Individuals’ responses were
converted to % of the scale maximum. Taste cravings were assessed with a 9-point LS with ‘salty’ and
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‘sweet’ anchored to the left and right side, presented with the written indication “Please indicate how
much you crave for a rather salty or sweet food item at present by ticking the correct box on the scale below”.

2.7. Statistical Analyses of Food Intake, Behavioral Ratings and Plasmatic Parameters

Data distribution was controlled for normality and homoscedasticity using the Shapiro–Wilk
and Bartlett tests, respectively. Data that were not normally distributed were transformed using
the BoxCox algorithm. All anthropometric parameters (body weight, body mass index (BMI),
and body composition), plasma concentrations and behavioral parameters (VAS and LS ratings)
were tested for differences between beverage condition baselines with a one-way repeated-measure
ANOVA including the independent within-subject factor of Beverage (three levels: WAT, SUC, and
NNS). The impact of beverage type on food intake at the ad libitum buffet (total energy intake) was
investigated first by a one-way repeated-measure ANOVA with the within-subject factor of Beverage.
In a second step, the impact of the beverage type was detailed for food categories ingested by a
two-way repeated-measure ANOVA with the within-subject factors of Beverage and Food category
(four levels: LF/NSW, LF/SW, HF/NSW and HF/SW). Whenever a significant main effect of Beverage
or an interaction Beverage × Food category was found, post-hoc paired t-tests (two-tailed) were
conducted between Beverage conditions and/or Food categories. The effect of beverage type on the
kinetics of plasma concentrations and behavioral scales was assessed using two-way repeated-measure
ANOVAs with the within-subject factors of Beverage and Time. Whenever an interaction Beverage ×
Time was found, post-hoc paired t-tests (two-tailed) were conducted between Beverage conditions
at each time point. Further, one-way repeated-measure ANOVAs with the within-subject factor of
Beverage were conducted on plasma concentrations and behavioral scales at T = 210 min, irrespective
of the kinetic results, to investigate the pre-buffet state. Whenever a main effect of Beverage was
found, post-hoc paired t-tests (two-tailed) were conducted between beverage conditions. All data are
expressed as mean ± SEM (standard error of mean). All analyses were performed with R version 3.3.1
(R Foundation for Statistical Computing, Vienna, Austria), and p-values ≤ 0.05 were considered
as significant.

2.8. Electroencephalography (EEG) Stimuli Presentation Procedure, EEG Acquisition and Preprocessing

During both EEG recording sessions, color photographs showing foods that differed in fat content
and in taste quality were presented to participants. This image database (240 items) has been used
in several studies investigating food perception [25,28–30] and pictures were controlled for low-level
visual features [31]. Stimulus presentation took place in a light-proof room, using the E-prime 2
software (Psychology Software Tools, Inc., Pittsburgh, PA, USA). Images were presented centrally for
500 ms each on a 19′′ computer screen, in 3 consecutive blocks lasting 5 min. Each block contained
120 items, i.e., 80 initial encounters and 40 repeated items. Participants were asked to categorize initial
from repeated image encounters via button-press. This behavioral task served to ensure participants’
attention to food images, and they were instructed to perform as quickly and accurately as possible.
Following participants’ button press, the Inter-Trial-Interval (ITI) randomly varied between 250 and
750 ms to avoid anticipatory responses. During the ITI, a fixation cross was centrally displayed on
screen to avoid eye movements. Number of trials between initial and repeated items were controlled
across blocks and recording sessions to ensure similar difficulty of the recognition task.

Continuous EEG was recorded while participants viewed the images and performed the online
recognition task. EEG was acquired at a sampling rate of 500 Hz using a 64-channel BrainProducts
ActiCAP system. Details of the electrode montage can be found on the BrainProducts website (http:
//www.brainproducts.com/products_apps.php). All pre-processing analyses were performed using
the CarTool software version 3.51 (2268) (https://sites.google.com/site/fbmlab/cartool). Only the
responses to initially encountered images were used to compute visual evoked potentials (VEPs). VEPs
were computed over the period from −100 ms to +500 ms peri-stimulus epoch for each image. During
single subject averaging, EEG epochs were cleaned from artifacts with a semi-automatic procedure
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using a 80 μV rejection criterion and visual trial-by-trial inspection. Epochs containing eye blinks or
other motor artifacts were manually removed. During averaging, baseline correction was applied
on the peri-stimulus period (i.e., −100 ms to +500 ms), and data was band-pass filtered at 0.1–30 Hz.
An additional notch filter of 50 Hz was applied. First, VEPs were averaged for each single subject,
recording session (Pre- and Post-prandial) and beverage condition (WAT, SUC, and NNS). Electrodes
with artefactual signals were then interpolated [32]. In a second step, group-average VEPs were
calculated for each session and beverage condition, while baseline-correcting over the pre-stimulus
period and recalculating the VEPs to an average reference [33].

2.9. EEG Analyses and Estimations of Neural Source Activity

Time windows of interest in brain responses to food viewing in the SUC, WAT, and NNS conditions
were determined around GFP peaks in the group-average Global Field Power (GFP) waveform.
The GFP is a reference-independent measure of the global amplitude of the electric field (VEPs), i.e.,
calculated as the standard deviation of the electric field amplitude across all 64 electrodes at a given time
point [34]. These peak periods in the GFP represent the time windows of highest synchronized neural
activity underlying distinct steps in sensory and cognitive processes, and thus served as a rationale for
further investigation of beverage type-induced modulations in source activity [25,35]. The center and
width of each time windows of interest were determined by the average peak timing and the standard
deviation across participants’ individual GFP peaks, across sessions and beverage conditions.

Over each time window of interest, we estimated the neural source activity based on the
head-surface recorded VEPs using a local autoregressive average (LAURA) distributed a linear inverse
solution [36]. That is, mean amplitudes of neural activity were calculated for each of the 4350 solution
points of an inverse solution matrix based on a realistic 3D head model. The output of this algorithm
is one scalar value (μA/mm3) per solution point, per viewing condition and time window. As the
goal of our study was to investigate the differential effects of three beverages on the meal-induced
modulations in brain responses to food viewing, we focused our analyses on the relative change in
neural activity from pre- to post-prandial recording sessions [25].

For each time window of interest, statistical analyses first comprised of whole-brain
repeated-measure one-way ANOVAs with the within-subject factor of Beverage, computed on the
% neural activity change from pre- to post-prandial session on each node of the 4350 solution point
matrix. Only regions showing a significant main effect of Beverage in a cluster of ≥10 neighboring
nodes were considered for post-hoc region-of-interest (ROI) analyses. Results of these analyses
were rendered on the Montreal Institute template brain (MNI) and Talairach coordinates of the node
showing the maximal statistical difference between beverage conditions are given for each statistically
determined brain region. In each ROI showing a significant main effect of Beverage, neural activity of
the source node revealing maximal statistical differences plus the 6 neighboring nodes was extracted
and averaged in each individuals’ data, for each beverage condition. These results are visualized as
bar plots, indicating pre-to-post changes in neural activity to food viewing. Statistical outliers (< or >3
standard deviations from the mean) were removed from further analyses. Post-hoc paired t-tests
(two-tailed) were then conducted on the respective pre-to-post change in neural activity (in %) between
beverage conditions. Additionally, orthogonal one-sample t-tests (two-tailed) assessed, within each
ROI and in each beverage condition, whether the relative pre-to-post % change in signal significantly
differed from baseline (i.e., pre-prandial activity; [25]). Overall, only results with p ≤ 0.05 were
considered significant. All analyses were conducted using customized Python scripts, the software
R version 3.3.1, and the STEN toolbox version 2.0 developed by Jean-François Knebel and Michael
Notter (http://doi.org/10.5281/zenodo.1164038).

3. Results

Participants’ body weight, BMI, body composition, plasma concentrations of glucose, insulin and
ghrelin and behavioral ratings for hunger, thirst, satiety, and taste cravings are shown in Table 1 for
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each beverage condition. None of the parameters showed differences between beverage conditions at
baseline (all p = ns).

Table 1. Study participants’ anthropometric, metabolic, and behavioral characteristics at baseline.

Beverage Condition One-Way ANOVA

WAT SUC NNS F-Value p-Value

Body weight [kg] 66.6 ± 1.2 66.5 ± 1.2 66.5 ± 1.1 0.39 0.68
BMI [kg/m2] 21.4 ± 0.4 21.4 ± 0.4 21.3 ± 0.4 0.12 0.89
Body fat mass [kg] 12.3 ± 1.2 12.2 ± 0.9 12.2 ± 1.1 0.04 0.97
Plasma glucose [mmol/L] 4.9 ± 0.1 4.8 ± 0.1 4.9 ± 0.1 1.23 0.31
Plasma insulin [μU/mL] 10.3 ± 0.7 9.8 ± 0.5 9.5 ± 0.7 2.33 0.11
Plasma ghrelin [pg/mL] 984.8 ± 94.1 925.7 ± 70.4 963.3 ± 94.1 0.90 0.41
Hunger level [%] 71.4 ± 5.1 73.3 ± 4.4 72.6 ± 4.7 0.12 0.89
Thirst level [%] 55.7 ± 5.5 67.1 ± 3.8 61.5 ± 5.1 2.38 0.11
Satiety level [%] 21.7 ± 4.2 23.6 ± 4.8 20.4 ± 3.4 0.25 0.78
Taste cravings (1–9) 5.4 ± 0.4 5.6 ± 0.5 5.8 ± 0.5 0.30 0.75

Data are expressed as mean ± SEM (standard error of mean). WAT, SUC, NNS: Water-, Sucrose-, NNS-beverage
conditions. BMI: body mass index.

3.1. Spontaneous Food Intake at the Ad Libitum Buffet

Total energy intake and energy intake by food category at the ad libitum buffet are shown in
Table 2. Regarding total energy intake, we observed a main effect of Beverage (F2,17 = 3.62; p < 0.05),
i.e., participants on average ingested significantly less energy in SUC than in WAT (Δ = −151 ± 59 kcal;
t17 = −2.58; p < 0.05) and NNS (Δ = −126 ± 56 kcal; t17 = −2.26; p < 0.05). However, no significant
difference was observed between WAT and NNS (Δ = 25 ± 66 kcal; t17 = 0.38; p = ns). Further analyses
on energy intake segregated by food categories did not show an interaction between Beverage × Food
category (F2,17 = 0.54; p = ns), i.e., participants did not modify their food choice pattern as a function of
the beverage type ingested.

Table 2. Spontaneous food intake at the ad libitum buffet.

Beverage Condition

WAT SUC NNS

Total energy intake [kcal] 942 ± 71 791 ± 62 a,b 917 ± 70
Energy intake from LF/NSW foods [kcal] 142 ± 28 141 ± 29 167 ± 37
Energy intake from LF/SW foods [kcal] 77 ± 22 62 ± 15 78 ± 20
Energy intake from HF/NSW foods [kcal] 515 ± 74 428 ± 50 449 ± 56
Energy intake from HF/SW foods [kcal] 209 ± 36 161 ± 24 224 ± 35

Data are expressed as mean ± SEM. WAT, SUC, NNS: Water-, Sucrose-, NNS-beverage conditions. LF, HF: low-,
high-fat. NSW, SW: Non-sweet, sweet. a p < 0.05 for post-hoc paired t-test (two-tailed) between SUC and WAT.
b p < 0.05 for post-hoc paired t-test (two-tailed) between SUC and NNS.

3.2. Plasma Concentrations of Metabolites and Gastro-Intestinal Hormones

Plasma concentrations of glucose, insulin, and ghrelin in response to meal and test beverage
ingestion are shown in Figure 2. The main effect of Beverage was significant for insulin (Figure 2B;
F2,17 = 8.29; p < 0.05; i.e., plasma insulin yielded overall higher values in SUC as compared with
both WAT and NNS) and ghrelin (Figure 2C; F2,15 = 4.56; p < 0.05; i.e., plasma ghrelin yielded
overall lower values in SUC as compared with both WAT and NNS), but not for plasma glucose
(Figure 2A; F2,17 = 0.15; p = ns). More importantly, a significant interaction between Beverage × Time
was observed for all parameters (glucose: F2,17 = 2.83; insulin: F2,17 = 5.31; ghrelin: F2,15 = 2.41; all
p < 0.05). Plasma glucose and insulin concentrations were significantly higher in SUC at T = 30 min
(glucose: t17 = −3.77 and t17= −2.46; insulin: t17 = −3.94 and t17 = −5.11; all p < 0.05) as compared to
WAT and NNS, respectively. Plasma ghrelin concentration, on the other hand, was significantly lower
in SUC, as compared to WAT; this difference being significant at T = 30 min (t15 = −2.77; p < 0.05) and
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T = 60 min (t15 = −2.48; p < 0.05). No differences were observed between WAT and NNS for any of the
parameter kinetics.

Figure 2. Plasma concentrations of glucose (A), insulin (B), and ghrelin (C) in response to beverage
and concomitant meal ingestion at T = 0 min, indicated by a black arrow. Data are presented as
mean ± SEM. a,b,c: p < 0.05 for post-hoc paired t-tests (two-tailed), respectively between SUC-WAT,
SUC-NNS, and WAT-NNS. WAT, SUC, NNS: Water-, Sucrose-, NNS-beverage conditions.

Before the buffet (T = 210 min), plasma glucose concentrations were similar in all beverage
conditions (F2,17 = 0.70; p = ns). By contrast, a significant main effect of Beverage was observed for
plasma insulin (F2,17 = 13.04; p < 0.05) and ghrelin concentrations (F2,16 = 9.44; p < 0.05). Plasma insulin
concentration was most elevated in SUC (t17 = 2.55 and t17 = 4.77; both p < 0.05 against WAT and NNS,
respectively), and the lowest in NNS (t17 = 2.74; p < 0.05 against WAT). Plasma ghrelin concentration
was lower in SUC as compared with WAT (t17 = 2.88; p < 0.05) and NNS (t17 = 3.89; p < 0.05), but there
was no difference between WAT and NNS (t17 = 0.81; p = ns).

3.3. Results of Behavioral Ratings

No main effect of Beverage nor interaction between Beverage × Time were observed for any of the
parameter kinetics (Supplementary Figure S1A–D for hunger, satiety, thirst ratings and taste cravings).

Before the buffet (T = 210 min), a significant main effect of Beverage was found on hunger ratings
(F2,17 = 5.68; p < 0.05). Hunger ratings were lower in SUC as compared with WAT (t17 = −2.71; p < 0.05)
and NNS (t17 = −2.66; p < 0.05). No difference in hunger ratings was found between WAT and NNS
(t17 = 0.28; p = ns). No significant main effect of Beverage was found for thirst ratings (F2,17 = 0.07),
satiety ratings (F2,17 = 1.10) and taste cravings (F2,17 = 0.37; all p = ns).

3.4. Pre- to Post-Prandial Changes in Neural Source Activity To Food Viewing

Two time periods of interest were defined around the peaks of the group-average GFP waveform.
A first period of interest ranged from 120 to 150 ms, and a second period of interest ranged from 250 to
320 ms after image onset (Figure 3A).
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Figure 3. (A) Group-average Global Field Power (GFP) waveform over the peri-stimulus period
(−100 to +500 ms from image onset). Red borders indicate the time windows of interest (TW) for
subsequent neural source analyses. Solid lines illustrate the GFP during the pre-prandial recording
session and dotted lines show GFP during the post-prandial recording session. (B) Visualization of
brain regions showing a main effect of Beverage in the whole brain analyses on pre- to post-prandial
changes in neural activity. Talairach coordinates (x, y, z) indicate the position of the source node
showing maximal statistical differences. (C) Results of post-hoc analyses on changes in neural activity
within each region of interest. Bar plots detail the direction of changes in each region of (B) and for
each Beverage condition. Data are shown as mean (±SEM). *: p < 0.05 for paired t-tests (two-tailed)
between Beverage conditions. #: p < 0.05 for one-sample t-tests vs baseline (pre-prandial). VLPFC:
ventrolateral prefrontal cortex. Ins: insula. (l)- & (r)DLPFC: left & right dorsolateral prefrontal cortex.
MTG: Middle Temporal Gyrus. WAT, SUC, NNS: Water-, Sucrose-, NNS-beverage conditions.
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Over the first time window of interest (TW1: 120–150 ms post-image onset), whole brain analyses
revealed a main effect of Beverage on the pre- to post-prandial % change in neural activity in the
left dorsolateral prefrontal cortex (DLPFC; Max: x = −36, y = 4, z = 33) and in the left ventrolateral
prefrontal cortex (VLPFC; Max: x = −49, y = 47, z = −10). That is, the beverage type differentially
modulated the neural activity to food viewing within these brain areas (Figure 3B, left panel).

With WAT, meal intake led to decreased neural activity within the DLPFC (t16 = −2.16; p < 0.05
for t-test against baseline), but did not impact neural activity within the VLPFC (t17 = −0.25; p = ns
for t-test against baseline) (Figure 3C, left panel). Unlike WAT, there was no modulation in the neural
response within the DLPFC with SUC (t16 = 1.66; p = ns for t-test against baseline; t16 = 3.31; p < 0.05 for
paired t-test between WAT and SUC responses). Like WAT however, SUC did not lead to modulated
neural activity within the VLPFC (t17 = −1.22; p = ns for t-test against baseline). NNS also did not
impact neural activity within the DLPFC (t16 = 0.39; p = ns). Yet, in contrast to WAT and SUC, NNS led
to increased neural activity within the VLPFC (t17 = 2.42; p < 0.05 for t-test against baseline; t17 = −3.20
and t17 = −4.19; both p < 0.05 for paired t-tests between NNS-WAT and NNS-SUC, respectively).

Over the second time window of interest (250–320 ms post-image onset), a main effect of Beverage
on the pre- to post-prandial % change in neural activity was observed in the right insula (Ins; Max:
x = 42, y = −22, z = 10), in the left (l) and right (r) DLPFC ((l)DLPFC Max: x = −36, y = 36, z = 25 and
(r)DLPFC Max: x = 42, y = 12, z = 51), and in the right middle temporal gyrus (MTG; Max; x = 49,
y = −48, z = 0) (Figure 3B, right panel).

With WAT, meal intake led to increased neural activity within the insula (t17 = 2.55; p < 0.05),
(l)DLPFC (t17 = 2.82; p < 0.05) and (r)DLPFC (t16 = 2.60; p < 0.05), but did not impact neural activity
within the MTG (t16 = 0.85; p = ns; all t-tests against baseline) (Figure 3C, right panel). Like WAT, SUC
also led to increased neural activity within the insula (t17 = 2.48; p < 0.05 for t-test against baseline).
Unlike WAT however, there were no pre-to-post changes in neural activity in SUC in the (l)DLPFC
(t17 = −1.09; p = ns for t-test against baseline; t17 = −4.94; p < 0.05 for paired t-test between SUC and
WAT) and the (r)DLPFC (t16 = 0.04; p = ns for t-test against baseline). In addition, SUC led to decreased
neural activity within the MTG (t16 = −3.21; p < 0.05 for t-test against baseline; t16 = −3.74; p < 0.05
for paired t-test between SUC and WAT). In contrast to WAT and SUC, NNS did not impact neural
activity within the insula (t17 = −1.72; p = ns for t-test against baseline; t17 = 3.11 and t17 = 2.86; both
p < 0.05 for paired t-tests between NNS-WAT and NNS-SUC, respectively). Like in SUC, there were no
pre-to-post changes in neural activity in NNS within the (l)DLPFC (t17 = −0.01; p = ns for t-test against
baseline) and the (r)DLPFC (t16 = −1.49; p = ns for t-test against baseline; t16 = 2.56; p < 0.05 for paired
t-test between NNS and WAT). Like WAT, but unlike SUC, NNS consumption did not impact neural
activity within the MTG (t16 = 0.55; p = ns for t-test against baseline; t16 = −2.46; p < 0.05 for paired
t-test between NNS and SUC).

4. Discussion

Our study aimed at investigating the acute impact of consuming caloric (sucrose) and non-caloric
sweeteners (NNS), as compared to water, on the subsequent brain responses to visual food cues and
spontaneous food intake behavior. As expected, we found neurophysiological and physiological
markers of satiety following the ingestion of the standardized meal with water. We further observed
that sucrose consumption impacted the responses in brain areas associated with cognitive control
(prefrontal cortices) and food categorization (temporal cortices), and led to decreased subsequent food
intake, indicating an adequate compensatory behavior. In contrast, NNS consumption did not alter
spontaneous food intake when compared to water, but altered postprandial brain responses to visual
food cues, most pronounced in prefrontal areas and in the insula.

4.1. Brain Responses to Food Viewing Following Water or Sucrose Consumption

Meal ingestion combined with water (i.e., control beverage condition lacking sweet taste and
caloric load) impacted brain responses to visual food cues in bilateral dorsal prefrontal areas and
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in the right insula. The neural activity in dorsal prefrontal areas has long been linked with the
capacity to exert cognitive control over food intake when exposed to palatable food cues, as part of the
executive function network. Tataranni and colleagues [37] were the first to highlight differences in brain
responses between hunger and satiety beyond hypothalamic areas using functional neuroimaging,
and found increased neural activity in the dorsolateral prefrontal cortex. Since then, many other
studies have found dorsolateral prefrontal regions to be involved in top-down cognitive control over
food intake [38–40]. A study of Camus and colleagues [41] could even attest causality in the role of
dorsolateral prefrontal regions in control and decision-making using transcranial magnetic stimulation.
Using the high temporal resolution of EEG, Harris and colleagues [42] were able to provide further
insights on the dual role of DLPFC in cognitive control, showing that early response modulations
(around 150 ms post-stimulus onset) were associated with top-down filtering of sensory input, whereas
later ones (from 450 ms post-stimulus onset) were associated with reward value modulation. In our
study, we observed decreased activity in the left dorsal prefrontal region over an early time window
following food viewing (120–150 ms) and increased activity in the bilateral dorsal prefrontal region
over later timing (250–320 ms). Our findings thus likely reflect elevated cognitive control following
meal ingestion, which is rather due to value integration than to response modulation by the sensory
input per se.

We also observed increases in neural activity in the insula following meal ingestion accompanied
by water. Insular responses to visual food cues have consistently been associated with interoception,
i.e., awareness of bodily energy states. Also, the insula does contain molecular receptors for several
gastro-intestinal hormones relaying this peripheral information to central nervous responses [11,43,44].
Furthermore, other studies have found increased insular activity subsequent to PYY infusion
mimicking satiety [45], to mouth rinsing with a glucose drink mimicking food intake anticipation [46],
but also in response to calorie ingestion as such [20,47]. The insula, being a hub between salience,
homeostatic and control networks, is generally involved in signal integration, and thought to perform
flavor-nutrient conditioning, too [48]. In accordance with these findings, we also found a higher
postprandial insular activity following sucrose ingestion. Altogether, increases in insular activity both
in the sucrose and water conditions thus likely reflect the adequate adaptation of participants’ responses
as a function of the beverage consumed when taste properties and caloric load were congruent.

Sucrose drinking (i.e., the beverage condition combining sweet taste and caloric load) elicited
partially different modulations in brain responses to visual food cues as compared to meal ingestion
with water. In particular, the postprandial response to visual food cues in cognitive control related
areas was found blunted in the sucrose condition. Sucrose consumption also led to markedly decreased
neural activity in the middle temporal lobe. This brain area is involved in the categorization and
optimization of visual stimulus processing by attention [49], and is generally more active when
participants are exposed to palatable food over neutral stimuli [50], as well as when responses to food
are compared between hunger and satiety [24,51]. These differential patterns of brain responses to
food cues following sucrose vs. water ingestion likely show that when sweet taste is coupled to a
caloric load, brain responses shift from a rather reflective (usually involving prefrontal brain areas) to
a more reflexive processing of food cues [52].

4.2. Brain Responses to Food Viewing Following NNS Consumption

NNS consumption (i.e., the beverage condition with discrepant sweet taste and caloric load) also
yielded differential neural activity in response to subsequent exposure to visual food cues. In contrast
to the ingestion of the meal with water or a sucrose drink, we observed early enhanced ventrolateral
prefrontal cortex activity (120–150 ms after food image onset), but no changes in insular activity to
food viewing over the later time window of interest (250–320 ms).

Increases in neural activity following NNS tasting in ventrolateral prefrontal cortices has been
highlighted in gustatory processing when neural responses were assessed at the time of or immediately
after tasting. For instance, Smeets and colleagues [53] have shown greater activation of the ventrolateral
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prefrontal cortex directly after the ingestion of an artificially sweetened beverage as compared to
sucrose. Ventral prefrontal regions have been widely associated with hedonic integration and reward
valuation of (visually) perceived stimuli, including food cues [54–56]. However, these functions were
mostly attributed to medial parts of the ventral prefrontal cortex, whereas we show enhanced activity
within the ventrolateral prefrontal cortex in response to visual cues following NNS consumption.
Ventrolateral regions of the prefrontal cortex are part of the executive function circuitry, supporting
decision-making adjustments, in particular related to motor response inhibition when exposed to
cues associated with high reward, as well as targeting attention to behaviorally significant stimuli
(reviewed in [57]). Thus, this area is proposed to be responsible for altering behavior as a function of
estimated changes in the reward value of (viewed) stimuli. Our results show increased neural activity
to visual food cues within the ventrolateral prefrontal area, likely related to greater (need for) impulse
retaining and control over anticipated food intake. Although no study so far investigated the impact of
NNS consumption on brain responses to food cues longitudinally, research in the gustatory modality
showed differences in neural activation to NNS tasting between non-diet soda drinkers and frequent
consumers of diet soda [58]. The study of Green & Murphy found increased responses to saccharin vs.
sucrose in the ventrolateral prefrontal cortex in non-diet soda drinkers, whereas this difference was
absent in frequent diet soda drinkers. These findings were interpreted as reflecting ‘fading’ neural
activity in this region with repeated consumption of NNS, impacting impulse control over time. In line,
we previously found decreased activity in the more posterior part of the ventrolateral prefrontal cortex
following a 3-month replacement of SSBs by non-calorically sweetened equivalents [25]. Our current
results thus provide additional evidence as to a target region for future longitudinal studies on the
longer-term impact of sweet taste stimulation by NNS, and on responses to tempting visual food cues
following NNS ingestion.

With NNS consumption, on the other hand, we did not observe pre-to postprandial changes in
insular activity. This suggests that congruent caloric and taste signaling is required to elicit adequate
response adaptation to food cues, and that incongruences between taste information and caloric load
may impair nutrient-flavor conditioning [48]. Rudenga and Small [59] have further shown that the
neural response to sucrose tasting in the insula (and also in the amygdala) decreased as a function
of NNS consumption habits of participants, implying that this region might be more vulnerable to
chronic dissociations between sweet taste signaling and metabolic consequences.

4.3. Integration of Postprandial Brain Responses to Food Viewing with Gastro-Intestinal Hormone Secretion
and Food Intake Behavior

Sucrose drinking during meal ingestion, as compared to water, led to subsequent decreased
food intake at the ad libitum buffet indicative of a compensatory food intake behavior. In parallel,
we observed elevated plasma concentrations of insulin (an anorexigenic hormone) and decreased
plasma concentrations of ghrelin (an orexigenic hormone), likely promoting some of the brain response
alterations. Thus, the effects of sucrose intake may be related to hormonal signaling and/or to sweet
taste receptor activation coupled with other peripheral satiety signals (e.g., vagal afferents). Yet,
whether the observed differences are sucrose-specific effects or more general ones driven by an extra
caloric load cannot be concluded from our current study, as there was no condition with a caloric load
from another nutrient source (e.g., maltodextrin or fat).

NNS consumption did not lead to pronounced modulations of glucose, insulin, and ghrelin
concentrations, nor to higher caloric consumption or variation of the food choice pattern at the ad
libitum buffet. Thus, the observed changes in brain activity to food viewing post-meal and food intake
pattern cannot be attributed solely to differential signaling of gastro-intestinal mediators. Although
we did not measure other anorexigenic hormones such as leptin or PYY, the observed differences in
brain responses between the water and NNS condition are congruent with the idea that discrepant
information between sweet taste receptor activation and gastrointestinal hormone signaling leads to
changes in brain response patterns [12].
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4.4. Limitations

Several limitations of our work need to be considered. First, the study design likely pronounces
the impact of the meal ingestion stronger than the impact of the test beverage. However, we aimed at
designing this study with the highest ecological validity, i.e., having volunteers consuming standard
amounts of beverages concomitant with a meal (quantity close to a commercially available can size).
For this reason, we cannot exclude that the design was not sensitive enough to detect all secondary
outcome differences, especially between the water and NNS conditions, and in terms of qualitative
analyses on food choice patterns. Second, while we used a double-blinded design, participants
could still detect the absence of sweet taste in the water condition, as opposed to both sweet taste
conditions. Thus, some differences in brain response patterns might have arisen from these perceptual
properties [60]. Finally, using electroencephalographic recording and electrical neuroimaging analyses,
we are not able to detect deeper activity changes, e.g., in the basal ganglia (dopaminergic origin of
the reward system), that might occur together with response modulations in cortices associated with
higher-level functions.

5. Conclusions

To our knowledge, this is the first study to assess the impact of NNS consumption on neural
activity to food viewing, and the relationship with food intake behavior. We did not observe an acute
effect of NNS consumption on immediate food intake in humans who are not frequently drinking
NNS beverages. Yet, we observed imminent changes in brain response patterns in brain areas that
are key players in food intake regulation. The responsiveness of these brain areas to sweet taste has
been shown to ‘fade’ as a function of longer-term NNS consumption [58,59]. Thus, it remains to
be investigated whether such longer-term brain response alterations can also be observed to visual
food cues, often mediating pre-ingestive food choices. Given such longer-term alterations, the brain
response modulations observed under the NNS condition in our study might reflect an initial stage of
adaptation to taste-calorie uncoupling, possibly indicating that longer-term alterations of food intake
regulation (via responses to tempting visual cues) take place when NNS are repeatedly consumed
over time. Our study thus provides first insights linking neuroimaging research in the gustatory
modality and behavioral research on the impact of non-caloric sweetener consumption on food intake,
by investigating the neural correlates of drives towards visually conveyed food cues.
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Abstract: Parents play an important role in promoting healthy beverage intake among children.
Message-framing approaches, where outcomes are described as positive (gain) or negative (loss)
results, can be used to encourage parenting practices that promote healthy beverage intakes.
This study tested the effectiveness of message framing on motivation for parenting practices targeting
reductions in child sugar-sweetened beverage (SSB) intake (controlling availability, role modeling)
and dispositional factors moderating effectiveness. Parents (n = 380) completed a survey to
assess motivation after viewing gain- and loss-framed messages to engage in parenting practices,
usual beverage intake, and home beverage availability. Paired t-tests were used to examine differences
in motivation scores after viewing gain- vs. loss-framed messages for all parents and by subgroups
according to low vs. high SSB intake and home availability, and weight status. Gain- versus
loss-framed messages were related to higher motivation scores for both parenting practices for all
parents (n = 380, p < 0.01) and most subgroups. No differences were observed by message frame
for parents in low home SSB availability or normal and overweight BMI subgroups for controlling
availability. Gain- versus loss-framed messages were related to higher motivation scores, therefore
gain-framed messages are recommended for parent interventions intended to decrease child intake
of SSBs.

Keywords: parenting practices; sugar-sweetened beverages; gain- and loss-framed messages

1. Introduction

Consumption of sugar-sweetened beverages (SSBs) by children in the United States (U.S.) is
a concern because of high intake [1,2] and associated health problems [3–6]. National consumption
data (2011–2014) showed that 62.9% youth aged 2–19 years in the U.S. consumed at least one SSB on
a given day [2]. A recent review found consistent evidence for negative effects of SSB consumption on
the health of children and adolescents, with strongest evidence for risk of overweight or obesity and
dental caries [6]. Parenting practices, such as role modeling and controlling beverage availability are
considered part of the social and physical environment which can be manipulated by parents to change
SSB intake behaviors of children under the organizing framework of Social Cognitive Theory [7,8].

Message framing is a common method used to promote health behavior change [9,10].
Gain-framed messages (where outcomes are described in positive terms) have been found to be
more effective for prevention behaviors (sunscreen use and exercise) whereas, loss-framed messages
(where outcomes are described in negative terms) were more effective for detection behaviors (breast
self-exams) [11,12]. In addition, a recent review suggested that gain-framed messages were more
effective when the individual had a low level of involvement or interest in the issue, the outcome
of the behavior was certain, and the behavior helped individuals avoid risk [10]. Another review
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found additional dispositional factors that consistently moderated motivation based on gain and
loss framing of health messages including self-efficacy beliefs and ambivalence [13]. The frequency
of SSB parenting practices, such as role modeling intake and controlling beverage availability, and
weight status may reflect dispositional factors such as self-efficacy beliefs, level of involvement, or
risk aversion. The limited number of studies that tested message framing to promote healthy dietary
behaviors supported the effectiveness of gain- vs. loss-framed messaging but few studies examined
the effects of various dispositional factors [14–17].

Studies involving message framing to change dietary behaviors have primarily focused on
messages that target behaviors of the person receiving the messages [14–16]. Few studies have
investigated how message framing might be used to promote behaviors aimed at the health of
someone other than the person receiving the messages (proxy) [18]. For example, parenting practices
that affect the diet of children are completed by parents to directly benefit the health of their child.
Having healthy children translates into benefits for parents such as limiting future healthcare costs
and enhancing peace of mind [19], therefore message framing may produce similar results when the
benefits directly impact the child and indirectly benefit the parent. Furthermore, few studies have
examined the effectiveness of message framing to promote different behaviors that could achieve the
same outcome [20]. For example, a variety of parenting practices can be used to promote the same
healthy dietary behavior and health outcomes for children [20].

The purpose of this study was to test the hypothesis that exposure to gain-framed messages
would result in greater intention (measured as motivation scores) for parents of children (6–12 years)
for two different behaviors (role modeling intake and controlling home availability of SSBs) compared
to exposure to loss-framed messages. Additionally, the effectiveness of gain- and loss-framed messages
were tested among parents grouped by low and high scores on home availability of SSBs, low and
high SSB intake, and normal, overweight, and obese weight status.

2. Materials and Methods

Parents/caregivers attending the Minnesota State Fair in 2015 were recruited to complete
a questionnaire in a building specifically designed for research studies (Driven to Discover building)
through a website providing study information. Parents were eligible if they had a child (6–12 years),
had primary responsibility for food acquisition and preparation, and could complete the survey in
English. The University Institutional Review Board approved the study with consent procedures.
After participation, parents were given $5 in cash and a backpack.

Gain- and loss-framed messages were developed for parents promoting two parenting practices
that addressed a single overall health outcome for children—role modeling intake and controlling
home availability of beverages to limit SSB intake and improve diet quality and health (Table 1).
Message phrasing was based on recent examples where gain-framed messages focused on benefits
of engaging in the behavior and loss-framed messages focused on the costs of not engaging in the
behavior [10,21,22]. For example, Churchill and Pavey [22] used the following gain- and loss-framed
messages to promote fruit and vegetable intake, respectively: “Evidence suggests that people who
eat enough fruit and vegetables, compared to those that do not, are at lower risk of many serious
life-threatening diseases and gain several potential health benefits.” and “Evidence suggests that
people who do not eat enough fruits and vegetables, compared to those that do, are at higher risk of
many serious life-threatening diseases and lose several potential health benefits”.

An initial set of PowerPoint slides was developed presenting facts about the usual daily calories
children consumed from added sugars (>10%), the relationship between high intake of sugary drinks
and overweight or obesity, health risks associated with overweight or obesity, and prevalence of
childhood obesity. For parents, sugary drinks were defined as sodas, fruit drinks, and fruit punch.
These slides were followed by slides including the gain- and loss-framed messages for role modeling
and controlling home beverage availability. The slides were transformed into short YouTube videos,
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tested with a small group of parents (n = 8) for clarity and comprehension, and revised accordingly
prior to implementation with the large group.

For implementation, the revised slides were embedded as still images as part of a Qualtrics survey
platform. The messages developed for each parenting practice are presented in Table 1. The order
of the messages was randomized within the Qualtrics survey so different parents viewed the gain-
vs. loss-framed messages in different order. Parents viewed the still images and then immediately
reported behavioral intention (measured as motivation scores).

Table 1. Gain- and Loss-Framed Messages.

Parenting Practice Messages

Controlling Availability
Gain-framed

Parents who do not make sugary drinks available in their home
are more likely to have children who do not drink sugary drinks.

Controlling Availability
Loss-framed

Parents who make sugary drinks available in their home are
more likely to have children who drink sugary drinks.

Role Modeling
Gain-framed

Parents who set a good example by not drinking sugary drinks
are more likely to have children who do not drink sugary drinks.

Role Modeling
Loss-framed

Parents who do not set a good example by drinking sugary
drinks are more likely to have children who drink sugary drinks.

Questions to evaluate behavioral intention with respect to controlling availability of beverages
and role modeling included: How much would this message motivate you to have healthy beverages
at home for your child to drink (controlling home beverage availability)? and How much would
this message motivate you to set a good example for your child by drinking healthy beverages
(role modeling beverage intake)? Response options (motivation scores) were 1 = not at all—4 = a lot.
These questions were similar to those used in another study evaluating motivation to engage in
parenting practices based on messaging [23].

A subset of parents (n = 75) were asked if they perceived the messages to be framed according to
the intended valence. Parents were asked whether the consequences of the parenting practices were
described in a positive or negative way, which was a similar approach used in another study [24].
Response options were positive, negative, and I do not know.

Home availability of beverages was measured with nine questions based on a similar questioning
framework for foods available at home that had been used with parents of adolescents in a previous
study [25]. The questions asked parents how often milk, soft drinks, fruit drinks, fruit juice, and water
were available in their home with response options of never = 1—always = 4. Two items were grouped
to construct a variable to assess the availability of sugar-sweetened beverages (regular soda pop and
fruit drinks).

Usual beverage intake was assessed using a 15-item beverage questionnaire previously evaluated
for validity and reliability as an indication of modeling beverage intakes [26]. Hedrick et al. [26]
found that beverage intake measured with the 15-item beverage questionnaire was significantly
correlated with intake measured with three 24-h dietary recalls (SSB R2 = 0.69), but not with whole milk.
Various beverage items were included (dairy, sugar-sweetened, caffeinated, and energy beverages).
Respondents were asked to indicate their usual intake over the past month by indicating how often they
consumed the beverage (never or less than 1 per week, 1/week, 2–3/week, 4–6/week, 1/day 2+/day,
3+/day) and how much they consumed (less than 6 oz., 8 oz., 12 oz., more than 12 oz.). Items were
grouped to construct variables to assess daily intake of SSBs including soft drinks, sweetened juice,
sweetened tea, tea or coffee with cream and/or sugar, and energy drinks.

Parents answered questions assessing demographic and physical characteristics for themselves
(age, sex, ethnicity, education, employment, food assistance, self-reported height and weight) and
for their child (age, sex). Surveys were completed on iPads using a Qualtrics survey platform in
about 10 min per participant. Parents first answered questions about home availability and usual
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beverage intake, followed by questions to evaluate behavioral intention based on viewing the gain-
and loss-framed messages, and finally questions about demographic and physical characteristics.

For categorical variables, frequency counts were calculated. For continuous variables, means
and standard deviations were computed. BMI (kg/m2) was calculated for parents from self-reported
height and weight. Parents were divided into subgroups based on weight status (normal weight:
BMI < 25, n = 130, overweight: BMI ≥ 25 and <30, n = 115, obese: BMI ≥ 30, n = 86); low and high
home availability of SSBs based on summing ratings for two items, regular soda pop and fruit drinks,
(below or above an availability rating of 5 (n = 170 and 210, respectively); and intake of SSBs (below or
above median intake (n = 191 and 189, respectively). Paired t-tests were used to determine differences
in behavioral intention (motivation scores) by type of message framing among all parents and within
parent subgroups. Statistical significance was assessed at the p = 0.05 level. ANOVA models were
used to assess between group differences in mean behavioral intention differences for each subgroup
analysis. For the weight group comparisons, the Tukey adjustment for multiple comparisons was
used to identify significant between group differences while preserving the overall alpha significance
level at 0.05. Statistical Analysis System software (SAS; version 9.4, Cary, NC, USA) was used to
analyze data.

3. Results

Three-hundred and eighty parents completed the survey; an additional 7 parents provided
consent but did not complete the survey. The majority were white (90.8%), women (79.7%), employed
full time (72.9%), and had a 4-year college degree (70.5%); mean age was 42.0 years and mean BMI was
27.3 (Table 2). Twenty-eight percent of children were 6–8 years old, 72% were 9–12 years old and 50%
were girls.

Table 2. Demographic Characteristics of Parent Survey Respondents.

Characteristic Mean (SD)

Age (n = 380) 42.0 (6.6)
Body Mass Index (n = 331) 1 27.3 (6.0)

N (%) 1

Sex
Female 303 (79.7)
Male 77 (20.3)

Education
High school diploma 21 (5.5)
Some college or technical school 91 (24.0)
4-year college, advanced degree 268 (70.5)

Ethnicity
Hispanic or Latino 7 (1.8)
Asian 26 (6.8)
White/Caucasian 338 (88.9)
American Indian/Black/multi-ethnicity 9 (2.4)

Food Assistance Programs
None 343 (90.3)
SNAP/WIC/Free or reduced price school meals) 2 50 (13.2)

1 BMI data are missing from 49; 2 SNAP—Supplemental Nutrition Assistance Program, WIC—Women’s, Infants
and Children Supplemental Assistance Program. Participants could check all that apply.

The manipulation check with 75 parents showed that a majority perceived the messages to be
framed according to the intended valence. For the behavior of controlling availability of beverages for
children, 85% of parents perceived the gain-framed message as positive; and 56% of parents perceived
the loss-framed message as negative. For the behavior of role modeling beverage intake, 87% of parents
perceived the gain-framed message as positive; and 76% of parents perceived the loss-framed message
as negative.
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A greater number of parents indicated that the gain-framed versus the loss-framed messages
would motivate them (some and a lot) to control beverage availability at home (73.2% vs. 65.8%) and
to role model beverage intake for their children (76.1% vs. 64.0%). Mean intention to control beverage
availability in the home was greater (p = 0.002) after exposure to the gain-framed message (M = 3.06,
SD = 0.90) compared to the loss-framed message (M = 2.93, SD = 0.96). Mean intention was also greater
for role modeling beverage intake for children after exposure to the gain-framed message (M = 3.10,
SD = 0.85) (p <0.001) compared to the loss-framed message (M = 2.81, SD = 1.03).

In the group with high availability of SSBs at home, exposure to the gain-framed message resulted
in a higher mean intention to control availability of beverages at home (p < 0.010) compared to parents
exposed to the loss-framed message (Table 3). However, in the group with low availability of SSBs at
home, intention was not different after exposure to either the gain or loss framed message (p = 0.068).
For parents consuming either a low or high amount of SSBs, intention to role model beverage intake
was greater after exposure to the gain vs. the loss framed messages (p = 0.001) (Table 3). No differences
were observed between low and high availability groups for intention to control availability of SSBs or
between low and high SSB intake groups for intention to role model beverage intake (Table 3).

Table 3. Behavioral Intention1 for Parenting Practices Based on Message Valence by SSB2 Availability
and SSB Intake.

Gain-Framed Loss-Framed Gain-Framed Loss-Framed

Parenting Practice Mean (SD) Mean (SD) p-Value 3 Mean (SD) Mean (SD) p-Value 3 p-Value 4

Low Availability SSB
(n = 170)

High Availability SSB
(n = 210)

Controlling
availability 3.01 (0.90) 2.90 (0.98) 0.068 3.12 (0.90) 2.98 (0.96) 0.010 0.296

Low SSB Intake
(n = 191)

High SSB Intake
(n = 189)

Role Modeling 3.21 (0.85) 2.86 (1.10) 0.0001 2.96 (0.83) 2.75 (0.95) 0.0005 0.125
1 Mean of response options 1–4, where 1 = not at all—4 = a lot; 2 SSB—sugar-sweetened beverages, 3 p-value
based on paired t-test for differences in mean intention scores within groups, 4 p-value based on ANOVA F-test for
between group differences in mean intention score differences.

For both normal and overweight subgroups, no significant differences were observed in mean
intention to control beverage availability at home after viewing the gain- and loss-framed messages
(p = 0.066 and 0.668, respectively) (Table 4). For obese parents, the gain-framed message was more
motivating than the loss-framed message regarding controlling availability. For all weight subgroups,
gain-framed messages resulted in higher mean intention to role model beverage intake (p = 0.001)
compared to loss-framed messages. No differences were observed in intention score differences to
control availability of SSBs or role model SSB intake by weight subgroups.

Table 4. Behavioral Intention 1 for Parenting Practices Based on Message Valence by Weight Status.

Normal Weight
(n = 130)

Overweight
(n = 115)

Obese
(n = 86)

ANOVA
p-Value 3

Controlling
Availability Mean (SD) Mean (SD) Mean (SD) 0.325

Gain-framed 3.19 (0.86) 3.03 (0.96) 3.05 (0.82)
Loss-framed 3.06 (0.95) 2.99 (0.98) 2.84 (0.93)

t-test p-Value 2 0.066 0.668 0.019

Role Modeling Mean (SD) Mean (SD) Mean (SD) 0.756
Gain-framed 3.17 (0.82) 3.19 (0.87) 3.06 (0.78)
Loss-framed 2.93 (1.07) 2.85 (1.05) 2.72 (0.89)

t-test p-Value 2 0.001 <0.0001 0.001
1 Mean of response options 1–4, where 1 = not at all—4 = a lot; 2 p-value based on paired t-tests for differences
in mean intention scores within weight subgroups, 3 p-value based on ANOVA F-test for between weight group
differences in mean intention score differences.
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4. Discussion

For all parents and within most parent subgroups, findings from the current study showed that
gain-framed messages were related to greater motivation than loss-framed messages for both SSB
parenting practices aimed at achieving the same outcome and focusing on behaviors that produced
indirect benefits for the message recipient. Therefore the general principle that gain-framed messages
are more effective than loss-framed messages in promoting prevention behaviors like healthy eating as
shown in several reviews [10,18] is also likely to be applicable to messages targeting multiple parenting
practices to improve diet and health of children.

Self-efficacy has been tested as a dispositional factor hypothesized to moderate the effectiveness
of gain- or loss-framed health messages with inconclusive results [13]. Parent self-efficacy regarding
SSB intake among youth has been addressed in previous studies [27–29]. Self-efficacy of parents
was associated with SSB intake among young children in an observational study [27]. Self-efficacy
was proposed as a control belief for serving SSBs to children by parents in a qualitative study [28].
Self-efficacy was also addressed through motivational interviewing as an intervention target to help
parents control child SSB intake [29]. In the current study, the subgroup of parents with low home
SSB availability may have been intentionally not keeping SSBs in the home to limit child intake
based on strong self-efficacy for this parenting practice (although self-efficacy was not assessed).
For these parents, no differences were observed in motivation based on gain- or loss-framed messages,
thus the relationship between a potentially high level of confidence in limiting home availability of
SSBs and a particular message valence remains unclear. Additional studies are needed to determine
how self-efficacy affects motivation based on gain- or loss-framed messages promoting positive
parenting practices.

Level of involvement in a specific health issue is another dispositional factor that has been
reviewed regarding effectiveness of gain- or loss-framed health messages [10,11,13]. For individuals
with low involvement, gain-framed messages were generally more effective than loss-framed
messages [10,13]. For the subgroup of parents in the current study with high availability of SSBs
at home, involvement in controlling beverage availability for children may be low, consistent
with the finding that gain-framed messages were more effective than loss-framed messages in
improving motivation.

In the current study, gain-framed compared to loss-framed messages resulted in greater motivation
for role modeling beverage intake by all parents, and subgroups by SSB intake and weight status.
However, parent beverage intake was assessed as an indication of role modeling and not measured
with a general scaled variable. This approach was similar to that used in another recent study [30]
and consistent with observed associations between parent and adolescent SSB intakes [31]. Therefore
results based on subgroups by SSB intake may not be consistent with tests of the effectiveness of gain-
vs. loss-framed messaging based on other measures of role modeling.

Parental obesity has been associated with child obesity [32], increased likelihood that children and
adolescents are less physically active [33], and a less supportive home food and physical activity
environment [34]. Therefore, level of involvement in SSB parenting practices was expected to
be low among the overweight/obese subgroup, indicating that gain-framed messages may have
been more influential than loss-framed messages. This was the case for role modeling, where the
gain-framed message was related to higher motivation scores versus the loss-framed message. However,
no differences in effectiveness of message type were observed between normal and overweight parents
for controlling availability.

A strength of the current study was the novelty of testing effectiveness of gain- vs. loss-framed
health messages to promote multiple behaviors that would benefit someone other than the message
recipient. A limitation was that only a slight majority (56%) of parents perceived the loss-framed
message as negative for controlling home beverage availability. Thus, caution should be used in
interpreting the results regarding controlling home beverage availability. In addition, exposure to
the messages was immediately followed by assessment of outcomes, whereas some parents may
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need time to process the information to influence behavior. Also, parents self-reported their height
and weight, which could have led to over- or underestimation of the real values. Most parents were
white, did not use food assistance programs and were well-educated women, thus limiting the ability
to examine findings by ethnicity, food assistance, sex or education or to apply the findings to the
broader population.

In summary, given the positive findings regarding gain-framed messages and previous research
on framing effects in nutrition education [10], future parent intervention programs may benefit from
using gain-framed messages to promote parenting practices aimed at decreasing SSB intake by children.
Further studies are needed to determine whether gain- compared to loss-framed messages are more
effective in influencing actual change in SSB parenting practices and ultimately, child SSB intake and
health outcomes.

5. Conclusions

Gain-framed messages promoting the SSB parenting practices of role modeling healthy beverage
intake and making healthy beverages available were related to greater motivation scores than
loss-framed messages for all parents. Within most parent subgroups based on low or high availability
of SSBs, low or high SSB intake, and weight subgroups, gain- versus loss-framed messages were also
related to higher motivation scores. Therefore gain-framed messages are recommended for parent
interventions intended to decrease child intake of SSBs.
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Abstract: Pre-exercise fluid intake is an important healthy behavior for maintaining athletes’ sports
performances and health. However, athletes’ behavioral adherence to fluid intake and its underlying
psychological mechanisms have not been investigated. This prospective study aimed to use a
health psychology model that integrates the self-determination theory and the theory of planned
behavior for understanding pre-exercise fluid intake among athletes. Participants (n = 179) were
athletes from college sport teams who completed surveys at two time points. Baseline (Time 1)
assessment comprised psychological variables of the integrated model (i.e., autonomous and
controlled motivation, attitude, subjective norm, perceived behavioral control, and intention) and
fluid intake (i.e., behavior) was measured prospectively at one month (Time 2). Path analysis
showed that the positive association between autonomous motivation and intention was mediated
by subjective norm and perceived behavioral control. Controlled motivation positively predicted
the subjective norm. Intentions positively predicted pre-exercise fluid intake behavior. Overall,
the pattern of results was generally consistent with the integrated model, and it was suggested
that athletes’ pre-exercise fluid intake behaviors were associated with the motivational and social
cognitive factors of the model. The research findings could be informative for coaches and sport
scientists to promote athletes’ pre-exercise fluid intake behaviors.

Keywords: self-determination; planned behavior; intention; beverage consumption; sport

1. Introduction

Exercise is defined as a planned, structured, and repetitive physical activity for improving or
maintaining physical fitness [1]. To start the exercise with a normal state of body water content, athletes
should drink enough fluid or should be well hydrated prior to exercise [2]. The goal of pre-exercise
fluid intake is critical for decreasing the risk of dehydration (loss of body water) and its negative
health consequences (e.g., heart disease), and maintaining exercise performance [3]. Sawka et al. [3]
proposed an evidence-based guideline of pre-exercise fluid intake. In particular, athletes are advised
to slowly intake fluid (e.g., 5–7 mL/kg per body weight) at least four hours prior to exercise, and the
fluid intake should be increased (e.g., 3–5 mL/kg per body weight) and be taken about two hours
before exercise when athletes are dehydrated (i.e., dehydration is indicated by having no urine or
highly concentrated urine). Many athletes seem to not be committed to this recommended behavior [4].
Although pre-exercise fluid intake could be facilitated by increasing drinking-water facilities and
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improving the convenience of executing the behavior, the actual pre-exercise fluid intake is also highly
dependent on decision making factors, motivation, and commitment [5,6].

It is, therefore, valuable to understand the underlying psychological mechanisms of pre-exercise
fluid intake and the results might be important to explain why some athletes are not committed to
this advisory behavior. The present study aims to apply a unified health psychology model that
integrates self-determination theory (SDT) [7] and the theory of planned behavior (TPB) [8] in order to
understand athletes’ pre-exercise fluid intake.

It is conceptualized in the integrated model that human health behaviors are governed by distal
motivational factors from SDT and proximal decision-making factors from TPB [9]. According to SDT,
there are two broad forms of motivation behind human actions, including autonomous motivation
and controlled motivation [10]. Autonomous motivation reflects those motivational behaviors that are
consistent with a sense of volition and choice. In contrast, controlled motivation is concerned with those
motivational behaviors that are regulated by external contingencies, such as rewards/punishment
and internal pressure to avoid feelings of guilt and shame [10]. As compared to controlled motivation,
autonomous motivation is considered to be more adaptive [10], and it is more likely to lead to
behavioral persistence and psychological well-being. However, it is postulated in the integrated
model that the relationship between motivations and behavior is not direct, but it is mediated by the
decision-making factors from the TPB [9].

The TPB is a social-cognitive model [8], in which the intention is regarded as the central predictor
of one’s behavior (e.g., fluid intake behavior). According to the TPB [8], three sets of social cognitive
variables (i.e., attitude, subjective norm, and perceived behavioral control [PBC]) positively predict
behavior via intention. PBC is also proposed to directly predict behavior. Attitude concerns one’s
overall subjective evaluation towards the target behavior. Subjective norm reflects one’s perception of
how the behavior is regarded as being socially appropriate. PBC summarizes one’s personal judgement
on capacity of engaging in the target behavior [8].

The theoretical components of SDT and TPB are merged into the integrated model, such that
autonomous motivation (rather than controlled motivation) from SDT is speculated to positively
predict attitude, subjective norm, and PBC from the TPB. These three social-cognitive variables further
link intention and behavior according to the tenets of the TPB [9]. Integrating these two theoretical
frameworks may bring forth a more comprehensive understanding towards health behaviors because
the theoretical integration combines the merits and it resolves the limitations of the theories. Specifically,
SDT supplements the TPB by providing the superordinate motivational antecedents that account for
the origin of the social cognitive process. On the other hand, the TPB accounts for the proximal
belief-oriented decision-making process [9].

The integration of SDT and the TPB has been successfully applied in fields, such as anti-doping [11],
physical activity [12], prevention and rehabilitation of injury [13], myopia prevention [14], and sleep
hygiene [15]. Early studies that are guided by the integrated framework generally indicated that
autonomous motivation positively predicted attitude, subjective norm, and PBC, while controlled
motivation typically exerted either small or no effects on these three belief-based TPB constructs [12,14].
More recent research findings began to reveal a positive relationship between controlled motivation
and subjective norms [11,13]. This is because social approval, external pressure, and recognition of
behavior could be regarded as externally referenced motives, and they may be also closely linked
to individuals’ normative beliefs [11,13]. In addition, the three TPB constructs had a positive effect
on healthy behaviors through intention [9,14,15]. Although the utility of the integrated framework
in explaining fluid intake behaviors has not been explored, studies applying either SDT or the TPB
alone have been conducted in the context of healthy diets. Findings of these early studies could
somewhat provide information about the potential application of the integrated model into fluid
intake behavior [16,17].

For instance, a few empirical studies that are based on SDT found that autonomous motivation
promoted adoption of healthy eating behaviors and controlled motivation showed no or little effect on
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healthy diets [16,18]. A recent meta-analysis summarizing the findings of 34 studies about the TPB
and dietary behaviors among youth showed that the relationship between the three social cognitive
factors, intention, and dietary behavior agreed with the tenets of the TPB [17]. Although these studies
only focused on a healthy diet, given pre-exercise fluid intake is also a self-regulatory dietary behavior
specifically for athletes and physically active individuals, the findings of SDT and the TPB on healthy
diets lead to speculation that the integration of both the theories could be useful in explaining athletes’
pre-exercise fluid intake behavior.

Although there is an evidence-based guideline for pre-exercise fluid intake, little is known
about the underlying psychological mechanisms for this healthy behavior among athletes. From a
practical perspective, understanding the underlying mechanisms will help practitioners (e.g., coaches
and trainers) and researchers to establish evidence-based intervention programs to promote healthy
pre-exercise fluid intake behaviors. Therefore, this two-wave prospective research was undertaken
in order to test the utility of the integrated framework consisting of SDT and the TPB in predicting
pre-exercise fluid intake among university athletes (see Figure 1). According to our literature review
above [8,9,17], it was hypothesized that:

(H1) Autonomous motivation would be a positive predictor of the three social cognitive variables
(i.e., attitude, subjective norm, and PBC).

(H2) Controlled motivation would be positively related to subjective norm, but its effect on
attitude and PBC would be either small or insignificant.

(H3) Autonomous motivation and the three social cognitive variables were expected to positively
predict intention.

(H4) Intention would positively predict pre-exercise fluid intake behavior.
(H5) The three social cognitive variables were proposed to mediate the predictive effects of

autonomous/controlled motivation on intention.
(H6) Intention was expected to mediate the relationship between the three social cognitive

variables and pre-exercise fluid intake behavior (i.e., full mediation for attitude, subjective norm, and
partial mediation for PBC).

(H7) Autonomous/controlled motivation would have an indirect effect on the fluid intake
behavior via the three social cognitive variables and intention.

 

Figure 1. Path estimates of the model. T1 = baseline; T2 = one-month after the baseline; * p < 0.05;
** p < 0.01. For clarity, correlations between gender and major study variables are omitted.

2. Materials and Methods

A two-wave prospective survey design with a one-month interval between the baseline assessment
and the prospective follow-up was used in the current research.
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2.1. Participants

A sample of university athletes (n = 182) was recruited from three public universities in China.
Participants had a mean age of 20.75 (SD = 2.24) and 66.5% of them were male. The participants were
from a wide range of sports (n = 13), such as badminton, soccer, and volleyball. On average, they
received training for 5.51 (SD = 3.40) years and trained 9.28 h per week (SD = 5.39).

2.2. Measures

2.2.1. Autonomous and Controlled Motivation

We adapted 12 items from the Chinese version of the Treatment Self-Regulation Questionnaire for
assessing the autonomous and controlled motivation (see Table S1) [13]. The scale has been used for
measuring motivation of the integrated model in various behavioral contexts that are related to the
prevention or management of injury or illnesses [11,14]. There are six items for evaluating each broad
form of motivation including autonomous motivation (e.g., “I want to intake sufficient fluid before
exercise because it is consistent with my life goals”) and controlled motivation (e.g., “I want to intake
sufficient fluid before exercise because I would feel ashamed of myself if I did not”). Participants gave
responses on seven-point Likert scales, ranging from “not at all true” (1) to “very true” (7).

2.2.2. Social Cognitive Constructs and Intention

Items measuring attitude, subjective norm, PBC, and intention were again adapted from the
Chinese version of the TPB scale that was developed and used in prior studies of the integrated
model conducted in China (see Table S1) [11,14]. The common stem (“Intake sufficient fluid before
exercise is . . . ”) was employed to assess participants’ attitude, and they made responses on five
seven-point semantic differential scales, which included “valuable–worthless”, “beneficial–harmful”,
“pleasant–unpleasant”, “enjoyable–unenjoyable”, and “good–bad”. Measures of subjective norm (three
items; e.g., “The people in my life whose opinions I value would approve of me consuming sufficient
fluid before exercise in the forthcoming month”), PBC (four items; e.g., “I have complete control over
consuming sufficient fluid before exercise in the forthcoming month”), and intention (three items;
e.g., “I intend to consume sufficient fluid before exercise in the forthcoming month”) were rated on
seven-point Likert scales that were anchored from “strongly disagree” (1) to “strongly agree” (7).

2.2.3. Pre-Exercise Fluid Intake Behavior

Since the required amount of pre-exercise fluid intake is determined by a number of factors
(e.g., the type of fluid, individual differences, sport type, temperature, and humidity) [3], measuring
the exact amount of pre-exercise fluid intake might not necessarily indicate the hydration status of the
athletes. The study, therefore, aims to examine the behavioral adherence that athletes apply toward
maintaining an optimal hydration status before exercise, and it requires a self-regulatory effort in
monitoring the hydration status and intake fluid when necessary (e.g., monitor one’s weight). With
the input from one sport physiologist and two sport psychologists, four items (e.g., “I will observe my
urine color three to four hours prior to exercise”) were developed to measure behavioral adherence to
pre-exercise fluid intake, according to the guidelines of Sawka et al. (see Table S1) [3]. Pilot testing
with 10 athletes indicated that no item revisions were necessary. Participants rated on the items using
five-point Likert scales, which ranged from “almost never” (1) and “almost always” (5). Since this is
a newly developed scale, we conducted an exploratory factor analysis to examine its underlying
structure. The results supported the one-factor model of the scale (Eigenvalue = 2.14), and the four
items explained 53.6% of the total variance in pre-exercise fluid intake.
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2.3. Procedures

The Human Research Ethics Committee of The Education University of Hong Kong granted
ethical approval of this research on 20 May 2016 (ref. No. 15216). The first author contacted course
lecturers from three public universities located in Southeastern and Northern China to invite the
university team athletes to participate in this research. The course lecturers then invited their athletes
to participate in this survey through a social media platform. Upon obtaining participants’ informed
consent, the survey form was distributed to them during their scheduled lecture hours in quiet
classrooms (Time 1). A follow-up behavioral measure (i.e., fluid intake behavior) was taken one month
later (Time 2) in the same class. The one-month interval between the two measurement points has
been recommended [19]. For both administration occasions, participants were under supervision
of researchers and were encouraged to provide honest responses. Special emphasis was placed on
confidentiality and no mandatory participation. Of 200 athletes invited, 182 (91%) agreed to participate
and filled out the survey form at Time 1 and 179 completed the survey at Time 2 (response rate at
follow-up = 98.4%).

2.4. Data Analyses

Since there was only a small amount of missing values (0.4%) among study variables, the missing
values were imputed through variable means in SPSS 21 (IBM, Armonk, NY, USA) [20]. Cronbach’s alphas
(α), means, standard deviations, and zero-order correlations of the study variables were computed. A path
analysis with a maximum likelihood estimation was applied to test the overall fit of the hypothesized
model and hypotheses in AMOS 21 (IBM, Armonk, NY, USA) [21]. Gender was entered as a co-variate
since it was found to affect the strength of path estimates [9]. The current sample size (n = 179) is generally
adequate for path analysis [20]. Model fit was evaluated through chi-square statistics to the degree of
freedom ratio (χ2/df ), comparative fit index (CFI), Tucker-Lewis index (TLI), root mean square error of
approximation (RMSEA), and standardized root mean square residual (SRMR) [22]. A value of χ2/df
smaller than 3.0, CFI/TLI values over 0.95, and RMSEA/SRMR values that are less than 0.06 represent
a good fit [23]. To examine the mediation effects, mediation analyses using bootstrapping approach
with 5000 replications were used to generate bias-corrected confidence intervals (CIs) of path estimate.
A 95% CI that did not include zero indicates a significantly indirect effect [24].

3. Results

Table 1 presents the results of internal reliability, descriptive statistics, and zero-order correlations.
The (sub) scales showed an adequate to excellent internal reliability (Cronbach’s α = 0.71 to
0.92). Participants reported moderate to high levels of autonomous/controlled motivation, attitude,
subjective norm, PBC, behavioral intention, and fluid intake behavior. The zero-order correlations
between the study variables yielded small to medium effect sizes.

Table 1. Descriptive statistics, internal reliability, and zero-order correlations among the study variables.

1. 2. 3. 4. 5. 6. 7. 8.

1. T1 Autonomous motivation 1
2. T1 Controlled motivation 0.45 ** 1
3. T1 Attitude 0.56 ** 0.24 ** 1
4. T1 Subjective norm 0.47 ** 0.40 ** 0.49 ** 1
5. T1 Perceived behavior control 0.33 ** 0.12 0.43 ** 0.47 ** 1
6. T1 Intention 0.58 ** 0.36 ** 0.47 ** 0.59 ** 0.43 ** 1
7. T2 Behavior 0.25 ** 0.22 ** 0.16 * 0.26 ** 0.17 * 0.20 ** 1
8. Age 0.10 0.00 0.11 0.05 −0.06 0.09 0.13 1
9. Gender −0.02 −0.10 0.02 0.19 ** 0.15 * 0.07 −0.09 0.03
Range 1–7 1–7 1–7 1–7 1–7 1–7 1–5 17–26
Mean 4.77 2.43 6.02 4.23 5.37 4.73 2.43 20.75
Standard deviation 1.17 1.12 1.15 1.34 1.17 1.49 0.77 2.24
Cronbach’s α 0.78 0.77 0.92 0.75 0.82 0.85 0.71 —

T1 = baseline, T2 = one-month after the baseline, * p < 0.05, ** p < 0.01.
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The results of the path analysis supported the proposed model: χ2
(5) = 6.90, χ2/df = 1.38, CFI = 0.995,

TLI = 0.971, RMSEA = 0.046, SRMR = 0.030. Figure 1 presents the detailed path estimates. In line with H1
and H2, autonomous motivation positively predicted the three social cognitive variables (β = 0.34 to 0.56,
p < 0.01), while controlled motivation exerted no effects on attitude/PBC (β = 0.00/−0.02, p = 0.98/0.85),
but a significant effect on subjective norms (β = 0.26, p < 0.01). Autonomous motivation (β = 0.33,
p < 0.01), subjective norm (β = 0.35, p < 0.01), and PBC (β = 0.14, p = 0.03) were positive predictors
of intention, which subsequently predicted pre-exercise fluid intake behavior (β = 0.23, p < 0.01).
Therefore, H3 was partially supported and H4 was confirmed. Autonomous/controlled motivation
and the three social cognitive variables explained 48% of the total variance in intention. SDT- and
TPB-based constructs only explained 6.5% of the total variance in behavior.

Table 2 shows the results of mediation analysis. In line with H5, the three social cognitive variables
were found to mediate the relationships between autonomous/controlled motivation and intention
(β = 0.20/0.09, p = 0.00/0.02). The direct link between PBC and pre-exercise fluid intake was not
significant (β = 0.07, p = 0.39). Furthermore, the relationships between subjective norm/PBC and
pre-exercise fluid intake behavior were fully mediated by intention (β = 0.07/0.03, p = 0.01/0.03), and
intention was not a mediator in the path between attitude and behavior (β = 0.01, p = 0.36). Therefore,
H6 was partially supported. H7 was partially confirmed given autonomous motivation (β = 0.13,
p = 0.003), but not for controlled motivation (β = 0.02, p = 0.23) had an indirect effect on behavior via
the three social cognitive variables and intention.

Table 2. Mediation analyses showing the standardized direct, indirect, and the total effects of the model.

Effect (Corresponding Hypothesis If Applicable) β p 95% CI

Direct effects
Autonomous motivation → Attitude (H1) 0.56 <0.001 [0.43, 0.69]

Autonomous motivation → Subjective norm (H1) 0.35 0.001 [0.20, 0.49]
Autonomous motivation → PBC (H1) 0.33 <0.001 [0.17, 0.49]

Controlled motivation → Attitude (H2) 0.00 0.99 [−0.13, 0.13]
Controlled motivation → Subjective norm (H2) 0.26 0.001 [0.11, 0.40]

Controlled motivation → PBC (H3) −0.02 0.83 [−0.15, 0.12]
Autonomous motivation → Intention (H3) 0.33 <0.001 [0.18, 0.49]

Attitude → Intention (H3) 0.06 0.46 [−0.09, 0.19]
Subjective norm → Intention (H3) 0.35 0.001 [0.17, 0.51]

PBC → Intention (H3) 0.15 0.04 [0.01, 0.27]
Intention → FIB (H4) 0.20 0.01 [0.04, 0.35]

Indirect effects
Autonomous motivation → TPB constructs → Intention (H5) 0.20 <0.001 [0.10, 0.32]

Controlled motivation → TPB constructs → Intention (H5) 0.09 0.02 [0.02, 0.18]
Attitude → Intention → FIB (H6) 0.01 0.36 [−0.02, 0.05]

Subjective norm → Intention → FIB (H6) 0.07 0.01 [0.01, 0.15]
PBC → Intention → FIB (H6) 0.03 0.03 [0.01, 0.08]

Autonomous motivation → TPB constructs → Intention → FIB (H7) 0.13 0.003 [0.04, 0.22]
Controlled motivation → TPB constructs → Intention → FIB (H7) 0.02 0.23 [−0.01, 0.05]

Total effects
Autonomous motivation → Intention 0.54 <0.001 [0.42, 0.64]

Controlled motivation → Intention 0.09 0.02 [0.02, 0.12]
Attitude → FIB 0.01 0.36 [−0.02, 0.05]

Subjective norm → FIB 0.07 0.01 [0.01, 0.15]
PBC → FIB 0.10 0.20 [−0.05, 0.23]

Autonomous motivation → FIB 0.13 0.003 [0.04, 0.22]
Controlled motivation → FIB 0.02 0.23 [−0.01, 0.05]

β = standardized parameter estimate, 95% confidence interval (CI) = 95% confidence interval, PBC = perceived
behavioral control, theory of planned behavior (TPB) constructs = attitude, subjective norm, and PBC, FIB = fluid
intake behavior.

4. Discussion

The aim of the present prospective study was to use a multi-theory model that integrates SDT-
and TPB-based constructs and hypotheses to understand athletes’ pre-exercise fluid intake. Findings
generally supported a number of effects found in early research that applied the integrated model to
understand other health behaviors [9,14,15], including the effects of autonomous motivation and the
three social cognitive variables on intention, which subsequently predicted pre-exercise fluid intake
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behavior. Overall, SDT- and TPB-based variables explained a small amount of the total variance in
pre-exercise fluid intake behavior (6.5%).

Focusing first on the proposed prediction of the three social cognitive variables by autonomous
motivation (H1), our results are parallel to earlier research that showed that autonomous motivation
was a positive predictor of the three social cognitive variables [9,12,14]. This finding implies that the
more the athletes were autonomously motivated to engage in taking fluid before exercise, the more
likely they were to hold a positive evaluation of the behavior, regarding such behavior as socially
appropriate, and perceive a strong sense of personal control over the action. H2 was also supported
in that controlled motivation was a positive predictor of subjective norms, but not for attitude and
PBC after controlling for autonomous motivation. Previous research has shown that controlled
motivation relative to autonomous motivation has a limited role in predicting the three social cognitive
variables [16,25]. In addition, since controlled motivation reflects externally referenced contingencies
such as obtaining rewards and avoiding social pressure, it tends not to be aligned with attitude and
PBC, but with subjective norm, which reflects one’s beliefs about socially appropriate behaviors [25].
Hagger and Chatzisarantis [9] asserted that subjective norms may reflect both autonomous and
controlled aspects of social cognitive belief on future health behavior engagement, which explains why
both autonomous and controlled motivation were positively related to subjective norm in this research.

H3, being partially supported as the path from attitude to intention, was not significant.
The finding seemed to contradict with the tenets of TPB [8]. However, there was a positive association
between attitude and intention (r = 0.47, p < 0.01), based on the results of zero-order correlation.
Therefore, it is highly possible that attitude had a limited effect on intention after controlling for
the subjective norm and PBC. Furthermore, the subjective norm exerted a larger effect than PBC on
intention (0.35 vs. 0.14). The context where a behavior is situated may affect the predictive ability of
the three social cognitive variables [8]. As such, the subjective norm is likely the strongest predictor of
intention in the context of pre-exercise fluid intake. There is a strong social component in pre-exercise
fluid intake behavior, and university athletes’ intention is mainly influenced by their beliefs about
significant others’ expectations (e.g., teammates). Observably, athletes have a lot of exposure to
teammates’ normative influences since they train together most of the time.

It is important to note that this is the first research to extend the TPB in understanding athletes’
pre-exercise fluid intake behaviors. Their intention was found to positively predict pre-exercise
fluid intake in our study. This finding is consistent with H4 and the TPB [8]. However, the effect
size of the intention-behavior link is small (β = 0.20) and a similar effect was also found in early
prospective research [9,26]. The small effect may be due to the intention-behavior gap [27]. To bridge
the intention-behavior gap, theorists have suggested a number of solutions such as including
implementation intention, planning, maintenance self-efficacy, action control, and self-control in
the process of the intention-behavior relationship [6,26–28]. Another possible avenue is to use the
dual-process approach [29–31]. Some health behaviors may be affected by the impulsive process,
in which automaticity or habit implicitly governs the behavioral execution. Future research may
incorporate automatic factors (e.g., implicit attitude or habit) into the integrated model that may
provide additional avenues for the target behavior [5,25].

With regard to the mediation effects, the relationship between autonomous motivation and
intention was partially mediated through the three social cognitive variables, while controlled
motivation was fully mediated through them. This finding is consistent with H5 and early
research [9,25], which suggests two possible routes by which superordinate motivational antecedents
from SDT may predict intention. Namely, a mediated route that includes intention and its proximal
predictors (i.e., the three social cognitive variables), and a direct route that directly affects intention
independent of the belief-orientated decision-making process [26]. H6 was only partially supported,
since intention was found to fully rather than partially mediate the relationship between PBC and fluid
intake behavior. Lack of a direct effect from PBC to behavior is possible due to the measure of PBC.
Our PBC measure reflects perceived rather than actual control beliefs. According to Ajzen [8], when
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the PBC measure reflects actual control over behavior, PBC will predict behavior directly. Although we
found that autonomous motivation had an indirect effect on fluid intake behavior via the three social
cognitive variables and intention, the finding is similar to the findings of meta-analytic studies of the
integrated model [9,32]. Although motivation may also form a direct effect on health behavior [25],
the mediation of social cognitive variables addresses the importance of understanding the proximal
decision-making process to enhance the variance of intention and behavior.

Even though the present research has several strengths (e.g., the first research to test the integrated
model in the area of pre-exercise fluid intake behavior), it is not without its limitations. First, the
participants of this study were university athletes in China, which means the present findings may not
be generalized into athletes in other age groups, educational levels, or cultures. Future research should
examine whether the findings can be replicated across diverse populations. Second, the ongoing
debate on the effectiveness of pre-exercise hydration status (e.g., [33]) could somewhat reduce the
practical implications of the present study. However, the current guidelines are widely accepted, and
the effective pre-exercise hydration status has not been proven to be deleterious on performance. Third,
we relied entirely on self-reported measures that are subject to recall bias and response tendency [34].
Objective measures representing the effectiveness of behavioral adherence to pre-exercise fluid intake
(e.g., urine specific gravity and body weight) should be used in future research. Lastly, even though
a two-wave prospective survey design was used in this research, it is insufficient to conclude the
temporal and causal nature of the relationships that are found in the integrated model. A panel design
or intervention research is necessary to provide stronger evidence for the conclusions.

5. Conclusions

Our survey extended and tested the integrated model in the context of pre-exercise fluid intake
among athletes. We generally found support for the model and its related hypotheses. Our findings
suggest that there are multiple potential routes for pre-exercise fluid intake behavior, which provide
preliminary evidence for the development of pre-exercise fluid intake interventions. Intervention
programs should target all of the relevant routes to increase the intention and behavior of pre-exercise
fluid intake. For example, since autonomous motivation has both substantially direct and indirect
effects on intention, it would be useful to increase athletes’ autonomous motivation. According to
SDT [10], autonomy-supportive behaviors (e.g., providing choices in selecting different types of fluid
and creating a caring climate during behavior changing processes) can be an effective way to enhance
their autonomous motivation.

Supplementary Materials: The following is available online at http://www.mdpi.com/2072-6643/10/5/646/s1.
Table S1: Scale items for constructs of the integrated model of pre-exercise fluid intake.
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Abstract: The paper seeks to describe beverage consumption and examine the association between
beverage consumption and total water intake and total energy intake of the adult population in the
Balearic Islands. Beverage consumption, total water intake, and total energy intake were obtained
by using two 24-h diet recalls from a cross-sectional nutritional survey carried out in the Balearic
Islands (n = 1386). The contribution of beverages to total water intake and total energy intake were
also assessed. Beverages accounted for 65–71% of total water intake and 29–35% of it provided by
drinking water. Food moisture contributed 31–37% of total water intake. The mean daily total water
intake from all sources was around 2.2 L for men and 1.9 L for women and slightly lower than the
proposed adequate intake (AI) recommendations of the European Food Safety Authority (EFSA).
The mean total energy intake was 2222 kcal/day and beverages contributed 10.3% of total energy
intake for men and 9.5% for women. Energy intake from beverages varied with age. In both sexes,
milk was the main beverage contributed to total energy intake. The energy contribution of caloric
soft drinks was 1.8% for men and 1.2% for women and energy intake from these beverages was
significantly higher among younger adults. Water was the main beverage in the diet, followed by milk
and hot beverages. Beverages were mainly consumed in the main meal times (breakfast, lunch, and
dinner) in both sexes. The main findings of this study indicate that consumption of sugar-sweetened
beverages (caloric soft drinks and commercial fruit juice) is higher among young adults, consumption
of alcoholic beverages is higher among males aged 26 and older, and TWI (total water intake) is lower
than the EFSA recommendations. These findings may be used to develop effective, healthy eating
and drinking policies and campaigns.

Keywords: beverage consumption; water consumption; total water intake; total energy intake; adults;
Balearic Islands

1. Introduction

Water intake is very essential for human life because water accounts for 50–60% of adult body
mass and we need water for the enzymatic and chemical reactions and excretion of metabolic waste
from our body [1]. While in our early ancestors’ diet consisted of only drinking water and breast
milk [2,3], our beverage choices are vast.

The European Food Safety Authority (EFSA) estimates that 70–80% of total water intake (TWI)
comes from drinking water and beverages, while the remaining 20–30% is obtained from food
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moisture [4]. However, estimates of the Spanish population fall slightly outside these estimations [5].
The contribution of foods and beverages to the TWI for the Spanish population are 32% and 68% [5],
respectively. Still, drinking water is the main source of water in the diet of all age groups, and
consumption of other beverages varies according to age [6–12].

Many beverages contribute to total energy intake (TEI). The average energy contribution of
beverages to TEI among European countries varies from 7 to 16% (e.g., 7% in Italy [13], 8% in France [14],
12% in Spain [5], and 16% in the UK [15]). Alcoholic beverages are the main contributors to energy
intake, followed by milk [14,15].

Recent studies of TWI and beverage consumption and the association between beverage
consumption and energy intake among Spaniards have been published [5,12]. A recent study suggested
that the population of the Balearic Islands is undergoing a nutrition transition [16]. We, therefore,
investigated beverage consumption and TWI, with special attention to the types of beverages consumed
and their calorie contribution to total energy intake in a nationally representative sample from the
Balearic Islands.

2. Methods

2.1. Study Population

Subjects of this study were participants in the OBEX (Obesity and oxidative stress) project which
is a population based cross-sectional nutritional survey. The data collection took place between 2009
and 2010. The sample population was derived from residents aged 16–65 years registered in the
official population census of the Balearic Islands. The sampling technique included stratification
according to municipality size, age, and sex of inhabitants, and the samples were randomization into
subgroups, with the Balearic Islands municipalities being the primary sampling units, and individuals
within these municipalities comprising the final sample units. The theoretical sample size was set at
1500 individuals and the one specific relative precision of 5% (type I error = 0.05; type II error = 0.10),
and the final sample was 1386 (92.4% participation). Pregnant women were excluded from this study.
This study was conducted according to the guidelines laid down in the Declaration of Helsinki, and all
procedures involving human subjects were approved by the Balearic Islands’ Ethics Committee (Palma
de Mallorca, Spain) No. IB/1128/09/PI. Written informed consent was obtained from all subjects and,
when they were under 18 years, also from their parents or legal tutors.

2.2. General Questionnaire and Anthropometrics

A questionnaire collected the following information: age, marital status, educational level
(grouped according to years and type of education: low, <6 years at school; medium, 6–12 years
of education; high, >12 years of education), and socioeconomic level (classified as low, medium, and
high according to the methodology described by the Spanish Society of Epidemiology) [17].

Information about smoking habits and alcohol consumption was collected and grouped as
non-smoker, ex-smoker, smoker, and non-drinker, occasional drinker, daily drinker (1–2 drinks/day),
and heavy drinker (more than three drinks/day).

Anthropometric [18] and blood pressure (BP) [19] measurements have been described in full
elsewhere. BMI was computed as weight/height2 (kg/m2) and study participants were categorized
as healthy weight (BMI < 24.9 kg/m2), overweight (25 kg/m2 < BMI < 29.9 kg/m2), and obese
(BMI ≥ 30 kg/m2) [20]. Hypertension was defined as either having a systolic blood pressure (SBP)
of ≥140 mmHg or diastolic blood pressure (DBP) of ≥90 mmHg, currently under antihypertensive
treatment, or previously diagnosed for hypertension.

2.3. Physical Activity Assessment

Physical activity (PA) was evaluated according to guidelines for data processing and analysis of
the International Physical Activity Questionnaire [21] in the short form. The PA levels were estimated
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by using metabolic equivalents of task (MET). MET scores for different level activities were established
based on the Compendium of Physical Activities [22]. On the basis of their total weekly MET scores,
the subjects were divided into three groups: “low”, “moderate”, and “high” levels of PA.

2.4. Assessment of Beverage Consumption and Energy Intake

Beverage, food, and energy intakes were assessed by averaging two non-consecutive 24 h dietary
recalls. To prevent seasonal variations, 24 h dietary recalls were administered in the warm season
(May–September) and in the cold season (November–March). Furthermore, to account for day-to-day
intake variability, the two 24-h recalls were administered from Monday to Sunday. Participants
reported all foods and beverages consumed throughout the day: breakfast, second breakfast, lunch,
afternoon snack, dinner, and outside of meal times. A manual of sets of photographs [23] was used
for the estimation of portion size. Well-trained dieticians administered the recalls and verified and
quantified the information obtained from the 24 h recalls.

Beverages were categorized into 11 groups; water (tap water and bottled water), full-fat milk,
low/non-fat milk (semi-skimmed and skimmed milk), 100% fruit juice (all kinds of natural fruit juice),
commercial fruit juice (all kinds of fruit juice sweetened with sugar), caloric soft drinks (all kinds of
carbonated soft drinks, sugar added iced tea and energy beverages), diet soda (low calorie carbonated
soft drinks), coffee, tea, alcoholic beverages (wine, beer, vodka, whisky, liquor), and other beverages
(beer without alcohol, diet milkshake, soy milk, rice milk, oat milk, fermented milk drink with sugar,
fermented milk drink, kefir, horchata, chocolate milkshake, isotonic drinks). Total milk included
full-fat milk and low/non-fat milk, hot beverages included coffee and tea, and total fruit juice included
all kinds of fruit juice were also calculated. TWI and TEI were calculated using a computer program
(ALIMENTA®, NUCOX, Palma, Spain) based on Spanish [24,25] and European Food Composition
Tables [26], and complemented with food composition data available for the Balearic food items [27].
Total water intake was calculated as drinking water plus water from all other beverages and moisture
from all foods. Identification of underreporting participants was based on the Goldberg cut-off [28].
Adults whose reported energy intake (EI)/basal metabolic rate (BMR) was <0.9585 were classified as
under-reporters (n = 328), and they were excluded from the current study.

2.5. Statistics

Statistical analyses were performed using SPSS for Windows, version 24.0 (SPSS Inc., Chicago, IL,
USA). For descriptive purposes, absolute numbers and percentages of participants were calculated
for demographic and lifestyle characteristics and differences tested by χ2. Average daily beverage
consumption, TWI (g/day) and TEI (kcal/day) were calculated and differences across means were
evaluated by using analysis of variance. Differences in mean daily water, beverage and energy intake
across age groups within sex were assessed by using student t-tests with Bonferroni correction for
multiple testing. Partial correlations between the consumption of different types of beverages and TWI,
water intake from beverages and foods, TEI, energy intake from beverages and foods were adjusted
for gender, age, and BMI. For all statistical tests, p < 0.05 was taken as the significant level.

3. Results

3.1. Description of the Survey Sample

Survey respondents ranged from 16 to 65 years (mean 32 years) (Table 1). Overweight prevalence
was higher among men (41%) than women (32%). Men were likely to be single heavy drinker and
have hypertension; women reported engaging in less physical activity.
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Table 1. Socio-demographic and lifestyle characteristics of study population.

Characteristics
Male (n = 410) Female (n = 654)

n % n % χ2

Age (years) <0.001
16–25 201 49 228 36
26–45 150 37 290 45
46–65 57 14 122 19
BMI <0.001

Healthy weight 232 57 445 68
Overweight 143 35 159 24

Obese 35 9 49 8
Marital Status 0.003
Not married 304 75 426 67

Married 103 25 213 33
Education Level ns

Low 136 34 185 29
Medium 144 36 224 35

High 124 31 228 36
Employment Status ns

Low 174 43 240 37
Medium 40 10 81 13

High 195 48 324 50
Smoking status ns

Non smoker 241 61 374 59
Ex-smoker 48 12 82 13

Smoker 108 27 174 28
Alcohol consumption <0.001

Non drinkers 91 23 207 32
Very occasional drinkers 151 37 263 41

Daily drinkers 125 31 140 22
Heavy drinkers 37 9 29 5
Hypertension 0.038

No hypertension 288 71 483 76
Have hypertension 116 29 149 24
Physical Activity <0.001

Low 164 41 431 67
Moderate 132 33 174 30

High 102 26 43 7

BMI: Body Mass Index; Not married includes: single, divorced, widowed, and separated. ns: Not
statistically significant.

3.2. Contribution of Beverages and Food Moisture to Daily Diet

Daily mean beverage consumption was stratified by gender and age as presented in Table 2.
Consumption of full-fat milk, fruit juice, and caloric soft drinks tended to decrease with age in both
sexes. Men consumed two times more caloric soft drinks (p < 0.001) and alcoholic beverage (p < 0.001)
than women, while tea (p < 0.001) consumption was much higher in women.

The contribution of foods and beverages to daily TWI (g/day) and TEI (kcal/day), by gender and
age group, are presented in Table 3. In total, beverages accounted for 71.1% and 65.4% of TWI for men
and women, respectively, while the contribution of all foods to TWI was 28.9% for men and 34.6%
for women. The mean daily TWI from all sources was around 2.2 L for men and 1.9 L for women.
Energy intake from beverages was higher in men than in women and slightly increased with age.
The mean TEI of the study population was 2222 (±19) kcal/day, and beverages contributed 9.5% of
TEI for females and 10.3% for males.

3.3. Contribution of Beverage Type to Diet

The contribution of beverages to daily water and energy intake by gender and age is presented in
Table 4. Water was the most consumed beverage for both sexes and drinking water alone accounted
for 31.7% of the TWI for men and 29.2% of the TWI for women. Among other beverages, hot beverages
(mainly coffee) and milk were the main sources of TWI for both sexes.
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In both males and females, milk was the principal beverage contributor of TEI. Among younger
adults, the contribution of commercial fruit juice and caloric soft drinks to TEI was higher, while the
energy contribution of alcoholic beverages was higher in middle-aged men.

3.4. Distribution of Beverages during Day

Figure 1 shows the mean daily consumption of beverages during each meal time for males and
females. Milk, fruit juices, and hot beverages (coffee and tea) were mainly consumed for breakfast in
both sexes. Alcoholic beverages were mainly consumed during lunch and dinner. Other beverages
were more evenly spread throughout the day, with slightly higher consumption during lunch and
dinner. The main part of the water consumption was concentrated in the afternoon, and the highest
water intake was observed outside of the meal times.

Percentage of total beverage consumption during each meal time is presented in Figure 2.
Beverage consumption during dinner was significantly higher in middle-aged men than others,
while a higher proportion of older women preferred to consume their beverages during dinner.

Figure 1. Cont.
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Figure 1. Daily mean beverage consumption during different meals by gender.

Figure 2. Percentage of total beverage consumption during different meals by gender and age group.
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In Table 5, we assessed the correlation between the consumption of different types of beverages
and TWI, water from beverages and foods, TEI, energy intake from beverages and foods. Water
consumption was highly correlated with the total beverage consumption, water intake from beverages
and TWI. Consumption of caloric soft drinks was associated with energy intake from foods and
beverages and also TEI. In other cases, correlation coefficients were generally unremarkable.

Table 5. Partial correlation between the consumption of different types of beverages and TWI, water
from beverages and foods, TEI, energy intake from beverages and foods (adjusted for gender, age, BMI,
and PA).

Beverages
Total

Beverage
Water from
Beverages

Water from
Foods

TWI
Energy from

Beverages
Energy from

Foods
TEI

Water 0.837 * 0.853 * 0.107 * 0.851 * −0.163 * 0.051 * −0.016
Full-fat milk 0.142 * 0.130 * −0.166 * 0.047 * 0.374 * 0.092 * 0.186 *

Low/non-fat milk 0.140 * 0.135 * −0.087 * 0.083 * 0.079 * 0.021 0.033
100% fruit juice −0.052 −0.057 0.003 −0.055 0.050 −0.070 * −0.052

Commercial fruit juice −0.074 * −0.086 * −0.014 −0.088 * 0.165 * 0.020 0.070 *
Caloric soft drinks 0.107 * 0.082 * −0.189 * −0.019 0.340 * 0.178 * 0.275 *
Light soft drinks 0.070 * 0.076 * −0.068 * 0.037 −0.077 * 0.009 −0.016

Coffee 0.296 * 0.291 * −0.567 * −0.012 0.181 * 0.080 * 0.134 *
Tea 0.059 0.062 * 0.079 * 0.098 * −0.033 0.031 0.021

Alcoholic beverages 0.191 * 0.179 * −0.101 * 0.117 * 0.141 * 0.108 * 0.153 *
Other beverages 0.047 0.025 −0.111 * 0.079 * 0.068 * −0.042 −0.019

* p < 0.05 (statistically significant); TWI: Total Water Intake; TEI: Total Energy Intake; BMI: Body Mass Index; PA:
Physical Activity.

4. Discussion

The present study investigated the beverage consumption and TWI and TEI from beverages
among Balearic adults. The results show that mean TWI was 2.2 L for men and 1.9 L for women in
the study population and slightly lower than the proposed AIs of water, which are 2.5 L for males
and 2 L for females by the EFSA [4]. Water recommendations of EFSA are applied only to conditions
of moderate environmental temperature and moderate physical activity levels [4]. TWI below the
recommended values might be related with the low physical activity level of the study population.
We observed that more than half of the study population had a low physical activity level.

According to the estimation of EFSA, beverages contribute 70–80% of TWI and foods contribute
20–30% of TWI [4]. While men met these estimations, among women water intake from foods was
higher, 35%. This difference can be explained with the high vegetable consumption of women as
these contain a high amount of food moisture. We observe that women consumed more vegetables
(172 g/day) than men did (142 g/day) (data not shown), and this finding is in line with a previous
study [29].

In this study, water was the principal beverage, and water accounted for 31% of TWI. In parallel
to our findings, drinking water was the main beverage among the entire Spanish population [12,30].
Within other beverages, hot beverages were the main contributor to TWI, followed by milk and caloric
soft drinks.

Energy intake from beverages varied within sex and age-specific groups and mean energy intake
of the whole population is 9.8% which was lower than those of the entire Spanish population [12].
Overall, milk is the main beverage, accounting for energy intake, followed by alcoholic beverages and
caloric soft drinks. In general, energy contribution of caloric soft drinks was 1.8% for men and 1.2%
for women in our study population, but energy intake from these beverages was significantly higher
among younger adults, especially in men (2.7% of TEI). In addition to caloric soft drinks, energy intake
from commercial fruit juice was higher among younger adults. In comparison with the US population
(5.7%) [31], energy intake from caloric soft drinks is lower in the Balearic population, but in view of
the adverse health effect of caloric soft drinks [32–34], high consumption of these beverages among
younger people should be discouraged by health authorities.
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Another issue to be raised is the higher energy intake from alcoholic beverages of adults aged 26
and older, particularly men. Many older adults have chronic health conditions, and therefore, they
take numerous medications; alcohol intake may interact with these medications [35]. Mean daily
alcoholic beverage intake of the study population was below the recommended limits of alcohol and
low to moderate alcohol consumption has some health benefits [36,37]. However the body composition
changes with age and the amount of total body water decreases, which results in higher blood alcohol
concentration in older than younger adults for the same amount of alcohol intake [38]. Close attention
needs to be paid by health authorities for identifying high alcohol consumption of older adults since
they are at a greater risk of alcohol-related harm than younger drinkers.

Adults in the Balearic Islands consumed more beverages during main meal times. Type of
beverages varied between different meal times. Hot beverages, milk, and fruit juices were mainly
consumed at breakfast, while water consumption was the lowest during breakfast. Fruit juice and milk
have more effects on hunger and satiety than water, and these beverages satisfy thirst like water [39].
This might explain the beverage preferences of the study population and low water consumption
during breakfast. Similar to our findings, milk and fruit juices were commonly consumed beverages
for breakfast in Norway [40].

Earlier studies have suggested that consumption of sugar-sweetened beverages was related to
high levels of energy intake [41,42]. In line with this, consumption of caloric soft drinks was positively
correlated with TEI and also energy intake from food. Consumption of caloric soft drinks not only
adds empty calories to the diet, but also regular consumption of these energy-dense beverages may
affect the food choices and total caloric intake [43].

Some of the strengths of the present study consist of the use of a large and representative sample
of Balearic adults. Misreporting of energy intake is an acknowledged problem in all dietary assessment
methods [44,45]; Goldberg cut-off methods [28] were applied to exclude under-reporters. Several
limitations of the present study need to be mentioned. First, the food and beverage intake and physical
activity (IPAQ questionnaire) data are gathered using self-reported questionnaires and might be
influenced by recording errors. Estimation of portion size is a usual weakness of self-reported dietary
assessment methods; however, we used a manual of sets of photographs to avoid this weakness.
Another limitation of the study is its cross-sectional design, which limits conclusions regarding
causality. We used two 24 h dietary recalls. Dietary intakes estimated by means of two 24 h dietary
recalls are not suitable for determining the usual intake distributions [46]; therefore, we do not attempt
to describe the usual intake distributions of daily water intake. We present population means and
standard errors for the beverage consumption, TWI, and TEI.

5. Conclusions

Although the energy contribution of beverages is low among the Balearic Islands population,
there are some issues requiring the attention of health authorities for promoting healthy drinking.
The main findings of this study indicate that consumption of sugar-sweetened beverages (caloric soft
drinks and commercial fruit juice) is higher among young adults, consumption of alcoholic beverages
is higher among males aged 26 and older, and TWI is lower than the EFSA recommendations. These
findings may be used to develop effective, healthy eating and drinking policies and campaigns.
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Abbreviations

AI adequate intake
BMR basal metabolic rate
DBP diastolic blood pressure
EFSA European Food Safety Authority
EI energy intake
FFQ food frequency questionnaire
IPAQ International Physical Activity Questionnaire
MD Mediterranean diet
MET metabolic equivalent
PA physical activity
BP systolic blood pressure
SPSS Statistical Package for the Social Sciences
TEI total energy intake;
TWI total water intake

References

1. World Health Organisation. Nutrients in Drinking Water; World Health Organisation: Geneva, Switzerland, 2005.
2. Wolf, A.; Bray, G.A.; Popkin, B.M. A short history of beverages and how our body treats them. Obes. Rev.

2008, 9, 151–164. [CrossRef] [PubMed]
3. Popkin, B.M. Patterns of beverage use across the lifecycle. Physiol. Behav. 2010, 100, 4–9. [CrossRef] [PubMed]
4. Agostoni, C.; Bresson, J.-L.; Fairweather-Tait, S.; Flynn, A.; Golly, I.; Korhonen, H.; Lagiou, P.; Løvik, M.;

Marchelli, R.; Martin, A.; et al. Scientific Opinion on Dietary reference values for water. EFSA J. 2010, 8.
[CrossRef]

5. Nissensohn, M.; Sánchez-Villegas, A.; Galan, P.; Turrini, A.; Arnault, N.; Mistura, L.; Ortiz-Andrellucchi, A.;
Edelenyi, F.S.; D’Addezio, L.; Serra-Majem, L. Beverage Consumption Habits among the European
Population: Association with Total Water and Energy Intakes. Nutrients 2017, 9, 383. [CrossRef] [PubMed]

6. Storey, M.L.; Forshee, R.A.; Anderson, P.A. Beverage consumption in the US population. J. Am. Diet. Assoc.
2006, 106, 1992–2000. [CrossRef] [PubMed]

7. Garriguet, D. Beverage consumption of children and teens. Health Rep. 2008, 19, 17–22. [PubMed]
8. Garriguet, D. Beverage consumption of Canadian adults. Health Rep. 2008, 9, 23–29.
9. Barquera, S.; Hernandez-Barrera, L.; Tolentino, M.L.; Espinosa, J.; Ng, S.W.; Rivera, J.A.; Popkin, B.M. Energy

intake from beverages is increasing among Mexican adolescents and adults. J. Nutr. 2008, 138, 2454–2461.
[CrossRef] [PubMed]

10. Barquera, S.; Campirano, F.; Bonvecchio, A.; Hernández-Barrera, L.; Rivera, J.A.; Popkin, B.M. Caloric
beverage consumption patterns in Mexican children. Nutr. J. 2010, 21. [CrossRef] [PubMed]

11. Bellisle, F.; Thornton, S.N.; Hebel, P.; Denizeau, M.; Tahiri, M. A study of fluid intake from beverages in a
sample of healthy French children, adolescents and adults. Eur. J. Clin. Nutr. 2010, 84, 350–355. [CrossRef]
[PubMed]

12. Nissensohn, M.; Sánchez-Villegas, A.; Ortega, R.M.; Aranceta-Bartrina, J.; Gil, Á.; González-Gross, M.;
Varela-Moreiras, G.; Serra-Majem, L. Beverage Consumption Habits and Association with Total Water and
Energy Intakes in the Spanish Population: Findings of the ANIBES Study. Nutrients 2016, 8, 232. [CrossRef]
[PubMed]

13. Mistura, L.; D’Addezio, L.; Turrini, A. Beverage Consumption Habits in Italian Population: Association with
Total Water Intake and Energy Intake. Nutrients 2016, 8, 674. [CrossRef] [PubMed]

14. de Edelenyi, F.S.; Druesne-Pecollo, N.; Arnault, N.; González, R.; Buscail, C.; Galan, P. Characteristics of
Beverage Consumption Habits among a Large Sample of French Adults: Associations with Total Water and
Energy Intakes. Nutrients 2016, 8, 627. [CrossRef] [PubMed]

15. Gibson, S.; Shirreffs, S.M. Beverage consumption habits “24/7” among British adults: Association with total
water intake and energy intake. Nutr. J. 2013, 12. [CrossRef] [PubMed]

90



Nutrients 2018, 10, 1149

16. Tur, J.A.; Serra-Majem, L.; Romaguera, D.; Pons, A. Does the diet of the Balearic population, a Mediterranean
type diet, still provide adequate antioxidant nutrient intakes? Eur. J. Nutr. 2005, 44, 204–213. [CrossRef]
[PubMed]

17. La Medición de la Clase Social en Ciencias de la Salud. Available online: https://www.seepidemiologia.
es/documents/dummy/LA%20MEDICION%20DE%20LA%20CLASE%20SOCIAL-4.pdf (accessed on
10 March 2012).

18. Ozen, A.E.; BibiloniMdel, M.; Pons, A.; Tur, J.A. Sociodemographic and lifestyle determinants of functional
food consumption in an adult population of the Balearic Islands. Ann. Nutr. Metab. 2013, 63, 200–207.
[CrossRef] [PubMed]

19. González, M.; del Mar Bibiloni, M.; Pons, A.; Llompart, I.; Tur, J.A. Inflammatory markers and metabolic
syndrome among adolescents. Eur. J. Clin. Nutr. 2012, 66, 1141–1145. [CrossRef] [PubMed]

20. Body Mass Index-BMI. Available online: http://www.euro.who.int/en/health-topics/disease-prevention/
nutrition/a-healthy-lifestyle/body-mass-index-bmi (accessed on 28 July 2018).

21. IPAQ International Physical Activity Questionnaire. Guide-Lines for Data Processing and Analysis of
the International Physical Activity Questionnaire (IPAQ). Available online: https://sites.google.com/site/
theipaq (accessed on 20 July 2012).

22. The Compendium of Physical Activities Tracking Guide. Available online: http://prevention.sph.sc.edu/
tools/docs/documents_compendium.pdf (accessed on 20 July 2012).

23. Gómez, C.; Kohen, V.L.; Nogueira, T.L. GuíaVisual de Alimentos y Raciones; EDIMSA: Madrid, Spain, 2007.
24. Moreiras, O.; Carbajal, A.; Cabrera, L.; Cuadrado, C. Tablas de Composicion de Alimentos, 7th ed.; Piramide:

Madrid, Spain, 2003.
25. Mataix, V.J.; Manas, A.M. Tabla de Composicion de AlimentosEspañoles, 4th ed.; Editorial Universidad de

Granada: Granada, Spain, 2003.
26. Feinberg, M.; Favier, J.C.; Ireland-Ripert, J. Repertoire General des Aliments (Food Composition Tables); Tec & Doc

Lavoisier: Paris, France, 1995.
27. Ripoll, L. Cocina de las Islas Baleares, 5th ed.; L. Ripoll Pub. Co.: Palma de Mallorca, Spain, 1992.
28. Black, A.E. Critical evaluation of energy intake using the goldberg cut-off for energy intake: Basal metabolic

rate. A practical guide to its calculation, use and limitations. Int. J. Obes. 2000, 24, 1119–1130. [CrossRef]
29. Salas, R.; del Mar Bibiloni, M.; Zapata, M.E.; Coll, J.L.; Pons, A.; Tur, J.A. Balearic adults have low intakes of

fruits and vegetables compared with the dietary guidelines for adults in Spain. Nutr. Res. 2013, 33, 204–210.
[CrossRef] [PubMed]

30. Ferreira-Pêgo, C.; Babio, N.; Fenández-Alvira, J.M.; Iglesia, I.; Moreno, L.A.; Salas-Salvadó, J. Fluid intake
from beverages in Spanish adults; cross-sectional study. Nutr. Hosp. 2014, 29, 1171–1178. [CrossRef]
[PubMed]

31. Drewnowski, A.; Rehm, C.D.; Constant, F. Water and beverage consumption among adults in the United
States: Cross-sectional study using data from NHANES 2005–2010. BMC Public Health 2013, 13. [CrossRef]
[PubMed]

32. Vartanian, L.R.; Schwartz, M.B.; Brownell, K.D. Effects of soft drink consumption on nutrition and health:
A systematic review and meta-analysis. Am. J. Public Health 2007, 97, 667–675. [CrossRef] [PubMed]

33. Malik, V.S.; Popkin, B.M.; Bray, G.A.; Despres, J.P.; Willett, W.C.; Hu, F.B. Sugar-sweetened beverages and risk
of metabolic syndrome and type 2 diabetes: A meta-analysis. Diabetes Care 2010, 33, 2477–2483. [CrossRef]
[PubMed]

34. Hu, B.F. Resolved: There is sufficient scientific evidence that decreasing sugar-sweetened beverage
consumption will reduce the prevalence of obesity and obesity-related diseases. Obes. Rev. 2013, 14,
606–619. [CrossRef] [PubMed]

35. Denton, F.T.; Spencer, B.G. Chronic health conditions: Changing prevalence in an aging population and
some implications for the delivery of health care services. Can. J. Aging 2010, 29, 11–21. [CrossRef] [PubMed]

36. Krenz, M.; Korthuis, R.J. Moderate ethanol ingestion and cardiovascular protection: From epidemiologic
associations to cellular mechanisms. J. Mol. Cell. Cardiol. 2012, 52, 93–104. [CrossRef] [PubMed]

37. Arranz, S.; Chiva-Blanch, G.; Valderas-Martínez, P.; Medina-Remón, A.; Lamuela-Raventós, R.M.; Estruch, R.
Wine, beer, alcohol and polyphenols on cardiovascular disease and cancer. Nutrients 2012, 4, 759–781.
[CrossRef] [PubMed]

38. Dufour, M.C.; Archer, L.; Gordis, E. Alcohol and the elderly. Clin. Geriatr. Med. 1992, 8, 127–141. [CrossRef]

91



Nutrients 2018, 10, 1149

39. Almiron-Roig, E.; Drewnowski, A. Hunger, thirst, and energy intakes following consumption of caloric
beverages. Physiol. Behav. 2003, 79, 767–773. [CrossRef]

40. Paulsen, M.M.; Myhre, J.B.; Andersen, L.F. Beverage Consumption Patterns among Norwegian Adults.
Nutrients 2016, 8, 561. [CrossRef] [PubMed]

41. Mathias, K.C.; Slining, M.M.; Popkin, B.M. Foods and beverages associated with higher intake of
sugar-sweetened beverages. Am. J. Prev. Med. 2013, 44, 351–357. [CrossRef] [PubMed]

42. An, R. Beverage consumption in relation to discretionary food intake and diet quality among US adults,
2003 to 2012. J. Acad. Nutr. Diet. 2016, 116, 28–37. [CrossRef] [PubMed]

43. Bell, E.A.; Castellanos, V.H.; Pelkman, C.L.; Thorwart, M.L.; Rolls, B.J. Energy density of foods affects energy
intake in normal-weight women. Am. J. Clin. Nutr. 1998, 67, 412–420. [CrossRef] [PubMed]

44. Macdiarmid, J.; Blundell, J. Assessing dietary intake: Who, what and why of under-reporting. Nutr. Res. Rev.
1998, 11, 231–253. [CrossRef] [PubMed]

45. Livingstone, M.B.; Black, A.E. Markers of the validity of reported energy intake. J. Nutr. 2003, 133, 895S–920S.
[CrossRef]

46. National Cancer Institute (NIH). Usual Dietary Intakes. Available online: https://epi.grants.cancer.gov/
diet/usualintakes/ (accessed on 29 July 2018).

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

92



nutrients

Article

“Your Body Feels Better When You Drink Water”:
Parent and School-Age Children’s Sugar-
Sweetened Beverage Cognitions

Kaitlyn M. Eck 1,*, Aleksandr Dinesen 1, Elder Garcia 2, Colleen L. Delaney 1 ID ,

Oluremi A. Famodu 2, Melissa D. Olfert 3 ID , Carol Byrd-Bredbenner 1 ID and Karla P. Shelnutt 2 ID

1 Department of Nutritional Sciences, Rutgers University, 26 Nichol Avenue, New Brunswick, NJ 08901, USA;
ard180@sebs.rutgers.edu (A.D.); colleenldelaney90@gmail.com (C.L.D.);
bredbenner@sebs.rutgers.edu (C.B.-B.)

2 Department of Family, Youth, and Community Sciences, University of Florida, Gainesville, FL 32611, USA;
elder89@ufl.edu (E.G.); oluremifamodu@tcomn.com (O.A.F.); kpagan@ufl.edu (K.P.S.)

3 Division of Animal and Nutritional Sciences, West Virginia University, 1194 Evansdale Dr. G28,
West Virginia University, Morgantown, WV 26506, USA; Melissa.Olfert@mail.wvu.edu

* Correspondence: kmd260@scarletmail.rutgers.edu; Tel.: +1-732-932-9827

Received: 15 August 2018; Accepted: 2 September 2018; Published: 5 September 2018

Abstract: Sugar-sweetened beverages (SSBs) are a leading source of added sugar in the American
diet. Further, ingestion of added sugars from SSBs exceeds recommendations. Thus, interventions
that effectively reduce SSB consumption are needed. Focus group discussions with parents (n = 37)
and school-aged children between the ages of 6 and 11 years (n = 41) from Florida, New Jersey, and
West Virginia were led by trained moderators using Social Cognitive Theory as a guide. Trends and
themes that emerged from the content analysis of the focus group data indicated that both parents
and children felt that limiting SSBs was important to health and weight control. However, parents
and children reported consuming an average of 1.85 ± 2.38 SD and 2.13 ± 2.52 SD SSB servings/week,
respectively. Parents and children were aware that parent behaviors influenced kids, but parents
reported modeling healthy SSB behaviors was difficult. Busy schedules, including more frequent
parties and events as children get older, were another barrier to limiting SSBs. Parents were most
successful at limiting SSBs when they were not in the house. This qualitative research provides
novel insights into parents’ and children’s cognitions (e.g., beliefs, attitudes), barriers, and facilitators
related to SSB ingestion. Consideration of these insights during nutrition intervention development
has the potential to improve intervention effectiveness in reducing SSB intake.

Keywords: sugar-sweetened beverages; children; parents; social cognitive theory; nutrition education;
health promotion

1. Introduction

Sugar sweetened beverages (SSBs) are a leading source of added sugars in the American diet [1].
Ingestion of these beverages is positively associated with excess body weight [2–4] as well as
an increased risk of metabolic syndrome and its associated conditions, including cardiovascular disease
and type 2 diabetes [5–8]. Currently, 20% of school-aged children (6 to 11 years) in the United States are
classified as obese [9]. The Academy of Nutrition and Dietetics has identified SSBs as a contributor to
childhood overweight and obesity; hence, this organization’s Pediatric Weight Management Guidelines
recommend limited intake of these beverages by children [10].

The Dietary Guidelines for Americans recommend keeping added sugar intake to less than 10%
of an individual’s daily calorie intake [11]; however, many Americans exceed this advice [1,12–14].
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For instance, nearly 66% of school-aged children are consuming at least one SSB each day and as
a result they are consuming over 7% of their total daily calories from these beverages [14]. Sugary
drinks provide 60% of the total calories from added sugar in the diets of children in the U.S. [15].

In addition to its links to obesity and related physical and mental health effects [16–18],
sugary beverages have negative consequences on oral health in children [19,20]. SSBs also displace
nutrient-dense beverages, especially dairy milk [21,22], a key source of calcium, potassium, and vitamin
D in the diets of American children [23]. Additionally, there is a positive relationship between SSB
intake and weakened bones and increased risk of fractures [24].

Several studies have attempted to elucidate factors influencing SSB consumption. One factor is
family behaviors, with a positive correlation between parent and child SSB intake [25–27], which is
indicative of the observational learning construct of the Social Cognitive Theory [28,29]. Another
factor affecting SSB intake is behavioral facilitators [28–30], also a Social Cognitive Theory construct.
Environmental conditions [28–30] where there is greater SSB availability in the home, appear to
facilitate SSB drinking [25,26,31]. Another environmental condition promoting consumption of sugary
drinks is location of eating—as the frequency of eating away from home rises, so does SSB intake [32].

In recent years, consumption of sugary drinks has declined [33]. However, there is considerable
opportunity to further reduce intake of these calorie-dense, nutrient-bare beverages. A greater
understanding of factors supporting SSB consumption as well as those that help reduce it could
lead to more effective behavior change and obesity prevention programs. Thus, this study aimed
to qualitatively explore factors affecting SSB intake with the goal of creating recommendations that
inform the development of health promotion and obesity prevention materials predicated on the Social
Cognitive Theory that aim to reduce sugary drink intake of parents and school-aged children (6 to
11 years).

2. Materials and Methods

The Institutional Review Boards at the authors’ universities approved the procedures for this
investigation. All parents gave informed consent for their children as well as themselves. Prior to data
collection, children gave verbal assent.

2.1. Sample

Parents who resided in Florida, New Jersey, or West Virginia and had one or more children aged 6
to 11 years were recruited to enroll in focus groups discussing home and lifestyles changes to promote
child health and development. Electronic (website, emails) and paper recruitment announcements
were distributed at workplaces, schools, community centers, and other locations frequented by parents.
Recruitment announcements were in English and Spanish and specified that focus groups would take
about 60 min and that participants would receive $25. The announcements also invited parents to
sign up their school-age children for a 30-min focus group discussion and indicated child participants
would receive $15. Parents and children participating in the focus groups were not necessarily related.
Focus group size was intentionally kept small to permit everyone to fully participate.

2.2. Instruments

Before focus groups began, parents completed a brief survey to report demographic characteristics
(e.g., age, highest education level) and frequency of SSB intake. Children completed a similar form.

A semi-structured questionnaire based on key Social Cognitive Theory (SCT) constructs (i.e.,
attitudes toward SSB, barriers to reducing SSB intake, and facilitators for reducing SSB intake) was
developed. SCT considers both inter- and intra-personal factors influencing behavior performance
including self-efficacy, collective efficacy (belief that a group is able to perform a behavior change),
and observational learning (learning by watching others perform a behavior) [28–30], which makes it
suitable to employ in family-based interventions. Furthermore, SCT addresses the interaction between
people and their environment—a bidirectional influence between these that is referred to as reciprocal
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determinism [28–30]. The notion of reciprocal determinism also makes SCT a good fit for home-based
interventions where family members’ behaviors affect and are affected by their home environment.

Prior to commencing the study, all data collectors were trained to conduct the focus groups in
a uniform manner using standard procedures [34]. English and Spanish focus groups were conducted
separately to accommodate the parents’ language preference. All child focus groups were in English
because all were fluent in this language. Younger children (ages 6 to 9) participated in focus
groups separate from those comprised of older, more mature children (ages 9 to 11). At each focus
group, a second trained researcher took comprehensive notes of the discussion and transcribed the
notes within 48 h of the focus group, including translating Spanish language focus group notes.
The researcher moderating the focus group reviewed the notes and discussed them with the note-taker
to ensure they were a clear, complete, and correct record.

2.3. Data Analysis

Descriptive statistics summarizing data collected in the survey administered before the focus
group were conducted were calculated using SPSS version 21.0 (Chicago, IL, USA). Three researchers
trained in standard content analysis procedures independently categorized focus group data into
themes (Miles and Huberman 1994 [35], Harris, Gleason et al. 2009 [36]). Content analysis generates
objective, systematic descriptions [37] that permit drawing “replicable and valid inferences from the
data to their context” [38]. The independent content analysis findings were compared and researchers
discussed them to reach consensus. Focus group data were continually analyzed during the data
collection period to determine when no new information was being revealed (i.e., data saturation was
reached) and data collection could end [39].

3. Results

A total of 37 parents (97% female) participated in 1 of 13 focus group discussions about beverages.
Three of these focus groups were performed in Florida (n = 13 parents), 5 in New Jersey (n = 12 parents),
and 4 in West Virginia (n = 12 parents). Parents were 36.3 ± 5.13 SD years old and had 2.42 ± 0.91
SD children under 18 living at home. The group was well educated, with 57% having obtained
a baccalaureate degree or higher. Two-thirds of the parents completed the focus groups in English,
with the remainder in Spanish.

A total of 41 school-aged children (ages 6 to 11 years) participated in 1 of 15 focus group
discussions about beverages. Five of these focus groups were performed in Florida (n = 12 children),
5 in New Jersey (n = 13 children), and 5 in West Virginia (n = 16 children). The average age of the
children was 8.46 ± 1.85 SD years. Participants had 1.17 ± 2.645 SD older siblings and 1.50 ± 1.57 SD
younger siblings.

3.1. Parent Focus Groups

Survey results illustrated that parents consumed an average of 1.85 ± 2.38 SD SSBs per week.
A comparison of SSB intake by language spoken and state of residence indicated intake was similar.
Additionally, no differences were discerned in focus group data by language or state of residence,
so data are presented in aggregate.

3.1.1. Parents’ Attitudes toward SSB Consumption

The majority of parents felt that limiting sugary beverages like soft drinks is “very important” for
their children’s overall health and wellbeing commenting, “young kids can have health problems from
the sugar”. Parents recognized the value of reducing SSB consumption, indicating that “sugary drinks
have empty calories, no vitamins, and lack the ability to keep you full” and these drinks “can affect
kids so much that children become overweight”. One noted, “I feel like, if I knew what I know now at
their age, I wouldn’t have had to get a gastric sleeve”. On the other hand, another commented “I don’t
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try to tell them (kids) about gaining weight because I don’t want them to think about body images at
their age”.

Another common concern was oral health, with parents commenting on the “effect [SSBs have on]
their teeth”, with others extending the effects to complexion and other physical aspects—“it’s really
a whole body thing”. Other health conditions, such as kidney stones and diabetes, were mentioned by
parents who had a family history of these conditions.

Behavior and adequate sleep were common themes in focus groups, with parents observing that
“I see a palpable change in my kids when they are sugared up” and “it disrupts sleeping habits”.
Numerous respondents indicated that SSBs made their children “hyperactive”, “bounce off the walls”,
and “rowdier”.

Some participants alluded to “addictive” qualities of these drinks. “The more sugar they start
to take in, the more sugar they want”. Caffeine also was of concern to some parents who indicated
that they “try to limit their caffeine intake so they (kids) don’t get addicted to it” and “kids don’t need
the caffeine”.

A few commented on environmental/geographical influences on beverage intake. One parent
said, “in southern West Virginia, soda is normal, and it was difficult to change when I realized that it
wasn’t normal and healthy”.

3.1.2. Parents’ Perceived Barriers to Limiting SSB Consumption

A common barrier to limiting children’s SSB intake was parental role modeling. Most parents
reported that their children commonly want to partake in whatever their mother or father do: “they see
an example and they imitate it" and “if I consume it, they are going to consume it”. Some acknowledged
that being a role model was challenging because “I really like soda, so it can be hard to limit them”
and “if they (children) see you drinking it (SSB), they want it”. Some parents also did not realize that
some beverages were sweetened, “I used to give Gatorade, but the dentist said no”.

Busy schedules were another barrier that parents faced in curtailing SSB intake in that time
scarcity enabled decisions that limited access to healthier alternatives. For example, parents reported
feeling like they were “living at Wawa and Wendy’s during the sports season and school year” where
sugary drink options were common and healthy alternatives were limited. Fast food restaurants,
gas stations, and convenience “stores have such a small selection of water and then huge selections
of sugary drinks; so every time we are in the gas station or something, he asks for a pop”. Parents
also raised the concern of limited availability of healthy alternatives at after school events, remarking
“school-related activities don’t always have a lot of water and you can only find pop and sweetened
tea at sporting events”.

Parents felt that SSB intake had increased as children got older. One parent stated,
“his consumption has increased exponentially” and another reported “now they drink them (SSB) more;
when they were younger, they didn’t drink them. I even find bottles of soda hidden under their beds
now”. Children’s growing maturity and independence was seen as an obstacle to limiting SSB intake.
As kids got older, they were purchasing lunch more often and parents were “unsure of how much
sugary beverages they drink when they buy lunches at school”. And, ”it is more difficult to control
the consumption of juices and sugar (when kids are at school)”. Parents felt kids’ beverage choices
at home were influenced by school experiences, noting that “the school gives the option for flavored
milk”, so now they have “had to switch to chocolate or strawberry milk (at home)”. Another parent
reported that when “other parents give sugary drinks for school lunches . . . my kid says, ‘why can’t I
bring that, too?’”.

Another aspect of children’s increasing age that got in the way of keeping SSB intake in check
was that, as they got older, they “have more involvements, which often mean more celebrations and
sugar intake”. They attend more “school activities, friends’ birthday parties, and get togethers” where
soda was readily available. One parent commented, “I blame little league baseball—he used to get
a hotdog and a soda after a game; he had never had it (SSB) until he was 8 years old”.
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SSB purchases of other family members also presented roadblocks to limiting intake of these
beverages. “In my house the only problem is that my sister lives with us and she will buy soda and then
they (kids) will drink it. I can’t stop her from buying soda because she is an adult, since they see her
drinking it they will ask her for soda and drink it”. Responsibilities outside the home presented another
obstacle because parents were not able to supervise children’s consumption of sugary beverages during
these times: “It’s difficult to limit their drink consumption when I’m not home because they will get
what they want”. Another obstacle, television, made it “more complicated” for parents to control
children’s SSB intake because it provided frequent exposure to advertisements for these drinks.

3.1.3. Parents’ Strategies for Overcoming Barriers to Limiting SSB Consumption

The number one strategy for limiting sugary beverage intake was environmental control: “keeping
them (SSB) out of the house” and “don’t buy them”. Another common approach to regulating SSB
consumption was to “set boundaries” and reserve sugary drinks for “special occasions”. For instance,
“Friday night is pizza night and my children get a soda beverage, but it’s not (a) regular (occurrence)”.
Occasional intake of SSBs was recognized by some parents as being important for teaching self-control,
because “you cannot forbid her to do it or else she will go crazy later when it’s available”. “My basic
rule is water or milk, but exceptions at parties or events with other kids. They probably have it like 3
times a month—so not often, but they have learned what they should have”. However, other parents
were more rigid in their approach (e.g., “I force them to drink water; if they don’t want water, then they
don’t get anything” and “I distribute (SSB0, and I use child-locks for all of my pantries”).

Making “milk and water the drinks of choice” in their homes and being sure “kids grew up with
the mind set to enjoy and prefer water” were other methods parents used to limit SSB intake. To boost
children’s preference for water, parents tried “cutting up lemons and limes in the water to give it a little
punch”, serving “agua fresca” (water infused with fruit), and making “it more interesting . . . have
fruit and ice in it” or add “sugar-free flavored water packets”. To encourage healthier drink options,
parents also proposed environmental solutions. For example, “having an accessible fridge where they
can reach for water”, “keeping a large Brita filter in the refrigerator” and having “an array of water
bottles” and “fun cups for the kids to drink out of” were identified as useful tools for encouraging
water intake over SSB.

Another approach was to lower sugar intake from beverages. Parents “cut juice with water”.
They also reduced the sugar content of flavored milk by “putting in mostly white milk with just a little
chocolate (drink mix)”. Parents also touted the benefits of diet soft drinks to children, describing them
as “sugar-free flavored water” and seltzer water as healthy alternatives to sugary drinks. One parent
used portion control as a means to control SSB intake: “get them a little glass if they ask”.

Promoting various qualities of beverages was another tactic parents employed to limit SSB intake.
For instance, the health benefits of alternative beverage options were conveyed when parents reminded
children that “milk helps bones”, “milk will make their teeth white”, and will help you “get stronger
and taller”. Parents also promoted the benefits of water. “When you do drink water, when your kids
are well hydrated, it shows in everything—your eyes aren’t as puffy, your skin feels clearer—(this)
translates over to kids. When your kids are hydrated, they aren’t as sluggish and it keeps your body
at its best. Sharing that with the kids keeps them at their best”. Some parents helped children think
about calories from SSB by telling them if they “do not have soda, they can use those calories to have
something more enjoyable”. Thirst quenching abilities also were invoked (“juice and soda are going
to make you thirstier”). Others pointed out that “it’s helpful to have the orthodontist and dentist”
endorse milk and water and the importance of limiting SSBs.

Many parents recognized that “setting a good example” was an effective way to help kids keep
SSB intake under control. One mother observed, “seeing me drink water helps them. The mirrored
behavior is important”. Parents also were motivated to drink more water themselves and encourage
their children to do the same because, “your body feels better when you drink water and you feel
better about yourself”.
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3.2. Children’s Focus Groups

Survey results indicated that children had an average intake of 2.13 ± 2.52 SD servings weekly of
SSBs. A review of children’s responses indicated that SSB intake was similar across age and state of
residence. Focus group data were similar across age groups and state, so data were combined.

3.2.1. Children’s Attitudes toward SSB Consumption

Kids reported drinking a wide array of SSBs, with intake ranging from infrequent (“we don’t have
them often, maybe once a month”) to often (“I have them once a day or I have a little more than that”).
These beverages were consumed at meals or alone. Several kids reported having SSBs more frequently
on the weekend and at events like birthday parties and when going out to eat. Some participants
indicated “you can only drink it sometimes, but not a lot”.

Reasons many children gave for limiting consumption of SSBs were “it’s very important because
if you drink too much, it is not good for you” and “sugar is kind of bad for you” “because might have
too much energy, get sugar rushes” and makes them “hyper” and “hard to go to sleep”. Health effects
were common explanations children gave for limiting SSBs; these ranged from general (they could “get
a stomachache” or “get sick”) to more specific health effects (sugary drinks are “bad for your teeth”,
“not good for your skin”, “not good for your kidneys”, or “are not good for your health because they
can cause diabetes”). Some commented that SSBs are “bad for your bodies because of the calories,
I think” and “you can also start getting fat”.

A few children linked calories in SSB with energy expenditure and discounted the importance
of limiting SSBs if balanced with exercise, “I ran yesterday, so I don’t need to limit it (SSB)”.
One commented, “it is less important for us (to limit SSBs) than for them (parents) because they
don’t burn a lot of calories like we do”.

Some children commented on hydrating qualities of drinks. “When I play outside, I drink water
instead of sugary drinks because you cramp if you don’t have water and have too much sugary drinks”
and understood that “it is important to drink a lot of water or you will get dehydrated”. Kids also
connected SSB consumption to decreased athletic performance and energy levels saying, “when I go to
recess, I will run slower”.

Although most children felt keeping SSB intake under control was important, some did not.
“I don’t think it’s important because I love sugar, and it tastes good”.

3.2.2. Children’s Perception of Their Parents’ Attitudes toward SSB Consumption

Most children thought parents felt it was important to limit SSB intake because parents tell them,
“if you drink a lot of it (SSB), you can get sick” and that parents “get happy if you don’t drink a lot
of sugary drinks” but “get mad if I drink too much”. Other ways parents conveyed to children that
it was important to control sugary beverages was that parents told kids “not to drink a lot of them”,
set limits on the number of SSBs kids can drink (“My mom says to only have one can of soda a day”),
controlled access (“my parents only buy 1 or 2 (boxes of pop), but they put it somewhere where I can’t
reach or see it”), set “rules requiring us to drink water or milk”, and rewarded kids for drinking water.

Others concluded that parents believed it was important to limit SSB because parents promoted
healthier beverages “she (mom) fills up big pitchers with water and we have to drink that”, or “mom
and dad set goals not to buy them”. Conversely, parental behaviors led one child to surmise,
“dad doesn’t care, he drinks soda”.

3.2.3. Children’s Perceived Barriers to Limiting SSB Consumption

Although most kids understood the importance of limiting SSB intake, they noted many barriers
hindered their efforts. A commonly mentioned theme was parental influence. Many children indicated
that they want to do what their parents do—“I want what my parents have. When my parents drink
pop, I want it, too”. Another child remarked, “I have iced tea that my dad drinks a lot and sometimes I

98



Nutrients 2018, 10, 1232

steal it and drink it”. Another participant indicated, “every time my mom drinks soda, we see it and
then we get jealous”. Parental behaviors were not limited to sugary drinks: “it (soda) does make me
want to have what they have. But if they have milk or water, I’ll drink it, too”.

Another common barrier to limiting sugary drinks was the taste. “I drink soda because it tastes
good. I’m not judging water because it has no taste, it’s just clear”. There also was a social aspect that
made limiting SSBs difficult as well. Many children reported that “I usually have them (SSB) at parties”
or on “special occasions, like birthdays and holidays”. Having their own money to buy sugary drinks
presented a roadblock to curbing SSB intake for some. The home environment presented another
obstacle: “we keep around 100 cans (of soda) at home in our basement”. Another barrier was wanting
to be like siblings or friends, “my friend is allowed to drink whatever she wants” and using these
beverages as a reward (we get) a little everyday if we have good behavior”).

3.2.4. Children’s Strategies for Overcoming Barriers to SSB Consumption

Children indicated that parents play the largest role in helping them limit SSBs and gave various
strategies parents could use. One common suggestion was for parents to not drink sugary beverages
themselves—“tell parents not to drink a lot of soda” because “it makes me want it when they drink
sugary drinks”. Role modeling healthy behavior was another strategy: “my mom drinks a lot of water
so it makes me want to drink water.”

Teaching kids about sugary drinks was another approach children recommended parents try:
“show your kids a video to educate them and tell them what these drinks are made of and why they
are not healthy” or “have them (kids) write paragraphs of why they are drinking so much sugar”.
Explaining the disadvantages of SSBs was another idea children had: “you still feel thirsty after
drinking a sugary drink, but not if you drink water”, “if you drink it [after sports practice], then its
wasting what you just worked off”, and “tell kids they could get sick” and “it’s not good for the
kidneys”. On the other hand, some thought parents could explain the advantages of healthier drinks,
and they could “explain it’s good for sports” and that “water is healthy”.

Children also proposed that parents impose limits on SSBs, such as “2 sugary drinks a day” or
“only let children drink juice if they drink a lot of water” and “give us certain drink choices and we can
only choose from those”. Another method kids thought parents should try was to promote milk and
water, offer kids incentives (e.g., “if you drink water or milk, then you get a reward”), or when kids
refuse water or milk, punish them (e.g., “put children in timeout because they will learn their lesson”).

To lower intake of sugary beverages, kids proposed making “it more difficult to get pop”, drinking
more water (“water helps me drink less sugary drinks”), buying “soda without sugar in it” and “healthy
drinks”, diluting juice with water, and making healthier options more appealing (“flavor the drinks
or make something creative like smoothies”, “drink out of straws with loops”, “put raspberries in
the drink”). Other strategies children thought parents could use were “have them [children] drink
3 bottles of water before they can drink sugary drinks” and “trick them–dye water to make it look
like juice”.

Children also suggested environmental controls that restrict access to SSBs: “I’ve been to friends’
houses and they will have 5 to 8 boxes (of soda) at a time, but we don’t have a lot of boxes at a time–it’s
easier when you don’t have as much around”. Other environmental controls were to hide sugary
drinks, “just don’t buy it”, have healthy options available (“have lots of milk, instead”), and “get the
good drinks for them and bring it to them”.

They also thought that small serving sizes (“don’t give them a lot”), limiting access to certain
times or events (e.g., after practice, weekends), and setting goals for healthier beverages (“I aim for 8
bottles of water every day”) would be helpful ways to control SSB intake. Finally, kids recommended
being role models themselves (“don’t drink sugary drinks around siblings . . . they are likely to see
what you are drinking and would like that drink”).
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4. Discussion

This study aimed to explore the cognitions, barriers, and facilitators related to SSB intake of
school-age children and parents of school-age children. A second aim was to use the finding to create
recommendations for future nutrition education programs targeting limited SSB consumption based
on constructs from the Social Cognitive Theory (Table 1). Social Cognitive Theory [28–30] provides
a useful framework for categorizing factors known to promote behavior change and thus was used to
organize future programming recommendations.

Table 1. Recommendations for Interventions Targeting Limiting Sugar-Sweetened Beverage Intake in
Families with School-Age Children.

Social Cognitive Theory Recommendations for Future Interventions Promoting Reduced Sugar Sweetened Beverage (SSB) Intake

Outcome Expectations Expand SSB outcome expectations to include weight management and oral health.

Outcome Expectations Expand SSB outcome expectations to include the negative effect of caffeine in coffee and energy drinks.

Reciprocal Determinism Teach parents and children about actual SSB behaviors to improve their perceived norms of this behavior.

Outcome Expectations Expand SSB outcome expectations to include the positive effects of choosing flavored milk in moderation
over other SSBs.

Facilitation Provide oral health professionals with nutrition education materials and training to enable them to help
families decrease SSB intake.

Facilitation Provide parents with strategies to break from geographic and/or cultural norms that encourage
SSB consumption.

Facilitation
Provide opportunities for parents to develop strategies that control SSB availability in the home
environment, such as limiting amount of SSB on hand and purchasing them only at the time
of consumption.

Facilitation Provide parents with opportunities to develop more authoritative parental feeding skills and an
understanding of how this type of parenting can facilitate child development.

Facilitation Inform parents about school meal program guidelines and policies and encourage them to visit children’s
school cafeteria.

Facilitation Provide tips for identifying healthier, on-the-go beverage options, including planning ahead for
busy days.

Facilitation Share quick and easy ways to incorporate healthy beverages in meals and snacks.

Facilitation Provide parents with time management strategies.

Observational Learning Explain the importance of healthy role modeling to parents and encourage parents to make better
beverage choices to demonstrate healthier beverage choices to children.

Self-efficacy Build parents’ confidence in their ability to provide healthier alternatives to SSBs and enjoy more
nutrient-dense beverage.

The findings from this study reveal that most parents and children accurately perceive the
negative health effects of excessive SSB intake. For instance, both parents and children knew that
sugary beverages lacked important nutrients [40]. In addition, they accurately reported that SSBs
can promote weight gain and contribute to health problems [41]. However, not all participants were
fully cognizant of these negative health benefits, thereby highlighting an opportunity to expand their
knowledge as well as reinforce the knowledge of those who are more informed.

Some parents and children were aware of the effect of SSB on oral health and mentioned dental
health professionals as sources of SSB-related information. According to the American Academy of
Pediatric Dentistry, frequent consumption of SSBs increases the risk of dental caries [42]. Helping
parents and children fully realize the potential outcomes of SSB on oral health could be an important
component of future nutrition education programming to elicit reductions in sugary beverage intake.
Furthermore, the American Dental Association recognizes the role of dental professionals in promoting
healthy lifestyles and behavior change to reduce the incidence of obesity by collaborating with other
health care professionals and organizations [43]. General oral health recommendations include visiting
the dentist twice a year, which provides an opportunity for nutrition education professionals to develop
theory-based training programs to train oral health professionals to discuss limiting SSBs with families
and provide educational materials and training that oral health professionals can provide to families
to help them limit SSB consumption in children [43].
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A negative outcome expectation of SSB consumption shared by some parents and children
was hyperactivity. Although this belief is commonly held by many consumers, the effect of sugar
on behavior in children remains unclear. Although a landmark 1995 meta-analysis published in
the Journal of the American Medical Association concluded that sugar did not have an effect on
behavior [44], more recent cross-sectional data suggest that risk for hyperactivity/inattention does rise
as SSB consumption increases [44]. Helping parents and kids understand that SSB increase may affect
behavior in some people could help them implement behaviors to curb intake of these drinks.

Participants’ observation that SSB consumption affects sleep patterns is supported by research
reporting links between dietary sugar and sleep duration [45]. The 2014 Sleep in America® Poll
revealed that nearly one in three children age 6 to 11 years in the Unites States gets 8 h or less of
sleep each night [46], falling short of the National Sleep Foundation’s recommended 9 to 11 h per
night [47]. The link between short sleep duration and increased BMI is well established [48]. Decreased
sleep duration associated with SSB consumption may further exacerbate the association between SSB
consumption and BMI.

Parents were also correct to express concern about the effect of caffeine in SSBs on children’s
behavior. Three-quarters of the young children in a study evaluating caffeine consumption were
caffeine consumers, and caffeine consumption was negatively correlated with average number
of sleep hours [49]. In addition, caffeine can have negative cardiovascular effects in children [50].
While caffeinated soda consumption in children has declined over the years, more children are
consuming trendy coffee and energy drinks high in sugar and caffeine [51]. Future nutrition education
programs should build knowledge of the negative effects of caffeine from SSB and offer strategies for
limiting caffeine consumption.

Although SSB consumption reported by participants did not differ by geographic location, parents
in West Virginia commented that SSB consumption was a normal part of their lifestyle and culture,
which they felt made it especially difficult to decrease consumption. The Theory of Reasoned Action
postulates that an individual’s behaviors are influenced by perceived social norms, or the extent to
which they believe others support engaging in a particular behavior [52]. Similarly, the construct
of reciprocal determinism from SCT suggests that individuals’ behaviors are influenced by their
environment, including cultural influences [29]. The potential effect of geography and culture on
SSB intake is important to consider in nutrition education programs. Cultural norms can both
precipitate and reinforce positive, as well as negative behaviors. For example, a study aiming to
improve adolescent normative beliefs related to smoking found that students’ perceived prevalence of
smoking was linked to their risk of smoking, as was their beliefs that smoking was popular among
“successful/elite elements of society” [53]. The study also found that disapproval of smoking by
friends and family was significantly negatively associated with adolescent smoking behaviors [53].
Future interventions may promote behavior change by aiming to alter normative beliefs related to
SSB consumption.

A common barrier to limiting children’s SSB intake was parental role modeling. Children
tend to model their parents’ eating behaviors, lifestyle, eating-related attitudes, and body image
satisfaction [54]. In the current study, both parents and kids recognized that children were affected by
parent actions. In fact, children suggested parents not drink as much SSB as a strategy to help kids
decrease their own intake, however some parents indicated that it was a struggle to not consume SSBs.
Several studies have demonstrated a positive association between parent knowledge about diet and
health and positive parental influence on children’s beverage intake [31,55–57], thereby highlighting
the importance of building parent knowledge of the importance of limiting SSBs to motivate them to
limit child SSB intake. Often parents reported turning to quick, sugary beverage options due to the
time constraints and limited healthy options at convenience stores. Providing strategies for healthy
beverage options on-the-go as part of nutrition education interventions could enable families to reduce
SSB intake, as would building parents’ time management skills.
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Another barrier noted was parents’ lack of knowledge of the school food environment and policies
that promote healthy eating in this setting. It was evident from the focus groups that many parents
were not aware of federal guidelines designed to ensure school beverage options are nutrient dense [58].
Instead, parents felt that their children’s beverage choices at home were negatively influenced by
school experiences. Studies consistently show that students who participate in the National School
Lunch Program (NSLP) consume more fruits, vegetables, and milk and less SSBs and low-nutrient,
energy-dense items than non-participants [59,60]. A cross-sectional study exploring the relationship
between school lunch participation and dietary patterns also indicated that children who participated in
NSLP consumed less than one-third the average amount of energy from SSBs as non-participants [59].

Findings from the current study suggest parental disapproval of flavored milk in the school
setting. Federal guidelines allow non-fat flavored milk as part of the NSLP, which has been endorsed
by the American Academy of Pediatrics [61] and the Academy of Nutrition and Dietetics [62,63] as
part of an overall healthy diet. Additionally, a recent systematic review reported that flavored milk
increases overall milk intake by 28% [64]. Most other SSBs contain more added sugar than flavored
milks, which provides an opportunity to teach parents and children to make better SSB choices, such as
flavored milk in moderation when away from home.

Both children and parents recognized the importance of the home food environment in
promoting healthy beverage choices and suggested not purchasing SSBs as a key strategy to limiting
consumption [25,62,65]. Similarly, in a qualitative study with Latino adolescents and their parents,
youth cited home availability as a key factor driving their SSB consumption [66]. Research supports
the effectiveness of this strategy in that the availability of soft drinks in the home is strongly associated
with soft drink consumption. Future nutrition interventions should promote SSBs as a beverage to
consume on occasion rather than every day and should suggest that SSBs be purchased at the time of
consumption rather than kept on-hand in the house.

Both parents and children in the study reported here indicated the importance of setting
boundaries for SSB intake. Recommendations by children that parents incentivize or punish children
as a means for promoting healthier beverage intake suggests kids have experienced non-recommended
authoritarian parental feeding practices. In general, an authoritative feeding style, where parents use
supportive and responsive feeding practices to encourage heathy eating, is associated with healthier
dietary behaviors and BMI [67,68], although a more restrictive parental feeding style was associated
with less soft drink consumption in teenagers [69]. Helping parents and children recognize the
benefits of authoritative feeding styles could help families now, as well as future families of the current
generation of children, form healthier dietary habits, including limited SSB intake.

Previous research has shown that interventions that focus on environmental changes are most
successful at reducing SSB consumption in school-age children [70]. This is particularly true for
interventions that target the home rather than school environment [71]. Interventions aimed at teaching
parents of school-aged children to set goals for making health-related behavior changes for their
families can be effective at reducing children’s SSB consumption [72]. The success of these interventions
is congruent with some recommendations in Table 1, including facilitating behavior change by
adjusting the home environment and building parent self-efficacy for making behavior changes.

5. Conclusions

This qualitative research provides important information regarding parents’ and children’s
cognitions (e.g., beliefs, attitudes), barriers, and facilitators related to children’s SSB consumption.
To the authors’ knowledge, this study is the first to qualitatively explore SSB cognitions and use them
to generate recommendations for future nutrition programming aiming to lower SSB intake. However,
the small sample size limits the ability to detect ethnic differences in study participants. Furthermore,
self-selection bias may have resulted in a sample that is not representative of the general population.

Achieving the goal of limited SSB consumption is important given that SSBs are a significant source
of added sugars in the diets of children and are considered an important contributor to the obesity
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epidemic [73]. Educating both parents and children is important because parents serve as household
food gatekeepers and children’s role models and, as children age, they have more opportunities to
make their own beverage choices. Future research should aim to implement the recommendations
generated by this study in interventions and assess their effectiveness in helping families reach the
goal of reduced SSB intake and associated health outcomes.

Author Contributions: Data curation, K.M.E., E.G., C.L.D. and O.A.F.; Formal analysis, K.M.E., A.D., E.G., C.L.D.,
O.A.F. and C.B.-B.; Funding acquisition, M.D.O., C.B.-B. and K.P.S.; Methodology, K.M.E., M.D.O., C.B.-B., K.P.S.;
Writing–original draft, K.M.E., S.D., E.G., C.B.-B.; Writing-Review & Editing, All authors.; Funding Acquisition,
C.B.-B., M.D.O. and K.P.S.

Funding: This research was funded by United States Department of Agriculture, National Institute of Food and
Agriculture, grant number 2017-680001-26351

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Drewnowski, A.; Rehm, C.D. Consumption of added sugars among us children and adults by food purchase
location and food source. Am. J. Clin. Nutr. 2014, 100, 901–907. [CrossRef] [PubMed]

2. Ochoa, M.C.; Moreno-Aliaga, M.J.; Martínez-González, M.A.; Martínez, J.A.; Marti, A. Predictor factors for
childhood obesity in a Spanish case-control study. Nutrition 2007, 23, 379–384. [CrossRef] [PubMed]

3. Athanasopoulos, D.; Garopoulou, A.; Dragoumanos, V. Childhood obesity and associated factors in a rural
Greek Island. Rural Remote Health 2011, 11, 1–9.

4. Malik, V.S.; Pan, A.; Willett, W.C.; Hu, F.B. Sugar-sweetened beverages and weight gain in children and
adults: A systematic review and meta-analysis. Am. J. Clin. Nutr. 2013, 98, 1084–1102. [CrossRef] [PubMed]

5. Malik, V.S.; Popkin, B.M.; Bray, G.A.; Després, J.-P.; Willett, W.C.; Hu, F.B. Sugar-sweetened beverages
and risk of metabolic syndrome and type 2 diabetes: A meta-analysis. Diabetes Care 2010, 33, 2477–2483.
[CrossRef] [PubMed]

6. Imamura, F.; O’Connor, L.; Ye, Z.; Mursu, J.; Hayashino, Y.; Bhupathiraju, S.N.; Forouhi, N.G. Consumption
of sugar sweetened beverages, artificially sweetened beverages, and fruit juice and incidence of type 2
diabetes: Systematic review, meta-analysis, and estimation of population attributable fraction. BMJ 2015,
351. [CrossRef] [PubMed]

7. Rodríguez, L.A.; Madsen, K.A.; Cotterman, C.; Lustig, R.H. Added sugar intake and metabolic syndrome in
us adolescents: Cross-sectional analysis of the national health and nutrition examination survey 2005–2012.
Public Health Nutr. 2016, 19, 2424–2434. [CrossRef] [PubMed]

8. Stanhope, K.L. Sugar consumption, metabolic disease and obesity: The state of the controversy. Crit. Rev.
Clin. Lab. Sci. 2016, 53, 52–67. [CrossRef] [PubMed]

9. Hales, C.M.; Carroll, M.D.; Fryar, C.D.; Ogden, C.L. Prevalence of obesity among adults and youth: United
States. NCHS Data Brief 2017, 288, 1–8.

10. Hoelscher, D.M.; Kirk, S.; Ritchie, L.; Cunningham-Sabo, L. Position of the academy of nutrition and dietetics:
Interventions for the prevention and treatment of pediatric overweight and obesity. J. Acad. Nutr. Diet. 2013,
113, 1375–1394. [CrossRef] [PubMed]

11. Health, U.D.O.; Services, H. Dietary Guidelines for Americans 2015–2020; Skyhorse Publishing Inc.: New York,
NY, USA, 2017.

12. Ervin, R.; Kit, B.; Carroll, M.; Ogden, C. Consumption of added sugar among U.S. Children and adolescents,
2005–2008. NCHS Data Brief 2012, 87, 1–8.

13. Ervin, R.B.; Ogden, C.L. Consumption of added sugars among us adults, 2005–2010. NCHS Data Brief
2013, 1–8.

14. Rosinger, A.; Herrick, K.; Gahche, J.; Park, S. Sugar-sweetened beverage consumption among U.S.; Adults,
2011–2014. NCHS Data Brief 2017, 270, 1–8.

15. Watowicz, R.; Anderson, S.; Kaye, G.; Taylor, C. Energy contribution of beverages in us children by age,
weight, and consumer status. Child. Obes. 2015, 11, 475–483. [CrossRef] [PubMed]

103



Nutrients 2018, 10, 1232

16. Gishti, O.; Gaillard, R.; Durmus, B.; Abrahamse, M.; van der Beek, E.M.; Hofman, A.; Franco, O.H.;
de Jonge, L.L.; Jaddoe, V.W. BMI, total and abdominal fat distribution, and cardiovascular risk factors
in school-age children. Pediatr. Res. 2015, 77, 710–718. [CrossRef] [PubMed]

17. Kumar, S.; Kelly, A.S. Review of childhood obesity: From epidemiology, etiology, and comorbidities to
clinical assessment and treatment. Mayo Clin. Proc. 2017, 92, 251–265. [CrossRef] [PubMed]

18. Zuba, A.; Warschburger, P. The role of weight teasing and weight bias internalization in psychological
functioning: A prospective study among school-aged children. Eur. Child Adolesc. Psychiatry 2017, 26,
1245–1255. [CrossRef] [PubMed]

19. Armfield, J.M.; Spencer, A.J.; Roberts-Thomson, K.F.; Plastow, K. Water fluoridation and the association of
sugar-sweetened beverage consumption and dental caries in Australian children. Am. J. Public Health 2013,
103, 494–500. [CrossRef] [PubMed]

20. Wilder, J.; Kaste, L.; Handler, A.; Chapple-McGruder, T.; Rankin, K. The association between sugar-sweetened
beverages and dental caries among third-grade students in Georgia. J. Public Health Dent. 2016, 76, 76–84.
[CrossRef] [PubMed]

21. Keller, K.; Kirzner, J.; Pietrobelli, A.; St-Onge, M.; Faith, M. Increased sweetened beverage intake is associated
with reduced milk and calcium intake in 3- to 7-year-old children at multi-item laboratory lunches. J. Am.
Diet. Assoc. 2009, 109, 497–501. [CrossRef] [PubMed]

22. Leung, C.; DiMatteo, S.; Gosliner, W.; Ritchie, L. Sugar-sweetened beverage and water intake in relation to
diet quality in U.S. Children. Am. J. Prev. Med. 2018, 54, 394–402. [CrossRef] [PubMed]

23. Keast, D.; Fulgoni, V.; Nicklas, T.; O’Neil, C. Food sources of energy and nutrients among children in the
united states: National health and nutrition examination survey 2003–2006. Nutrients 2013, 5, 283–301.
[CrossRef] [PubMed]

24. Handel, M.; Heitmann, B.; Abrahamsen, B. Nutrient and food intakes in early life and risk of childhood
fractures: A systematic review and meta-analysis. Am. J. Clin. Nutr. 2015, 102, 1182–1195. [CrossRef]
[PubMed]

25. Grimm, G.C.; Harnack, L.; Story, M. Factors associated with soft drink consumption in school-aged children.
J. Am. Diet. Assoc. 2004, 104, 1244–1249. [CrossRef] [PubMed]

26. Verloigne, M.; Van Lippevelde, W.; Maes, L.; Brug, J.; De Bourdeaudhuij, I. Family-and school-based
correlates of energy balance-related behaviours in 10–12-year-old children: A systematic review within the
energy (European energy balance research to prevent excessive weight gain among youth) project. Public
Health Nutr. 2012, 15, 1380–1395. [CrossRef] [PubMed]

27. Mazarello Paes, V.; Hesketh, K.; O’Malley, C.; Moore, H.; Summerbell, C.; Griffin, S.; van Sluijs, E.; Ong, K.;
Lakshman, R. Determinants of sugar-sweetened beverage consumption in young children: A systematic
review. Obes. Rev. 2015, 16, 903–913. [CrossRef] [PubMed]

28. Bandura, A. Health promotion by social cognitive means. Health Educ. Behav. 2004, 31, 143–164. [CrossRef]
[PubMed]

29. Kelder, S.; Hoelscher, D.; Perry, C. How individuals, enviornments, and health behavior interact. In Health
Behavior, Theory, Research, and Practice, 5th ed.; Glanz, K., Rimer, B., Viswanath, K., Eds.; Jossey-Bass:
San Francisco, CA, USA, 2015; pp. 165–184.

30. Bandura, A. A Social Learning Theory; Prentice-Hall: Englewood Cliffs, NJ, USA, 1977.
31. Zahid, A.; Davey, C.; Reicks, M. Beverage intake among children: Associations with parent and home-related

factors. Int. J. Environ. Res. Public Health 2017, 14. [CrossRef] [PubMed]
32. Van Ansem, W.J.; van Lenthe, F.J.; Schrijvers, C.T.; Rodenburg, G.; van de Mheen, D. Socio-economic

inequalities in children’s snack consumption and sugar-sweetened beverage consumption: The contribution
of home environmental factors. Br. J. Nutr. 2014, 112, 467–476. [CrossRef] [PubMed]

33. Rehm, C.; Drewnowski, A. Trends in consumption of solid fats, added sugars, sodium, sugar-sweetened
beverages, and fruit from fast food restaurants and by fast food restaurant type among us children, 2003–2010.
Nutrients 2016, 8. [CrossRef] [PubMed]

34. Then, K.; Rankin, J.; Ali, E. Focus group research: What is it and how can it be used? Can. J. Cardiovasc. Nurs.
2014, 24, 16–22. [PubMed]

35. Miles, M.B.; Huberman, A.M. Qualitative Data Analysis; Sage Publications: Thousand Oaks, CA, USA, 1994.
36. Harris, J.E.; Gleason, P.M.; Sheean, P.M.; Boushey, C.; Beto, J.A.; Brummer, B. An introduction to qualitative

research for food and nutrition professionals. J. Am. Diet. Assoc. 2009, 109, 80–90. [CrossRef] [PubMed]

104



Nutrients 2018, 10, 1232

37. Elo, S.; Kyngas, H. The qualitative content analysis process. J. Adv. Nurs. 2008, 62, 107–115. [CrossRef]
[PubMed]

38. Kirppendorff, K. Content Analysis: An Introduction to Its Methodology. Available online: file:///C:
/Users/carolbb225-2/Downloads/intro_to_content_analysis%20(1).pdf (accessed on 25 August 2018).

39. Fusch, P.I.; Ness, L.R. Are we there yet? Data saturation in qualitative research. Qual. Rep. 2015, 20,
1408–1416.

40. Mrdjenovic, G.; Levitsky, D.A. Nutritional and energetic consequences of sweetened drink consumption in
6-to 13-year-old children. Pediatrics 2003, 142, 604–610. [CrossRef] [PubMed]

41. Basu, S.; McKee, M.; Galea, G.; Stuckler, D. Relationship of soft drink consumption to global overweight,
obesity, and diabetes: A cross-national analysis of 75 countries. Am. J. Public Health 2013, 103, 2071–2077.
[CrossRef] [PubMed]

42. American Academy of Pediatric Dentistry. Policy on dietary recommendations for infants, children, and
adolescents. Policy Man. 2012, 37, 2015–2016.

43. Mallonee, L.F.; Boyd, L.D.; Stegeman, C. A scoping review of skills and tools oral health professionals need
to engage children and parents in dietary changes to prevent childhood obesity and consumption of sugar
sweetened beverages. J. Public Health Dent. 2017, 77, S128–S135. [CrossRef] [PubMed]

44. Schwartz, D.L.; Gilstad-Hayden, K.; Carroll-Scott, A.; Grilo, S.A.; McCaslin, C.; Schwartz, M.; Ickovics, J.R.
Energy drinks and youth self-reported hyperactivity/inattention symptoms. Acad. Pediatr. 2015, 15, 297–304.
[CrossRef] [PubMed]

45. Franckle, R.L.; Falbe, J.; Gortmaker, S.; Ganter, C.; Taveras, E.M.; Land, T.; Davison, K.K. Insufficient
sleep among elementary and middle school students is linked with elevated soda consumption and other
unhealthy dietary behaviors. Am. J. Prev. Med. 2015, 74, 36–41. [CrossRef] [PubMed]

46. National Sleep Foundation. Sleep in America Poll: Sleep in the Modern Family; National Sleep Foundation:
Arlington, VA, USA, 2014.

47. Hirshkowitz, M.; Whiton, K.; Albert, S.M.; Alessi, C.; Bruni, O.; DonCarlos, L.; Hazen, N.; Herman, J.;
Katz, E.S.; Kheirandish-Gozal, L. National sleep foundation’s sleep time duration recommendations:
Methodology and results summary. Sleep Health 2015, 1, 40–43. [CrossRef] [PubMed]

48. Zhang, J.; Zhang, Y.; Jiang, Y.; Sun, W.; Zhu, Q.; Ip, P.; Zhang, D.; Liu, S.; Chen, C.; Chen, J. Effect of sleep
duration, diet, and physical activity on obesity and overweight elementary school students in Shanghai.
J. Sch. Health 2018, 88, 112–121. [CrossRef] [PubMed]

49. Warzak, W.J.; Evans, S.; Floress, M.T.; Gross, A.C.; Stoolman, S. Caffeine consumption in young children.
Peadiatrics 2011, 158, 508–509. [CrossRef] [PubMed]

50. Temple, J.L.; Ziegler, A.M.; Graczyk, A.; Bendlin, A.; Sion, T.; Vattana, K. Cardiovascular responses to caffeine
by gender and pubertal stage. Pediatrics 2014. [CrossRef] [PubMed]

51. Branum, A.M.; Rossen, L.M.; Schoendorf, K.C. Trends in caffeine intake among us children and adolescents.
Pediatrics 2014, 134, e112–e119. [CrossRef] [PubMed]

52. Montano, D.E.; Kasprzyk, D. Theory of reasoned action, theory of planned behavior, and the integrated
behavioral model. In Health Behavior: Theory, Research and Practice; Jossey Bass Publishers: San Francisco, CA,
USA, 2015; pp. 95–124.

53. Primack, B.A.; Switzer, G.E.; Dalton, M.A. Improving measurement of normative beliefs involving smoking
among adolescents. Arch. Pediatr. Adolesc. Med. 2007, 161, 434–439. [CrossRef] [PubMed]

54. Scaglioni, S.; De Cosmi, V.; Ciappolino, V.; Parazzini, F.; Brambilla, P.; Agostoni, C. Factors influencing
children’s eating behaviours. Nutrients 2018, 10. [CrossRef] [PubMed]

55. Harris, T.S.; Ramsey, M. Paternal modeling, household availability, and paternal intake as predictors of
fruit, vegetable, and sweetened beverage consumption among African American children. Appetite 2015, 85,
171–177. [CrossRef] [PubMed]

56. Hart, L.M.; Damiano, S.R.; Cornell, C.; Paxton, S.J. What parents know and want to learn about healthy
eating and body image in preschool children: A triangulated qualitative study with parents and early
childhood professionals. BMC Public Health 2015, 15. [CrossRef] [PubMed]

57. Hennessy, M.; Bleakley, A.; Piotrowski, J.T.; Mallya, G.; Jordan, A. Sugar-sweetened beverage consumption
by adult caregivers and their children: The role of drink features and advertising exposure. Health Educ.
Behav. 2015, 42, 677–686. [CrossRef] [PubMed]

105



Nutrients 2018, 10, 1232

58. Food and Nutrition Service. National school lunch program and school breakfast program: Nutrition
standards for all foods sold in schools as required by the healthy, hunger-free kids act of 2010. Fed. Regist.
2016, 78, 50131–50151.

59. Briefel, R.R.; Wilson, A.; Gleason, P.M. Consumption of low-nutrient, energy-dense foods and beverages at
school, home, and other locations among school lunch participants and nonparticipants. J. Acad. Nutr. Diet.
2009, 109, S79–S90. [CrossRef] [PubMed]

60. Ohri-Vachaspati, P. Parental perception of the nutritional quality of school meals and its association with
students’ school lunch participation. Appetite 2014, 74, 44–47. [CrossRef] [PubMed]

61. Murray, R.; Bhatia, J.; Okamoto, J.; Allison, M.; Ancona, R.; Attisha, E.; De Pinto, C.; Holmes, B.; Kjolhede, C.;
Lerner, M. Snacks, sweetened beverages, added sugars, and schools. Pediatrics 2015, 135, 575–583.

62. Marion, J.; Franz, M. Use of nutritive and non-nutritive sweetener. J. Am. Diet. Assoc. 1993, 93, 816–821.
63. Patel, A.I.; Moghadam, S.D.; Freedman, M.; Hazari, A.; Fang, M.-L.; Allen, I. The association of flavored milk

consumption with milk and energy intake, and obesity: A systematic review. Am. J. Prev. Med. 2018, 111,
151–162. [CrossRef] [PubMed]

64. Fayet-Moore, F. Effect of flavored milk vs plain milk on total milk intake and nutrient provision in children.
Nutr. Rev. 2016, 74, 1–17. [CrossRef] [PubMed]

65. Campbell, K.J.; Crawford, D.A.; Salmon, J.; Carver, A.; Garnett, S.P.; Baur, L.A. Associations between the
home food environment and obesity-promoting eating behaviors in adolescence. Obesity 2007, 15, 719–730.
[CrossRef] [PubMed]

66. Bogart, L.M.; Elliott, M.N.; Ober, A.J.; Klein, D.J.; Hawes-Dawson, J.; Cowgill, B.O.; Uyeda, K.; Schuster, M.A.
Home sweet home: Parent and home environmental factors in adolescent consumption of sugar-sweetened
beverages. Pediatrics 2017, 17, 529–536. [CrossRef] [PubMed]

67. Sleddens, E.F.; Gerards, S.M.; Thijs, C.; De Vries, N.K.; Kremers, S.P. General parenting, childhood overweight
and obesity-inducing behaviors: A review. Pediatr. Obes. 2011, 6, e12–e27. [CrossRef] [PubMed]

68. Shloim, N.; Edelson, L.R.; Martin, N.; Hetherington, M.M. Parenting styles, feeding styles, feeding practices,
and weight status in 4–12 year-old children: A systematic review of the literature. Front. Psychol. 2015, 6.
[CrossRef] [PubMed]

69. Van der Horst, K.; Kremers, S.; Ferreira, I.; Singh, A.; Oenema, A.; Brug, J. Perceived parenting style and
practices and the consumption of sugar-sweetened beverages by adolescents. Health Educ. Res. 2007, 22,
295–304. [CrossRef] [PubMed]

70. Avery, A.; Bostock, L.; McCullough, F. A systematic review investigating interventions that can help reduce
consumption of sugar-sweetened beverages in children leading to changes in body fatness. J. Hum. Nutr.
Diet. 2016, 28, 52–64. [CrossRef] [PubMed]

71. Vargas-Garcia, E.; Evans, C.; Perstwich, A.; Sykes-Muskett, B.; Hooson, J.; Cade, J. Interventions to reduce
consumption of sugar-sweetened beverages or increase water intake: Evidence from a systematic review
and meta-analysis. Obes. Rev. 2017, 18, 1350–1363. [CrossRef] [PubMed]

72. Fulkerson, J.A.; Friend, S.; Horning, M.; Flattum, C.; Draxten, M.; Neumark-Sztainer, D.; Gurvich, O.;
Garwick, A.; Story, M.; Kubik, M.Y. Family home food environment and nutrition-related parent and child
personal and behavioral outcomes of the healthy home offerings via the mealtime environment (home) plus
program: A randomized controlled trial. J. Acad. Nutr. Diet. 2018, 118, 240–251. [CrossRef] [PubMed]

73. Tucker, L.A.; Tucker, J.M.; Bailey, B.W.; LeCheminant, J.D. A 4-year prospective study of soft drink
consumption and weight gain: The role of calorie intake and physical activity. Am. J. Health Promot. 2015, 29,
262–265. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

106



nutrients

Article

Moderate Beer Intake and Cardiovascular Health in
Overweight Individuals

Teresa Padro 1,2, Natàlia Muñoz-García 1, Gemma Vilahur 1,2, Patricia Chagas 1,3, Alba Deyà 1,

Rosa Maria Antonijoan 4 and Lina Badimon 1,2,5,* ID

1 Cardiovascular ICCC-Program, Research Institute Hospital de la Santa Creu i Sant Pau, IIB-Sant Pau,
08025 Barcelona, Spain; tpadro@santpau.cat (T.P.); nmunoz@santpau.cat (N.M.-G.);
gvilahur@santpau.cat (G.V.); patriciachagas.ufsm@hotmail.com (P.C.); albadeya4@gmail.com (A.D.)

2 CIBERCV Instituto de Salud Carlos III, 28029 Madrid, Spain
3 Department of Food and Nutrition, Universidade Federal de Santa Maria, Palmeira das Missões RS 98300000,

Brasil
4 Medicament Research Center (CIM), Research Institute Hospital de la Santa Creu i Sant Pau, IIB-Sant Pau,

08025 Barcelona, Spain; rantonijoana@santpau.cat
5 Cardiovascular Research Chair, UAB, 08025 Barcelona, Spain
* Correspondence: lbadimon@santpau.cat; Tel.: +34-935-565-880; Fax: +34-935-565-559

Received: 8 August 2018; Accepted: 28 August 2018; Published: 5 September 2018

Abstract: Consistent epidemiological evidence indicates that low-to-moderate alcohol consumption
is inversely associated with cardiovascular event presentation, while high levels of alcohol intake are
associated to increased cardiovascular risk. Little is known on the effects of moderate beer intake in
the metabolic syndrome. The aim of this study is to investigate the effects of moderate and regular
daily intake of beer with meals in overweight (body mass index (BMI) of 28–29.9 kg/m2) or obese
class 1 (BMI of 30–35 kg/m2) individuals without other cardiovascular risk factors (dyslipidemia, type
2-diabetes, hypertension) focusing on the effects related to changes in weight, in lipoproteins and
vascular endothelial function. We have performed an open, prospective two-arms longitudinal
crossover study to investigate the effects associated with regular consumption (four week) of
alcohol-free-beer (0 g alcohol/day) or traditional-beer (30 g alcohol/day in men and 15 g alcohol/day
in women) on anthropometrical and biochemical parameters, liver and kidney function biomarkers,
and vascular endothelial function. After four-week intervention with traditional and/or alcohol-free
beer, BMI did not show any significant change and values for liver and kidney functions were within
the normal levels. Moderate traditional beer intake did not affect lipid levels—however it significantly
increased the antioxidant capacity of high density lipoprotein (HDL). In addition, apoB-depleted
serum (after the four-week intervention period) showed a higher potential to promote cholesterol
efflux from macrophages. Beer consumption did not induce vascular endothelial dysfunction or
stiffness. In summary, our results based on a 12-week prospective study provide evidence that
moderate intake of beer (traditional and alcohol-free) does not exert vascular detrimental effects nor
increases body weight in obese healthy individuals. In contrast, moderate intake of beer increases the
anti-oxidative properties of HDL and facilitates cholesterol efflux, which may prevent lipid deposition
in the vessel wall.

Keywords: cardiovascular-risk-factors; overweight; obesity; fermented-beverage; lipoprotein-oxidation;
HDL-antioxidant-capacity; cholesterol-efflux; endothelial-function

1. Introduction

Epidemiological studies have reported a J-shaped relationship between alcohol intake and
cardiovascular disease (CVD). Therefore, low-to-moderate drinkers have a lower risk of developing
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coronary heart disease and less mortality compared to both heavy drinkers and abstainers, being the
heavy drinkers the ones with the highest risk [1–3]. However, the benefits of alcohol consumption
are widely discussed and remain controversial regarding the type of beverage [4–6] and drinking
pattern [7,8]. Mukamal et al. reported that alcohol intake distributed over the week inversely
associates with the risk of myocardial infarction, independently of the type of beverage or the
proportion consumed with meals [7]. In contrast, results of the INTERHART Study, a case-control
study examining the relationship between alcohol consumption and the long- and short-term risk
of myocardial infarction (MI) in all inhabited continents of the world, highlights the importance of
the type of alcohol consumed and the pattern of alcohol use as modifiers of the relationship between
alcohol and myocardial infarction [8]. In agreement, some studies indicate that low-to-moderate
alcohol consumption does not have a net mortality benefit compared to abstainers because the rates
of mortality and cardiovascular disease (CVD) risk from alcohol are significantly altered by study
design and characteristics as well as confounding factors [9–12]. Regarding the type of beverage, early
studies supported the benefits of wine on cardiovascular outcomes and mortality and depicted that a
J-shaped relationship was found in wine, but neither in beer nor spirits [13,14]. However, more recently,
an updated meta-analysis study reported by Costanzo et al. [15] provided evidence that the J-shaped
association is found in both wine and beer, but not in spirits. Fermented beverages, both wine and beer,
are rich in antioxidants, mainly polyphenolic compounds [5,16,17], that are missing in spirit beverages.

Beer is one of the most consumed alcoholic beverages in the world; in America it is the most
popular alcoholic beverage, contributing up to 55.3% of the alcohol consumed [18]. Studies on
traditional- and non-alcoholic beer consumption are needed to evidence their effects in different factors
contributing to cardiovascular health and their benefit/risk ratios. Here, we are reporting a clinical
study aimed to investigate beneficial and detrimental effects of moderate and regular intake of beer
in overweight or obese class-1 individuals without other cardiovascular risk factors (CVRF) such as
dyslipidemia, type 2-diabetes or hypertension, focusing on the effects related to changes in weight,
on lipoprotein atheroprotective effects and vascular endothelial function.

2. Materials and Methods

2.1. Subjects

Healthy adult men and women between ages of 40–60 years (N = 36), non-smokers, regular but
moderate beer consumers (self-reported alcohol consumption), and with overweight (body mass index
(BMI) of 28–29.9 kg/m2) or obesity class 1 (BMI of 30–35 kg/m2) were invited to participate in the
study through word of mouth and a newspaper advertisement. Moderate beer drinking was defined
according to the “Dietary Guidelines for Americans 2015–2020,” U.S. Department of Health and Human
Services and U.S. Department of Agriculture, (https://www.niaaa.nih.gov/alcohol-health/overview-
alcohol-consumption/moderate-binge-drinking) and refers up to 1 drink per day for women, and up to
2 drinks per day for men. Subjects were excluded if they reported extensive consumption of beer (>60 g
day of ethanol), existing chronic illnesses including cancer, overt hyperlipidemia, diabetes mellitus,
hypertension, heart, liver or kidney disease. Other exclusion criteria included the use of lipid-lowering
drugs, beta-blockers or diuretics, history of CVD, psychiatric illness or treatment of psychotropic drugs,
intolerance to alcoholic beverages or being in a weight-loss program. To confirm health status, all subjects
underwent a complete physical examination conducted by the study physician before entry into the
study. The study complies with the Declaration of Helsinki and was approved by the Human Ethical
Review Committee of the Hospital “Santa Creu i Sant Pau” of Barcelona (Ref 14/186; 12 November 2014).
Informed written consent was obtained from all participants before entering the study.

2.2. Study Design and Dietary Monitoring

The study was an open, randomized two-arm longitudinal cross-over trial with a 4 week
intervention period (Figure 1). All subjects were subjected to two 4-week treatment sequences,
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separated by a 4-week wash-out period. Before the initiation of the intervention, individuals were
subjected to a 4-week run-in period. At the end of the run-in period, subjects were randomly allocated
to receive one of the two treatment sequences (study arm-1: traditional beer in the first intervention
period and alcohol-free beer in the second intervention period; study-arm-2: non-alcoholic beer in
the first intervention period and traditional beer in the second intervention period). During the
intervention periods, men and women were instructed to drink two cans (660 mL beer) and one
can (330 mL beer), respectively, of traditional beer (15 g of ethanol and 604 mg polyphenols/can) or
alcohol-free beer (0.0 g alcohol and 414 mg polyphenols/can) per day. During the run-in and wash-out
periods and throughout the intervention phases the participants were asked to maintain their physical
activity level and usual dietary habits, abstaining from drinking alcoholic beverages and alcohol-free
beer out of those provided as part of the study. Dietary habits, determined by using food frequency
questionnaires, were recorded prior to each visit, and rare changes in diet habits were reported.

N=36

Run-in

Traditional Beer

Alcohol-Free Beer

Alcohol-Free Beer

§
Wash-out

4 weeks 4 weeks

Traditional Beer

N=19

N=19

N=17

N=17

PHASE 1
4 weeks

PHASE 2
4 weeks

Clinical evaluation at baseline and after intervention
Blood withdraw

§ Recruitment

Figure 1. Flow diagram describing the study design.

Compliance was monitored by regular telephone contact with participants and interviewing them
at the end of each intervention period. Participants also recorded whether they had consumed beer on
a diary card each day. Moreover, at the end of each intervention period, a clinician assessed any side
effects or symptoms such as flushing, bloating, dizziness, vomiting, diarrhea, with possible association
with the study interventions.

Traditional and alcohol-free beers were of the lager type from the same Spanish commercial brand.
The phenolic composition derived from the traditional and alcohol-free beer interventions and the
daily intake according to the gender is provided in Supplementary Table S1.

2.3. Blood Samples

Twelve hour fasting blood samples were collected on days 1 and 28 (baseline and endpoint of
the first treatment period) and on days 56 and 84 (baseline and endpoint of the second treatment
period). Blood samples were collected without anticoagulant or in ethylenediamine tetraacetic acid
(EDTA)-containing Vacutainer tubes for serum and plasma preparation, respectively. Serum and
plasma fractions were separated by centrifugation at 1800× g for 20 min and stored at −80 ◦C
until used.

2.4. Anthropometric Data, Blood Pressure, Serum Lipid Profile and Other Biochemical Measurements

Anthropometric measurements were determined at baseline, before starting the intervention, and
at the end of the intervention periods (see Figure 1). The BMI was calculated using the formula body
weight (Kg)/height (m2) [19]. Waist circumference (WC) was measured between the lowest rib and
the iliac crest with the participant standing.
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Serum biochemical measurements were performed using routine commercially available assays
for glucose levels, hepatic and renal markers, hemogram and standard serum lipid profile including
triglycerides, total cholesterol (TC) and HDL (high density lipoprotein) cholesterol (Roche Diagnostics,
Basel, Switzerland). As there were no cases of hypertriglyceridemia, LDL (low density lipoprotein)
cholesterol was calculated using the Friedewald equation. Glomerular filtration rate was obtained
according to the CKD-EPI Levey equation [20].

2.5. LDL and HDL Sample Preparation, Purity Control and Oxidation Assays

2.5.1. Lipoprotein Preparation

LDL (density range 1.019–1.063 g/mL) and HDL (density range 1.063–1.210 g/mL) were obtained
from plasma-EDTA from individual samples by sequential ultracentrifugation, according to the method
originally described by Havel et al. [21] and modified by De Juan-Franco et al. [22]. Briefly, plasma
was adjusted to a density of 1.019 g/mL with a concentrated salt solution (potassium bromide) and
centrifuged at 225,000× g (18 h) in a Beckman L-60 ultracentrifuge with a fixed-angle type 50.4 Ti
rotor (Beckman, Brea, CA, USA). After removal of the top layer, containing very low and intermediate
density lipoproteins (VLDL and IDL), the density of the infranatant was adjusted to 1.063 g/mL,
followed by centrifugation for 20 h at 225,000× g and LDL were collected from the top of the tube.
Lastly, the process was repeated adjusting plasma density to 1.210 g/mL and samples ultracentrifuges
at 225,000× g for 24 h, at 4 ◦C, to allow HDL to float and separate from lipoprotein deficient serum.

In addition, LDLs to be used in the TRAP assay were isolated from a pool of plasma obtained
from normolipemic subjects and obtained as described above in a Beckman Optima L-100 XP with a
fixed- angle type 50.2 Ti (Beckman, Brea, CA, USA).

LDL and HDL fractions were dialyzed against phosphate buffer saline 1X (PBS 1X) for 24 h. LDL-
and HDL-protein content was determined by the colorimetric assay BCA (Pierce, Thermo Fischer
Scientific, Waltham, MA, USA), and adjusted to 100 μg/mL. Samples were left protected of light at
4 ◦C until analysis. LDL and HDL purity was routinely analyzed by electrophoresis in agarose gels
(SAS-MX Lipo 10 kit, Helena Biosciences, Gateshead, UK).

2.5.2. Conjugated Dienes Assay

Susceptibility of LDL to copper-induced oxidation was assessed by determining the formation of
conjugated dienes. Briefly, freshly prepared LDL samples adjusted to 100 μg/mL with PBS 1X were
analyzed by incubation with a copper (II) sulfate (CuSO4·5H2O) solution at a final concentration
of 5 μM. The change of absorbance was determined during 2.5 h at 37 ◦C using a SpectraMax
190 Microplate reader (Molecular Devices, Philadelphia, PA, USA) by continuously monitoring the
formation of conjugated dienes, a product of lipid peroxidation with absorbance peak at 234 nm.
The total amount of conjugated dienes was calculated as previously described [23].

2.5.3. HDL Antioxidant Potential

The antioxidant potential of HDL was assessed by performing the total radical-trapping
antioxidative potential (TRAP) test [24], a method based on the capability of HDL to prevent LDL
oxidation. Briefly, HDL and LDL lipoproteins were diluted in PBS 1X to a final concentration of 100 μg
protein/mL. LDL derived from the control plasma pool were incubated with CuSO4·5H2O (final
concentration of 20 μM) in the absence/presence of HDL from each individual subject for 4 h (37 ◦C).
Afterward, oxidation was stopped with 1 mM EDTA and samples incubated with 10 μM DCFH-DA
(2′,7′-dichlorodihydrofluorescein diacetate) for detection of the oxidation level [25]. Intensity of
fluorescence was determined with a Typhoon FLA9500 (GE Healthcare, Chicago, IL, USA) set at
λex = 500 nm and λem = 520 nm. Final fluorescence measurements were expressed as the percentage
of oxidized LDL generated in the presence of HDL relative to the oxidation level when LDLs were
incubated in the absence of HDL.
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2.6. HDL Cholesterol Efflux Capacity Assay

The cholesterol efflux capacity of HDL was determined in cholesterol-loaded murine macrophages
as previously reported [26,27]. To this end, J774A.1 mouse macrophages were cultured in RPMI 1640
(Roswell Park Memorial Institute medium) containing 10% of heat-inactivated FBS (Fetal bovine
serum), 2 mM glutamine, 100 U/mL penicillin, 100 U/mL streptomycin and 10 μg/mL gentamicin at
37 ◦C in a humidified atmosphere of 5% CO2.

For the experiments, macrophages (1.5 × 105 cells/well seeded in 6-well culture plates) were
labeled for 48 h with [1α, 2α (n)−3H cholesterol] (GE Healthcare, Chicago, IL, USA) at 1 μCi per well.
Cells were equilibrated overnight in 0.2% bovine serum albumin (BSA) and thereafter incubated with
RPMI media containing 5% apoB-depleted serum (4 h, 37 ◦C) to promote cholesterol efflux from the
[3H] cholesterol-labeled cells. Radioactivity signal was quantified in both media and cells and the
percentages of cholesterol efflux calculated by expressing the radioactive cholesterol released to the
medium as the fraction (%) of the total radioactive cholesterol present in the well (radioactivity in the
cell + radioactivity in medium).

2.7. Vascular Endothelial Function and Arterial Stiffness

Endothelial function and arterial stiffness were assessed by digital plethysmography using the
EndoPAT2000-device (Itamar Medical Ltd., Caesarea, Israel). Measurements were performed according
to the manufacturer’s instructions in subjects resting in supine position and both hands on the same
level in a comfortable, thermoneutral environment, with a temperature of 21–24 ◦C. Arterial systolic
and diastolic blood pressure and heart rate frequency were measured before starting the test. Pneumatic
probes were placed on each index finger and a blood pressure cuff on one arm (study arm), while the
contralateral arm served as a control (control arm). After a 10-min equilibration period, the blood
pressure cuff on the study arm was inflated to 60 mmHg above systolic pressure for 5 min. The cuff
was then deflated to induce reactive hyperemia (RH), whereas the signals from both PAT channels
(Probe 1 and Probe 2) were recorded by a computer.

The recording was initiated after 25 min of rest. After 5 min baseline recording, the blood pressure
cuff was inflated to 60 mmHg above systolic blood pressure and no less than 200 mmHg. Occlusion
was confirmed by visual confirmation of complete attenuation of the PAT signal from the test arm.
After 5 min occlusion, the cuff was deflated, and the recording continued for 5 min during the reactive
hyperemia phase. Recordings from the non-occluded arm served as an internal control correcting for
systemic changes in vascular tone. Endothelial function and arterial stiffness were calculated using the
EndoPAT software package version 3.4.4. Endothelial function was given as the reactive hyperemia
index (RHI) and the arterial stiffness as the augmentation index (AI) and AI standardized to a pulse of
75/min (AI@75) [28].

2.8. Inflammatory Markers

Plasma levels of CRP (C-reactive protein), TNF-α (Tumour Necrosis Factor-alpha), and
IL-6 (Interleukin-6) were measured by an Enzyme-Linked ImmunoSorbent Assay (ELISA): High
sensitivity CRP and TNF-α (Quantikine HS ELISA, R&D Systems, Minneapolis, MN, USA), IL-6:
(AssayMax, AssaPro, St. Lake Charles, LA, USA). All assays were performed according to the
manufacturer instructions.

2.9. Statistical Analysis

Statistical analyses were conducted using StatView 5.0.1 software (SAS Institute, Cary, NC, USA)
and SPSS software (IBM SPSS Statistics 25.0.0, New York, NY, USA) except when indicated. Data are
expressed by the number of cases (qualitative variable) and as mean ± SEM or median [IQR] for the
quantitative variable. For all analyzed variables, values at the end of the run-in and the wash-out
period were considered as the baseline value for the following intervention period. Differences in the
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baseline characteristics of the groups and in the percentage of change between intervention-diets were
analyzed by unpaired Student’s t-test for parametric variables and chi-square test for non-parametric
variables. Effects of the 4-week interventions were evaluated using a paired Student’s t-test (baseline
and post-intervention values) or an analysis of variance (ANOVA) test introducing the different obesity
and lipid-related variables as co-variable when required. All reported p-values are two-sided, and a
p-value of 0.05 or less was considered to indicate statistical significance.

3. Results

3.1. Baseline Characteristics of the Study Population and Side Effects of Beer Consumption

Thirty-six subjects (21 men, 15 women) with an average age of 48.3 ± 5.4 years who were initially
recruited for the study completed both intervention phases and were included in the final analysis.
Table 1 shows the characteristics of study population at baseline, after the run-in period (Phase 1)
and after the wash-out period (Phase 2), at the time of starting each intervention period. All subjects
included in the study had overweight (BMI values in the range 28.0–29.9 kg/m2, N = 18) or obesity
class-1 (BMI values in the range 30.0–35.0 kg/m2, N = 18). BMI was similar between men and women,
being mean BMI 30.2 ± 0.4 kg/m2 in men and 30.6 ± 0.7 kg/m2 in women (Student’s t-test, p = 0.554).

Table 1. Subject characteristics at baseline for phase 1 and for phase 2, at the time of starting each
intervention period (N = 36).

After Run-In Period After Wash-Out Period p-Value

Anthropometric parameters
Sex (Men/Women) 21/15 21/15

Weight (kg) 87.9 ± 2.3 88.2 ± 2.0 0.92
BMI (kg/m2) 30.5 ± 0.5 30.6 ± 0.5 0.88

Waist circumference (cm) 100.4 ± 1.7 101.5 ± 1.5 0.63

Hemodynamic control
Systolic blood pressure (mmHg) 127.1 ± 1.8 125.6 ± 1.8 0.57
Diastolic blood pressure (mmHg) 75.8 ± 1.5 75.1 ± 1.3 0.71
Cardiac Frequency (beats/min) 65.3 ± 1.6 64.9 ± 1.4 0.85

Biochemical parameters
Glucose (mg/dL) 88.5 ± 1.6 89.2 ± 1.7 0.77

Creatinine (mg/dL) 0.77 ± 0.02 0.77 ± 0.02 0.75
Urea (mg/dL) 14.0 ± 0.6 14.8 ± 0.5 0.28

AST (U/L) 16.8 ± 0.7 16.9 ± 0.7 0.85
GGT (U/L) 20.5 ± 1.8 22.5 ± 1.9 0.46

Lipid parameters
TC (mg/dL) 188.9 ± 4.5 191.4 ± 4.5 0.67

HDLc (mg/dL) 48.3 ± 1.7 48.8 ± 1.6 0.82
Non-HDLc (mg/dL) 140.5 ± 4.1 142.6 ± 4.3 0.71

LDLc (mg/dL) 124.1 ± 3.8 125. 4 ± 3.9 0.80
VLDLc (mg/dL 16.4 ± 1.0 16.9 ± 1.0 0.58
TGL (mg/dL) 81.5 ± 4.8 85.6 ± 5.0 0.58

Baseline values after the four-week run-in and the four-week wash-out periods are expressed as mean ± SEM.
Statistical analysis was performed with a Student’s t-test for paired samples. Statistical significance: p < 0.05. BMI,
body mass index; AST, aspartate transaminase; GGT, gamma-glutamyltransferase; TC, total cholesterol; HDLc, high
density lipoprotein cholesterol; LDLc, low density lipoprotein cholesterol; VLDLc, very low density lipoprotein
cholesterol; TGL, triglycerides.

As shown in Table 2, after a four-week intervention with traditional or alcohol-free beer,
anthropometric variables such as body-weight, BMI, and waist circumference, the hemodynamic
parameters, plasma levels of hepatic and kidney function, and hemogram profile remain within the
normal physiological range. A modest increase (within the normal-range) in glucose and GGT levels
was found after four-week intervention with traditional beer (p < 0.05).
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Similar results were found when women and men (42% and 58% respectively of the study
population) were analyzed separately. Therefore, despite small differences were detected relative to
baseline for cardiac frequency, aspartate transaminase (AST) levels, creatinine levels and estimated
glomerular filtration, all changes remained within the normal physiological range in the men-subgroup
(Supplementary Table S2). Changes relative to baseline induced by intervention with traditional or
alcohol-free beer did not differ in the woman-subgroup (Supplementary Table S3). The fact that the
changes were within normal range indicate that there was no toxicity associated to beer uptake in a
highly compliant group.

3.2. Effects of Beer Consumption on Weight Indexes

Neither traditional nor alcohol-free beer induced any weight gain in the study population.
Table 3 shows evolution of weight, BMI, and waist circumference for men and women during the

study period (12-week).

Table 3. Evolution of weight, BMI and waist circumference for men and women during the
study period.

Beer Intervention p-Value
Week-0 Week-4 Week-8 Week-12

Men (N = 21)

Weight (kg) 94.6 ± 2.5
[89.4–99.8]

94.9 ± 2.6
[89.6–100.3]

94.3 ± 2.4
[89.2–99.4]

94.8 ± 2.5
[89.6–100.1] 0.99

BMI (kg/m2)
30.2 ± 0.5
[29.1–31.3]

30.4 ± 0.5
[29.3–31.5]

30.5 ± 0.5
[29.3–31.6]

30.4 ± 0.5
[29.3–31.5] 0.99

Waist-circumference (cm) 103.3 ± 2.2
[98.7–108.0]

103.7 ± 1.9
[99.8–107.6]

102.4 ± 1.6
[99.2–105.7]

103.9 ± 1.5
[100.8–107.1] 0.88

Women (N = 15)

Weight (kg) 78.6 ± 2.2
[72.5–84.6]

78.8 ± 3.0
[72.5–85.1]

77.9 ± 3.1
[71.3–84.5]

78.4 ± 3.0
[71.9–84.9] 0.99

BMI (kg/m2)
30.8 ± 0.9
[28.8–32.7]

30.8 ± 0.9
[28.8–32.8]

30.5 ± 1.0
[28.4–32.6]

30.6 ± 1.0
[28.6–32.7] 0.44

Waist-circumference (cm) 96.3 ± 2.5
[91.0–101.7]

98.4 ± 2.3
[93.5–103.3]

97.4 ± 2.5
[92.1–102.7]

98.3 ± 1.9
[94.2–102.4] 0.94

Values are given as mean ± SEM [95% confidence interval]; p-values obtained by analysis of variance (ANOVA)
for 1 factor. Statistical significance: p < 0.05. The time-interval between week-4 and week-8 refers to the wash-out
period. Beer intervention includes traditional and alcohol-free beer intake. BMI, body mass index.

3.3. Effect of Beer Consumption on Lipid Profile and Lipoprotein Functionality

3.3.1. Lipid Profile

Mean serum lipid concentration at baseline and after of each intervention period are presented in
Table 4. Mean serum concentrations of TC, non-HDLc, LDLc, HDLc, VLDLc and TG did not show
any significant change after intervention with traditional beer or alcohol-free beer, when the total
population was considered. Interestingly, levels of HDLc and TC were significantly increased after
intervention with traditional beer in the subgroup of subjects with LDLc levels < 130 mg/dL (moderate
CVD risk), whereas this effect was not found in subjects with LDLc > 130 mg/dL (Table 5).
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3.3.2. LDL Susceptibility to Oxidation

The susceptibility of LDL to oxidation was assessed by the maximal amount of generated
conjugated dienes (Dmax) and the maximum velocity of dienes production (Vmax), during in vitro
incubation of purified LDL with cupric ions. Susceptibility of LDL to oxidation (Dmax and Vmax)
did not relate to the baseline BMI, and did not differ significantly between men and women (data not
shown).

Sixty-one percent of the participants (52% of men and 73% of women) showed lower susceptibility
of LDLs to oxidation after four-week intervention with traditional beer as compared to control baseline
LDLs, while around 42% of participants (43% of men and 40% of women) showed less susceptibility
of LDLs to oxidation after alcohol-free beer intake (p = 0.007 for the difference in the response to
both interventions by the X2-test). Compared to baseline, mean level of Dmax was slightly lower
(−8.0 ± 4.8 Dmax/mg LDL-protein) after intervention with traditional beer (p = 0.052; Figure 2A) and
a similar trend was found for the kinetic of conjugated dienes (CD) generation (Decrease in Vmax:
p = 0.075; Figure 2B), but changes were non-significant.
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Figure 2. Effect of four-week intervention with alcohol-free and traditional beer on the susceptibility
of plasma LDL to be oxidized. Values are given as change verses baseline for (A) maximal value for
generated conjugate dienes, and (B) Vmax that conjugate dienes are generated. Bars refer to mean
values and lines to standard error of the mean (SEM).

3.3.3. HDL Antioxidant Capacity

Susceptibility of LDL to oxidation (Dmax) in the presence of HDL was decreased to 47.3 ± 1.8%
of the value obtained in the absence of high-density lipoproteins (p < 0.001). This value was unrelated
to sex (men: 47.4 ± 2.1%; women 47.3 ± 3.51%). After four-week intake of both types of beer, HDL
exhibited higher antioxidant effects than control baseline HDL (p < 0.001, Figure 3A). These beneficial
effects on HDL of beer (5–40% decrease in LDL oxidation compared to the effect induced by HDL
obtained at baseline) was found in 87% of the subjects after intervention with traditional beer and 80%
after intake of alcohol-free beer (Figure 3B). This effect did not relate to sex (men: Traditional-beer,
−17.2 ± 2.2%; alcohol-free beer: −15.7 ± 1.8%); women: Traditional-beer: −13.8 ± 3.0%; alcohol-free
beer: −11.3 ± 4.2%).
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Figure 3. Effect of moderate beer consumption on HDL antioxidant capacity in subjects with overweight
or obesity class-1. (A) Results are expressed as % of oxidized LDL referred to the value obtained in the
absence of HDL. (B) Functional response of HDL to oxidative stress at individual level.

3.3.4. Effect of Beer Intake on HDL Cholesterol Efflux Capacity

After intervention with traditional beer, there was a statistically significant increase in the capacity
of apoB-depleted serum to induce cholesterol efflux from macrophages in vitro (p = 0.002; Table 6).
Intervention with alcohol-free beer did not induce any statistically significant change on cholesterol
efflux mediated by the apoB-depleted serum.
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Table 6. Effect of the intervention with alcohol-free and traditional beer on the cholesterol efflux
induced by apoB-depleted serum in macrophages.

Cholesterol
Efflux (%)

Alcohol-Free Beer Traditional Beer

Before
Intervention

After
Intervention

p-Value
Before

Intervention
After

Intervention
p-Value

Total population
(N = 36) 16.4 ± 0.4 16.6 ± 0.4 0.16 16.6 ± 0.4 17.2 ± 0.4 0.02

Men (N = 21) 16.9 ± 0.4 17.1 ± 0.5 0.47 16.9 ± 0.5 17.6 ± 0.5 0.09
Women (N = 15) 15.6 ± 0.7 16.0 ± 0.6 0.21 16.4 ± 0.7 16.8 ± 0.7 0.45

Cholesterol efflux values expressed as percentage and given as the mean ± SEM; p-values were analyzed by a
Student’s t-test for paired samples.

3.4. Plasma Inflammatory Markers and Beer Intervention

Regular intake of traditional or alcohol-free beer did not induce any increase in systemic
inflammatory markers such as CRP, IL6, TNF alpha (Table 7).

Table 7. Effect of the intervention with alcohol-free and traditional beer on inflammatory markers.

Inflammatory
Markers

Alcohol-Free Beer Traditional Beer

Before
Intervention

After
Intervention

p-Value
Before

Intervention
After

Intervention
p-Value

PCR (ng/mL)
TNFα (ng/mL)
IL-6 (ng/mL)

3.4 ± 0.6
83.1 ± 0.96
0.03 ± 0.00

4.1 ± 0.8
2.0 ± 0.1

0.03 ± 0.01

0.06
0.25
0.20

4.8 ± 1.2
1.8 ± 0.1

0.03 ± 0.01

4.4 ± 0.7
2.0 ± 0.2

0.04 ± 0.01

0.63
0.06
0.58

Values of the inflammatory markers expressed in ng/mL and given as the mean ± SEM; p-values were obtained by
Student’s t-test for paired samples. CRP, C-reactive protein; TNF-α, tumor necrosis factor alpha; IL-6, interleukin-6.

3.5. Vascular Endothelial Function and Arterial Stiffness before and after Intervention

Mean value of vascular reactivity measured by the pulse amplitude response to hyperemia
(response hyperemia index; RHI), in subjects with overweight or obesity was 1.69 ± 0.43. This value
indicates normal endothelial function, because RHI values below 1.67 are categorized as endothelial
dysfunction, whereas higher RHI values are considered normal function.

Four-week intervention with traditional or alcohol-free beer did not induce any statistically
significant effect on the RHI level compared with baseline when the total study population was
considered (before vs. after intervention: 1.71 ± 0.05 vs. 1.75 ± 0.07 and 1.67 ± 0.05 vs. 1.64 ± 0.05,
for traditional and alcohol–free beer, respectively). Interestingly, 24 subjects that showed endothelial
dysfunction at entry (baseline RHI values: 1.38 ± 0.03) had a statistically significant improvement
in endothelial function after non-alcoholic beer intake, while those with values within the normal
RHI range at entry (2.02 ± 0.11, N = 12) did not (RHI change: +0.092 ± 0.04 vs. −0.381 ± 0.11,
p = 0.001). Similar trend was found after intervention with traditional beer, although differences did
not achieve statistical significance (change in RHI group < 1.67 vs. RHI-group > 1.67: +0.137 ± 0.07 vs.
−0.075 ± 0.13, p = 0.113). Indeed, changes in RHI value after beer intervention negatively correlated
with RHI values at baseline (r = −0.567, p < 0.001). Therefore, beer intake did not induce any
impairment in endothelial vascular reactivity and function.

The augmentation index (AI) was calculated based on the EndoPAT data and is considered
a marker for the arterial stiffness. AI standardized to a pulse of 75/min (AI@75) gave baseline
values of −5.61 ± 1.81 in men and +13.46 ± 3.62 in women (p < 0.001). Four-week intervention with
traditional beer or with non-alcoholic beer did not lead to impairment in AI@75 values (traditional beer:
+2.26 ± 1.43 verses baseline, p = 0.229; non-alcoholic beer: −1.23 ± 1.00 verses baseline, p = 0.123).
Beer intake did not induce arterial stiffness.
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3.6. Beer Consumption and Cardiovascular Risk Score

The risk of CVD in the study population was calculated on basis to the Framingham risk score
(FRS), which gave a mean value of 7.8 ± 0.5, being the risk 8.7 ± 1.1 in women and 7.3 ± 0.5 in men.
As shown in Table 8, the FRS was not increased after daily intake of alcohol-free or traditional beer
during a total eight-week period. These values refer to a 10-year CV-risk of 3% in men and <1% in
women at baseline. These percentages did not change after regular consumption of alcohol-free or
traditional beer during four-week periods.

Table 8. Effect of beer consumption on the Framingham Risk Score (FRS).

Alcohol-Free Beer Traditional Beer

Before After 10-Year Risk p-Value Before After 10-Year Risk p-Value

Total population
(N = 36) 7.9 ± 0.5 7.8 ± 0.5 <1% 0.50 7.9 ± 0.5 7.8 ± 0.5 <1% 0.50

Men (N = 21) 7.3 ± 0.5 7.2 ± 0.5 3% 0.54 7.3 ± 0.5 7.2 ± 0.5 3% 0.54
Women (N = 15) 8.7 ± 1.1 8.7 ± 1.1 <1% 0.75 8.7 ± 1.1 8.7 ± 1.1 <1% 0.75

The Framingham score was calculated according to the guidelines provided in the Framingham Heart Study of
NHLBI (National Heart, Lung & Blood Institute & Boston University) [29]. Values are expressed as mean ± SEM
was analyzed by Student’s t-test for paired samples.

4. Discussion

Although excessive alcohol consumption is unquestionably a health hazard, there is substantial
evidence based on epidemiological and observational studies suggesting that a light-to-moderate
regular alcohol intake has a protective effect in overall mortality, mainly from coronary artery
disease [30]. This evidence is supported by data derived from experimental animal studies
and prospective clinical trials suggesting that alcoholic beverages may exert different protective
effects against atherosclerosis development either by modulating lipid metabolism, platelet activity,
inflammation, and thrombogenic factors [31,32]. Despite the results of these studies, findings up to
now are inconclusive. The balance between risks and benefits of moderate alcohol consumption in
health is still under discussion [33,34]. Alcohol is the main active component in alcoholic beverages
and as such considered as the causal factor in both beneficial and toxic effects. However, nowadays
particular interest focuses on fermented alcoholic beverages such as wine or beer. In this respect,
epidemiological evidence [17] and results from prospective clinical trials [5] suggests that these
beverages with heterogenous content of non-alcoholic components might confer better cardiovascular
protection than spirits.

In this study we performed a randomized, cross-over, prospective study to investigate benefits
and risks of moderate intake of beer in low cardiovascular risk individuals with overweight or obesity
class1 (BMI 27–35 kg/m2). More specifically, effects related to changes in weight, on lipoprotein
atheroprotective effects, and vascular endothelial function, were investigated. Our results provide
consistent evidence that regular consumption of alcohol-free beer or traditional beer in moderate
quantities (two cans a day for men and one can a day for women) over two periods of four weeks did
not modify or only induced minimal changes within clinical normality range in plasma biomarkers of
liver and kidney function, whereas significantly promoted atheroprotective properties of HDL, such
as prevention of LDL oxidation and induction of cholesterol efflux from macrophages, considered a
first step in the reverse cholesterol transport [35]. Supporting the findings of our study, Romeo et al.
did not report any change regarding hepatic enzymes in younger healthy men and women of lesser
BMI (24–25 kg/m2) after a four-week alcohol abstinence and a four-week moderate consumption of a
Pils-style beer [36].

One of the most important questions regarding moderate beer consumption is whether it induces
an increase in body weight and waist circumference, since these anthropometric parameters are
associated to the increase in cardiovascular risk [37] atherosclerosis [38] and also mortality [39,40].
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Here, the moderate consumption of traditional or non-alcoholic beer for a total of eight weeks did
not induce significant changes in body weight, BMI or waist circumference in our study population
of overweight/obese, but otherwise healthy subjects. Interestingly, Chiva-Blanch et al. reported that
regular intake of traditional or non-alcoholic beer did not alter the weight, BMI, or waist-hip ratio in
men at high cardiovascular risk, because of previous clinical evidence of disease or presence of CVD
risk factors [5].

Excessive alcohol intake has been associated with hypertension and atrial fibrillation [41]. In our
study, moderate beer intake during 4 + 4 week-periods did not affect blood pressure or heart-rate.
Moreover, moderate intake of regular beer did not modify glucose levels after a four week intervention
in our adult population with baseline values below 90 mg/dL, neither affected plasma levels of liver
enzymes nor biomarkers for kidney dysfunction beyond the normal range. It is to notice that four-week
regular beer intake increased in 15% the plasma GGT levels, although the increase was within the
standards considered normal. This finding can be justified due the fact that the alcohol is primordially
metabolized by the enzyme alcohol dehydrogenase (ADH) in the hepatocytes [42] and therefore liver
is a highly sensitive organ for detecting alcohol-induced changes [43–45].

Thus, the above results provided evidence that regular (daily) but moderate intake of beer during
an eight-week intervention study does not induce harmful effects on the hepatic or renal function,
neither affects body weight, plasma glucose or blood pressure pattern beyond the normal range
in healthy subjects in spite of presenting with overweight or obesity. According to these findings,
light-to-moderate beer consumption (women ≈ 15 g/day alcohol, men ≈ 30 g/day alcohol) does not
show any detrimental effects and in contrast it might improve the atheroprotective profile of their
HDL. However, further studies in larger and more heterogeneous populations with longer duration
of beer consumption periods may be necessary to prove the effects of moderate beer intake on HDL
function and their effect on the vessel wall and on CVD prevention.

A key element during atherosclerosis progression is the accumulation of cholesterol within
macrophages in the arterial wall and their transformation in foam cells with a more atherogenic
phenotype. In this respect, HDL have a relevant atheroprotective role by promoting the reverse
cholesterol transport (RCT) from peripheral tissue (i.e., macrophages on the arterial intima) with the
subsequent excretion of cholesterol out of the body after transport to the liver [46,47]. HDL has the
capacity to remove cholesterol from cells acting as acceptor during the cholesterol efflux, which is
the first step of the RCT [35,48]. By using apoB-depleted serum to measure of HDL function [49],
we provided evidence that moderate but regular intake of traditional beer favors HDL-induced
cholesterol efflux. It had previously been reported that alcohol consumption at the dose of 40 g
alcohol/day for 17 to 23 days increased ABCA1-mediated cholesterol efflux [48]. Here, we have seen
that the beneficial effect of beer intake on HDL efflux capacity is already evident after a low-moderate
alcohol intake (15 g alcohol/day in women and 30 g alcohol/day in men) [50].

Using a preclinical swine model of dyslipidemia, we had shown that the intake of both alcohol
and non-alcohol beer reduces the systemic oxidative stress triggered by hypercholesterolemia through
a process mediated by HDL [51]. The current study in humans further supports the concept of a
functional effect of beer intake, indistinctly of its alcohol content, enhancing the antioxidant capacity
of HDL. Epidemiological and observational studies have associated the beneficial effects of alcohol in
cardiovascular protection to their effect on plasma HDL cholesterol levels [52,53]. In this regard, results
of a recently reported community-based study with more than 70.000 subjects over six years suggest
that moderate alcohol consumption associates with less HDL-cholesterol decrease over time [6]. In our
study, four-week regular intake of moderate amount of traditional beer only raised HDL levels in
subjects with a low LDL-lipid profile (<130 mg/dL). However, the four-week term was already able to
improve circulating HDL quality by rendering HDL particles functionally active to prevent LDL from
oxidation and facilitate cell-cholesterol efflux.

Impaired endothelial function is the first step in the process of atherosclerosis, usually induced
by dyslipidemia, even before the development of the fatty streak [54,55]. In our study there
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was no impairment in endothelial function due to beer intake in overweight/obese individuals
with normal LDL levels. Previous studies have shown that regular beer-intake protects against
hypercholesterolemia-induced coronary endothelial dysfunction as we have demonstrated in the
hypercholesterolemic swine model [51]. Moreover, a beneficial effect on vascular endothelial function
was reported for acute beer intake [56]. Similarly, beneficial acute beer intake effects were reported
on arterial function and structure [57,58] in healthy young lean subjects. So far, to our knowledge,
there are not data regarding a long-term effect of beer on vascular dysfunction and atherosclerosis
related arterial biomarkers, such as flow mediated dilatation (FMD) and augmentation index (AI).
Here, assessment of the endothelial function (EndoPAT technique) at baseline and after four-week beer
consumption did not induce any change in endothelial vascular reactivity and function. Indeed, the
reported beneficial effects of beer on endothelial function after acute beer intake were lost four hours
after the intake of the alcoholic beverage [56], suggesting that beer intake may induce beneficial acute
short-term changes on the vascular endothelium.

The current study has some limitations that warrant discussion. Although this study is based on a
well-characterized cohort of healthy but overweight/obese individuals, it has a small sample size that
does not represent a more general population of individuals with metabolic syndrome. Moreover, due
to the limited number of women in the study, we cannot exclude that some sex related effects could
result from a small but differential response in the peri-menopausal women group (women median
[IQR] age: 50 (44–54) years) of our study and might not reflect the effects of beer intake in women
in general. However, the longitudinal cross-over design gives strength to the results of the study
minimizing inter-individual variability for the effects observed with the traditional and alcohol-free
beer. A second aspect is the short duration of the intervention for each type of beer. Although many
studies that focus in variables like those analyzed here use these same intervention periods, our results
might not reflect the potential risks/benefits of longer-term moderate beer consumption.

5. Conclusions

In summary, moderate intake of beer (traditional and alcohol-free) does not exert vascular
detrimental effects nor increases body weight in obese but otherwise healthy individuals during
the eight-week intervention study. In contrast, moderate intake of beer was associated with favorable
effects on HDL-function increasing its capacity to protect against LDL oxidation and to enhance
cholesterol efflux, which may prevent lipid deposition in the vessel wall. The results of the study
may merit new studies with longer intervention periods and a larger sample size to further define the
long-term balance of benefits/risks of moderate beer intake in cardiovascular health.
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Abstract: The contribution of cows’ milk containing beta-casein protein A1 variant to the development
of type 1 diabetes (T1D) has been controversial for decades. Despite epidemiological data
demonstrating a relationship between A1 beta-casein consumption and T1D incidence, direct evidence
is limited. We demonstrate that early life exposure to A1 beta-casein through the diet can modify
progression to diabetes in non-obese diabetic (NOD) mice, with the effect apparent in later generations.
Adult NOD mice from the F0 generation and all subsequent generations (F1 to F4) were fed either
A1 or A2 beta-casein supplemented diets. Diabetes incidence in F0–F2 generations was similar in
both cohorts of mice. However, diabetes incidence doubled in the F3 generation NOD mice fed
an A1 beta-casein supplemented diet. In F4 NOD mice, subclinical insulitis and altered glucose
handling was evident as early as 10 weeks of age in A1 fed mice only. A significant decrease in the
proportion of non-conventional regulatory T cell subset defined as CD4+CD25−FoxP3+ was evident
in the F4 generation of A1 fed mice. This feeding intervention study demonstrates that dietary A1
beta-casein may affect glucose homeostasis and T1D progression, although this effect takes generations
to manifest.

Keywords: type 1 diabetes; beta-casein; cows’ milk; epigenetics; NOD mice

1. Introduction

Type 1 diabetes (T1D) results from the autoimmune destruction of insulin-producing beta cells
in the pancreatic islets of Langerhans [1–3], culminating in the loss of blood-glucose homeostasis.
T1D poses a serious health problem: the inability to regulate blood glucose levels necessitates
exogenous insulin for survival; however, suboptimal glycemic control may lead to long-term
complications resulting in substantial disability and reduced lifespan [4]. The International Diabetes
Federation estimated that there were 437,500 children that have diabetes worldwide in 2007. Of all
individuals with T1D, 70,000 young children under the age of 14 years, developing per year and the
incidence will rise by 3% globally [5,6]. The data was significant as it comes from a large childhood
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T1D registry of 44 centres representing most countries in Europe [6]. T1D is a global disease, although
there is geographical variation with respect to incidence and prevalence [7]. The cause of geographical
variation could be due to differences in genetic and environmental risk factors [8].

Genetic predisposition, immunological and environmental factors such as dietary factors [9–11],
infections [12], viruses [13] and gut microbiota [14,15] are all involved in the initiation, development
and progression of T1D [5,7,16]. Studies of T1D genetics have revealed that individuals with specific
human leukocyte antigen (HLA) genotypes, HLA DR and HLA DQ genotypes have an increased risk
of developing the disease [17,18]. However, not everyone who has this genetic predisposition develops
T1D, suggesting that environmental factors are needed to trigger and drive the disease [5,19]. Cows’
milk, one of the first foods introduced early to infants, is one such putative environmental factor [20].
Indeed, the identification of T1D-associated autoantibodies as biomarkers of pre-symptomatic disease
in the birth cohort study, Diabetes Autoimmunity Study in the Young (DAISY), found that children
who have the low to moderate HLA-DR genotype paired with a greater dietary intake of cows’ milk
protein may be at an increased risk of developing islet autoimmunity and progression to T1D [21].
More recently, results of a randomized trial to reduce insulin dependent diabetes in the genetically at
risk (TRIGR type 1 diabetes primary prevention pilot study) reported that cows’ milk consumption
was associated with increased risk of beta-cell autoimmunity and T1D in children with genetic
susceptibility [22].

The World Health Organization (WHO) recommends that infants be exclusively breast fed for
six months and breastfeeding should continue beyond the second year to ensure healthy growth
and development [23,24]. Beyond weaning, cows’ milk is introduced into the diets of infants [25].
Cows’ milk itself is introduced into the diet of infants as they age. Beta-casein is one of the major
proteins contained in cows’ milk and constitutes up to 35% of the total protein in cows’ milk [26].
Currently, thirteen beta-casein genetic variants have been identified [27]. The most common are the A1
and A2 genetic variants, the former differing from the latter in one amino acid substitution (Pro67 to
His67) [28]. The amino acid substitution is associated with physiochemical properties of A1 beta-casein
digestion at position 67. During in-vivo and in vitro digestion, only the A1 variant produces a seven
amino acid peptide called beta-casomorphin 7 (BCM-7) [29–31]. The impact of BCM-7 on human
disease, in particular T1D, is the subject of intense debate [32–35].

Most compelling is the data analysis by Laugesen and Elliott, which demonstrated a positive
correlation (r = 0.92) between cows’ milk A1 beta-casein supply per-capita and T1D in 19 developed
countries [36]. The 19 countries included in the analysis were the USA, Canada, Venezuela, Oceania
(Australia and New Zealand), East Asia (Japan) and Middle East (Israel). A higher incidence rate was
observed in Finland and Sweden (highest A1 β-casein consumption/per capita) and very low rates
have been found in Venezuela and Japan (lowest A1 β-casein consumption/per capita) [36].

The association between beta-casein consumption and T1D has been investigated in rodent models
although mechanisms have been difficult to define. Two publications highlighted the relationship
between cows’ milk consumption and T1D. Firstly, in 1997, Elliot et al. reported that NOD mice fed a
2% casein supplemented diet at weaning developed T1D at a greater rate than NOD mice fed base
(Pregestimil powder) diet (14.6% versus 1% at 250 days) [37]. Later, in 1997, Elliot et al. reported
that a 28% of female NOD mice fed whole A1 beta-casein developed T1D at 250 days compared
with 2% on the Pregestimil diet [38]. Given the controversy surrounding the purported association
between A1 beta-casein consumption and T1D, we sought to test whether a diet supplemented with
A1 or A2 beta-casein would increase the incidence of T1D in genetically susceptible female NOD mice
over generations.
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2. Materials and Methods

2.1. Animal Experiments

Newly weaned 3–4 week old male and female NOD/ShiLtJArc mice were obtained from the Animal
Recourses Centre, Canning Vale, Western Australia, Australia. Mice were housed in a pathogen-free
environment in the Experimental Medical Surgery Unit, St Vincent’s Hospital, Melbourne. These mice
(designated F0) were immediately separated into two cohorts and fed a nutritionally balanced
milk-based diet containing either the A1 or A2 beta-casein component. The diets were prepared
by Specialty Feeds (Glen Forrest, Western Australia, 6071) (Table 1), in accordance with strict
manufacturing protocols. Feeds were produced every three months and stored under strict temperature
controlled environments, in order to ensure that the quality and freshness of the diets was maintained.

Mice were fed ad libitum and had free access to drinking water. Non-fasting blood glucose levels
(BGLs) were monitored weekly throughout the 30-week study.

All animal experiments in this study were approved by the St. Vincent’s Hospital Animal Ethics
Committee (Melbourne, Australia).

Table 1. The nutrient composition of the experimental A1 and A2 beta-casein supplemented diets
for mice.

Ingredients (g/100 g) A1A1 Skim Milk Diet A2A2 Skim Milk Diet

Sucrose 25.753 25.753
Skim milk powder (as supplement) 60.528 60.529

Instruction Standard mixing
COPHA hydrogenated vegetable oil 1.366 1.366

Palm oil 3.709 3.709
Safflower oil (High Linoleic) 0.787 0.787

Flax oil 0.462 0.462

Instructions Standard mixing
Cellulose 5.000 5.000

Instructions Standard mixing
dl Methionine 0.904 0.904

A1N_93_Trace minerals 0.140 0.140
Salt (Fine sodium chloride) 0.100 0.100

AIN_93_Vitamins 1.000 1.000
Choline chloride 75% w/w 0.250 0.250

Red food colour 0.001 -

Instructions Standard mixing
Total 100.000 100.000

2.2. Breeding Program

For breeding further generations, 6–8 week old mice were mated. Brother/sister breeding pairs
from the A1- and A2-fed F0 cohort were mated to generate F1 offspring. Similarly, breeding pairs
from the F1 generation were mated to produce the F2 generation. Two further generations (i.e., F3 and
F4) were produced. This resulted in all offspring from F1 to F4 being exposed to either A1 or A2
beta-casein only from conception.

2.3. Blood Glucose Monitoring and Diabetes Incidence

Weekly BGLs were monitored from 6 to 30 weeks of age. Mice were deemed diabetic if they had a
reading of more than 20 mM. Diabetes incidence at any week in time was determined by the formula:

Diabetes incidence =
Number o f mice f ed a particular beta − casein diet with BGL > 20 mM

Total number o f mice f ed a particular beta − casein diet
. (1)
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2.4. Intraperitoneal Glucose Tolerance Test

Female NOD mice at 10- to 12-weeks old from the F4 generation were made to fast overnight
(12–16 h). The mice were injected intraperitoneally with glucose (2 g/kg body weight). BGLs were
measured from blood samples collected from the tail at 0, 15, 30, 45, 60, 90, and 120 min.

2.5. Insulin Tolerance Test

Insulin (0.75 IU/kg body weight) was administered intraperitoneally into 10-week old female
mice from the F4 generation after a 12-h overnight fast. BGLs were determined from blood samples
obtained from the tail at 0, 15, 30, 45, 60, 90, and 120 min after the injection.

2.6. Immune Profiling

Leukocytes were obtained from peripheral lymphoid organs (spleen, thymus, pancreatic and
mesenteric lymph nodes) and blood. Red blood cells were cleared using 0.9% ammonium chloride
solution. The leukocytes were then washed and spun down and were stained with antibodies for
various leukocyte populations. The antibodies used were as follows: Fc block (anti-mouse FcRγIII/II
mAb, 2.4G2, BD Biosciences, Franklin Lakes, NJ, USA), CD3-FITC (Clone: 17A2, BD Biosciences),
CD4-PeCy5 (Clone: H129.19, BD Biosciences), CD8-APC-Cy7 (Clone: 53-6.7, BD Biosciences),
CD19-PeCy7 (Clone: 1D3, BD Biosciences), CD25-APC-Cy7 (Clone: PC61, BD Biosciences), CD45
Pacific Blue (Clone: 30-F11, Biolegend, San Diego, CA, USA), and F4/80-APC (Clone: BM8, Invitrogen,
Carlsbad, CA, USA). For intracellular FoxP3 staining, cells were incubated with FcRγIII/II, surface
stained for CD4 and CD25, fixed and permeabilised as per manufacturer’s instructions (eBioscience,
Waltham, MA, USA), and stained for FoxP3 (Clone: FJK-16S, eBioscience). Cells were then analysed
using a FACSCanto flow cytometer (BD Biosciences) and Diva software (BD Biosciences). A total of
1 × 106 cells were analysed.

2.7. Treg Suppression Assays

Mouse CD4+CD25+ Treg and CD4+CD25− Tresp populations were purified using the CD4+CD25+

Regulatory T cell isolation kit (Catalog number: 130-091-041) and AUTOMACS (Miltenyi Biotec
Australia, Macquarie Park, NSW, Australia) as per manufacturer’s instructions. Tresp were stained
with CFSE using the CellTrace™ CFSE Cell Proliferation Kit (Molecular Probes™, Thermo Scientific,
Melbourne, VIC, Australia). Accessory cells were irradiated CD4-depleted splenocytes. In each well,
a total of 1 × 105 Tresp cells and 1 × 105 accessory cells were incubated with 1 μg/mL anti-CD3
antibody (WEHI) in complete medium (RPMI-1640 containing Glutamax, 1 mM Pen-Strep, 1 mM
Na-Pyruvate (Gibco™, Thermo Scientific, Melbourne, VIC, Australia), 10% mouse sera and 50 μM
2-mercaptoethanol (Sigma-Aldrich, Castle Hill, NSW, Australia)). To assess suppressive activity,
Treg were co-cultured at Treg: Tresp ratios of 1:1 to 1:16 for 3 days. Following culture, wells were
washed and cells were incubated with anti-mouse CD4-APC Ab (Clone: RM4-5, eBiosciences) at
room temperature. 7AAD (BD Biosciences) was added to exclude dead cells prior to FACS analysis.
CD4+ cells were gated and Tresp proliferation assessed using FlowJo v7.6 Proliferation Platform
(Tree Star, Ashland, OR, USA), on a FACSCanto (BD Biosciences).

2.8. Peptide Extraction from Whole Blood, Lymph Tissues and Mass Spectrometry

Whole blood samples from female NOD mice fed on A1 diet (each generation F0–F4; n = 10)
were collected in vials containing dipeptidyl peptidase -IV inhibitor, immediately aliquoted and
stored at −80 ◦C until the time of analysis. The peptides were extracted from whole blood using a
previously described procedure [39]. Peptide analysis was carried out on a QExactive plus Orbitrap
mass spectrometer (Thermo Scientific).

Female NOD mice from F0 generation (n = 12) mesenteric and pancreatic lymph nodes were
collected in vials and immediately stored at −80 ◦C until the time of analysis. In brief, the tissues
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samples were finely diced using a scalpel and then homogenised on ice in 600 μL of ice-cold lysis
buffer (10 mM Tris, pH 7.5; 25 mM KCl; 250 mM sucrose; 1 mM EDTA; 150 mM NaCl; 1 mM PMSF).
The samples were left for 30 min and then spun at 12,000× g for 15 min at 4 ◦C to pellet any insoluble
material. For peptide recovery, 500 μL of tissue supernatant were mixed with 1 mL of acidic acetonitrile
and acetone, containing individual labelled internal standard for each targeted beta-casomorphin
peptide (BCM-5, BCM-7, and BCM-9). The mixtures were spun at 12,000× g for 15 min at 4 ◦C and
1200 μL of supernatant from each extract was recovered to a new Lo-bind tube, evaporated to dryness,
and reconstituted for HLB Prime solid phase extraction (SPE) clean-up. Peptides recovered from the
SPE clean-up were again evaporated to dryness and reconstituted for the final analysis by LC-MS/MS
(Sciex 6500 TripleQuad). LC separation was performed on a Water XSelect® HSS T3 2.5 μm column
(2.1 × 50 mm). The mass spectrometer was operated in SRM mode, alternating between detection of
BCM-5, BCM-7, and BCM-9 transition ions.

2.9. Bacterial DNA Preparation

Faecal samples were collected from F0 generation female NOD mice (A1 diet n = 6; A2 diet n = 6)
and stored at −80 ◦C immediately after collection until further use. Genomic DNA from faeces was
extracted using a QIAamp DNA stool mini kit (Qiagen, Germantown, MD, USA) according to the
manufacturer’s instructions, with some modifications. Briefly, an aliquot (~100 mg) of each fecal
sample was suspended in 1 mL of inhibit EX buffer. Microbial cells were then lysed by mechanical
disruption with a TissueLyser II (Qiagen) for 3 min at 30 Hz. After centrifugation, the supernatant was
digested with proteinase K and DNA was precipitated with ethanol. DNA was further washed and
purified by a QIAamp spin column. DNA was eluted in 0.2 mL of elution buffer ATE. The quality and
quantity of the genomic DNA was measured using the NanoDrop assay. DNA concentrations were
adjusted to 100 ng/μL for subsequent Metagenome shotgun pyrosequencing.

2.10. High-Throughput Sequence Analysis

Sequencing was performed by Macrogen (Seoul, Korea) using paired-end sequencing with read
length 101 nucleotides using TruSeq Nano DNA kit sample library preparation protocol (Part #15041110
Rev. A) on a HiSeq 25000 System (Part #15011190 Rev. V HCS 2.2.70). For each of the six samples from
mice fed the A1 and A2 diets, 8 to 12 million reads were obtained. The data was annotated using the
Centrifuge software and a mapping threshold of 80 nucleotides minimum match length was apply
to filter poor confidence matches [40]. Results were analysed with the R packages Phyloseq [41] and
DESeq2 version 1.2.10 [42,43].

2.11. Histological Staining

Intestinal sections from the jejunum, proximal ileum and distal ileum and pancreatic tissues
of F4 generation NOD mice were collected. These tissues were fixed in 10% phosphate-buffered
formalin overnight at room temperature and embedded in paraffin. Sections (intestinal: 1–2 μm,
pancreatic: 4 μm) were stained with hematoxylin and eosin (H&E; Merck, Darmstadt, Germany) using
standard techniques. H&E-stained tissue sections were visualized and evaluated under a standard
light microscopy using an AxioImager Z1 microscope (Carl Zeiss MicroI-maging, Jena, Germany).

2.12. Statistical Analysis

Results are reported as mean ± standard error of the mean (SEM). Statistical analysis was
performed by one-way ANOVA and Student’s t-test. p < 0.05 was considered a statistical significance
between groups.
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3. Results

3.1. Effect of A1 Beta-Casein Supplemented Diet on Incidence of T1D in NOD Mice

To investigate the potential effects of the A1 and A2 beta-casein on the development of T1D,
NOD mice were fed with either diet separately for five generations and monitored for 30 weeks.
No difference in diabetes incidence was observed between the two cohorts from F0 to F2 generations
(F1: A1 18.4% vs. A2 21.6%; F2: A1 18.2% vs. A2 13.2%). In the F3 generation, at 30 weeks, the diabetes
incidence was doubled in the cohort fed A1 beta-casein compared to the A2 cohort (A1: 40% vs.
A2: 20.7%) (Figure 1).

 
Figure 1. Diabetes incidence in female mice. Diabetes incidence of mice in the (a) F1 generation; (b) F2
generation; (c) F3 generation.

In the F4 generation, the glucose handling capacity was assessed prior to the onset of T1D
at 10 weeks of age. Fasting BGLs was significantly higher in NOD mice fed the A1 beta-casein
supplemented diet compared with mice fed the A2 beta-casein supplemented diet (A1: 7.0 ± 0.4
mM vs. A2: 5.5 ± 0.5 mM, p < 0.05) (Figure 2a). This was associated with lower body weights in
the cohort fed an A1 beta-casein supplemented diet (A1: 21.5 ± 0.6 g vs. A2: 23.6 ± 0.3 g, p < 0.05)
(Figure 2b). NOD mice fed A1 beta-casein had higher 2-h BGLs compared to A2 beta-casein fed mice
(A1: 7.9 ± 0.4 mM vs. A2: 5.5 ± 0.4 mM, p < 0.05) (Figure 2c). In both cohorts, glycemic response to
insulin tolerance testing was preserved (Figure 2d) indicating normal insulin sensitivity. Insulitis was
evident in 80% of islets graded in the A1 beta-casein fed mice and among those, 55% were graded as
severe with a grade 3 or 4, whereas the majority of islets (~70%) from the A2 beta-casein cohort were
free from insulitis (Figure 2e). Together, these data suggest that an A1 beta-casein diet alters glucose
handling capacity by promoting islet inflammation.

While human studies report no change in peripheral blood Treg numbers, suppressive
capacities are reduced [44–48]. We evaluated splenic CD4+CD25+FoxP3+Treg, CD4+CD25−FoxP3+

Treg, macrophage, CD4+, CD8+ and B cell numbers from NOD mice fed with A1 and A2 beta-casein
supplemented diet across the generations. We observed no change in number (Figure 3a) and function
(Supplementary Figure S1) of conventional CD4+CD25+FoxP3+Tregs in the F4 generation NOD mice
fed with A1 and A2 diets. However, there was a significant decrease in the Treg subset defined by
CD4+CD25−FoxP3+ in the A1-fed mice compared to the A2-fed cohort (Figure 3b). The numbers of
CD4+, CD8+, B cells and macrophages were unaltered (Figure 3c–f).
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Figure 2. Glucose handling capacity in F4 generation female NOD mice. (a) fasting blood glucose
levels and (b) body weights of 10- to 12-week old A1 ( ) and A2 ( ) beta-casein fed female mice.
BGLs of female mice assessed in (c) glucose and (d) insulin tolerance tests. (e) distribution of insulitis
in islets represented as a percentage of islet infiltration in 10-week old female mice fed either A1 or A2
beta-casein supplemented diets. Islets were scored blindly from individual mice. Islet inflammation
was calculated on a scale from 0 to 4. 0—islets devoid of mononuclear cells; 1—minimal (<10%) focal
islet infiltrate; 2—peri-islet infiltrate in <25% of islet circumference; 3—peri-islet infiltrate in >25% but
<50% intra-islet and 4—>50% intra-islet infiltration.
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Figure 3. Immune profile in F4 generation mice fed A1 and A2 beta-casein supplemented diets.
Splenic leukocytes were obtained and stained with various antibodies. The percentages of the
different immune subsets in the spleen were then assessed via flow cytometry. (a) conventional Tregs
(CD4+CD25+FoxP3+); (b) non-conventional Tregs (CD4+CD25−Foxp3+); (c) CD4+; (d) CD8+; (e) B cells;
and (f) macrophages.

3.2. Isolation and Analysis of Peptides from Whole Blood and Lymph Tissues by Mass Spectrometry

To test for the presence of BCM-7 peptide in the whole blood and lymph tissues of NOD
mice, peptides were isolated and analysed by LC-MS/MS and triple-quadrupole mass spectrometry,
respectively. No BCM-7 peptide was detected in either sample type (data not shown).

3.3. The Effect of A1 Beta-Casein Supplemented Diet on Intestinal Microbial Communities of Female NOD
Mice in the F0 Generation

To test whether A1 beta-casein supplemented diet altered the gut microbiota in mice,
we performed metagenome shotgun sequencing on the faecal samples obtained from the F0 generation
of female NOD mice fed A1 and A2 supplemented diets for six weeks. There were small differences in
bacterial diversity (Supplementary Figure S2), but no significant differences in microbial abundances
at the phylum level between the A1 and A2 diet groups. We did find some operational taxonomic units
(OTUs) that exhibited a trend towards differential expression. Compared to A2 beta-casein fed NOD
mice, A1 beta-casein supplementation increased the level of several bacterial species, some of which
have been shown to produce effects on diabetes, including Streptococcus pyogenes [49] and Streptococcus
suis. [50]. In contrast, Enterobacter cloacae, Enterobacter hormaechei and Klebsiella oxytoca at the species
level were reduced by A1 beta-casein supplemented diet.

3.4. A1 Beta-Casein Diet Consumption Did Not Alter the Gastrointestinal Integrity in Female NOD Mice in
the F4 Generation

In mice, a leaky gut with increased gut permeability, disturbed microbial balance and impaired
intestinal mucosal immunity are associated with T1D [51]. The impact of A1 and A2 supplemented
diets on the cellularity and architecture of the small intestine in the NOD F4 mice was assessed
histologically. Neither an A1 nor A2 supplemented diet impacted the gastrointestinal integrity of the
mice (data not shown).
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4. Discussion

Despite a number of reports demonstrating a positive correlation between dairy consumption
and risk of T1D [36,52,53], conclusive evidence of causation is lacking. This feeding intervention study
demonstrates that the consumption of A1 beta-casein in genetically susceptible mice increases the
incidence of T1D, which only becomes evident in later generations. We chose to study female NOD
mice as these mice have a heightened susceptibility to T1D [54–56] and monitored mice for a number
of generations. Later generations showed an increased incidence of T1D, altered glucose handling and
associated weight loss and a reduction in a non-conventional Treg cell subset.

The main finding in this study was the doubling of T1D incidence in the F3 generation and
presence of subclinical insulitis in 10-week old F4 female NOD mice, suggesting the onset of T1D is
influenced by an epigenetic phenomenon [57,58]. It has been reported that diet alone [59] and diet
and microbiota mediated epigenetic programming can affect the expression of insulin resistance and
insulin signalling genes [60]. In addition to genetic and environmental factors, epigenetic modifications
may contribute to the etio-pathogenesis of T1D, necessitating studies with long follow-up durations
to capture incidence and enable identification of dietary associations. Indeed, inconsistent findings
from some animal studies of A1 beta-casein diet supplementation and T1D associations might be a
consequence of the very long latency for T1D development.

We found a reduction in the CD4+CD25−Foxp3+ T cell subset. Although not currently described
in the T1D setting, changes in this population have been described in autoimmune systemic lupus
erythematosus during active disease [61,62]. Questions as to their role remain, however these
‘atypical’ Tregs share similar expression profiles with CD4+CD25+FoxP3+ Tregs and display some
suppressive capacity [61]. Plasticity in Treg populations subsets has been well described [63] and may
contribute to the differences in proportions of CD4+CD25+FoxP3+ and CD4+CD25−FoxP3+ in this
study. One study described CD4+CD25−FoxP3+ as a “replenishment pool” that can be recruited and
regain their CD25 expression to help combat autoreactive immune cells following disease onset [64].
Thus, the CD4+CD25−FoxP3+ increase observed in the A2-fed NOD mice may represent an effort to
regulate autoreactive immune cells. Further investigations are warranted to elucidate the nature of
this T cell subset and their role in T1D.

Following A1 beta-casein milk or supplemented diet intake, the BCM-7 peptide has been detected
in animal and human biofluids [31,65–67]. BCM-7 was not detected in peripheral blood and mesenteric
lymph nodes of NOD mice fed an A1 supplemented diet by mass spectrometry. This may be due to
lower than limit-of-detection levels of BCM-7 in the samples, timing of lymph node retrieval or the
complex blood peptide samples. We are currently investigating whether BCM-7 has a direct effect on
islet development.

Although others have shown changes in gastrointestinal architecture and inflammation after short
periods of exposure to A1 beta-casein [68], we did not see such changes, even in the fifth generation of
mice. The different rodent strains may account for these disparate findings—where the other studies
were performed with male Swiss albino mice [69] and Wistar rats [70], our study utilised NOD mice.

Recently, it was reported that casein supplemented diets modulate the composition of rat gut
bacteria [71,72]. The rats fed with casein had a higher abundance of Bacteroidetes at phylum level [72].
At the family level, the composition of bacteria had lowest abundance of Lactobacillaceae and highest
of Lachnospiraceae [72]. The Lactobacillaceae members have been proposed to play a key role in host
metabolic homeostasis by protecting the gut integrity against pathogens disruption and can reduce
inflammation [72]. Intestinal inflammation is a recognised trigger of T1D [51]. We did not observe a
significant change in gastrointestinal microbiome composition in F0 generation of mice, and due to
funding limitations we did not collect faecal samples in the generations in which increased diabetes
incidence was observed. Faecal samples from the later generations in which diabetes incidence was
increased would provide greater insight into the potential role of the microbiome in the onset of T1D.

A positive association between food allergy and Helicobacter pylori infection has been reported [73],
and children with H. pylori infection have been shown to exhibit elevated IgE responses to cow’s
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milk [74]. It is therefore possible that H. pylori infection at least partly explains the observed relationship
between A1 beta-casein consumption and the increased incidence of T1D [36]. H. pylori infection
reportedly increases epithelial permeability and permits the non-selective passage of allergens to cross
the intestinal barrier [73]; a similar cascade of events could permit the passage A1 beta-casein derived
BCM-7 to cross the epithelial barrier. If so, the previously reported immunological cross reactivity or
molecular mimicry between an epitope on the pancreatic beta-cell-specific glucose-transporter GLUT-2
and the BCM-7 peptide may explain some of the interplay between T1D and A1 beta-casein [75].
Here, exposure to A1 beta-casein may promote the development of autoantibodies that ultimately
contribute to the cascade of events leading to type 1 diabetes development. Autoantibodies to GLUT-2
have been detected in patients with recent onset T1D [76] and reactivity of beta-casein T-cell lines
to human insulinoma extracts and GLUT-2 have been reported [77]. However, the full implications
of these findings are open to speculation because beta-cell autoantibodies may not necessarily be
pathogenic: rather, they may represent reproducible biomarkers of the pathogenesis.

This study had a number of limitations that should be considered. The cumulative incidence of
diabetes in our NOD colony was low, impacted by in-house microbiota colonisation [54]. We only
investigated changes in the microbiome from the F0 generation between A1 and A2 fed mice and
data on BCM-7 detection is limited to lymph nodes and blood. The major strength of this study is
that experimental conditions were stringently controlled throughout and diabetes incidence across
multiple generations were analysed, which to our knowledge has not previously been done.

Despite the limitations described above, we propose that A1 beta-casein influences T1D
incidence through a number of potential mechanisms mediated via BCM-7. We hypothesise that
BCM-7 released from A1 beta-casein may influence the immune response [38], gut architecture and
microbiota [71,72,78] and/or impart direct islet toxicity. Together, these effects may induce epigenetic
alterations predisposing pancreatic beta-cells to an autoimmune response (Figure 4) [60,79].

The specific contribution of these mechanisms to the development of T1D, as well as their ability
to compensate for each other, is unknown. Furthermore, in milk, caseins form complex aggregates with
calcium phosphate called casein micelles [80]. Casein micelles are the source of calcium phosphate
and proteins to the young for the growth of bone and teeth [81]. A recent study revealed that cows’
milk A1 beta-casein forms a larger micelle compared to A2 beta-casein, which may influence their
function [82]. Whether casein micelles were operational in this model was not investigated.

 
Figure 4. A1 beta-casein supplemented diet associated mechanisms in T1D development in NOD mice.

5. Conclusions

The data presented in this study are provocative and suggest an interaction between dietary
protein consumption and the incidence of T1D that differs across generations in NOD mice. This study,
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alongside others [36–38,83–86], raises questions regarding widespread consumption and timing of
introduction of A1 beta-casein in early childhood. Many other environmental factors, such as infections,
air pollution, vaccines, location of residence, family environment and stress [87], have been postulated
as potential environmental triggers [11]. It is feasible that a combination of environmental triggers
in the genetically susceptible host is required. Because cows’ milk is the only alternative source of
nutrition after breast milk for neonatal feeding in the general population, definitive testing of the
hypothesis is clearly warranted.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/9/1291/s1,
Figure S1: Treg-mediated suppression in the F4 generation NOD mice, and Figure S2: The diversity of gut bacteria
in faecal contents level of A1 and A2 beta-casein fed F0 NOD mice according to several diversity indices.
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Abstract: Gastric emptying of food is mainly driven by the caloric concentration, the rheological
properties of the chyme, and the physical state (liquid/solid) of food once in the stomach. The present
work investigated: (1) The effect of the composition and the viscosity of drinkable yogurts on gastric
emptying in pigs, and (2) the behavior of yogurts during dynamic in vitro digestion. Three isocaloric
liquid yogurts were manufactured: Two enriched in protein and fiber showing either a low (LV)
or high (HV) viscosity, one control enriched in sugar and starch (CT). They were labelled with
99mTc-sulfur colloid and given to pigs (n = 11) to determine gastric emptying pattern by gamma
scintigraphy. Then dynamic in vitro digestion of the yogurts was done using the parameters of
gastric emptying determined in vivo. Gastric emptying half-times were significantly longer for LV
than CT, whereas HV exhibited an intermediate behavior. In vitro gastric digestion showed a quick
hydrolysis of caseins, whereas whey proteins were more resistant in the stomach particularly for LV
and HV. During the intestinal phase, both whey proteins and caseins were almost fully hydrolyzed.
Viscosity was shown to affect the behavior of yogurt in the small intestine.

Keywords: gastric emptying; gamma-scintigraphy; yogurt; in vitro digestion; casein; whey protein; satiety

1. Introduction

Until recently, it was considered that the structure of the food matrix had a limited impact on
food digestion and food could be described only according to its composition in proteins, lipids,
and carbohydrates. During the last years, new evidences have clearly demonstrated that the food
matrix structure plays a key role on the kinetics of transit and hydrolysis of the macronutrients [1–4].
Several parameters have been shown to affect food intake, transit, and digestion. Even before food
arrives in the gastrointestinal tract, cognitive and sensory signals generated by the sight and smell of
food and by the oro-sensory experience of food in the oral cavity influence the amount of food ingested
for that eating episode, but also for an extended period of time during which no ingestion takes place.
Aside the sensory component, the composition of food could also play a key role and the effect of the
type of macronutrients on food intake has been further investigated in many studies. For example,
dietary protein has been observed to increase satiety and suppress short-term food intake beyond what
would be expected by an iso-energetic amount from carbohydrates and fats [5,6]. The development
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of protein-supplemented foods has been used as a strategy for either modulating appetite in healthy
adults [7] or increasing the protein intake of elderly people suffering from malnutrition [8,9]. However,
the extent to which the source of the protein matters is uncertain. Whey and casein, two milk derived
protein sources, have more commonly been studied with regard to their effects on satiety and food
intake. Whey proteins account for 20% of the total milk protein and are rich in essential amino acids,
whereas casein is the major protein of milk accounting for ~80% of the total protein [10]. Whey protein
and casein are both heterogeneous groups of proteins containing all amino acids and are especially
rich in the essential ones, although in different proportions. Whey protein is reported as more satiating
than casein [11,12], although this statement is still controversial. Indeed, a recent review indicates that
whey is more satiating in the short term, whereas casein is more satiating in the long term [13] because
of different mechanisms of action. Whey tends to stimulate the secretion of the incretin hormones
glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide, whereas casein is
more active on the satiety (cholecystokinin, peptide YY) and hunger-stimulating (ghrelin) hormones.

Another food ingredient that can have beneficial effects on food intake is dietary fiber [14].
Fiber is thought to affect satiety in many ways, depending on the fiber type, and relating to its ability
to bulk foods, increase viscosity, gel in the stomach, and ferment in the distal part of the gut [15].
When reviewing the literature available on the effect of fiber on satiety, it has been shown that fibers
characterized as being more viscous (e.g., pectins, β-glucans and guar gum) reduced appetite more
often than the less viscous fibers. However, overall, effects on energy intake and body weight were
relatively small [16].

Post-ingestive signals encoding for nutrient content [17,18] and volume [19] arising from the
stomach and intestine also affect satiety. Gastric signals are only of physical nature and are transmitted
locally and centrally after the selective involvement of stretch receptors. These intramural receptors
are sensitive to the amount of food present within the stomach and therefore are detecting the level
of distension and the rate of emptying. Indirectly, via a chemical mediated duodenal detection of
the amount of nutrient, and more specifically, the energy contents of the duodenal juice, where the
satiation signals are transmitted centrally. Furthermore, part of the duodenal signal is transmitted to
the enteric nervous system to alter locally gastric motility and emptying [20]. The increase in satiety
through gastric distension has been demonstrated through alteration of the gastric emptying rate using
isovolumetric and isocaloric liquid and semisolid meals [21–23].

Viscosity has been shown to have an effect on satiation and satiety in multiple studies [24–27] and
it has been hypothesized that this effect of viscosity was due to its action on gastric emptying. Indeed,
most of the published studies have shown that increasing the viscosity delayed the gastric emptying
rate [23,27,28]. However, increasing the viscosity of the meal to slow down gastric emptying appears
to be less effective than increasing its caloric content [29].

In this context, two fiber and protein-enriched yogurts (similar composition but different viscosity)
and a control yogurt were formulated. All three yogurts had similar caloric content. The aim of the
present study was to investigate whether protein and fiber enrichment could affect gastric emptying
and, consequently, the kinetics of protein digestion. Yogurt digestion was studied using a dynamic
in vitro model that had been previously validated against in vivo data [30]. In order to define the
parameters of the model, gastric emptying half-time, and the shape of the emptying curve were
determined by gamma-scintigraphy using the pig as a model. Gamma-scintigraphy, like Magnetic
Resonance Imaging, is a direct method for assessing gastric emptying that has been shown to be
more relevant than indirect methods such as 13C breath tests that can be biased by the food matrix
as recently described [31]. Then, an in vitro dynamic digestion was conducted on the three yogurts
using the parameters determined in vivo. The gastric and intestinal behavior of the three matrices
were compared and the proteolysis kinetics were monitored.
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2. Materials and Methods

Three isocaloric yogurts with different compositions and structure kindly provided by Senoble
(Jouy, France) were submitted to in vivo and in vitro assays. The three yogurts, for which the
composition is given in Table 1, had a control yogurt (CT) and two yogurts enriched in protein
and fibers both with different textures, i.e., Low Viscosity (LV) or High Viscosity (HV).

Table 1. Composition and texture of the three yogurts.

Control Low Viscosity High Viscosity

Protein (g/100 g) 3.1 8.1 8.1
Lipid (g/100 g) 0.1 0.2 0.2
Sugar (g/100 g) 17.3 11.6 11.6
Fiber (g/100 g) 0 2.5 2.5

Starch (%) 0.53 0.18 0.18
Energy (kcal/100 g) 82 85 85

Texture standard liquid thick liquid

2.1. Viscosity Analysis

Yogurt viscosity was measured using a cone-plan (6 cm diameter, 4 degree angle) geometry on an
AR 2000 rheometer (TA Instruments, Leatherhead, UK). Yogurt was carefully sampled from the center
of the cup, deposited on the plate at 4 ◦C and the cone was slowly lowered into the sample. A logarithm
shear rate increase ranging from 0.2 to 100 s−1 at 4 ◦C was applied (n = 2) on 2 independent batches
of the 3 yogurts. Since the study of gastric emptying on pigs and the in vitro digestion experiments
occurred up to 15 days after manufacture, viscosity- of yogurts was assessed 4 days (D + 4) and -5 days
(D + 15) after manufacture to check for a possible evolution of the viscosity during storage. Typical flow
behaviors following the model of Herschel-Bulkley [32] were observed for yogurts. The apparent
viscosities (Viscosityapp) at 100 s−1 were deduced. They were significantly different for the 3 yogurts,
but not between the days (Table 2).

Table 2. Apparent viscosity of the three yogurts measured 4 days (D + 4) and 15 days (D + 15)
after manufacture.

Viscosityapp (Pa·s) CT LV HV

D + 4 1.26 ± 0.12 0.32 ± 0.04 2.20 ± 0.11
D + 15 1.30 ± 0.05 0.37 ± 0.04 2.07 ± 0.20

Note: Viscosityapp, apparent viscosities; CT, control yogurt; LV: low viscosity; HV: high viscosity.

2.2. Gastric Emptying Assessment by Gamma-Scintigraphy on Pigs

All procedures were in accordance with the European Community guidelines for the use of
laboratory animals (L358-86/609/EEC). The study received prior approval by the local animal ethic
committee (agreement number: R-2013-CHM-01). The facilities have the authorization to use animals
(agreement number: A35-622) and radioisotopes (agreement number: T35-0282).

The animals used were 11 young Large White sows of about 3 months old and 30–35 kg body
weight. During the week before the experiment, the animals were trained to consume the food
while in quadrupedal position within a Pavlov stand. Furthermore, they were trained to eat 529 g
(450 kcal) of yogurt within 5 min and then stay still for two hours in front of the gamma camera.
On the day of experiment, conscious pigs were installed in a Pavlov stand and fed with 529 g of
one of the three yogurt radiolabeled with 20 MBq, 99mTc-colloid sulfur CK1 (CISBio International,
Saclay, France), as described in previous studies [33]. The gamma camera was calibrated for energy
and uniformity weekly. Data acquisition was performed using high-resolution low energy collimator
and with a 64 × 64 pixel matrix. Gastric emptying was followed by gamma scintigraphy during 2 h
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after meal ingestion using sequential images taken every minute for 15 s each. During the 2 h of the
experiment, animals had no access to water. Each animal received the 3 yogurts on separate days and
each animal was therefore its own control.

The dynamic image series were analyzed with the OSIRIX MD software (Pixmeo SARL,
Bernex, Switzerland) and with dedicated software. This software allowed to re-aligns the images
to compensate the movements of the animal relative to the camera head during acquisition.
Gastric emptying half-time (T1/2, time needed for 50% of the radioactivity to be transferred from
the stomach into the small intestine) and the shape of the gastric emptying curve (β) that describes
the length of the initial phase and the shape of the curve after the lag phase [34] were determined.
The adequacy of the power exponential fit was evaluated using modified-stretch exponential (MSE).

2.3. Yogurt Dynamic In Vitro Digestion

A dynamic in vitro gastro-intestinal digestion system (DIDGI®, Institut national de la recherche
agronomique (INRA), Rennes CEDEX, France) was used to simulate the digestion of the three yogurts
and investigate the kinetics of milk protein hydrolysis during digestion. The gastric emptying half-time
and the shape of the gastric emptying curve determined in vivo by gamma-scintigraphy on the
three different matrices were entered in the simulator software to simulate the gastric emptying using
the Elashoff equation [34]. Each matrix was digested in duplicate. In the gastric phase, aliquots
were sampled at G0 (undigested yogurts) and after 120 min digestion (G120). In the intestinal
phase, samples were taken after 180 min (I180) for the three yogurts and 240 min (I240) digestion for
only the low and high viscosity yogurts (milk protein digestion in the control yogurt was already
completed after 180 min). Except the gastric emptying parameters that were deduced from the in vivo
experiment, the other parameters used in the digestion experiments were set up to simulate the adult
gastro-intestinal, as proposed in Egger et al. [35]. They are summarized in Table 3.

Table 3. Gastro-intestinal parameters for in vitro dynamic digestions.

Gastric Conditions (37 ◦C)

Simulated Gastric Fluid (SGF)
(stock solution adjusted at pH 6.5)

Na+ 100 mmol/L
Ca2+ 1 mmol/L

Fasted state/initial conditions
SGF 24 mL
pH 1.8

Yogurt Ingested amount 150 g
Gastric pH (acidification curve) pH = 1.68 + 3.82(−t/42) (with t: time after ingestion in min)

SGF + pepsin (porcine)
Pepsin 2000 U/mL of gastric content
Flow rate 1 mL/min from 0 to 5 min
Flow rate 0.5 mL/min from 5 to 180 min

Gastric emptying (Elashoff fitting)

CT
T1/2 * 58 min
β 1.1

LV
T1/2 73 min
β 1.0

HV
T1/2 65 min
β 1.1

Intestinal Conditions (37 ◦C)

Simulated Intestinal Fluid (SIF)
(stock solution adjusted at pH 6.2)

Na+ 100 mmol/L
Ca2+ 1 mmol/L

Intestinal pH pH 6.6

SIF + bile (bovine)
Bile 4% from 0 to 30 min
Bile 2% from 30 min to the end
Flow rate 0.5 mL/min from 0 to the end

SIF + pancreatin (porcine) Pancreatin 7%
Flow rate 0.25 mL/min from 0 to the end

Intestinal emptying (Elashoff fitting) T1/2 160 min
β 1.6

* T1/2 = gastric emptying half-time.
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2.4. SDS-PAGE

Milk protein extent of hydrolysis was assessed during the gastric and the intestinal phase
by Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis. Briefly,
the electrophoretic analyses were performed using 4–12% polyacrylamide NuPAGE® Novex®

Bis-Tris 15 well precast gels (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s
instructions. All samples were diluted with NuPAGE® LDS sample buffer and then treated with
0.5 M DL-dithiothreitol and distilled water. Mark 12 Unstained Standard (Invitrogen) was used as
a molecular weight (MW) marker—as a reference of the position of the bands. Gels were fixed in 30%
(v/v) ethanol, 10% (v/v) acetic acid, and 60% (v/v) deionized water. They were rinsed in deionized water
before staining with Bio-Safe Coomassie stain (Bio-Rad Laboratories, Marnes-la-Coquette, France).
Discoloration of gels were performed with water Image analysis of SDS-PAGE gels was carried out
using Image Scanner III (General Electric (GE) Healthcare Europe GbmH, Velizy-Villacoublay, France).
After digitization of gels, the bands were selected and their gray intensity determined by densitometry
using the software Image Quant TL™ (GE Healthcare Europe GbmH, Velizy-Villacoublay, France).
Densitometry analyses of the SDS-PAGE gels were used for the semi-quantification of protein levels.
The percentage of each intact protein remaining in the gastric and intestinal compartment was
estimated in comparison with the undigested yogurt sample.

2.5. Statistics

The difference of proteolysis kinetics between yogurts was examined by a two-way Analysis of
variance (ANOVA) with yogurt and time as factors and with time as a repeated measure using the SAS
software 9.3 (SAS, Cary, NC, USA). Post-hoc comparison was performed using a Tukey test. The value
of p < 0.05 was considered statistically significant.

3. Results

3.1. Gastric Emptying

The results are summarized in Table 4 and an example of a video recorded is available as
Supplementary Material. The T1/2 obtained for the LV yogurt was significantly different from the CT
yogurt (p < 0.05) with 72.7 ± 5.1 and 57.7 ± 3.9 min (mean ± standard deviation (SD)), respectively.
In contrast, although the T1/2 for the HV yogurt was higher than that of the CT yogurt, it was not
statistically different (p = 0.12). There was no significant difference between the β factor calculated
from the gastric emptying curve of the three yogurts.

Table 4. Gastric emptying half-time (T1/2) and shape of the emptying curve (β) observed on the 3 yogurts.

T1/2 (min) β

Control 57.7 ± 3.9 1.1 ± 0.05
Low viscosity 72.7 ± 5.1 * 1.0 ± 0.04
High viscosity 65.3 ± 3.5 1.1 ± 0.03

* indicates a statistically significant difference (p < 0.05) between the control and the low viscosity yogurt.

The modelling of the mean gastric empting curves is presented in Figure 1.
A difference of filling of the proximal part of the small intestine according to the type of yogurt

was observed. The control yogurt did not stay in the duodenum but was spread all over the first
segments of the small intestine. In contrast, the high viscosity yogurt accumulated in the proximal part
of the small intestine, whereas the low viscosity yogurt had a similar behavior to that of the control,
as shown in Figure 2. This was only an observation made for eight out of 11 pigs; quantifying this
phenomenon would require a specific experiment.
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Figure 1. Gastric residual volume for the three yogurts. CT, LV, HV stand for control, low viscosity and
high viscosity yogurts, respectively. T1/2 means gastric emptying half-time.

 
(a) 

 
(b) 

 
(c) 

Figure 2. Images of the gastrointestinal region taken 60 min after meal ingestion for the control yogurt
(a) the low viscosity yogurt; (b) and the high viscosity yogurt; and (c) The output of the radio-isotopic
counter was expressed through a scale ranging from 0 to 50.
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3.2. Dynamic In Vitro Digestion

Figure 3 shows the evolution of the three main milk proteins during gastrointestinal digestion.
The decrease in the band intensity is due to the concomitant dilution by the secretions and proteolysis
occurring during the digestion process. Caseins, shown in Figure 4a, were extensively degraded during
gastric digestion and almost totally disappeared in all the samples after 120 min of gastric digestion.
The percentage of residual caseins at the end of the gastric phase, compared to the amount of caseins in
the undigested product, represented 4%, 4.9%, and 2.2% for the control, the low viscosity and the high
viscosity yogurt, respectively. Casein digestion was finalized in the intestinal compartment resulting
in the total disappearance of the caseins bands after 180 min of gastrointestinal digestion.

 

Figure 3. SDS-PAGE of the undigested 3 yogurts, i.e., control (CT), low (LV), and high (HV) viscosity
before digestion (G0), after 120 min gastric digestion (G120) and 180 and/or 240 intestinal digestion
(I180, I240).

The situation was different for β-lactoglobulin, where whey was the major protein (Figure 4b).
In comparison, β-lactoglobulin was extensively hydrolyzed in the control yogurt with only 3.1%
remaining after 120 min of gastric digestion, this protein was more resistant to digestion for the
low viscosity and high viscosity with 49.8% and 39.1% remaining at 120 min of the gastric phase,
respectively. After 180 min (CT) and 240 min (LV and HV) of intestinal digestion, β-lactoglobulin was
shown to be extensively hydrolyzed in the three yogurts with 2.3%, 4.8%, and 3.2% remaining for the
control, the low viscosity, and the high viscosity yogurt, respectively.

Finally, α-lactalbumin was sensitive to gastric digestion in the control yogurt with 6.4% being
intact after 120 min digestion (Figure 4c). It was shown to be more resistant during gastric digestion in
the low viscosity yogurt (73.9%), whereas it was partly digested in the high viscosity yogurt (36.2%).
After 180 min (CT) and 240 min (LV and HV) of intestinal digestion, α-lactalbumin was also shown, like
β-lactoglobulin, to be highly degraded in the three different yogurts with 6%, 6%, and 6.5% remaining
for the control, the low viscosity, and the high viscosity yogurt, respectively.
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Figure 4. Residual % of casein (a), α-lactoglobulin (b), and α-lactalbumin (c) before digestion (G0),
after 120 gastric digestion (G120) and after 180 (I180) and 240 (I240) min of intestinal digestion in the
control (green), low viscosity (violet), and high viscosity (blue) yogurts.
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4. Discussion

The present study indicated that enriching a yogurt with protein and fiber slows down gastric
emptying. Indeed, the control yogurt, that has an identical caloric content as the low viscosity yogurt
but a 2.5-fold reduction in protein content and no fiber, exhibited a 20% lower gastric emptying
half-time (57.7 min vs. 72.7 min). This confirms the role that enrichment with milk proteins and
fiber plays on the transit of the food in the gastrointestinal tract. Gastric emptying half-time of the
control yogurt was lower than that of the high viscosity yogurt, but the difference was not statistically
significant. Low and high viscosity yogurts did not show statistical differences in gastric emptying
indicating that viscosity of the undigested yogurt was not a crucial parameter impacting gastric
emptying in the present study. Finally, no significant differences were observed between the β factors
calculated from the gastric emptying curve of the three yogurts. The β factor reflects the shape of the
emptying curve and can be highly impacted by the physical state of the food (e.g., liquid vs. solid).
In the present case, the three test foods were all gels and exhibited emptying curves of exponential
power nature, typical for this kind of material. It should also be noted that a high inter-individual
variability was observed in this in vivo assay, probably limiting the significance of the differences
observed between the three yogurts. Therefore, a new experiment with a higher number of pigs
would be required to emphasize the differences of behavior of the three yogurts in the gastrointestinal
tract and see whether the high viscosity one is different than that of the control. In the hierarchy
of satiating effects, proteins have been shown to be more effective than carbohydrates and fat [36].
The possible physiological mechanisms underlying this effect include diet induced thermogenesis [37]
and gastrointestinal hormonal signaling [38], although more recent studies have suggested that the
sensory experience of ingesting protein is also important [26,39].

The limit of the present study was that low and high viscosity yogurts differed from the control
not only by their protein content but also by the presence of fibers. Hence, it is impossible to conclude
which of these two components had the most important effect on gastric emptying. The effect of
fibers on gastric emptying highly depends on the nature and the characteristics of the molecule and
the interaction it can have with the other food constituents. A review systematically investigated
the available literature on the relationship between dietary fiber types, appetite, acute and long-term
energy intake, and body weight [16]. It was observed that more viscous fibers presumably affect
subjective appetite and acute energy intake, whereas no evident association between physicochemical
properties and long-term energy intake or body weight was found. A recent systematic review on
the effect of fiber on satiety showed that most of the acute fiber treatment (78%) did not reduce food
intake [14]. A recent study on the combined effect of high protein content (casein or pea) and dietary
fiber (pectin) on food intake was carried out on obese rats [40]. It showed that dietary pectin, but not
high protein, decreased food intake and decreased body weight. However, the protein content was
two times lower and the fiber content and four times higher than in the present study. Therefore,
further research on decoupling the two parameters is mandatory to generate a definite conclusion.

Interestingly, the low and high viscosity yogurts had different behaviors when entering in the
small intestine, even though they exhibited similar gastric emptying half-times. The high viscosity
yogurt accumulated in the proximal part of the small intestine, whereas the low viscosity yogurt
did not stay in the duodenum but spread along the first segments of the small intestine. This could
result in different intestinal transit time of the two yogurts. Unfortunately, although this phenomenon
was visible for eight out of the 11 pigs used in the study, in the absence of a reference anatomical
imaging co-registered with gamma-scintigraphy, we were not able to quantitatively assess the intestinal
time of transit of the different yogurts and could not be simulated in the in vitro dynamic digestions.
Nevertheless, our data strongly suggest that the effect of yogurt viscosity is not on the time of residence
of the yogurt in the stomach, but further in the small intestine. To our knowledge, such a result has
never been published.

Dynamic in vitro digestion using the T1/2 and β parameters, determined in vivo, allowed
for the following of the evolution of the three main milk proteins i.e., casein, β-lactoglobulin,
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and α-lactalbumin in the gastrointestinal tract. Caseins were shown to be extensively hydrolyzed in the
stomach, compared to whey proteins as previously described [35,41]. Caseins have a flexible and loose
structure that makes them highly sensitive to digestive enzymes [42]. In contrast, the globular structure
of whey proteins make them partly resistant to digestion by pepsin [43,44]. In the present case, the heat
treatment applied to milk during yogurt manufacture made these proteins less resistant to digestion
than the native form, due to conformational changes as previously shown [45–47]. In vitro digestion
also showed some differences in the hydrolysis of whey proteins between the control yogurt and the
low or high viscosity yogurt. Indeed β-lactoglobulin was less affected by pepsin in the gastric phase
for the low and high viscosity yogurts than for the control yogurt where the protein was extensively
hydrolyzed. This difference might be explained by the differences of enzyme/substrate ratio that were
present between the control yogurt and the low or high viscosity yogurts. The control yogurt had
2.5 times less proteins than the two other yogurts, and for the three yogurts, the amount of pepsin
provided during digestion was the same. Interestingly, whey proteins appeared to be more sensitive
to pepsin hydrolysis when present in the high viscosity versus the low viscosity yogurt. This might
be explained by the different behaviors of the two yogurts observed by gamma scintigraphy when
entering the small intestine. Thus, it is possible that gastric conditions affect the microstructure of the
two gels, leading to differences in the accessibility of whey proteins in the chyme.

Finally, dynamic in vitro digestion also demonstrated that, even though the amounts of milk
proteins were 2.5 higher in the low or high viscosity yogurt than in the control one, the milk protein
enriched yogurts are still well digested. This confirms that dairy proteins, even at high concentration,
are highly digestible, as has been shown previously [48]. Indeed, most of the available studies indicated
digestibility of milk proteins to be around 95% [49] (which means from 5% of undigested proteins at
the extremity of the small intestine), which is coherent with the values we have found in the present
study. Together with excellent profiles in essential amino acids, it emphasizes that milk proteins are
very high in nutritional properties.

In the present study, we have not investigated the hormonal profile after the ingestion of the
experimental diets. It could be highly interesting to repeat the experiment to identify the alteration in
GLP-1, Cholecystokinin (CCK), ghrelin, etc., and other peptides in relation to emptying. This could
clarify the mechanisms of action of the milk protein enriched yogurts in generating satiety.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/9/1308/s1,
Video S1: Yogurt gastric emptying followed by gamma-scintigraphy.
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