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Editorial: on the Research Topic
What Level of Added or Free Sugar Is Commensurate with Good Health Outcomes?

Is there a sweet spot for added sugars? There is consensus that any source of excess calories will
contribute to weight gain and metabolic disease, but there is still debate on the level of added or
free sugars which is commensurate with both good health and enjoyment of food. While guidelines
for the range of energy (%E) as carbohydrate, fat, and protein have widened, the reverse is true of
added sugar. In previous decades, health authorities agreed that 10%E was an appropriate upper
cut-off, even if strong evidence was lacking. Nonetheless, since 2015, there have been moves to
reduce that cut-point to 5%E (1, 2). In the eyes of many, eating as little sugar as possible is ideal.

I have concerns about limiting added (or free sugars) to <5%E. This perspective is informed
by knowledge of food science and technology, human evolution, and the role that sweetness
plays in encouraging the consumption of healthy foods (e.g., wholegrains). The paradox of falling
consumption of added sugars with increasing prevalence of overweight and obesity is now evident
in many developed countries (3, 4). In Australia, peak intake of micronutrients is observed within
the range 5-15%E from free sugars (5). But of greater concern is the potential of unanticipated and
undesirable consequences of health advice on added sugars and sugar-sweetened beverages (SSB).
These include the increased incidence of restrictive eating disorders such as orthorexia nervosa (6)
and an increase in alcohol consumption and deaths due to alcohol-related disease (7). In Australia,
the consumers who avoid SSB, drink twice as many calories in the form of alcoholic beverages as
the highest consumers of SSB (8). We should also recall that the history of nutrition science is
replete with examples of where we got it wrong, including the “great protein fiasco” (9) and low-fat
diets (10).

In this special issue of Frontiers in Nutrition, we hoped that the “sweet spot” (the highest level
associated with no effect or harm) could be defined with a greater level of certainty. In a well-
designed 4-week randomized controlled trial conducted by Te Morenga et al., overweight adults
(n = 48) randomized to consuming 1,800 kJ of SSB (~100 g added sugar, equivalent to ~1,000 mL
of SSB or ~20%E) showed no changes in weight, blood pressure or other cardiometabolic factors
compared with those assigned to consuming fruit with a similar energy content (97 g naturally-
occurring sugars). However, men (but not women) showed an increase in uricemia, a risk factor for
gout. Clearly, further studies in vulnerable groups of similar design and longer duration are needed.

Some studies directly addressed the question of safe levels of intake. In a Swedish population
(n = 22,877), during a mean follow-up of nearly 20 years, >20%E as added sugar was associated
with increased coronary events (HR = 1.39) and stroke risk (HR = 1.31) compared to 7.5-10%E
as added sugar (Janzi et al.). Surprisingly, participants with the lowest intake (<5%E) had the
highest risk of atrial fibrillation and aortic stenosis. This result is difficult to explain but emphasizes
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the complexity of nutrition and observational studies. In a well-
characterized older cohort of Australians (n = 1,713), changes
in the %E from added sugars were not associated over time with
changes in body weight, regardless of source—beverage or non-
beverage (Moshtaghian et al.). Earlier work in this cohort found
those consuming <5%E as added sugar, were higher consumers
of alcohol (11).

Added sugars are used in tiny amounts (~1-2% w/w) to
enhance flavors and improve palatability. If this encourages
excessive energy intake, then the same must be said of salt,
herbs, spices, and soy sauce, all of them in use for thousands of
years. In large amounts, the physicochemical, technological, and
functional characteristics of sugars influence human metabolism
as reviewed by Brouns. Sugars also influence dental health.
The effect of sugars on oral health was the conditional
reason that WHO recommended consumption of free sugars
to below 5% of total energy (2). But Brouns reminds us
that frequency, contact time, and rapidly digestible starches
and acidic foods like wine and fruit also affect dental health.
Reducing the amount of added sugars from SSB will not be
effective if starchy snacks and sticky confectionery are consumed
instead (3).

Determining the extent to which added sugars contribute
to disease in various populations is challenging because it is
difficult to accurately measure intakes. Biomarkers of sugar
intake may therefore be helpful although this does not distinguish
added sugars from sugars in fruit and vegetables. Te Morenga’s
second paper (Te Morenga et al.) found that the sum of urinary
[sucrose + fructose] was weakly but significantly correlated (r =
0.23) with intakes of total sugars and with added sugars from
SSB (n = 0.26). Interestingly, they found a higher correlation
(r = 0.40) with the C-13 carbon isotope ratio of alanine.
Similarly, in the DONALD study (n = 254 adolescents), Della
Della Corte et al. backed up dietary records with measurement
of fructose and the sum of [fructose + sucrose] in two
complete 24-h urine collections. They found no prospective
associations between adolescent intake of fructose, sucrose,
glucose, added, free, and total sugar with adult insulin sensitivity
as measured by HOMA2-%S. Indeed, higher fructose in urine
was associated with improved insulin sensitivity in females (but
not males).

An underlying assumption of recommendations to reduce
SSBs, is that water will take their place. In the US population
(NHANES, n = 22,716), Drewnoski’s group reported that SSB
consumption had declined by ~20% in volume between 2011 and
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Saccharide Characteristics and Their
Potential Health Effects in
Perspective

Fred Brouns™

Department of Human Biology, Faculty of Health, Medicine and Life Sciences, School of Nutrition and Translational Research
in Metabolism, Maastricht University, Maastricht, Netherlands

To understand the effects of saccharides on our metabolism and health, we need a
clear understanding of what they are, how they differ, and why some types are deemed
“less healthy” and others “better for health.” There are various ways to look at this topic.
Firstly, saccharides can be classified according to their degree of polymerization (DP). This
classification is useful when qualitative or quantitative analysis and calculation of intakes
are required or for food-labeling definitions. However, it does not account for the fact that
saccharides with a similar DP can differ in molecular composition, which will influence
digestion, absorption, and metabolism. Secondly, another approach widely used in
the biomedical and nutritional sciences is therefore a physiological classification, which
addresses the rate and degree of digestibility and absorption, the glycemic response,
and the metabolic fate. The individual health status also plays a role in this respect.
An active, lean person will have a metabolic response that differs from an inactive
person with overweight and insulin resistance. However, this approach will not give a
complete answer either because the characteristics of the matrix/meal in which these
carbohydrates (CHOs) are present will also influence the responses of our body. Thirdly,
one can also rank CHOs by comparing their functional/technological properties, such
as relative sweetness, viscosity, and solubility. Understanding CHO characteristics and
related physiological responses will help understand health and disease implications.
Therefore, a brief outline of different carbohydrate classifications is presented. This outline
will be placed in the context of potential overall effects after consumption. The answer
to the question whether we should we eat less of certain sugars depends on the angle
from which you look at this matter; for example, do you address this question from a
single molecular characteristic point of view or from a meal quality perspective? Looking
at one particular CHO characteristic will almost always lead to a different conclusion (e.g.,
the labeling of fructose as toxic) than evaluating from a “total perspective” (fructose has
adverse effects in certain conditions). Examples are given to help understand this matter
for the benefit of justified dietary/food-based recommendations.

Front. Nutr. 7:75. Keywords: saccharide-characteristics, carbohydrate-classification, added sugars, free sugars,
doi: 10.3389/fnut.2020.00075 sugar-functionality, glycemic index, sugars and health
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Saccharide Characteristics and Health

INTRODUCTION

Sugars and other carbohydrates (CHOs) have many
characteristics, ranging from molecular composition to
functional, physiological, and biochemical behavior. As any
individual characteristic of a given CHO can influence its
physiological properties, it should be viewed in the context
of all other characteristics. For example, different sugars can
be similar with respect to their monomer composition but
may differ in the bonds between these constituents. Ingesting
sucrose, which delivers the monomers glucose and fructose
for absorption, can lead to different gastrointestinal and
post-absorptive effects compared with ingesting glucose or
fructose as a single source. In a solid, liquid, or viscous matrix,
the same sugars will show different physiological responses.
For this reason, it needs to be acknowledged that looking
at one particular CHO characteristic will almost always lead
to a different conclusion about potential health effects than
looking from a “total” perspective as regards the effect of
the carbohydrate in a certain meal/pattern and lifestyle. A
consequence may be that misinterpretations and misconceptions
are being created by interpreting the effects of saccharides
on health in a strongly reductionistic way (1-4). In this light,
the reader will be provided with condensed information on
specific compositional characteristics of CHOs, especially sugars,
which have physiological and metabolic effects. The individual
characteristics will be discussed in the context of what they
mean for the potential overall effects on health and disease, and
why food authorities are shifting to more qualitative food-based
guidelines (5-8).

CHEMICAL CLASSIFICATION OF
SACCHARIDES AND ITS MEANING

Saccharides can be ranked according to the characteristics
of their molecular composition. This ranking includes
individual monomers (monosaccharides) and the number
of bonds. For example, sucrose is comprised of two
monomers, glucose and fructose, which are linked by an
al,2 glycosidic bond, having a degree of polymerisation
(DP) of 2. Chemical classifications that are commonly
used by nutrition and food safety authorities (9) are
as follows:

1) Sugars (monosaccharides and disaccharides, DP 1-2)
2) Oligosaccharides (DP 3-9)
3) Polysaccharides (DP > 10).

Within these categories, dietary CHOs can be further
subclassified as presented in Table 1 below.

Dietary CHOs can be further subclassified as presented in
Table 1 below.

Abbreviations: AGEs, Advanced glycosylation end-products; CHO, carbohydrate;
CHOs: carbohydrates; DP, degree of polymerization; GI, glycemic index;
MRPs, Maillard reaction products; SCFAs, short chain fatty acids; SSBs, sugar
sweetened beverages.

TABLE 1 | Chemical classification of carbohydrates (9-11) *Maltodextrins are an
industrially hydrolyzed starch product.

Classification  Sub-group Examples
Sugars e Monosaccharides e Glucose, fructose galactose,
(DP 1-2) e Disaccharides mannose, arabinose, xylose,

Sugars alcohols/polyols erythrose, and others.
Sucrose, isomaltulose, lactose,
maltose, trehalose, and others.
Sorbitol, mannitol, lactitol,
xylitol, erythritol

*Contain: glucose, maltose
gluco-oligosaccharides
Raffinose, stachyose,
fructo-oligosaccharides (FOS),
arabino-oligosaccharides
(AXOS), and others.

Amylose, amylopectin, and
modified starches.

Oligosaccharides e Maltodextrins®

(DP 3-9) (Malto-oligosaccharides)
Non-digestible
oligosaccharides
Starch

Polysaccharides e Non-starch
(DP >9) polysaccharides (NSP)
Resistant starch (RS)

Pectin, cellulose, hemicellulose,
hydrocolloids (Arabic gum,
guar gum, others).

RS type 1,2,3, and 4

During hydrolysis, a mixture of gluco-oligosaccharides, maltose, and glucose is formed.
The quantity of glucose and maltose present in “maltodextrins” depends on the extent of
hydrolysis (rate x time).

Same Degree of Polymerization but
Different Effects

When present in disaccharides, the bonds of the composing
monomers (o or B glycosidic bond) can differ, which will
affect the rate of digestion and absorption. In Table2,
the chemical classifications and molecular characteristics of
selected CHOs (types, bonds) are given, along with some
selected characteristics of digestion, absorption, distribution, and
metabolic fate.

To explain how CHOs with a similar monomer composition
can differ in their degree of digestion and absorption, we will give
two examples: [1] sucrose and isomaltulose, and [2] amylose and
amylopectin starch.

1) The disaccharides sucrose and isomaltulose are both
composed of the two monomers glucose and fructose.
However, the linkage between the two monomers differs.
Sucrose has an a-1,2 bond, whereas isomaltulose has an
a-1,6 bond (see Figure1l). Due to its more stable a-1,6
glycosidic bond, hydrolysis by small intestinal disaccharidases
is slow. In human small intestinal mucosa homogenates
as an enzyme source, the hydrolysis rate was 26-45%
compared with sucrose (21). The result is a lower glycemic
and insulinemic response (22), and consequently a reduced
rate of metabolism (23).

2) One may wonder why the example of amylose and
amylopectin starch is being discussed alongside sugars. The
reason for including the example of starch is that sugars
deliver their constituent monomers to the intestinal cells for
absorption as a digestive fate. In the light of the generally
accepted definition that sugars are all CHOs with a DP
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TABLE 2 | Chemical and physiological characteristics of sugars and other glycemic carbohydrates.

CHO Type Digestive In gut Enterocyte In blood Possible metabolic fate options Gl
enzyme lumen uptake
Glucose Monosaccharide - Glucose - Glucose Used as fuel, stored as glycogen and/or 100
converted to other metabolites
Fructose Monosaccharide - Fructose - Lactate, glucose, Partially converted to lactic acid and 19
fructose glucose, used as fuel or stored as
glycogen, and fatty acids used as fuel or
triacylglycerol stored as lipid
Sucrose Disaccharide: glucose -fructose,  Sucrase Glucose, Glucose, glucose, lactate, see glucose and fructose above 65
al1-2 bond fructose fructose fructose
Isomaltulose  Disaccharide: glucose -fructose, Isomaltase Glucose, Glucose, See fate of glucose and fructose above 32
a1-6 bond fructose fructose
Galactose Monosaccharide - Galactose - Galactose Liver conversion to glucose, see fate of 25
glucose above
Lactose Disaccharide: glucose -galactose, Lactase Glucose, Glucose, Glucose, See fate of glucose and galactose above 45
al1-4 bond galactose galactose galactose
Honey Glucose 30.3%, fructose 38.4%, Sucrase Glucose, Glucose, Glucose, lactate, See glucose and fructose above 50
sucrose 1.3% fructose fructose fructose
Maple syrup  Sucrose 98%, glucose 1%, Sucrase Glucose, Glucose, Glucose, lactate, See glucose and fructose above 54
fructose 1% fructose fructose fructose
HFCS 55 Fructose 55%, glucose, 43% a-Dextrinase  Glucose, Glucose, Glucose, lactate, See glucose and fructose above 58
gluco-oligo saccharides 3% fructose fructose fructose
Starch Glucose polymers: amylopectin -~ Amylase from Maltose, Maltose, Glucose See fate of glucose above 40-110*
al-4 and a1-6 bonds. Amylose  saliva, glucose glucose
al-4 bonds pancreas
Maltodextrins  Glucose polymer, a1-4 glycosidic a -Dextrinase  Glucose, Maltose, Glucose See glucose above 110
bonds maltose glucose
Maltose Disaccharide: glucose-glucose, Maltase Glucose Glucose Glucose See glucose above 105
al-4 glycosidic bond
Trehalose Disaccharide: glucose-glucose,  Trehalase Glucose Glucose Glucose See glucose above 70
al-1 glycosidic bond
Sorbitol* Sugar alcohol - Sorbitol - Sorbitol Liver conversion to fructose and glucose, 4

see above

For a review of fructose, see Tappy and Lé (12). For a review of lactose and galactose, see University of Waterloo (13). One example of a low-caloric/low-glycemic sugar replacer is
given. In the gut, sorbitol, a sugar-alcohol, is slowly absorbed (25-80% of the consumed dose) by facilitated diffusion. Absorbed sorbitol passes the liver, where it is converted to fructose
and glucose (14). The unabsorbed fraction is transported to the large bowel, where it is fermented. When sorbitol is consumed in high doses, potential side effects can occur as a result
of osmotic water shifts from blood into the gut, resulting in rumbling, loose stools, or diarrhea (extensive details about polyols can be found in Livesey (14), Ghosh and Sudha (15),
Rice et al. (16). For a review of low- and non-caloric/non-glycemic sweeteners compared with caloric sweeteners, see Rogers et al. (17). *The glycemic index of starchy foods varies
according to the molecular content of amylose, amylopectin, fiber, presence of protein, and characteristics of the food matrix, resulting in a range of reported values. For extensive
glycemic index data [see (18)], International Tables of Glycemic Index and Glycemic Load Values, the online University of Sydney searchable data Gl; http://www.glycemicindex.com/
foodSearch.php. For further extensive details, see Queen Mary University London (19), Nomenclature of Carbohydrates (Available online at: https://www.qmul.ac.uk/sbcs/iupac/2carb/
00n01.htm/#0121) and nomenclature of sugar alcohols (20).

of 1-2, it becomes clear that both “sugar” and “starch”
deliver “sugars” to the intestinal cells for absorption. In
terms of metabolic responses, especially when comparing
“sugars” with “starches,” it is good to have a clear comparative
view. Plant starch generally contains 20-30% by weight of
amylose and 70-80% by weight of amylopectin. Amylose
(Figure 2A) contains linear chains of approximately 300-
3,000 glucose monomers in length, connected by a-1,4 bonds.
In amylopectin, there is also a linear basic structure in which
glucose monomers are linked by a-1,4 bonds (Figures 2B,C),
but there are side branches along this linear base initiated with
a-1,6 bonds. This situation results in a molecule with many
branching endpoints and a more open structure in which
digestion enzymes can act, compared with the more closed
linear helix formation of amylose. The digestive enzyme

a-amylase is responsible for the breakdown of the starch into
dextrins (maltotriose, DP3) and maltose (DP2), which are
in turn digested by epithelial maltase, resulting in glucose
monomers. It is often suggested that the amylose content is
the most important factor in determining the rate of digestion
and absorption as well as the related glycemic response, but
recent research shows that the picture is more complex (25).
It appears that the interaction between the molecular and
granular structure (helix formation, number of pores, size of
the molecule, amylopectin sidechain length distribution and
crystalline structure, the latter two being the most important)
causes the variation in the rate of digestion across botanical
sources (25). The latter leads to relatively rapid digestion
and a significant blood glucose response. The potential of
starch to affect the blood glucose response, expressed as a
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sucrose

Isomaltulose

glucose

enzymic rearrangement of the/ a1-6 bond

a 1,2 bond in sucrose to a 1,6
bond in isomaltulose

unique al-6 bond reduces
digestion rate

FIGURE 1 | Molecular structure of isomaltulose. By using the microbial enzyme “glucosy! transferase” for rearranging the bond structure from a1-2 in sucrose, as
base substrate, to a1-6, isomaltulose is formed.
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FIGURE 2 | Molecular structure starch: amylose starch (A), amylopectin starch (B,C) [figures source (24): starch, retrieved Jan 2020].

glycemic index (GI) value, can therefore vary considerably
depending on the content of amylopectin and amylose (26—
28). Interestingly, despite only small differences in amylose
content, in vitro cumulative starch hydrolysis shows that
wheat starch is more rapidly digested than potato starch
(being the most resistant starch), with corn, high-amylose
corn, and pea starch having intermediate values (25).

Accordingly, rapidly digestible (available) CHOs, slowly
digestible (available) CHOs, and non-digestible (non-available)
CHOs (dietary fibers) can be ranked (18, 29-31). Along similar
lines, digestible starch (glycemic) and resistant starch (not
digested, non-glycemic) are both polysaccharides composed
of glucose monomers and are both present in starchy foods,
but they differ strongly in bioavailability. As a result, there is a

wide range of GI values for different varieties of rice, cereals,
potatoes and derived products, ranging from relatively low to
high GI values (18). For this reason, one cannot establish a
generic GI value for starchy foods. These aspects are important
to understand for situations in which a rapid or sustained
delivery of glucose to the circulation and tissues is required (e.g.,
sports nutrition or compensation of insulin dosage-induced
hypoglycemia in diabetes patients), or generally to be avoided
(type 2 diabetes).

In infant nutrition, sports nutrition and sometimes in clinical
nutrition, maltodextrins resulting from industrial enzymic starch
degradation are used, having a mixed content of glucose
oligosaccharides, maltose, and glucose. It is often suggested that
these maltodextrins are complex CHOs which result in a low
and sustained glycemic response. However, there are no data
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to support this suggestion. In fact, the enzymic digestion of
maltodextrins appears to take place at a high rate, which is also
reflected by comparable post-ingestion insulin responses as well
as oxidation rates during exercise compared with glucose [(32);
Table 3].

GLYCEMIC INDEX CLASSIFICATION AND
ITS MEANING

The potential of CHOs to raise the level of blood glucose is often
expressed as a glycemic index (GI) value. A high value refers to a
strong elevation of blood glucose and is often seen as less healthy,
whereas a low value is often seen as beneficial. When determining

TABLE 3 | The glycemic index value of the plain carbohydrate tested vs. glucose
as reference-control.

Glucose Gl-100
French baguette GI-95
French fries GI-75
Fructose, mean of three studies Gl-15
Macaroni, white boiled, mean of three studies Gl-50
Potato boiled, mean of seven studies Gl-53
Ripe banana, mean of nine studies Gl-48
Sourdough rye bread GI-53
Spaghetti, white boiled. Mean of eight studies Gl-41

Sweet potato Gl-61

Sucrose Gl-67
White rice, mean of eight studies Gl-59
White wheat bread, mean of seven studies Gl-70
Whole grain rye bread, mean of four studies GI-58

Data Source: Atkinson et al. (18) and University of Sidney (33) online searchable data G,
International Tables of Glycemic Index and Glycemic Load Values.

the GI value, glucose usually serves as the reference food with a
glycemic index of 100. A food portion containing an amount of
50 g of available CHOs is ingested and the area under the blood
glucose response curve is divided by the area resulting from the
ingestion of 50 g of glucose. Full details on this matter can be
found in Brouns et al. (34).

Table 3 gives some examples of the glycemic index values
of foods. It is important to understand that the glycemic
index value in isolation cannot fully explain the physiological
impact of CHO-based foods and beverages on health and
disease. For example, the ingestion of 5 grams of glucose
will not induce measurable hyperglycemia, despite its high
GI value of 100. However, the ingestion of 50 grams will
increase blood glucose very significantly. Thus, any GI value
should be interpreted in the light of the quantity ingested.
For this reason, the concept of the “glycemic load” of CHO-
containing meals has been defined as a relevant approach. In
addition, it needs to be noted that the GI value of any food
prepared using these CHOs as a meal component is highly
influenced by other factors that affect the rate of ingestion as
well as the subsequent transit, digestion and absorption, see
Figure 3. Examples are the content of enzyme inhibitors (e.g.,
a-amylase inhibitors) present in the CHO source, the overall
macronutrient composition (quantity and type of CHO, fat,
protein), the content and characteristics of dietary fibers (e.g.,
soluble, viscous, insoluble, bulking), the level of processing (e.g.,
level of refinement, such as the separation of bran and germ
during milling, resulting in “refined” white flour), as well as the
matrix effects (e.g., liquid vs. solid, starch in a compact elastic
spaghetti structure vs. starch in a well-cooked soft potato). In
the case of drinks, energy content and osmolality are factors
which can significantly affect the gastric emptying rate as well as
the related supply to the gut for absorption, depending on the
concentration (35).

* Macronutrient

Meal - carbohydrates

composition 7] ¥
« Nutrient Stomach

density
+ Liquid/solid [ fRate limiting Gastric emptying

actors

+ Fiber/viscosity v
. Osmolality Small intestine
+ Acidity B Food matrix/structure

digestion-absorption J«—

Blood sugars

FIGURE 3 | Factors that play a role in gastrointestinal transit, digestion, and absorption of saccharides.
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There is still one other point that needs to be addressed,
especially related to sugars. The GI value of fructose (27) is very
low and that of sucrose (36) is moderate. Thus, in terms of the
viewpoint that a low to moderate GI is beneficial for health, one
might conclude that fructose and sucrose are preferable for health
to starches that have a much higher GI value. Based on current
knowledge, this point is hard to substantiate. The suggestion
that fructose is a single cause of non-alcoholic fatty liver disease
driven by its dietary intake cannot be justified either based on
data from excessive consumption (37).

The view that sugars added to beverages are a causal factor
for obesity and diabetes is well-documented, because they cause
a positive energy balance. However, in the case of sugars added
to solid foods such as confectionery, this causal association
has not been shown (2, 38-40). Data showing that two thirds
of added sugars are being consumed in solid foods and only
one third in beverages (41) raise questions about other factors
that may play a role in addition to sugar (2, 3). From the
above, it is clear that a focus on single CHO types, single CHO
characteristics, or consumption in isolation as a single supply
source has limited generalizability, especially when one wants
to understand the overall effects of the diet containing these
CHOs on postprandial appetite regulation, glycemia, lipidemia,
low-grade inflammatory potential and possible health outcomes
(42, 43). Moreover, the physiological status of the person in
question also plays a significant role in how the human body
manages the metabolism of saccharides. Elite endurance athletes
such as professional cyclists ingest large amounts of refined
carbohydrates, to a large extent in beverages, to maintain a
high glucose availability for the benefit of delaying fatigue
and maintaining a high-performance capacity. They burn the
calories ingested, even when these exceed 6,500 kcal/day for 21
days (44), and accordingly do not become develop overweight.
Based on these and other observations, their metabolism of the
carbohydrates and the interrelationship with lipid metabolism
will be quite different from that of inactive overweight
individuals who are insulin-resistant or who suffer from type 2
diabetes when they consume large quantities of sugar-sweetened
beverages [e.g., (45, 46)]. In this respect, it is obvious that
specific food-based dietary guidelines are required for certain
population subgroups.

LEGAL AND WHO DEFINITION OF “ADDED
SUGARS” AND “FREE SUGARS”

With respect to the classification and labeling of food and
beverages, one should note that the term “sugars” on the food
label generally stands for “monosaccharides and disaccharides.”
In this respect, glucose and fructose are both simple sugars, but
they behave very differently with regard to their metabolic effects.
The hormonal responses that they induce (glucose is a significant
driver of glycemia and insulin secretion, while fructose only has
very minor effects on glycemia and insulin) and their metabolic
fate, which includes the conversion to other intermediates such as
organic acids (in particular lactic acid) as well as fatty acids, their
use as fuel and their possible storage as glycogen or lipids differ.

For this reason, it is important to have a basic understanding of
the flow: type of carbohydrate — molecular characteristics —
physiological aspects (digestion, absorption, and metabolic fate)
—> effects on health.

To give an example, oral glucose appears in blood as
glucose and drives glycemia in a 1:1 ratio depending on the
dose. Fructose, however, behaves differently because of its
conversion to other metabolites and because of its very low
insulinemic response (47). Although glucose and fructose are
very often compared as monomers in metabolic studies, it
needs to be addressed that humans usually do not consume
fructose in isolation but almost always in combination with
glucose, as it is present in sucrose- and HFCS-sweetened
beverages, fruit juices, fruit syrups (see Figure5), and fruits.
Accordingly, the interpretation of data derived from studies
in which fructose was supplied as monomer in high amounts
should be seen in the light that this does not represent
to normal human consumption situation. Concerns that all
fructose from consumed SSBs and fruit juices goes straight
to the liver where it is all converted to lipid are not
supported by evidence. In contrast, most fructose is converted to
non-lipid substrates.

Recently Jang et al. (48) (Figure 4) performed double labeling
studies allowing for quantitatively tracing the metabolic fate of
fructose vs. glucose after supply to the mice. These researchers
gave fructose together with glucose at 1:1 ratio, as normally is the
case in human consumption of fructose containing saccharide
sources. It needs to be noticed though, that for this work in
mice, oral gavage by which the test dose was directly given
into the stomach, was used. Using this procedure a large
amount of fructose reaches the small intestine with much faster
kinetics than typical human fructose consumption. However,
while mouse metabolism is ~10x faster than humans, rendering
the faster fructose dose to metabolic rate ratio similar between
the species (Jang, 2020 personal communication). Using this
procedure, it was shown that a large fraction of the fructose
absorbed in the small intestine is converted to glucose and
organic acids within the enterocytes to such an extent that only
very little fructose spills over to the liver. Thus, instead of the
common perception that the liver is the prime fructose clearing-
organ, it appears that small intestine fulfills this role. In case
an acute high-dose of fructose saturates intestinal absorption
and metabolic conversion capacity, a fraction on non-absorbed
fructose partly passes from the small intestine to the colon,
to be subsequently fermented by the microbiota giving rise to
short chain fatty acids, mostly acetate, which will be absorbed
and passed on the liver. The fraction of fructose that escapes
metabolic conversion by the enterocytes also passes on the
liver. Both acetate and fructose entering the liver can serve
as a substrate for de novo triacylglycerol synthesis. The latter,
however, remains relatively small, even in a situation of acute
very high doses of fructose. Studies using stable isotopes in
humans (1, 52) showed that the 3-6 h after ingestion high doses of
fructose only a small percentage (<1%- max 3%) was converted
to fatty acids. Thus, previous human work is in line with the
new insights obtained by Jang et al. (48). Future studies in
humans need to verify how much fructose, at real-life intake
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FIGURE 4 | Metabolic fate of oral fructose. When ingesting small doses of fructose (F) and glucose together, as in human nutrition, most absorbed F is converted to
glucose, lactic acid and other organic acids within the enterocytes, which appear in the portal vein supplying the liver. The amount of F passing to the liver after small
oral doses is negligible. Glucose largely passes the liver and enters the blood circulation to be available to all tissues. Lactate will favorably be converted into liver
glycogen. Non-converted lactate will pass on to the blood circulation. After ingesting acute large doses (>1 g/kg body weight, equivalent to >1 liter of
sugar-sweetened beverage/juice), F partly escapes its own slow absorption process and will pass on to the colon, where it may cause osmotic fluid shifts potentially
leading to laxation and will be fermented by the microbiota leading to the formation of short-chain fatty acids, mostly acetate, which will be absorbed and pass on to
the liver with portal blood. In this situation, the absorbed but non-converted fraction of F will serve as substrate for de novo fatty acids synthesis, along with the
acetate coming from the colon. As a result of the above, F enters the circulation only in very small quantities. (Based on data from (12, 48-53)]. Figure based on data

levels (concerning dose-time interrelationships generally much
lower than experimental supply levels), really passes on the liver
and the colon and what the conversion rate is to liver fat. To
put this in perspective, early human studies, using the ileostomy
model or breath hydrogen as marker of malabsorption, showed
very clearly that fructose ingested as monomer at doses of >25¢
induces malabsorption. However, when co-ingested with glucose
(such as isomaltulose or sucrose)— even up to acute doses of up
to 100 g sucrose (equivalent to about 11 of SSB or fruit juice)—
this is not the case (54-59). Since humans seldom consume
fructose in isolation, this is an important point to consider.
In addition, it needs to be addressed what other factors, apart
from fructose contribute to the novo lipogenesis. In very recent
work, it was shown that fructose fermentation derived acetate
contributes to liver lipogenesis (53). Concerning the latter, a
range of well-fermentable dietary fibers give rise to a significant
amount of SCFA the cecum and colon, most importantly

acetate, propionate, and butyrate, generally in a molar range
of 70:20:10%, respectively. Individuals who consume relatively
high amounts of dietary fiber such as fruit fibers and fructans
(inulin) generally suffer less from being overweight. Why would
fiber derived acetate, compared to fructose derived acetate, not or
differently contribute to fatty liver? Is there a protecting role from
propionate? (60). And, Why do physically active lean individuals,
who consume substantial amounts of sugar, not suffer from an
overweight and fatty liver, whereas most overweight individuals
do? Is excess calories/positive energy balance the prime
driving factor?

Natural and Refined Sugars: Do They
Differ?

The metabolism of isolated monosaccharides and disaccharides
(glucose, fructose, and sucrose/table sugar) is basically similar to
that present in natural sources which contain mixtures of these
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FIGURE 5 | Sugars in syrups. The sugar monomer content of sucrose (sucrose water content is subtracted from the total mass and this value is set at 100%) is
compared with high-fructose corn syrup (HFCS, containing either 42 or 55% fructose) and other types of syrups. Maple syrup consists almost entirely of sucrose
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sugars, such as in fruits or fruit-derived syrups. Because of their
molecular similarity and related physiological responses, sugars
naturally present in honey, fruit-derived syrups (Figure 5) and
fruit juices have recently been proposed by the WHO (62) to be
of similar nature as “commonly added sugars”. This approach
has led to a new, mutually inclusive category of “free sugars”
and to questions about the scientific basis of the term “free
sugar”. For example, why are sugars in 100% fruit juice “free
sugar” and the same sugars naturally present in the fruit not?
Why is milk sugar naturally present in milk not considered to
be a free sugar? In this respect, fruit juices have been classified
in many epidemiological studies together with sugar-sweetened
beverages (SSBs) as one category of “sugar-sweetened beverages”.
Such a pooling of beverages and related observational data has
resulted in the conclusion that fruit juices, similar to sucrose-
sweetened drinks, are a cause of obesity. This outcome has led to
international recommendations for reducing the consumption of
“free sugar.” Table 4 gives an overview of definitions for “added
sugars” used by various health authorities, as recently reviewed
by Buyken et al. (63).

Based on the molecular similarity of sugars, the pooling
of juices and SSBs is understandable. However, data from
intervention studies do not support this assumption. Murphy
et al. (66) evaluated the effects of 100% fruit juice and measures
of glucose control as well as insulin sensitivity in a systematic
review and meta-analysis of randomized controlled trials. In
this research, clinical trials were eligible for inclusion if the
following criteria were met: [1] the trial was randomized and
conducted in human subjects; [2] the trial was a controlled
intervention providing 100% fruit juice and a control beverage
(e.g., sugar/carbohydrate or energy-matched beverage, water or
no beverage); [3] the fruit juice consumed was identified as 100%
fruit juice; [4] subjects consumed 100% fruit juice for a minimum
of 2 weeks; [5] outcome data for at least one measure of glucose
control or insulin sensitivity were reported; and [6] reported
outcomes included change from baseline values or baseline and

TABLE 4 | Definitions of “added sugars” and their use in governmental reports
[Source: Buyken et al. (63)].

“Sugars” are generally defined as “mono- and disaccharides.” Accordingly,
“added sugars” is mostly considered to be “added mono- and disaccharides.”
e WHO report (62): introduced the term “free sugars” as “all monosaccharides
and di-saccharides added to foods by the manufacturer, cook, or consumer,
plus sugars naturally present in honey, syrups, and fruit juices.”

e US: United States Food and Drug Administration (US-FDA)-(64) and
United States Department of Agriculture: Added Sugars are all sugars that are
either added during the processing of foods, or are packaged as such, and
these include sugars (free, mono- and disaccharides), syrups, naturally occurring
sugars that are isolated from a whole food and concentrated so that sugar is the
primary component (e.g., fruit juice concentrates), and other caloric sweeteners.
o UK: SACN report (39) adopted the term “free sugars from WHO,” which now
replaces the terms “added sugars” and “non- milk extrinsic sugars” (NMES) used
previously. “Free sugars’ comprises all monosaccharides” and disaccharides”
added to foods by the manufacturer, cook or consumer, plus sugars naturally
present in honey, syrups and unsweetened fruit juices. Under this definition,
it includes lactose (the sugar in milk), when naturally present in milk and
milk products, and the sugars contained within the cellular structure of foods
(particularly fruits and vegetables) are excluded.”

e EU: EFSA report (65): added sugars are “mono- and disaccharides and
starch hydrolysates (e.g., glucose syrup, fructose syrup, maltodextrins) added
during food preparation and manufacturing.”

endpoint values with error terms. It was concluded that the
repeated intake of 100% fruit juice does not have a significant
effect on glycemic control or measures of insulin resistance,
which is consistent with findings from some observational studies
in which the consumption of 100% fruit juice was studied
separately from SSBs and in which lifestyle factors were also
taken into account (2, 67). One reason may be that juice
contains a wide variety of micronutrients and plant-bioactive
substances from the original fruit, which may be “protective”
(68). Another reason may be that individuals who decide to
consume 100% juice instead of SSBs also make other healthy
lifestyle decisions. As a result, 100% juice consumers usually have
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TABLE 5 | Some physicochemical, technological, and functional characteristics
that are important for food design and food processing.

Sweetness

Solubility

Viscosity

Reducing power
Crystallinity

Glass transition temperature
Cooling effect (mouth)
Melting temperature
Freezing behavior

a more favorable body mass index [(69, 70); BMI], while the
quality of the daily diet also appears to be better, as has been
observed in both children and adults (68, 71). Very recently,
Khan et al. (4) challenged the classification of juices in the
same box as soda, since their consumption is associated with
different health effects. This example also shows that looking
at a single sugar type or sugar characteristic in isolation is not
meaningful and may lead to wrong interpretations with respect
to health.

Although the metabolism of CHO molecules naturally present
in food or isolated (such as plain table sugar) is basically identical,
it is important to understand as well that the food matrix can play
a significant role in the rate of intake, digestion and absorption.
The effects of sucrose added to a beverage (rapid gastric emptying
and small intestinal absorption) will lead to a rapid increase
in blood glucose and insulin, which differs from effects in a
solid matrix such as confectionery (lower rate of digestion and
absorption as well as a less rapid increase in blood glucose
and insulin). As a consequence of its rapid gastrointestinal
transit, sucrose in a beverage induces less satiation compared
with sucrose in a solid food. This “incomplete sensing” drives
“unnoticed” calorie intake, a positive energy balance and obesity,
when happening frequently (72).

PHYSICOCHEMICAL, TECHNOLOGICAL,
AND FUNCTIONAL CHARACTERISTICS
INFLUENCE SUGARS METABOLISM

Sugars can also be listed according to their physicochemical,
technological, and functional characteristics, which are
important for food design and food processing (see Table 5).
These characteristics can also affect the responses in our body.
Two examples will be given here:

A) The relative sweetness of sugars (Table 6) plays an essential
role when sweetening foods and beverages. The lowest
amount of a sugar needed to realize a certain sweetness
is determined by the highest relative sweetness. Most used
for sweetening is sucrose, the reason why the sweetness
of sucrose is set at 100%. To replace sucrose (sweetness

100) in a drink with glucose (in a concentration of

10% of its relative sweetness = 70), 30% more glucose is

required to achieve the same degree of sweetness. As a

TABLE 6 | Relative sweetness of sugars.

Sugar Relative sweetness
Monosaccharides

Fructose 116-180"

Glucose 50-70"

Galactose 54
Disaccharides

Sucrose (gluc+fruc) 100

Maltose (gluc+gluc) 30-50*

Lactose (gluc+galac) 15-40*
Isomaltulose (gluc+fruc) 50
Trehalose (gluc+gluc) 45
HFCS—(gluc + 55% fruc) >100
HFCS—(gluc + 42% fruc) 100

*Degree of sweetness is influenced by concentration and higher at higher concentrations.
Gluc, glucose; fruc, fructose; galac, galactose [Source: Clemens (73)].

consequence, the beverage will contain more calories! To
replace 100 g of sucrose in a beverage with fructose (relative
sweetness of fructose at higher concentrations = 150), 33%
less sugar is required. As a consequence, the drink will
contain less calories but also a high level of fructose, which
may cause gastrointestinal distress/diarrhea and unfavorable
metabolic effects.

Glucose, fructose, galactose, lactose and maltose are
reducing sugars. Sucrose and trehalose are non-reducing
sugars. During the cooking/baking/roasting of food at high
temperatures, reducing sugars react with amino acids in a
Maillard reaction. This “browning reaction,” such as when
baking meat or bread or roasting coffee, affects the taste and
flavor. For this reason, selective use can be made of reducing
sugars to obtain the desired browning and flavor (74).
There is a wide range of Maillard reaction products (MRPs)
known to influence digestive physiology, gut microbiota
and metabolism, which are also suspected of triggering an
immune reaction to and the allergenic potential of proteins
(75). Overheating leads to the formation of advanced
glycosylation end products (AGEs), which are thought to
influence inflammation and possibly insulin resistance,
whereas acrylamide (a product resulting from a reaction of a
reducing sugar with the amino acid asparagine) is a known
carcinogen. This information has prompted strategies to
limit the formation of harmful MRPs. For example, limiting
sugars as well as the asparagine content of potato and cereal
products before thermal processing by measures such as
selecting potato varieties with a low content of reducing
sugars may help reduce acrylamide. Targeted potato storage
temperatures such as storage below 8°C causes an increase in
reducing sugar content and higher amounts of acrylamide.
Modifying heat-processing conditions (time, temperature)
and applying appropriate preheating treatments, such as
soaking or blanching, can also help impact on the level
of reducing sugars and thereby reduce the formation of
MRPs (76, 77).

B)
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SUGARS AND ORAL HEALTH

Recently, the WHO (62) recommended to reduce the
consumption of free sugars to preferably below 5% of the
total energy intake as a conditional *recommendation for
both adults and children, the most important reason being
the detrimental effects on oral health, despite the fact that
the evidence was judged to be of a very low quality (62).
[*Conditional recommendations are made when there is less
certainty “about the balance between the benefits and harms
or disadvantages of implementing a recommendation.” This
means that “policy-making will require substantial debate and
involvement of various stakeholders” for translating them into
action (78)].

This evidence was based on data derived by experts as
published in various reviews (79-82). Detrimental effects of
sugars on oral health occur along two main routes: Firstly,
this can be in the form of demineralization of enamel and
dentine caused by acid, resulting from saccharolytic fermentation
of sugars by oral microbiota; these monosaccharides and
disaccharides include glucose derived from starch degradation
by salivary amylase; Secondly, detrimental effects can result from
exposure to food acids added to sugar-sweetened or light drinks,
or acids naturally present such as in citrus juices, resulting in a
low drink PH. These food-acids will directly erode the enamel
and dentine without intervention of the oral microbiota In
normal conditions, the acid present in the food/drink or formed
by the microbiota is buffered over time and hence neutralized
by saliva. In addition, saliva at neutral pH is supersaturated for
calcium and phosphate, enabling the repair of the acid-induced
demineralization (83). Acids derived from sugars can cause
net demineralization when frequently taken and this is more
detrimental if salivary buffer capacity is exceeded when saliva
production is low or absent. Examples of the latter are athletes
during intensive exercise when saliva production is inhibited and
persons suffering from a low or absent salivary flow as a result
of cancer radiation treatment, autoimmune diseases, (multiple)
medications or physiologically by ageing.

Many studies have been performed to define the in vivo
(in situ) cariogenic and erosive effects of sugars and acids on
tooth mineral by the application of small intra-oral blocks of
dentine or enamel or by using standardized solution enamel-
rinsing essays in vitro. In the latter, the effects of remineralization
can also be studied in detail. Depending on the frequency
and dose, sucrose, glucose, fructose, lactose or starch may all
result in demineralization (84-88). It appears that the molecular
composition of sugars plays a role in the degree of fermentability
by oral microbiota. For example, sucrose is composed of
glucose and fructose, has an «-1,2 bond and is more rapidly
fermented, and this lead to a critical lowering of plaque pH
than isomaltulose, which is composed of the same monomers
but which has an a-1,6 bond. Along similar lines, starch which
is rapidly degradable by amylase and which leads to a higher
glucose availability appears to be more cariogenic than slowly
digestible starch which contains a higher fraction of amylose (89).
It needs to be considered in this respect that a sticky food-matrix

will increase tooth surface contact exposure time, thus enhance
detrimental effects on tooth mineral. Sucrose is known to be most
potent in causing cariogenicity, which raises questions; since the
effects appear to be more potent than the effects of its composing
monomers glucose and fructose.

Recently, it was hypothesized that an oral microbiota
imbalance due to frequent sucrose exposure may be a causal
factor driving sucrose to be more harmful because sucrose
exposure disrupted the homeostasis between acid-producing
and alkali-producing bacteria (90). Because the oral microbial
composition and metabolism changed significantly with sucrose
exposure, while no significant difference was detected after
lactose and glucose exposure, the authors claim that these
findings indicate that the cariogenicity of sugars is closely related
to their effects on the oral microecology.

Acidified drinks containing substantial amounts of sucrose
are of particular concern (91, 92), because they do not only
cause caries but also dental erosion. Even acidified drinks with
low sugar contents or without sugars making use of non-sugar
sweeteners are erosive because of the acids present therein result
(93). Despite the primary focus on the role of sugars in causing
caries, it should be noted that the process of dental erosion and
caries initiation is multifactorial (36, 94).

In particular, the effects of sucrose appear to be of great
concern during childhood, given the fact that SSBs intake
significantly increases the caries burden in 10-year-olds with
attenuated effects in 15-year-olds-age groups that are known to
be the highest consumers of free sugars. To prevent caries, SSBs
consumption should therefore be reduced, especially in children
and adolescents (95). Of great concern are a simultaneous
combination of high sipping frequency and low PH beverage
and sugar concentration, especially in young children, leading
to early childhood caries. Giving very young children sugary
drinks in a sipping bottle will lead to continuous small quantities
flushing especially of the front teeth. This process will be even
more detrimental if the child falls asleep, resulting in a low
salivary flow and the reduction of the salivary-buffering effect
(96, 97). There is no doubt about the fact that sugar and food
acids are not the only factors of importance. Poor oral hygiene,
use of fluoride, appropriate salivary flow, presence of calcium
in the drink/food, type of food acid used (94), consumption
pattern and bottle or breastfeeding (97) play a role in the etiology
of caries. In addition, the frequency of exposure may be more
relevant than the quantity. Van Loveren (98) addressed the
question of which sugar-reducing strategy is the best for caries
prevention. To answer this question, the following aspects should
be addressed: the shape of the dose-response association between
sugar intake and caries, the influence of fluoridated toothpaste on
the association of sugar intake and caries, as well as the relative
contribution of frequency and amount of sugar intake to caries
levels. The author argues that when fluoride is appropriately used,
the relation between sugar consumption and caries is very low
or absent. The high correlation between amount and frequency
hampers the decision on which of the two is more important.
Reducing the amount without reducing the frequency does not
seem to be an effective approach to prevent caries.
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CONCLUDING REMARKS

All rapid fermentable sugars give rise to acid production by
microbiota present in the oral cavity which, dependent on
frequency of exposure, salivary buffer capacity, presence of
calcium for remineralization and oral hygiene status will impact
on erosive potential and cariogenicity. All digestible CHOs
deliver “sugars” as monosaccharides to the gut epithelium for
absorption. Post-absorption, the metabolism of these monomers
is basically identical and independent of the original source.
However, the way in which CHOs have been processed (natural,
low-processed vs. refined/highly processed, and heat-exposed),
the matrix in which these CHOs are present (e.g., liquid,
solid, viscous, and non-viscous), the co-presence of other
nutrients (e.g., proteins, polyphenols, vitamins, minerals, and
plant-bioactive substances) in the natural CHO source/matrix
vs. their absence in refined CHOs and the dose ingested all
play a role in the overall effects in the human body. Looking
at one particular CHO characteristic will almost always lead
to a different conclusion, such as that fructose is toxic (99)
than evaluating from a “total perspective”; fructose is only
toxic at excessive exposure levels that do not mimic human
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Background: Choosing water in place of sugar-sweetened beverages (SSB) can reduce
added sugars while maintaining adequate hydration. The present goal was to examine
2011-16 time trends in SSB vs. water consumption across US population subgroups.

Methods: Dietary intake data for 22,716 persons aged >4 years came from two
24-h dietary recalls in successive cycles of the National Health and Examination Survey
(NHANES 2011-16). Water intakes (in mL/d) from plain water (tap and bottled) and
from beverages (SSB and not-SSB) were the principal outcome variables. Intakes were
analyzed by age group, income to poverty ratio (IPR), and race/ethnicity. Time trends by
demographics were also examined.

Results: SSB and water intakes followed distinct social gradients. Most SSB was
consumed by Non-Hispanic Black and lower-income groups. Most tap water was
consumed by Non-Hispanic White and higher-income groups. During 2011-16, water
from SSB declined from 322 to 262 mL/d (p < 0.005), whereas plain water increased
(1,011-1,144 mL/d) (p < 0.05). Groups aged <30 years reduced SSB consumption
(o < 0.0001) but it was groups aged >30 years that increased drinking water (o <
0.001). Non-Hispanic White groups reduced SSB and increased tap water consumption.
Non-Hispanic Black and lower income groups reduced SSB and increased bottled water,
not tap.

Conclusion: The opposing time trends in SSB and water consumption were not uniform
across age groups or sociodemographic strata. Only the non-Hispanic White population
reduced SSB and showed a corresponding increase in tap water. Lower-income and
minority groups consumed relatively little plain drinking water from the tap.

Keywords: water tap, water bottled, sugar-sweetened beverages, NHANES 2011-2016, hydration, time trends

INTRODUCTION

Choosing plain drinking water in place of sugar-sweetened beverages (SSB) is one way
to maintain hydration while reducing added sugars (I, 2). Recent analyses of the three
cycles of the National Health and Nutrition Examination Survey (NHANES 2011-2016)
pointed to an overall decline in the consumption of sugar sweetened beverages (SSB),
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SSB and Water Consumption Trends

a finding consistent with prior reports (3, 4). This decline was
offset, in part, by a corresponding increase in consumption
of plain drinking water (5). Hydration was not affected, since
water intakes in mL from all sources: drinking water, caloric
and non-caloric beverages, and moisture from foods remained
constant (5). However, given documented differences in SSB
and water consumption patterns by age and demographic
groups, the looked-for increases in the consumption of
plain water (2) may not have occurred equally across all
population strata.

First, consumption patterns for SSB and water follow very
distinct socio-demographic gradients (6). SSB consumption is
highest among younger adults (aged <30 years), lower income
groups, and the Hispanic and non-Hispanic Black population
(4, 6, 7). By contrast, plain water consumption is higher
among the non-Hispanic White population and higher income
groups (5-7). A social gradient also applies to tap water: its
consumption was higher among groups with higher education
and incomes as well as the non-Hispanic White population
(5, 6).

Dietary advice to choose plain water in place of SSB may
not be effective, if the beverage behaviors and consumption
patterns differ across population subgroups. For example, most
SSB are consumed by teenagers and young adults (5, 7) and
many interventions have focused on that age group. The Healthy,
Hunger-Free Kids Act of 2010 (8) required schools in the
National School Lunch Program (9) to make free drinking water
available during meal times (10). Schools were to allow students
to have water bottles in class and to provide hydration stations
(11). Based on NHANES 2011-16 data, SSB consumption has in
fact declined nationally, especially among teenagers and young
adults (3, 5). However, it is unclear whether this decline was
accompanied by a corresponding increase in plain drinking
water, tap, or bottled. Furthermore, recent data suggest that
children and teenagers consume SSB and water at different times
of day (12).

More SSBs are consumed by lower income and minority
groups (5-7). Soda taxes were intended to reduce SSB
consumption among those populations as a means to combat
obesity, diabetes, and other health related problems (13).
Since then, soda taxes have been credited with reducing
SSB sales in selected jurisdictions, but have not been widely
implemented (14). It is not clear whether the SSB were
replaced with more nutrient-dense beverages or with plain
drinking water. The equivalent of a 10% SSB tax led to
a nonsignificant 1.9% increase in total untaxed beverage
consumption (e.g., water) (14). No data on any postulated health
benefits of SSB reduction on a population level are as yet
available (15).

The present analyses were based on three cycles of the
nationally representative NHANES 2011-2016 dietary intakes
database for the US population (age > 4 years) (16). The goal
was to compare time trends in water and SSB consumption by
age, income, and race/ethnicity. It is important to know whether
the stated objectives of the US public health policies regarding
replacing SSB with drinking water are being achieved across all
racial/ethnic groups and socioeconomic strata.

METHODS

NHANES 2011-16 Participant

Characteristics

NHANES participants were stratified by age, race/ethnicity,
and income. For primary analyses age was stratified into two
categories (4-30 and >31 years) as SSB consumption tends to be
higher among the younger age groups as compared to the older
age groups. Additional analyses examined beverage consumption
for more precise age groups: 4-8, 9-13, 14-18, 19-30, 31-50, 51-
70 years, and >70 years. These age groups generally correspond
to the age groups used by the IOM. Race/ethnicity was defined as:
non-Hispanic White, non-Hispanic Black, Mexican American,
other Hispanic, and other/mixed race. Family income-to-poverty
ratio (IPR) is the ratio of family income to the federal poverty
threshold; the cut-points for IPR were <1, 1-1.99, 2-3.49,
and >3.5.

NHANES 2011-16 Dietary Intakes

Consumption data for drinking water, beverages, and foods came
from three cycles of the nationally representative NHANES,
corresponding to years 2011-12,2013-2014, and 2015-2016 (16).
The three NHANES cycles provided a nationally representative
sample of 22,716 age > 4 years.

The NHANES 24-h recall uses a multi-pass method, where
respondents reported the types and amounts of all food and
beverages consumed in the preceding 24h from midnight
to midnight (17). The multi-pass method was conducted by
a trained interviewer using a computerized interface (18).
Respondents first identified a quick list of foods and beverages
consumed. The time and occasion for each food item was also
obtained. A more detailed cycle then recorded the amounts
consumed, followed by a final probe for any often-forgotten foods
(beverages, condiments). Day one interviews were conducted by
trained dietary interviewers in a mobile examination center. Day
two interviews were conducted by telephone some days later (19).

For children 4-5 years, dietary recall was completed entirely
by a proxy respondent (i.e., parent or guardian with knowledge
of the child’s diet) (17). Proxy assisted interviews were conducted
with children 6-11 years of age. Adolescents 12-19 years were the
primary source of dietary recall data but could be assisted by an
adult who had knowledge of their diet.

We used a combination of the 1-day value and the 2-day mean
to make use of all available dietary data. About 90% of people had
two recalls. This method included all NHANES participants, even
those without a second recall. Water consumers were defined as
those NHANES participants who were drinking water on day 1,
2, or both.

Water Intakes From Water and Other

Beverages

Plain drinking water included tap and bottled. Other beverages
were classified as sugar sweetened beverages (SSB) and non-sugar
sweetened beverages (non-SSB). Sugar sweetened beverages
included regular soda, fruit drinks, sports drinks, energy drinks,
presweetened ready-to-drink tea, and sweetened ready-to-drink
coffee. Non-SSB included unsweetened milk and milk beverages,
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milk substitutes, fruit juice, diet soda, hot tea/coffee, alcoholic
beverages, enhanced water, and supplemental beverages. These
analyses were for water from water and SSB and non-SSB only.
For example, milk consumed with cereal (i.e., not as a beverage)
was not assigned to a beverage category.

The NHANES 24-h recalls for each participant provided
information on the amount in grams of each food and beverage
consumed (16). The present results were for mL of water derived
from water and from selected beverages and not for the volume
of the beverages themselves (which may not be 100% water).

IRB and Ethical Approvals

Approvals for the conducts of the NHANES surveys had been
obtained by the National Center for Health Statistics (NCHS)
(20). Adult participants provided written informed consent.
For children, parental/ guardian written informed consent was
obtained. Children and adolescents > 12 years of age provided
additional written consent. All NHANES data are publicly
available on the NCHS and USDA websites (16). Following
University of Washington (UW) policies, analyses of public data
do not involve “human subjects” and their use does not require an
IRB review or an exempt determination. Such data may be used
and analyzed without any involvement of the Human Subjects
Division or the UW Institutional Review Board.

Statistical Analyses

The survey-weighted mean intakes of water from SSB, other
beverages (non-SSB), and drinking water in mL/day were
evaluated overall and by age group, family income-to-poverty
ratio, and race/ethnicity for each NHANES cycle from 2011
to 2016. First, trends in sources of hydration were compared
between NHANES cycles in adults and children together and
separately. For each source of hydration, a regression analysis
for sample survey data was performed with water intakes from
water and from beverages as dependant variable and NHANES
cycles as ordinal independent one. For some analyses, water
was split into tap and bottled. Tests of NHANES cycle effect
over intake as well as tests for linear trend were reported. In
order to assess whether previously observed trends remained
in some specific strata of population, analysis was redone after
stratification of the sample by detailed age classes, income
to poverty ratio, and race/ethnicity. Survey-weighted means
and corresponding standard errors were reported. All analyses
accounted for the complex survey design of NHANES and
captured nationally representative dietary behaviors of the US
population between 2011 and 2016. All analyses were conducted
using SAS software, version 9.4 (SAS Institute Inc., Cary NC,
USA) by using SURVEYREG and SURVEYMEANS procedures,
and an a level of 5% was used for all statistical tests.

TABLE 1 | Time trends in water intakes (mL/day) from beverages including SSB and from plain drinking water, tap, and bottled (mean, standard error).

NHANES cycle
2011-12 2013-14 2015-16 p-value p-trend
All >4 years N =22,716
Beverages + water 2,108 (45) 2,077 (44) 2,114 (46) 0.8197 0.92
Beverages 1,097 (31) 1,038 (32) 970 (21) 0.0046 0.0014
SSB 322 (12) 283 (14) 262 (13) 0.0055 0.0017
Water 1,011 (33) 1,039 (30) 1,144 (38) 0.0297 0.0108
Age 4-30 years N =10,701
Beverages + water 1,747 (44) 1,758 (48) 1,710 (62) 0.8248 0.6303
Beverages 865 (16) 827 (32) 708 (16) <0.0001 <0.0001
SSB 393 (13) 352 (17) 279 (16) <0.0001 <0.0001
Water 882 (44) 930 (37) 1,001 (57) 0.2653 0.1055
Age > 30 years N=12,015
Beverages + water 2,336 (59) 2,275 (50) 2,364 (46) 0.4248 0.7108
Beverages 1,243 (37) 1,169 (34) 1,131 (30) 0.0753 0.0241
SSB 276 (19) 238 (16) 251 (14) 0.3269 0.2877
Water 1,092 (38) 1,106 (35) 1,232 (38) 0.0195 0.0114
Females N=11,510
Beverages + water 1,907(41) 1,917 (37) 1,937 (43) 0.8798 0.6201
Beverages 924 (24) 875 (27) 785 (23) 0.0005 0.0001
SSB 251 (13) 217 (14) 204 (17) 0.0829 0.0397
Water 982 (30) 1,042 (28) 1,152 (40) 0.0059 0.0014
Males N = 11,206
Beverages + water 2,314 (67) 2,240 (52) 2,299(58) 0.6268 0.8673
Beverages 1,274 (50) 1,205 (39) 1,163 (34) 0.1962 0.0736
SSB 394 (12) 349 (17) 322 (17) 0.0059 0.0023
Water 1,040 (49) 1,035 (36) 1,136 (28) 0.1382 0.1367
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RESULTS

Time Trends in SSB and Water

Consumption 2011-2016

Table 1 shows water intakes from water and other beverages for
each NHANES cycle from 2011 to 2016. There were no significant
differences in water intakes from beverages and drinking water

combined between 2011 and 2016. The total amount of water
was around 2,100 mL/d, evenly split between beverages and plain
drinking water, tap, and bottled. No significant time trends in
total water intakes were observed for the entire sample or by
specific age groups.

For the total sample, there was a significant decline in water
from beverages (—11.6%; p = 0.005) that was driven by a
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FIGURE 2 | Time trends in water from SSB and drinking water (tap and bottled) by IPR and NHANES cycle. Data are means and SEM.

significant reduction in SSB (—18.6%; p = 0.0055). For the 4-30
years group, the reduction in beverages was significant (—18.2%;
p < 0.0001) and the reductions in SSB (—29%; p < 0.0001) and
not-SSB (p < 0.0001) were significant as well. The increases in
plain water intakes was significant for the total sample (p < 0.05)
and for adults >30 years (p < 0.05), but not for the 4-30 years
age group. It appears that SSB intakes declined among people
4-30 years whereas plain water intakes increased among people
>30 years.

Table 1 also shows time trends for SSB and water by
sex. Reduced beverage and SSB intakes were accompanied
by increased water intakes (p < 0.005) among females. No
corresponding increase in water consumption paralleled SSB
reduction among males.

Time Trends for SSB and Water by Age
Group

Figure 1 shows time trends for SSB and water by more finely
differentiated age groups. First, as shown in Figure 1A total water
intakes (beverages and plain drinking water) increased with age,
peaked through the 31-50 years age groups, and then declined.
There was no significant effect of the NHANES cycle.

Figure 1B shows that the decline in SSB was most pronounced
and significant among persons aged <30 years. The decline in
SSB was not significant among persons >30 years. The biggest

decline (—33%) was observed among teenagers (ages 14-19
years), consistent with other reports (3, 5). However, the expected
replacement of SSB with plain water in the 14-19 years age group
was not observed. Rather, Figure 1C shows that increases in
water consumption were more pronounced among adults over
the age of 30 years (trend analyses p < 0.05). The increases in
water intakes were significant for the 9-13 years (p < 0.05) and
for the 51-70 years age group (p < 0.05).

Time Trends for SSB and Water by IPR
Figure 2 shows trends for SSB and water by family income. First,
the income gradient for SSB was obtained across all NHANES
cycles. Lower income groups were also the ones that reduced
SSB the most (p < 0.03). Figure 2 also shows that the opposing
income gradient for plain water also held across all NHANES
cycles; higher intakes of plain drinking water were observed
among the higher income groups. Those groups also showed the
highest increases in water intakes.

Figure 3 shows the increase in tap water for the higher IPR
groups. For lower IPR groups water from the tap did not increase
while also showing that the lower IPR groups had a substantial
and significant increase in the consumption of bottled water. It
appears that the significant reduction in water from SSB among
lower IPR groups was accompanied by a marked increase (144
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FIGURE 3 | Time trends in tap water and bottled water intakes by IPR and NHANES cycle. Data are means and SEM.

mL/d in the IPR 1-1.99 group) in bottled water but not in tap
water.

Water From SSB and Plain Water by
Race/Ethnicity

Figure 4A shows the race/ethnicity gradient in SSB consumption.
Non-Hispanic Black and Mexican American groups consumed
most SSB. A significant decline in SSB was observed among non-
Hispanic White (p < 0.05) and non-Hispanic Black groups (p
< 0.01). No significant decline in SSB was observed for other
racial/ethnic groups.

Figure 4B shows the opposing social gradient for tap water
consumption. Tap water intakes were highest for non-Hispanic
White and lowest for non-Hispanic Black and for Mexican
American groups, whose consumption was below 400 mL/d.
Analyses of whether the SSB were being replaced by plain water,
tap, or bottled, pointed to some weak trends. The increase in
tap water intakes was almost significant among the non-Hispanic
White group (p for trend =0.057) but not in any other group.

Figure 4C shows that the non-Hispanic White group
consumed the least bottled water (300 mL/d). Bottled water
intakes were significantly higher among the non-Hispanic Black,

Mexican American, and other Hispanic groups. Bottled water
intakes increased among the non-Hispanic Black population (p
for trend <0.05) but not in any other group.

The Y-axes of Figure4 are shown on the same scale to
demonstrate the profound social gradients in the consumption
of tap water as opposed to bottled water. Intakes of tap water
among the non-Hispanic White group were higher than for
the non-Hispanic Black, Mexican American, and other Hispanic
groups. Conversely, intakes of bottled water among the non-
Hispanic White group were lower than for the non-Hispanic
Black, Mexican American, and other Hispanic groups.

DISCUSSION

Replacing caloric SSB with plain and non-caloric drinking water
has been a priority area for public health nutrition (2). The goal
of Dietary Guidelines for Americans, soda taxes, and numerous
school-based initiatives is to make plain drinking water the
beverage of choice (1).

The present analyses of the 2011-16 NHANES dataset
confirm that the consumption of SSB in the US continues
to drop (3, 5). Conversely, the consumption of plain
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drinking water is on the rise. However, the patterns of
substitution were very different by age group, income, and
race/ethnicity (21, 22).

Dietary advice to choose water in place of SSB may not
be effective if the two beverages are normally consumed in
different places, at different times of day (12) or at different
eating occasions, or if habitual consumption patterns vary by

age group, income, or race/ethnicity (5). SSB consumption and
water intakes in the NHANES sample followed opposing income
gradients. First: lower IPR groups consumed most SSB and least
water; higher IPR groups consumed less SSB and more water. The
non-Hispanic White population consumed least SSB, less bottled
water than the other groups, and by far the most water from
the tap.
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The groups with the greatest reduction in SSB were not
the same ones that increased the consumption of plain water.
For example, the reduction in SSB was associated with younger
age groups (<30 year) while the increase in plain water was
associated with older age groups (>30 year). Despite federal
regulations and the encouragement from schools, there was
no evidence that a reduction in SSB consumption among
teenagers was accompanied by a corresponding increase in plain
drinking water. Clearly, the anticipated increase in plain water
consumption has not been uniform across population groups.

The reduction in SSB consumption was strongest among
the highest consumers, namely lower income groups. That is
of interest because lower-income groups may be particularly
sensitive to SSB taxes. However, those groups did not show a
corresponding increase in tap water intakes. Lower IPR groups
did reduce SSB and one such group (IPR 1-1.99) increased the
consumption of bottled water, not tap water. Similarly, the non-
Hispanic Black group, another high intake group also reduced
SSB intakes and increased bottled water intakes, not tap.

There was one group that showed a decline in SSB and a
corresponding increase in tap water consumption. Those were
the non-Hispanic White group, who had the lowest intakes of SSB
and the highest intakes of tap water. In that group, the decline in
SSB was offset by an increase in tap water.

The trend away from tap water among lower income groups
is troubling. It was the higher IPR groups that consumed more
municipal tap water, whereas lower IPR groups consumed more
bottled water. These observations are consistent with previous
reports that non-Hispanic White and higher income groups
consumed most tap water (6); Mexican Americans drank the
most bottled water and the least tap water (5, 6).

This could be due to the “Flint effect,” that is the perception
that tap water is safe to drink only in affluent neighborhoods
(22, 23). One paper (23) notes that the mistrust of tap water was
one reason for SSB consumption. The odds of consuming >1
SSB/d among Hispanic respondents who mistrusted their local
tap water was twice that of those who did not (23). As the quality
of tap water in lower income areas becomes problematic (22, 24),
the consumption of bottled water is on the rise among lower
income groups and the non-Hispanic Black group.

Many initiatives have focused on tap water describing it as “the
perfect, no-cost, no-calorie beverage, and it comes right out of
the kitchen tap” (25). Providing tap water to children is another
initiative (26, 27).

Making water the national beverage of choice (DGAs) is a
strategy that needs to be more sensitive to the quality of the local
water supply and to community resources, wants, and needs.

The present analyses had limitations. First, the NHANES data
are based on self-report and are subject to random and systematic
reporting errors. A 24-h recall may systematically underestimate
water and other beverage intake, especially outside of meals since
it is very difficult for individuals to remember exactly how much
tap water they had outside of meals. The present estimates, based
on a combination of day 1 and 2 dietary recalls may have been
affected by differences in data collection procedures across the
2 days. Fluid-specific records, used in smaller scale studies, may

provide higher quality data. The use of proxy respondents for
children ages 4-5 years and proxy assisted interviews for children
6-11 make the collection of accurate data especially challenging.
The two days of dietary recalls used different methods to collect
the data, which may affect the estimates of water consumption.
However, the NHANES has the advantage of being based on a
large, nationally representative population sample. The NHANES
dataset forms the basis for dietary surveillance in the US.

CONCLUSION

Reduced intakes of SSB among non-Hispanic White groups and
among females were accompanied by a parallel increase in plain
water intakes. Less consistent trends were observed among other
population subgroups. Non-Hispanic Black and lower income
groups consumed more bottled water. Non-Hispanic While and
higher-income groups consumed more plain water from the tap.
Successful implementation of Dietary Guidelines to choose water
over SSB may depend on population beverage habits. Further
research is needed to understand how these changes are being
made and whether further interventions may be necessary.
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Research, Department of Clinical Sciences Malmd, Lund University, Lund, Sweden

Aims: Although diet is one of the main modifiable risk factors of cardiovascular
disease, few studies have investigated the association between added sugar intake and
cardiovascular disease risk. This study aims to investigate the associations between
intake of total added sugar, different sugar-sweetened foods and beverages, and the
risks of stroke, coronary events, atrial fibrillation and aortic stenosis.

Methods: The study population consists of 25,877 individuals from the Malmo
Diet and Cancer Study, a Swedish population-based prospective cohort. Dietary data
were collected using a modified diet history method. National registers were used for
outcome ascertainment.

Results: During the mean follow-up of 19.5 years, there were 2,580 stroke cases,
2,840 coronary events, 4,241 atrial fibrillation cases, and 669 aortic stenosis cases.
Added sugar intakes above 20 energy percentage were associated with increased risk of
coronary events compared to the lowest intake category (HR: 1.39; 95% CI: 1.09-1.78),
and increased stroke risk compared to intakes between 7.5 and 10 energy percentage
(HR: 1.31; 95% CI: 1.03 and 1.66). Subjects in the lowest intake group for added sugar
had the highest risk of atrial fibrillation and aortic stenosis. More than 8 servings/week
of sugar-sweetened beverages were associated with increased stroke risk, while <2
servings/week of treats were associated with the highest risks of stroke, coronary events
and atrial fibrillation.

Conclusion: The results indicate that the associations between different added sugar
sources and cardiovascular diseases vary. These findings emphasize the complexity
of the studied associations and the importance of considering different added sugar
sources when investigating health outcomes.

Keywords: cardiovascular diseases, added sugar intake, dietary sugar, sugar-sweetened beverages,
cardiometabolic risk factors
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INTRODUCTION

Cardiovascular disease (CVD) is responsible for one-third
of all global deaths annually (1). Although the etiologies
of CVDs vary, atherosclerosis is a common underlying
mechanism, and there are many shared risk factors including
hypertension, diabetes, hyperlipidemia, congenital heart
defects and various lifestyle factors. In addition to the
many shared risk factors, the presence of one CVD often
increases the risk of developing another, which leads
to high levels of comorbidity among individuals with
CVD (2).

A poor diet is one of the main modifiable risk factors
for CVD (2). Although added sugar consumption has been
linked to various cardiometabolic risk markers (3, 4), the
long-term effects and associations with incident CVD risk are
not yet fully understood. Further, a majority of studies have
primarily focused on the intake of sugar-sweetened beverages
(SSBs) (3, 5), rather than the totality of added sugars. This is
important because SSBs on average account for only 14% of
added sugar intake in Sweden (6) and 23% in the US (7). The
evidence regarding an association between SSB consumption
and CVD risk is currently inconclusive. A systematic review
by Keller et al. found that the evidence for an association
between SSBs and vascular events was inconsistent, as two
of three studies found an association with stroke and two of
four studies found an association with coronary heart disease
(8). Another systematic review reported inconclusive evidence
regarding the association between sugar intake and SSBs and
cardiovascular outcomes due to the low number of studies
available (9).

It is hypothesized that SSB consumption could adversely
impact health as a consequence of liquid calories causing
insufficient satiety signaling and thereby promoting weight
gain, a prominent risk factor for many CVDs (10). Another
hypothesis is the distinct metabolism of fructose, one of the
monosaccharides forming the commonly used added sugar
sucrose. Some of the ingested fructose is metabolized into
lipids in the liver, which is theorized to result in elevated
triglyceride synthesis and increased hepatic lipid content,
ultimately increasing the risk of CVD (11). Since different
sources of added sugar may vary in composition, energy density,
and absorption, it is important to distinguish between different
sources of added sugar when studying their associations with
health outcomes.

This study aims to investigate the associations between
the intake of added sugar, as well as sugar-sweetened
foods and beverages, and the risks of four different
CVDs: stroke, coronary events, atrial fibrillation, and
aortic stenosis.

Abbreviations: ApoA-1, Apolipoprotein A-1; ApoB, Apolipoprotein B; BMI,
Body Mass Index; CI, Confidence interval; CVD, Cardiovascular disease; E%,
percentage of energy intake; HR, Hazard ratio; ICD-9, International Classification
of Diseases 9; IQR, Interquartile range; SD, standard deviation; SSB, Sugar-
sweetened beverage.

MATERIALS AND METHODS

Study Population

The study population is derived from the Malmé Diet and
Cancer Study: a prospective population-based cohort study in
southern Sweden. Recruitment was carried out through mailed
invitation letters and distribution of invitations in public areas
between 1991 and 1996. All men born between 1923 and 1945
and women born between 1923 and 1950 in Malmé were
invited to participate, with the only exclusion criteria being
insufficient Swedish language skills and mental incapacity. Of
68,905 individuals eligible for participation, 28,098 (40.8%)
completed the baseline examinations. We excluded individuals
with a history of aortic stenosis (n = 57), atrial fibrillation (n =
286), stroke (n = 300), coronary events (1 = 544), and diabetes
mellitus (n = 1,244) at baseline, resulting in a study sample of
25,877 individuals. A total of 139 individuals (81 women and
59 men) were lost to follow-up, with the primary reason being
permanent emigration.

Ethical approval for the Malmé Diet and Cancer Study has
been granted by the Regional Ethical Review Board in Lund,
Sweden (LU/90-51), and written informed consent was obtained
from all participants prior to participation.

Data Collection
Baseline data collection was carried out using questionnaires
covering medication, medical history, socioeconomic factors and
current lifestyle, such as leisure-time physical activity (metabolic
equivalent of task hours/week based on the duration and intensity
of 17 different activities) (12), smoking status (never, current,
or former smoker) and educational level according to Swedish
educational degrees (<9, 9 years, upper secondary school, and
university with or without a degree). Information about alcohol
consumption was retrieved from the questionnaire as well as
the 7-day food diary; zero-consumers indicated no consumption
during the past year. The rest of the participants were divided
into sex-specific quintiles based on their alcohol consumption
reported in the 7-day food diary. Participants who reported
drastic dietary changes prior to baseline examinations were
identified through the self-administered questionnaires (13),
and potential energy misreporters were identified using Black’s
revised Goldberg method (14) based on their estimated energy
expenditure. Misreporting was defined as having an energy intake
to basal metabolic rate ratio outside of the 95% confidence
interval (CI) of the physical activity level (PAL). The procedure
has been described in more detail previously (15).
Anthropometric measurements including weight, height,
waist circumference, and body fat percentage were collected by
registered nurses. Further, blood pressure was measured in all
participants, and hypertension was determined according to the
American Heart Association and the National Heart, Lung, and
Blood Institute’s definitions, which is a systolic blood pressure
of >130 mmHg, diastolic blood pressure of >85mm Hg, or use
of antihypertensive drugs (16). Non-fasting blood samples were
also collected, from which the concentrations of apolipoprotein B
(ApoB) and apolipoprotein A-1 (ApoA-1) were determined using
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a Siemens BNII immunonephelometric analyzer during the year
2013 (Siemens, Newark, DE, USA) (17).

Dietary Assessment

Dietary data were collected using a modified diet history method
that included a 7-day food diary covering cooked meals, cold
beverages and dietary supplements as well as a 168-item diet
history questionnaire covering the general meal pattern as well
as the frequency and portion-size of non-cooked meals during
the preceding 12 months. In addition, a 60-min (until September
Ist, 1994) or 45-min (after September 1st, 1994) diet history
interview was conducted to collect information about serving
sizes and cooking methods of the foods recorded in the food
diary. The participants’ dietary intakes were estimated by adding
up the reported intakes of the modified diet history method.
The collected data were then converted into daily nutrient and
energy intakes using the Malmo Diet and Cancer Study Food and
Nutrient Database, originating from a database by the Swedish
National Food Agency. A version of the modified diet history
method was validated against an 18-day weighted food record,
demonstrating a moderately strong correlation for sucrose, the
most common added sugar in Sweden, with Pearson’s correlation
coeflicients of 0.74 for women and 0.60 for men (18).

Added Sugar Variables

The participants’ added sugar intakes were estimated based
on the collected dietary data. The estimated sucrose and
monosaccharide contents of the participants’ reported intake of
fruits and berries, vegetables, and juice were subtracted from
their total intake of sucrose and monosaccharides to obtain an
estimation of their added sugar intakes, which includes honey
and syrup intake. This process has been explained in detail
previously (19). Added sugar intake was then divided into six
categories with focus on the current and suggested nutritional
recommendations (20, 21) of 10 E% and 5 E%, respectively, as
well as to allow extreme intakes to be studied. The categories were
created according to percentage of non-alcoholic energy intake
(E%) as follows: <5 E%, 5-7.5 E%, 7.5-10 E%, 10-15 E%, 15-20
E%, and >20 E% (19).

Treats included pastries, sweets, chocolate, and ice cream,
while toppings included table sugar, syrups, honey and jams.
Treats are generally considered more energy dense than toppings,
as they tend to have higher fat contents, whereas toppings tend to
have larger proportions of energy from sugar. As previous studies
have shown that liquid sugar is metabolized differently and has
different health outcomes from those associated with solid sugar
(11) an SSB category was also created by combining the intake
of carbonated and noncarbonated sweetened drinks and fruit
drinks, but excluding the intake of pure fruit juice.

The consumed amounts of treats, toppings and SSBs were
recoded from grams/day to servings/week based on average
serving sizes according to the Swedish National Food Agency’s
food database and information from manufacturers (22). The
consumption of treats was classified as <2, >2-5, >5-8, >8-
14, and > 14 servings/week; topping consumption was classified
as <2, >2-7, >7-14, >14-28, and >28 servings/week; and
SSB intake was classified as <1, >1-3, >3-5, >5-8, and >8
servings/week (19).

Endpoint Ascertainment

The participants were followed until diagnosis of the studied
outcomes, death, emigration from Sweden or the end of the
follow-up period (December 31st, 2016). Endpoints were
ascertained using the Swedish National Inpatient Register and
the Cause of Death Register, according to the International
Classification of Diseases 9th revision (ICD-9) and the
corresponding codes in the ICD-10. These registers include
all residents of Sweden, and there was therefore no loss to
follow-up during registry linkage.

The studied endpoints were stroke (ICD-9 codes 430, 431, 434,
436), coronary events (ICD-9 codes 410-414), atrial fibrillation
(ICD-9 code 427 or code 4,273 in the Cause of Death Register),
and aortic stenosis (ICD-9 code 424.1). Incident coronary
events were defined as a diagnosis of myocardial infarction,
other forms of ischemic heart disease or angina pectoris.
Incident stroke was defined as a diagnosis of subarachnoid or
intracerebral hemorrhage, occlusion of cerebral arteries or other
acute cerebrovascular disease. Atrial fibrillation was defined as
a diagnosis of either atrial fibrillation or flutter events. Aortic
stenosis was defined as a diagnosis of aortic valve disorders. The
Swedish National Inpatient Register has previously been shown
to have high diagnostic validity, with positive predictive values
over 90% for the studied outcomes (23, 24).

Statistical Analyses

All analyses were conducted using IBM SPSS Statistics (version
24; IBM corporation, Armonk, NY, USA). P < 0.05 denoted
statistical significance. Population characteristics were analyzed
across the added sugar intake categories, using the chi-square
test for categorical variables, and a univariate general linear
model for continuous variables. Normally distributed continuous
variables are expressed as means and standard deviations (SDs),
while skewed continuous variables are expressed as medians and
interquartile ranges (IQRs).

Cox hazards regression models with follow-up as time scale
were used to study the associations between the intakes of added
sugar, SSBs, treats and toppings and the risks of incident stroke,
coronary events, atrial fibrillation, and aortic stenosis. The results
are presented as hazard ratios (HRs) with 95% CI. The lowest
intake category was generally used as reference, but wherever
a U-shaped trend was observed, the intake category with the
lowest risk was used as reference. The associations between the
studied exposures and outcomes were investigated using four
different models. The basic model was adjusted for age (years),
sex, season of dietary assessment (spring, summer, autumn,
winter), diet assessment method (45 or 60-min diet history
interview), and total energy intake (kilocalories/day). The second
model was further adjusted for the following lifestyle factors as
categorical variables: smoking status, educational level, leisure-
time physical activity, and alcohol consumption. The main model
further included additional adjustment for body mass index
(BMI) (kg/m?) categories and dietary factors, including intakes
of processed meat (g/day), coffee (g/day), saturated fatty acids
(E%), and fiber density (g/1,000 kilocalories). Adjustment for
BMI separately without the dietary covariates was also tested,
as it was suspected to be a particularly prominent confounder.
The final model was further adjusted for potential mediators
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TABLE 1 | Associations between intake of added sugar and risk of incident stroke, coronary events, atrial fibrillation and aortic stenosis.

Added sugar intake categories

<5E% 5-7.5E% 7.5-10 E% 10-15 E% 15-20 E% >20 E%
(n = 2,354) (n =5,027) (n = 6,709) (n = 8,735) (n =2,377) (n =675) P-trend
Stroke
Cases/person-years 220/45,382 459/99,027 665/132,501 896/16,9957 251/45,522 89/12,129
Basic model 1 0.84 (0.71-0.99) 0.84 (0.72-0.98) 0.85 (0.73-0.98) 0.88 (0.73-1.06) 1.28 (1.00-1.64) 0.62
Main model 1 0.87 (0.74-1.03) 0.88 (0.76-1.04) 0.87 (0.75-1.02) 0.89 (0.73-1.08) 1.16 (0.89-1.51) 0.39
Basic model? 1.19(1.02-1.39) 1.00 (0.89-1.12) 1 1.00 (0.91-1.11) 1.05 (0.91-1.21) 1.52 (1.22-1.90) -
Main model? 1.13(0.97-1.33) 0.99 (0.87-1.11) 1 0.99 (0.89-1.10) 1.00 (0.86-1.17) 1.31 (1.03-1.66) -
Coronary events
Cases/person-years 216/45,758 526/98,903 712/132,271 1,000/169,782 271/45,356 115/12,192
Basic model 1 1.01 (0.86-1.19) 0.96 (0.82-1.11) 1.01 (0.87-1.17) 1.01 (0.84-1.21) 1.783 (1.37-2.17) 0.02
Main model 1 1.02 (0.87-1.20) 0.99 (0.84-1.15) 1.00 (0.86-1.17) 0.92 (0.76-1.11) 1.39 (1.09-1.78) 0.47
Atrial fibrillation
Cases/person-years 365/44,955 795/97,087 1,140/129,803 1,434/167,028 403/44,768 104/12,168
Basic model 1 0.88 (0.78-1.00) 0.87 (0.77-0.98) 0.81 (0.72-0.91) 0.85 (0.74-0.99) 0.89 (0.71-1.10) 0.09
Main model 1 0.90 (0.80-1.03) 0.90 (0.80-1.02) 0.85 (0.75-0.96) 0.90 (0.78-1.05) 0.91 (0.72-1.15) 0.40
Aortic stenosis
Cases/person-years 59/46,590 126/101,045 161/135,715 250/173,9587 53/46,720 20/12,632
Basic model 1 0.85 (0.63-1.16) 0.74 (0.55-1.00) 0.86 (0.65-1.15) 0.68 (0.47-0.99) 1.05 (0.63-1.75) 0.46
Main model 1 0.86 (0.63-1.17) 0.76 (0.56-1.03) 0.89 (0.66-1.20) 0.69 (0.47-1.02) 0.97 (0.57-1.66) 0.84

aAnalysis of added sugar was carried out twice using different reference categories for stroke (<5 and 7.5-10 E%) due to the U-shaped trend. E%, Energy percentage.

The associations were determined using multivariable Cox proportional hazards regression model and are expressed as hazard ratio with a 95% confidence interval and P-value for the
linear trend. The basic model was adjusted for age, sex, season of dietary assessment, diet method, and energy intake. The main model was adjusted for age, sex, season of dietary
assessment, diet method, energy intake, smoking status, educational level, leisure-time physical activity, alcohol consumption, BMI, and dietary habits including intake of processed

meat, coffee, saturated fatty acids, and fiber density.

including the ApoB/ApoA-1 ratio, hypertension, and the use of
lipid-lowering medications.

The proportional hazards assumptions were tested by plotting
the partial residual plots for each variable against time using a
scatterplot to see whether the hazards were proportional over
time. To attain proportionality, all models were stratified by sex,
as it was the most inconsistent covariate over time. A sensitivity
analysis was conducted using the main model by excluding
potential energy misreporters and individuals who had reported
drastic diet changes prior to baseline assessments. In order to
account for comorbidities, an additional sensitivity analysis was
conducted by studying solely the first reported diagnosis for each
participant. In this analysis, subjects who had experienced an
incident event of another CVD prior to diagnosis of the specific
outcome of interest in the analysis were excluded. In addition,
participants with a prior incidence of diabetes mellitus (ICD-9
codes 150.0-150.9 or ICD-10 codes E10-E14) were also excluded
in the comorbidity sensitivity analysis. The two sensitivity
analyses were conducted both separately and combined.

RESULTS

Population Characteristics

The study population consisted of 25,877 individuals aged 45-
74 years (mean age of 57.8 years, 62.4% female). The mean
added sugar intake was 10.1 E%, and the mean BMI was 25.6

kg/m?. During a mean follow-up of 19.5 years there were 2,580
stroke cases, 2,840 coronary events, 4,241 atrial fibrillation cases
and 669 aortic stenosis cases. Individuals with high added sugar
intake were more frequently male, older, and with lower BMI
than individuals with low added sugar intake. Lower added
sugar consumers tended to be overrepresented when it came
to potential energy misreporting (primarily underreporting) and
prior drastic diet changes, while they were generally more
physically active and had a higher education level than higher
added sugar consumers (Supplementary Table 1).

Added Sugar and CVD Risk

In the main model, no linear associations were found between
added sugar intake and the studied outcomes. However, a U-
shaped trend was observed for added sugar intake and risk of
incident stroke; consumers in the 7.5-10 E% group had the lowest
risk, while increased risks were observed among the lowest (HR:
1.14; 95% CI: 0.97-1.34) and highest (HR: 1.31; 95% CI: 1.03-
1.66) intake groups. For coronary events, an increased risk was
observed for added sugar intakes above 20 E% compared to the
lowest intake group (HR: 1.39; 95% CI: 1.09-1.78) (Table 1).

The lowest added sugar intake group had the highest risk of
atrial fibrillation, with the lowest risk found among intakes of
10-15 E% (HR: 0.85; 95% CI: 0.75-0.96). Similarly, a borderline
significant decreased risk of incident aortic stenosis was observed
among intakes of 7.5-10 E% (HR: 0.75; 95% CI: 0.56-1.03) and

Frontiers in Nutrition | www.frontiersin.org

December 2020 | Volume 7 | Article 603653


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Janzi et al.

Added Sugar and Cardiovascular Diseases

15-20 E% (HR: 0.69; 95% CI: 0.47-1.02) compared to the lowest
intake group (Table 1). None of the associations were changed
when the main model was further adjusted for the potential
mediators ApoB/ApoA-1 ratio, hypertension, and the use of
lipid-lowering medications (Supplementary Tables 2-5).

Sugar-Sweetened Foods and Beverages
and CVD Risk

The lowest intake group of treats (<2 servings/week) was found
to have the highest risks of stroke, coronary events, atrial
fibrillation, and aortic stenosis. No associations were found
between intake of toppings and any of the studied outcomes
(Figure 1).

For SSBs, an increased risk of stroke was observed in the
highest intake group (>8 servings/week) compared to the lowest
intake group (<1 serving/week) (HR: 1.19; 95% CI: 1.01-1.40).
No associations were found between the consumption of SSBs
and incident coronary events, atrial fibrillation, or aortic stenosis
(Figure 1).

Sensitivity Analyses

When excluding potential energy misreporters and diet changers,
the association between added sugar intake and stroke was
strengthened, as an increased risk was observed in the highest
intake group compared to the lowest intake group (HR:1.57;
95% CI: 1.12-2.19) (Table2), as well as a positive linear
trend (P-trend: 0.04). When further excluding incidence of the
other diagnoses prior to diagnosis of each studied outcome,
the association with stroke was additionally strengthened (HR:
1.70; 95% CI: 1.15-2.51; Table 3). Similarly, the association
between added sugar and aortic stenosis was strengthened in
the combined sensitivity analysis, in which a decreased risk was
observed for intakes between 15 and 20 E% compared to the
lowest intake (HR: 0.50; 95% CI: 0.26-0.97), and a borderline
significant negative trend was found (P-trend: 0.07; Table 3). The
association between added sugar intake and coronary events was
attenuated when excluding potential energy misreporters and
diet changers (Table 2).

For treats, a majority of the associations were attenuated
in the combined sensitivity analysis, though a tendency of the
highest risk being found in the lowest intake group remained
for stroke, coronary events, and aortic stenosis (Table 3). The
association between topping intake and stroke was strengthened
in the combined sensitivity analysis, in which an increased risk
of stroke was observed in the highest intake group (HR: 1.39;
95% CI: 1.05-1.84). Similarly, the association for SSB intake was
strengthened, as a positive trend (P-trend: <0.01) as well as an
increased risk of stroke in the highest intake group (HR: 1.30;
95% CI: 1.03-1.65) was observed (Table 3).

DISCUSSION

We found that high added sugar intakes (>20 E%) were
associated with increased risks of incident stroke and coronary
events. A high intake of SSBs (>8 servings/week) could
potentially explain part of the association with stroke. Contrary to
our hypothesis, the lowest added sugar intake group (<5 E%) was

indicated to have the highest risk of atrial fibrillation and aortic
stenosis, and consumption of treats was negatively associated
with risks of stroke, coronary events and atrial fibrillation.

Previous studies that have investigated the association
between added sugar and incident CVD risk are lacking;
however, there are a few studies that have examined the
association with CVD mortality. Results from the NIH-AARP
Diet and Health Study did not find an association between
added sugar intake and risk of CVD mortality (25), although
a tendency of a U-shaped association was observed. A U-
shaped association has previously also been reported between
added sugar intake and CVD mortality in the Malmo6 Diet
and Cancer Study, with the highest risks being observed at
>20 E% and second highest at <5 E (19). In a prospective
cohort study of 11,733 US adults, added sugar was found
to be linearly associated with CVD mortality when studying
intakes between <10 and >25 E%, as intakes of >25 E%
were associated with a 2.75-fold higher CVD mortality risk
compared with <10 E% (5). The discrepancies between the study
results could be explained by different consumption patterns,
or that intakes below 5 E% were not studied separately in the
latter study.

We observed a 19% increased risk of stroke in the highest
intake group (>8 servings/week) of SSBs compared to the lowest
intake group, while no associations were found for the other
outcomes. The results from a Japanese prospective cohort study
indicated that SSB consumption was associated with increased
ischemic stroke risk, particularly among females, while no
association was found with overall stroke or coronary events
(26). It is therefore possible that the associations found in our
study would have been even stronger if ischemic stroke cases
were analyzed separately, though this hypothesis has yet to be
tested. In contrast, the Male Health Professional Follow-up Study
indicated a significant 20% increased risk of incident coronary
heart disease among the highest quartile of SSB consumers
compared to the lowest quartile, while no association with
incident stroke was reported (27). The Nurses’ Health Study,
however, found associations between SSBs and both coronary
heart disease and stroke (28, 29). Our study is, to the best of
our knowledge, the first to investigate the association between
the intake of SSBs and atrial fibrillation and aortic stenosis.
As no differences were found when further adjusting the main
model for the ApoB/ApoA-1 ratio, hypertension and use of lipid-
lowering medication in our study, they are likely not strong
mediating factors of the observed associations with added sugar,
though a mediation analysis is required to confirm this. Previous
results from the Malmo Diet and Cancer Study have shown a
weak association between intake of sugar-sweetened foods and
drinks and ApoB/ApoA (17). SSB consumption has been shown
to adversely affect fasting blood glucose levels, inflammatory
markers, and various blood lipids (30). Results from the Malmé
Diet and Cancer Study have previously indicated an association
between SSBs and circulating triglycerides (19); thus, it is possible
that increased triglycerides could partly mediate the observed
association between the intake of SSBs and the risk of incident
stroke. Further, higher micronutrient dilution has been observed
with very high free sugar intakes (>25 E%), as well as with
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FIGURE 1 | Associations between intake of treats, toppings, sugar-sweetened beverages, and risk of incident stroke, coronary events, atrial fibrillation and aortic
stenosis using the main model. *Statistically significant association. HR, Hazard ratio; Cl, Confidence interval.
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TABLE 2 | Sensitivity analysis excluding energy misreporters and participants who had made drastic dietary changes prior to baseline examinations, after which 16,781

participants remained.

Stroke Coronary events Atrial fibrillation Aortic stenosis
Intake n Cases/PY HR (95% Cl) Cases/PY HR (95% Cl) Cases/PY HR (95% Cl) Cases/PY HR (95% CI)
Added sugar, E%
<5 1,246 107/23,760 1 115/23,899 1 190/23,488 1 33/24,293 1
5-7.5 3,092  293/60,381  1.01(0.81-1.27) 336/60,330 1.07 (0.87-1.33) 473/59,322 0.88 (0.75-1.05) 74/61,662 0.77 (0.51-1.17)
75-10 4,455 438/87,454  0.97 (0.78-1.21) 469/87,325 0.98 (0.80-1.20) 759/85,698 0.91(0.77-1.07)  106/89,656  0.70 (0.47-1.04)
10-15 5978 604/116,375 0.95(0.76-1.18)  674/116,298 0.95 (0.78-1.17) 978/114,228  0.84 (0.71-0.99) 166/119,044  0.79 (0.53-1.17)
15-20 1,697  182/30,403  1.09 (0.84-1.41) 185/30,346 0.91(0.71-1.16) 288/29,883 0.97 (0.80-1.18) 29/31,331 0.53(0.31-0.89)
>20 413 65/7,417 1.57 (1.12-2.19) 67/7,460 1.28 (0.94-1.76) 63/7,535 0.86 (0.64-1.16) 11/7,787 0.77 (0.37-1.58)
P-trend 0.04 0.66 0.87 0.20
Treats, servings/week
<2 1,496  158/27,352 1 180/27,502 1 226/27,180 1 35/28,175 1
>2-5 4,236 408/82,251  0.85(0.71-1.02) 453/82,303 0.92 (0.77-1.09) 667/80,850 0.97 (0.83-1.13)  107/84,070  0.96 (0.65-1.42)
>5-8 4,500  452/89,914  0.82 (0.68-0.99) 496/89,827 0.91 (0.76-1.09) 728/88,482 0.92 (0.79-1.07)  120/92,039  0.94 (0.63-1.38)
>8-14 4,869  505/95,240  0.80 (0.66-0.96) 526/95,233 0.82 (0.68-0.97) 846/93,307 0.92 (0.79-1.07)  119/97,639  0.77 (0.52-1.15)
>14 1,590 166/31,032  0.80 (0.63-1.01) 191/30,793 0.85 (0.68-1.06) 284/30,333 0.93(0.77-1.12) 38/31,847 0.74 (0.45-1.21)
P-trend 0.12 0.01 0.61 0.08
Toppings, servings/week
<2 1,783  146/35,137 1 174/35,013 1 252/34,585 1 36/35,799 1
>2-7 4,237  381/83,694  0.99 (0.82-1.20) 386/83,971 0.91 (0.76-1.09) 622/82,515 0.96 (0.83-1.12) 90/85,626  0.97 (0.65-1.44)
>7-14 4,699  448/91,414  0.98 (0.81-1.18) 462/91,538 0.86 (0.72-1.03) 782/89,599 1.00 (0.87-1.16)  130/93,327  1.22(0.83-1.79)
>14-28 4,216  476/81,319  1.06 (0.87-1.29) 526/81,030 0.90 (0.75-1.098) 763/79,466 0.98 (0.84-1.14)  119/83,542  1.17 (0.78-1.74)
>28 1,846  238/34,225  1.30 (1.04-1.63) 298/34,105 1.08 (0.84-1.27) 332/33,988 1.02 (0.85-1.22)  44/35,477 1.09 (0.68-1.77)
P-trend <0.01 0.34 0.82 0.76
Sugar-sweetened beverages, servings/week
<1 9,609 968/185,693 1 1,041/185,809 1 1,608/182,216 1 243/190,184 1
>1-3 3,595 332/71,326  0.95(0.84-1.08) 370/71,146 0.98 (0.87-1.11) 555/70,123 0.94 (0.86-1.04) 86/72,854 0.97 (0.76-1.25)
>3-5 1,624 146/29,797  0.95 (0.80-1.14) 170/29,672 0.99 (0.84-1.17) 246/29,191 0.98 (0.85-1.12) 40/30,446 1.02 (0.72-1.44)
>5-8 1,053  115/20,430  1.07 (0.87-1.30) 130/20,466 1.04 (0.86-1.25) 171/20,260 0.97 (0.82-1.13) 26/21,096 1.00 (0.66-1.50)
>8 1,000 128/18,542  1.24 (1.02-1.51) 135/18,565 1.03 (0.86-1.25) 171/18,362 1.01 (0.86-1.20) 24/19,191 0.94 (0.61-1.47)
P-trend 0.02 0.72 0.91 0.75

E%, Energy percentage. PY, Person-years. HR, Hazard ratio. The associations were determined using multivariable Cox proportional hazards regression model and are expressed as
HR with a 95% confidence interval and P-value for the linear trend. All analyses were carried out with adjustment according to the main model: age, sex, season of dietary assessment,
diet method, energy intake, smoking status, educational level, leisure-time physical activity, alcohol consumption, body mass index, and dietary habits including intake of processed

meat, coffee, saturated fatty acids, and fiber density.

very low intakes (< 5 E%) (31), which could help explain the
increased risks observed at both ends of the added sugar intake
spectra the main results of our study. Significant inverse linear
associations between added sugar and micronutrient intake have
however been reported in the Malmé Diet and Cancer study
(32), which is consistent with the results of the sensitivity
analyses for stroke in this study. In our study, exclusion of
participants who had reported prior drastic diet changes, and
potential energy misreporters, resulted in an attenuation of
the increased risks of stroke found at added sugar <5 E%.
This indicates the role of dietary measurement error for the
observed increased risks in the lowest intake category prior to
sensitivity analyses.

The sensitivity analyses strengthened certain associations
while attenuating others, ultimately emphasizing that dietary
risk factors may vary between CVDs. In the sensitivity analysis

where solely the first reported diagnosis of the included outcomes
for each participant was studied, the association between
stroke and added sugar was slightly strengthened, and the
negative association between aortic stenosis and added sugar was
strengthened. Thus, it is possible that not taking comorbidities
into account could have steered the associations toward the
null. This tendency might be due to the different etiologies
of the studied diseases, highlighting the importance of taking
comorbidity into consideration. For example, aortic stenosis has
previously not been associated with dietary factors otherwise
strongly associated with many cardiovascular diseases, such as
dietary fiber intake or dietary patterns recommended for CVD
prevention (33).

Diets commonly recommended to decrease the risk of
CVD include the Mediterranean diet and The Dietary
Approaches to Stop Hypertension (DASH) (34, 35). Both
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TABLE 3 | Sensitivity analysis excluding diet changers, energy misreporters and individuals with prior incidence of other diagnoses (aortic stenosis, atrial fibrillation, stroke, coronary events or diabetes) for each
particular outcome.

Stroke Coronary events Atrial fibrillation Aortic stenosis
Intake n/Cases/PY HR (95% CI) n/Cases/PY HR (95% CI) n/Cases/PY HR (95% CI) n/Cases/PY HR (95% CI)
Added sugar, E%
<5 897/79/16,723 1 867/77/16,374 1 955/136/17,862 1 840/22/16,183 1
5-7.5 2,158/204/41,212 0.98 (0.75-1.28) 2,138/242/41,078 1.13(0.87-1.46) 2,297/343/43,653 0.94 (0.77-1.15) 2,009/54/39,546 0.88 (0.53-1.45)
7.5-10 3,091/392/59,891 0.94 (0.73-1.21) 3,049/326/58,896 1.02 (0.79-1.31) 3,349/561/63,995 0.98 (0.81-1.19) 2,858/69/57,113 0.69 (0.42-1.13)
10-15 4,174/421/80,383 0.90 (0.69-1.16) 4,137/479/79,858 0.96 (0.75-1.24) 4,452/697/84,944 0.86 (0.71-1.04) 3,854/101/76,795 0.70 (0.43-1.14)
15-20 1,103/132/20,934 1.08 (0.80-1.46) 1,086/138/20,370 0.99 (0.74-1.34) 1,181/209/21,924 1.02 (0.81-1.29) 990/18/19,388 0.50 (0.26-0.97)
>20 288/49/5,012 1.70 (1.15-2.51) 276/43/4,863 1.33(0.89-1.98) 279/40/5,047 0.95 (0.66-1.38) 245/6/4,561 0.80 (0.31-2.07)
P-trend 0.05 0.78 0.73 0.07
Treats, servings/week
<2 1,064/112/18,968 1 1,035/126/18,619 1 1,105/152/19,854 1 978/26/18,144 1
>2-5 2,990/293/57,219 0.94 (0.75-1.17) 2,945/325/56,720 1.02 (0.82-1.25) 3,175/474/60,401 1.03 (0.86-1.24) 2,767/69/54,691 0.86 (0.54-1.37)
>5-8 3,258/317/63,057 0.88 (0.71-1.10) 3,220/352/62,303 0.97 (0.78-1.20) 3,473/533/66,584 0.99 (0.83-1.19) 3,016/73/60,236 0.78 (0.49-1.24)
>8-14 3,348/351/64,483 0.86 (0.68-1.07) 3,309/367/63,910 0.86 (0.69-1.06) 3,613/616/68,899 1.00 (0.83-1.21) 3,076/80/61,429 0.70 (0.44-1.13)
>14 1,051/114/20,127 0.88 (0.66-1.17) 1,044/135/19,887 0.93 (0.72-1.21) 1,147/211/21,688 1.09 (0.87-1.37) 959/22/19,087 0.62 (0.34-1.15)
P-trend 0.47 0.05 0.55 0.14
Toppings, servings/week
<2 1,289/92/25,032 1 1,290/125/25,126 1 1,378/180/26,594 1 1,221/23/24,338 1
>2-7 3,008/272/58,634 1.14 (0.90-1.45) 2,940/255/57,855 0.86 (0.69-1.07) 3,199/461/61,920 1.02 (0.86-1.21) 2,800/62/56,270 1.09 (0.67-1.79)
>7-14 3,323/326/63,710 1.12(0.89-1.43) 3,259/339/62,762 0.88 (0.71-1.09) 3,581/585/68,068 1.05 (0.88-1.24) 3,078/87/60,949 1.25 (0.77-2.03)
>14-28 2,838/324/53,901 1.16 (0.91-1.49) 2,817/377/53,243 0.90 (0.73-1.12) 3,059/545/57,274 1.01 (0.84-1.21) 2,5687/70/50,944 1.12(0.67-1.85)
>28 1,253/173/22,578 1.39 (1.05-1.84) 1,247/209/22,452 0.94 (0.74-1.21) 1,296/215/23,570 0.98 (0.79-1.22) 1,110/28/21,084 1.11 (0.60-2.04)
P-trend 0.04 0.96 0.51 0.40
SSBs, servings/week
<1 6,751/671/128,328 1 6,654/734/126,912 1 7,270/1,190/136,921 1 6,233/153/122,511 1
>1-3 2,539/241/49,787 0.99 (0.85-1.14) 2,5609/267/49,212 0.99 (0.86-1.14) 2,690/390/52,510 0.90 (0.80-1.01) 2,361/61/47,824 1.09 (0.80-1.47)
>3-5 1,048/105/20,183 1.08 (0.83-1.27) 1,041/123/20,063 1.04 (0.86-1.27) 1,118/175/21,189 0.98 (0.83-1.15) 969/27/19,276 1.13(0.74-1.73)
>5-8 711/82/13,695 1.10(0.87-1.39) 696/87/13,427 0.96 (0.77-1.21) 744/115/14,316 0.89 (0.73-1.08) 645/16/12,932 1.02 (0.60-1.72)
>8 662/88/11,862 1.30 (1.03-1.65) 653/94/11,824 1.08 (0.86-1.35) 691/116/12,491 1.01 (0.83-1.23) 588/13/11,041 0.98 (0.54-1.76)
P-trend <0.01 0.92 0.90 0.72

E%, Energy percentage. PY, Person-years. HR, Hazard ratio. SSBs, Sugar-sweetened beverages. The associations were determined using multivariable Cox proportional hazards regression model and are expressed as HR with a 95%
confidence interval and P-value for the linear trend. All analyses were carried out with adjustment for age, sex, season of dietary assessment, diet method, energy intake, smoking status, educational level, leisure-time physical activity,
alcohol consumption, body mass index, and dietary habits including intake of processed meat, coffee, saturated fatty acids, and fiber density.
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of the mentioned diets emphasize intake of unsaturated fats,
lean meats and high-quality carbohydrates such as fruits
and vegetables combined with limited intake of saturated
fat, cholesterol and salt. Only the DASH diet explicitly
recommends restricting added sugar intake, though generally,
Mediterranean style diets tend to be low in added sugar
as well (34, 35). As the associations between added sugar
intake and CVD incidence are not yet fully known, we
believe that the results of this study provide an important
contribution to the future development of dietary guidelines for
CVD prevention.

A major strength of this study was the large sample size,
which allowed for rigorous sensitivity analyses. However, as the
number of aortic stenosis cases was very low in the highest
intake category, and especially in sensitivity analyses, an even
larger study sample would have been beneficial for studying this
outcome. Additional strengths of the Malmé Diet and Cancer
Study include the comprehensive dietary assessment, as well
as the ability to exclude diet changers and potential energy
misreporters. Although the added sugar intakes in this study are
based on estimations, the estimated intakes correspond well with
those reported in national health surveys (6).

To isolate the studied diet-outcome associations, we adjusted
for many confounders using a pre-specified model based on
existing literature, though some residual confounding may
exist. For example, reliable data on sodium intake, which
national surveys have reported to exceed the recommended
intakes (6, 36), and trans-fatty acid (TFA) intake were not
available from the Malmé Diet and Cancer Study. Thus, they
were not adjusted for despite them being established risk
factors of CVD (1). Although the national average intake
of TFA is ~0.5 E% (6), which is below the Food and
Agriculture Organization of the United Nations recommended
upper limit of 1 E% (37), it cannot be ruled out that the
participants’ intakes of trans-fatty acid intake or sodium have
affected the results. Due to the nature of observational studies
regarding risk of confounding, randomized controlled trials
are ultimately required to be able to draw any conclusions
about causality.

Baseline data were collected between 1991 and 1996, and
lifestyle and dietary patterns may therefore differ from those of
today’s population. For example, the consumption of chocolate
and confections has increased drastically between 1990 and 2017,
and the consumption of SSBs has more than doubled during the
same time period (38). Additionally, the consumption patterns
of added sugar and sugar-sweetened foods and beverages may
also differ between countries and age groups, further affecting the
generalizability of the study results.

Dietary recommendations regarding added sugar intake
vary globally, but the Nordic Nutrition Recommendations
state that added sugar intake should not exceed 10 E%,
with the basis mainly being prevention of caries, overweight,
secondary diseases and micronutrient dilution (20, 32). The
World Health Organization has a similar recommendation
for free sugars, recommending it should be kept below 10
E%, and also suggest further reducing the intake to below

5 E% (21). According to a national survey from year 2010
to 2011, the average intake of added sugar in Sweden was
estimated to be 9.6 E%, with ~40% of the Swedish population
failing to achieve the national recommendation (6). The
findings of this study do not support a reduction of the
upper recommended limit of 10 E% to 5 E%, but a general
reduction of added sugar intake and SSB consumption in the
population could be beneficial for prevention of stroke and
coronary events.

CONCLUSION

The results of this study indicate that the associations vary,
both between different CVDs and different sources of added
sugar. Added sugar intakes of >20 E% were associated with
increased risks of incident stroke and coronary events, while
the lowest intake category of added sugar was indicated to
have the highest risk of atrial fibrillation and aortic stenosis.
High intakes of SSBs (>8 servings/week) were associated
with increased stroke risk, while consumption of treats was
negatively associated with risks of stroke, coronary events
and atrial fibrillation. The findings indicate that a general
reduction of added sugar and SSB consumption in the
population could be beneficial for prevention of stroke and
coronary events.
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A poor diet is one of the leading causes for non-communicable diseases. Due to the
increasing prevalence of overweight and obesity, there is a strong focus on dietary
overconsumption and energy restriction. Many strategies focus on improving energy
balance to achieve successful weight loss. One of the strategies to lower energy intake
is refraining from sugars and replacing them with artificial sweeteners, which maintain
the palatability without ingesting calories. Nevertheless, the safety and health benefits of
artificial sweeteners consumption remain a topic of debate within the scientific community
and society at large. Notably, artificial sweeteners are metabolized differently from each
other due to their different properties. Therefore, the difference in metabolic fate of
artificial sweeteners may underlie conflicting findings that have been reported related
to their effects on body weight control, glucose homeostasis, and underlying biological
mechanisms. Thus, extrapolation of the metabolic effects of a single artificial sweetener to
all artificial sweeteners is not appropriate. Although many rodent studies have assessed
the metabolic effects of artificial sweeteners, long-term studies in humans are scarce. The
majority of clinical studies performed thus far report no significant effects or beneficial
effects of artificial sweeteners on body weight and glycemic control, but it should
be emphasized that the study duration of most studies was limited. Clearly, further
well-controlled, long-term human studies investigating the effects of different artificial
sweeteners and their impact on gut microbiota, body weight regulation and glucose
homeostasis, as well as the underlying mechanisms, are warranted.

Keywords: artificial sweeteners, obesity, type 2 diabetes mellitus, insulin resistance, gut microbiota

INTRODUCTION

Diet is among the most important health influencers. Along with globalization and economic
growth, a shift in dietary habits has occurred since 1970 (1, 2). Energy intake has increased along
with the consumption of animal fat and energy-dense foods, while fiber intake has decreased (2).
This dietary shift contributes to the rise of non-communicable diseases, including obesity, type 2
diabetes mellitus (T2DM), cardiovascular disease, and cancer (3-5). A poor diet was found to be
the leading risk factor of death and third leading risk factor for disability-adjusted life-years loss
in the United States (6). Globally, 11 million deaths and 255 million disability-adjusted life-years
were attributable to dietary risk factors in 2017 (7). Due to the increasing trends in overweight
and obesity, there is a strong focus on dietary overconsumption and energy restriction. In 2016,
there were more than 1.9 billion overweight adults and 650 million obese adults, representing a
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global prevalence of 13% (8). Beside adults, the prevalence of
childhood obesity has also increased dramatically worldwide.
Over 340 million children and adolescents (5-19 year of age)
were overweight or obese in 2016 (8).

However, obesity and its associated metabolic disorders,
including T2DM, cardiovascular disease, and fatty liver disease,
are preventable. Many strategies exist to achieve successful
weight loss by improving dietary habits and energy balance.
However, even more challenging than achieving weight loss
is the maintenance of body weight after weight loss (9). The
intake of sugar contributes to the overall energy density of
diets, thereby promoting obesity (10, 11). In particular the
consumption of sugar-sweetened beverages has been associated
with cardiometabolic complications, driven by an increased
energy intake and obesity (12). Therefore, one common approach
to improve energy balance is to refrain from sugars by replacing
them with artificial sweeteners. Although the World Health
Organization (WHO) recommends free sugar intake of <10% of
total energy intake, preferably <5% of total energy intake as a
conditional recommendation, a large proportion of the European
population appears to exceed this threshold, especially children
(13). For instance, 81% of the Dutch population does not fulfill
this recommendation as the intake of free sugars equals ~14% of
total energy intake in the Netherlands (14).

As artificial sweeteners offer a sweeter taste without
calories, the replacement of sugars with these sweeteners
seems promising in reducing sugar and energy intake. Meta-
analyses of Randomized Controlled Trials (RCTs) have shown
that daily energy intake (after 4 or 10 weeks) and sugar intake
(after 4 weeks) were lower in healthy, overweight, and obese
individuals receiving artificial sweeteners as a replacements
of sugars in the diet (15). Sweeteners are classified as natural
sweeteners and artificial sweeteners. Artificial sweeteners are
further classified as nutritive and non-nutritive sweeteners,
depending on whether they contain calories. The nutritive
sweeteners include the monosaccharide polyols (e.g., xylitol,
mannitol, and sorbitol) and the disaccharide polyols (e.g., lactitol
and maltitol). The non-nutritive sweeteners, known as artificial
sweeteners, include substances from different chemical classes
that are 30-13,000 times sweeter than sucrose (16). Artificial
sweeteners are metabolized differently and have different
properties, including sweetness intensity, persistence of sweet
taste, coating of the teeth, and aftertaste effects (15). Therefore,
each sweetener is unique and may affect the perceived taste or
use in food applications differently (17). Sweetener consumption
is highly prevalent in both adults and children and is expected to
increase even more in the near future. In the United states, ~25%
of children and >41% of adults consumed artificial sweeteners
in 2009-2012, representing a 200% increase in consumption
in children and a 54% increase among adults compared to
data from 1999 to 2000 (18). Between these decades, a rise in
food products containing artificial sweeteners occurred with
more than 6,000 new products launched in the United states
alone (19). Currently, six different artificial sweeteners are
approved by the Food and Drug Administration (FDA) as food
additives in the United States, including saccharin, sucralose,
aspartame, advantame, acesulfame-potassium, and neotame

(20). Furthermore, thaumatin, steviol glycosides, obtained
from the leaves of Stevia plant, and Luo Han Guo fruit extracts
have been granted the Generally Recognized as Safe (GRAS)
status by the FDA (20, 21). In the European Union, the range
of approved artificial sweeteners is broader, as cyclamate,
aspartame-acesulfame salt, and neohesperidin dihydrochalcone
are also approved by the EU Scientific Committee on Food
(22-24). Other artificial sweeteners have not been assessed yet or
are declared as unsafe for usage.

Despite the fact that many national authorities have
recognized artificial sweeteners as safe and well-tolerated, a
lot of controversies about the effects of sweeteners on human
health still exist. Whereas, some longitudinal cohort studies
show an association between artificial sweeteners consumption
and reduced risk of T2DM, overweight and obesity, other
observational studies have yielded opposite findings (25-28).
Furthermore, longitudinal cohort studies found a positive
association between the consumption of artificial sweeteners
and the risk of hypertension, stroke, and cardiovascular events
(29). Thus, although the use of artificial sweeteners seem
promising in assisting weight loss, artificial sweeteners have been
linked to a variety of health concerns, including obesity and
its related cardiometabolic disturbances (29-31). Importantly,
however, it cannot be excluded that the associations found in
these observational and prospective cohort studies studies are
largely explained by an increase in artificial sweetener intake
to compensate for an unhealthy diet or lifestyle in general
(reverse causation). The safety and health benefits of artificial
sweeteners consumption remain controversial. Considering the
rising prevalence of obesity and T2DM along with the increased
consumption of artificial sweeteners, it is important to clarify
their health benefits and/or harms (18, 32, 33). Therefore,
the physiological health effects of artificial sweeteners should
be elucidated.

In this review, we provide an overview of the physiological
effects of artificial sweeteners on body weight control and
glucose homeostasis. Furthermore, the pharmacokinetics of the
commonly used artificial sweeteners will be addressed to identify
the controversies of the existing evidence surrounding their use.
Subsequently, effects of artificial sweeteners on body weight and
glycemic control will be discussed.

METHODS

Ample data is available on the effects of artificial sweeteners on
body weight and glucose homeostasis. Nevertheless, fewer studies
are available reporting the effects of specific artificial sweeteners.
A review of the literature was conducted using PubMed
databases in the period January-April 2020. The following
search terms were used for artificial sweeteners: “artificial
sweeteners” OR “non-caloric sweeteners” OR “non-nutritive
sweeteners” OR “aspartame” OR “sucralose” OR “acesulfame
potassium” OR “acesulfame-K” OR “steviol glycoside” OR
“rebaudioside” OR “saccharin.” Different combinations of search
terms were used, with and without the artificial sweetener
search term, including pharmacokinetics (MeSH terms), body
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weight (MeSH terms), adiposity (MeSH terms), caloric intake
(MeSH terms), sweet taste receptors (MeSH terms), gut-brain
axis (MeSH terms), adipogenesis (MeSH terms), microbiota
(MeSH terms), short chain fatty acids (MeSH terms), free
fatty acid receptors (MeSH terms), energy expenditure (MeSH
terms), glucose homeostasis (MeSH terms), insulin secretion
(MeSH terms), and inflammation (MeSH terms). Articles written
in English language were included. No data restrictions were
applied. Reference lists of relevant systematic reviews were
screened to identify further relevant citations. Human studies
were mainly selected for this review to address the effect of
artificial sweeteners on parameters related to body weight or
adiposity and glucose homeostasis. In case of limited or lacking
human data, rodent studies and in vitro studies were also
considered. Studies in healthy adults as well as adults living with
overweight, obesity or diabetes were included. RCTs (including
weight-loss studies), prospective cohort studies, cross-sectional
studies, and meta-analyses were included in the literature search.
Studies included the use of artificial sweeteners solely, without
carbohydrate or caloric content modification, unless specified
otherwise. Studies with children (<18 years), pregnant women,
or individuals with acute or chronic diseases other than obesity
and diabetes were excluded. Furthermore, studies that did not
specify the type of artificial sweetener were excluded. We have
identified 5 meta-analyses of RCTs or RCTs studying the effects of
specific artificial sweeteners on adiposity and 20 meta-analyses of
RCTs or RCTs studying the effects of specific artificial sweeteners
on glucose homeostasis as indicated in Tables 1, 2, respectively.
Retrieved papers were first screened by title and subsequently by
abstract based on the criteria. Full papers were reviewed in case
the abstract was insufficient to determine the eligibility. Endnote
X8 was used for the management of articles and citations. In total,
164 publications were identified that matched these criteria.

PHARMACOKINETICS

To determine safety of artificial sweeteners the FDA considers
probable intake, cumulative effects from all uses, and
toxicological data in animals. The European Food Safety
Authority (EFSA) evaluates and confirms that the intake of
artificial sweeteners, within the acceptable daily intake (ADI),
does not cause cancer or other health-related problems, and
are therefore safe for human consumption (56, 57). Although
authorities consider artificial sweeteners as safe as they do not
pose any health-related problems, when consumed within the
ADI, no specific safety claims have been made about the effects
of sweeteners on non-communicable diseases, such as obesity
and T2DM. Despite the fact that several artificial sweeteners
are tested for pharmacological and toxicological aspects, the
concerns about the effects of unmetabolized compounds on
non-communicable diseases still exist. Artificial sweeteners have
distinct structures and are metabolized differently as some but
not all are digested or fermented (Figure 1). The most common
artificial sweeteners such as acesulfame potassium, saccharin,
aspartame, sucralose, and steviol glycoside will be discussed in
the present review.

Acesulfame Potassium

Acesulfame  potassium  (acesulfame-K)  (6-Methyl-1,2,3-
oxathiazin-4(3H)-one  2,2-dioxide), belonging into the
oxathiazinodioxide class of chemicals, is a white crystalline
powder and is ~200 times sweeter compared to sucrose (58, 59).
Due to the higher intensity and the longer persistence of the
sweetness, acesulfame-K is used in a wide range of products,
mainly soft drinks. Although this sweetener contains potassium,
its intake does not influence systemic potassium levels (60).
Acesulfame-K is not metabolized by the body (61). Following
ingestion, acesulfame-K is completely absorbed into the systemic
circulation and distributed (58, 62) (Figure 1). The absorption
of acesulfame-K is very rapid, thereby making it unlikely that it
will reach the lower gastrointestinal (GI) tract to impact the gut
microbiota upon administration of a normal ADI-dosage (63).
Within 24h after ingestion, acesulfame-K is primarily excreted
via the kidneys into the urine (>99%), with <1% excreted in
feces (58, 62).

Saccharin

Saccharin (1,1-dioxo-1,2-benzothiazol-3-one) is available in
three different forms: in acid form, or bound to sodium or
calcium (64). The most common form is sodium salt due to
its high solubility and stability. Saccharin is ~300 times sweeter
than sucrose (62, 64). Similarly to acesulfame-K, saccharin
is not metabolized by the body (65). Therefore, the FDA
considers saccharin as safe (20). After ingestion of saccharin,
~85-95% is absorbed and bound to plasma proteins to be
distributed via blood (58) (Figure 1). Thereupon, the saccharin
is excreted in the urine, while the remaining 5-15% passes
through the GI-tract entirely to be eliminated in the feces
unchanged (58, 66). Therefore, a fraction of saccharin that is
not immediately absorbed is able to affect the gut microbiota
composition (58).

Aspartame

Aspartame ((3S)-3-amino-4-[[(2S)-1-methoxy-1-ox0-
3-phenylpropan-2-ylJamino]-4-oxobutanoic acid) is
approximately 200 times sweeter than sucrose (58). In contrast
to other artificial sweeteners, aspartame contains 4 calories
per gram. Nevertheless, due to the sweetening intensity, only
a small amount of aspartame is used in products to achieve
sweetness. Therefore, few calories are derived from aspartame in
sweetener products. Upon ingestion, aspartame is broken down
in the small intestine by esterases and peptidases to aspartic
acid, phenylalanine, and methanol (16, 67) (Figure 1). Only
the hydrolyzed components are absorbed into the circulation
and metabolized following their normal metabolic pathways
(68). Methanol is metabolized in the liver, while aspartate acid
and phenylalanine enter the free amino acid pool. Thereupon,
the components are taken up by peripheral tissues, utilized for
protein synthesis and metabolism, and excreted. Aspartame does
not accumulate in the body as it is rapidly digested (57). Neither
aspartame nor its components reach the colon. Therefore,
aspartame is not able to affect the gut microbiota (58, 69).
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TABLE 1 | Characteristics of human studies investigating the effect of specific artificial sweeteners on body weight or adiposity.

References Study type Duration Participants Dosage artificial Comparator Adiposity Statistical
sweetener measure significance
Aspartame
(34) Meta-analysis Acute—16 weeks Obese, T2DM 162 mg, ad libitum, or Sucrose or water Body weight N.S.
500 ml beverage
(34) Meta-analysis Acute Obese, T2DM 162 mg or 500 ml Sucrose Body weight N.S.
beverage
Steviol glycoside
(35) Meta-analysis 90 days—2 years Healthy, T1DM, 3.75-1,5600 mg/day  Placebo (talcum, BMI N.S.
T2DM maize starch or
unspecified)
Saccharin
(36) RCT 12 weeks Overweight, obese  1.25-1.75 L/daily Sucrose Body weight N.S.
Sucralose
37) RCT 7 days Healthy 780 mg/day Placebo (calcium Body weight N.S.
carbonate)
(38) RCT 14 days Healthy 36 mg/day in Control group Body weight and N.S.

commercial sachets BMI

RCT, Randomized Controlled Trial; T2DM, Type 2 Diabetes Mellitus; T1DM, Type 1 Diabetes Mellitus; BMI, body mass index; N.S, non-significant.

Sucralose

Sucralose (2R,3R,4R,5R,6R)-2-[(2R,3S,4S,5S)-2,5-bis
(chloromethyl)-3,4-dihydroxyoxolan-2-yl]oxy-5-chloro-6-
(hydroxymethyl)oxane-3,4-diol) is very similar to sucrose in
structure. However, the three hydroxyl groups attached to
the sucrose molecule are replaced by chlorine atoms, thereby
changing the confirmation of the molecule, to form sucralose
(58). Thus, glycosidic enzymes are unable to recognize and digest
sucralose. Although sucralose is made from sugar, it provides no
calories as it is not digested in the body (16, 70). Sucralose is 600
times sweeter compared to sucrose. Most of the sucralose passes
through the GI tract entirely to be directly eliminated in the feces,
whereas a small amount (11-27%) is absorbed and is directed
toward the kidneys to be excreted in the urine (71) (Figure 1).
Nevertheless, sucralose was found to be non-nutritive to bacteria
and resistant to fermentation, while affecting microbiota through
bacteriostatic effects (72).

Steviol Glycoside

Steviol glycosides (13-Hydroxykaur-16-en-18-oic acid) are the
chemical compounds responsible for the sweet taste and can
be found on the leaves of the South American plant Stevia
rebaudiana (73). Steviol glycosides are ~100 to 300 times
sweeter compared to sucrose (73). Steviol glycosides cannot be
hydrolyzed by the digestive enzymes and acids present in the
upper GI tract (58, 74). Nevertheless, the microbiota in the
colon, primarily Bacteroides, is able to degrade steviol glycosides
(75). Therefore, steviol glycosides are able to modulate the gut
microbiota as they encounter it directly. Steviol glycoside is
degraded by cleavage of the glycoside linkage, thereby forming
steviol, steviolbioside, and glucose (76-78) (Figure 1). In turn,
steviolbioside will be converted to steviol (78). The formed
glucose is either utilized by colonic bacteria or absorbed,
metabolized, and excreted into the expired air as carbon dioxide

and water, while steviol is absorbed and enters the liver via the
portal vein (79, 80). Nonetheless, the entry of steviol into the
portal vein is slow due to the slow metabolization by the colonic
bacteria, depending on the species (81). In the liver, steviol is
glucoronidated and excreted into the urine (82, 83).

Body Weight and Adiposity

An increased body weight and adiposity develop under
conditions of a positive energy balance. The regulation of energy
balance is a complex process that involves homeostatic regulation
of energy intake and energy expenditure. Although artificial
sweeteners are as sweet or even sweeter than natural sugars,
the caloric content and the metabolism routes are different.
Therefore, it is likely that artificial sweeteners may affect energy
balance, and thus body weight, differently compared to natural
sugars via underlying physiological processes comprising the
gut microbiota, the reward-system, and adipogenesis (Figure 2).
Considering the increase in the prevalence of overweight and
obesity and the rising interest in losing weight, preventing weight
gain and maintaining weight loss, it is important to elucidate
the effects of artificial sweeteners on body weight control. Meta-
analysis, based on RCTs, showed that there is no significant
difference in body weight change between overweight and lean
individuals consuming artificial sweeteners compared to those
receiving sugars or cellulose as placebo for <6 months (15).
Furthermore, Azad et al. (29) reported no significant effects
of artificial sweeteners on weight change compared to sugar
or water in people living with obesity, based on meta-analysis
of long-term RCTs (>6 months). Interestingly, however, other
meta-analysis of RCTs (4 weeks to 40 months) showed that the
intake of artificial sweeteners resulted in reduced body weight
in overweight and lean individuals compared to sugar or water
(84). Notably, however, this meta-analysis included 4 out of 12
intervention studies carried out in the context of a weight loss
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TABLE 2 | Characteristics of human studies investigating the effect of specific artificial sweeteners on glucose homeostasis.

References Study type  Duration Participants Dosage artificial sweetener Comparator Measure of glucose homeostasis Statistical
significance

Aspartame

(39) RCT Acute Healthy 169 mg Water Glucose levels N.S

(40) RCT Acute Obese 500 ml beverage Water Glucose levels N.S.

(43) RCT Acute T2DM 400 mg in beverage Unsweetened flavored beverage Gilucose levels N.S.

(44) RCT Acute Healthy, overweight 250 mg Water Glucose levels N.S.

(45) RCT Acute Healthy 400 mg Placebo (corn flour) Glucose levels N.S.

(46) RCT Acute Healthy, T2DM 72mg Water Glucose levels N.S.

(47) RCT 2 weeks Healthy 425 mg/day - Glucose levels, HbA1c N.S.

(48) RCT 2 weeks Diabetic (not specified) 125 mg/day - Glucose levels N.S.

(49) RCT 6 weeks T2DM 163 mg/day Sucrose Glucose levels, HbA1c N.S.

(50) RCT 18 weeks T1DM, T2DM 270 mg/day Placebo (corn starch) Glucose levels, HbA1c N.S.

Steviol glycoside

(35) Meta-analysis 3-6 months  Healthy, TIDM, T2DM  3.75-1,500 mg/day Placebo (talcum, starch or unspecified) HbA1c N.S.

(35) Meta-analysis  3-24 months  Healthy, TIDM, T2DM  3.75-1,500 mg/day Placebo (talcum, starch or unspecified) Glucose levels N.S.

Saccharin

(43) RCT Acute Healthy, TIDM, T2DM  135mg in beverage Unsweetened flavored beverage Glucose levels N.S.

Acesulfame-K

(39) RCT Acute Healthy 220mg Water Glucose levels N.S.

Sucralose

(39) RCT Acute Healthy 62mg Water Glucose levels N.S.

(61) RCT Acute Healthy 60mg Glucose Glucose levels N.S.

(52) RCT Acute Healthy 50 ml beverage Water Glucose levels N.S.

(53) RCT Acute Healthy 80 mg infusion Saline infusion Glucose levels N.S.

(42) RCT Acute Healthy 960 mg infusion Saline infusion Glucose levels N.S.

(46) RCT Acute Healthy, T2DM 24mg Water Glucose levels N.S.

(54) RCT 10 days Healthy 60 mg in beverage - Insulin sensitivity N.S.

(54) RCT 10 days Healthy 60 mg + maltodextrin - Insulin sensitivity 1, P <0.043

(47) RCT 2 weeks Healthy 0.136 mg/day - Insulin sensitivity N.S.

(38) RCT 2 weeks Healthy 36 mg/day + maltodextrin/ dextrose ~ Control group Insulin sensitivity —17.7%,P < 0.04

(55) RCT 13 weeks T2DM 667 mg/day Placebo (cellulose) HbA1c N.S.

Acesulfame-K, acesulfame potassium; RCT, Randomized Controlled Trial; T2DM, Type 2 Diabetes Mellitus; T1DM, Type 1 Diabetes Mellitus;, HbATc, glycated hemoglobin; N.S, non-significant.
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FIGURE 1 | Overview of the major routes of absorption, digestion, metabolism, and excretion of different types of artificial sweeteners. (A) Acesulfame-K, saccharin,
and sucralose. Acesulfame-K is completely absorbed into the systemic circulation to be excreted in the urine via the kidneys. The majority of saccharin is absorbed
and distributed, while the remaining amount passes the gastrointestinal tract to be eliminated in the feces. Most of the sucralose passes the gastrointestinal tract to be
eliminated in the feces, while a small amount is directed toward the kidneys to be excreted in the urine. (B) Aspartame and steviol glycoside. Aspartame is digested in
the small intestine and the hydrolyzed components are absorbed and metabolized following their normal metabolic pathways. Steviol glycoside is fermented by the
gut microbiota to form steviol, which is absorbed into the liver and excreted in the urine. Acesulfame-K, acesulfame potassium.

program (84). Nevertheless, these findings strongly suggest that ~ was found due to different treatment patterns for aspartame
artificial sweeteners may have neutral or beneficial effects on  and sugar or water. Similarly, meta-analysis, based on RCTs,
long-term body weight control. showed no effect of steviol glycoside consumption on BMI

Considering  specific types of artificial sweeteners, compared to talcum, maize starch, or unspecified matching
meta-analyses, based on RCTs, showed no effect of aspartame  placebo in healthy individuals and patients with diabetes (35).
consumption on body weight compared to sugar or water  Additionally, subgroup analyses showed no significant effect
in individuals with either obesity or T2DM (34) (Table1). of steviol glycoside on BMI in either healthy individuals and
Only studies wherein aspartame was evaluated alone were  patients with diabetes. The results indicate that these artificial
included in the meta-analyses to clarify the specific effects of  sweeteners do not affect body weight. However, the effects of
aspartame without interference of results obtained due to the  acesulfame-K and saccharin can still be debated, as there is
consumption of other sweeteners. However, large heterogeneity = no consistent evidence, and meta-analyses are lacking. More
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FIGURE 2 | Overview of the mechanisms of how artificial sweeteners may affect physiological processes involved in body weight regulation. Artificial sweeteners
interact with T1R-family of sweet-taste receptors in the oral cavity and gastrointestinal tract, thereby able to affect satiety and, in turn, energy intake and body weight.
However, in vivo studies have shown no effect of artificial sweeteners on the secretion of incretins. Furthermore, several artificial sweeteners may reach the adipose
tissue to interact with T1R-family of sweet-taste receptors and affect adipogenesis and, in turn, body weight. Moreover, several artificial sweeteners are able to induce
gut microbiota alterations. Thereupon, SCFA production is enhanced. It can be speculated that SCFA may, in turn, increase energy expenditure due to enhanced lipid
oxidation and affect satiety by modulating gut-brain signaling via incretins. Dashed lines indicate that the effect is dependent on type of artificial sweetener and/or that
results are inconsistent or hypothetical. SCFA, short chain fatty acids; GPCR; G-protein coupled receptor; T1R2, taste receptor type 1 member 2; T1R3, taste
receptor type 1 member 3.

specifically, one study that used the ADI-dosage for human to increase body weight in mice compared to water, sucrose or
consumption (15 mg/kg/day) showed no effect on body weight  glucose, whereas other studies in rodents have shown reduced
in mice after 8 weeks of acesulfame-K consumption, while  or unchanged body weight compared to mice receiving water,
another study shows an increase in body weight by exceeding  glucose, fructose or sucrose (87-94). However, the absorption
the ADI more than 2-fold (37.5 mg/kg/day) after 4 weeks in  of saccharin is lower in rodents compared to humans due to
mice (85, 86). Furthermore, saccharin consumption was found  a relative higher stomach pH in rodents (92). Furthermore,
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differences in perception of sweetness for individual artificial
sweeteners exist between different rodent species and strains
(95). Therefore, perception and post-ingestive responses of
rodents might differ from humans. Nevertheless, human data on
the effect of acesulfame-K on body weight is currently lacking.
Moreover, human data on the effect of saccharin on body weight
is scarce with only one study showing no significant effects on
body weight after 12 weeks of saccharin consumption compared
to sucrose in overweight and obese individuals (36). Moreover,
sucralose consumption has been reported to have no effect
on body weight in mice compared to water, and in human
studies compared to placebo (calcium carbonate) or control
(no-intervention) (37, 38, 85, 88, 96). Notably, contradictory
results from rodent studies for the effect on body weight exist
only for acesulfame-K and saccharin, which are largely or
entirely absorbed in their intact form, thereby being able to
reach the peripheral tissues. Consistently, rodent and human
studies found no effect of sucralose on body weight as only a
small amount is absorbed in its intact form, thereby reaching
the microbiota in a larger amount compared to acesulfame-K
and saccharin (37, 38, 85, 88, 96). As artificial sweeteners have
different metabolic fates, differences in physiological effects
affecting energy balance and adiposity should be elucidated.

THE INTERACTION BETWEEN ARTIFICIAL
SWEETENERS, REWARD, AND ADIPOSITY

Reward

As artificial sweeteners contain no or low amounts of calories,
one might expect that these sweeteners may contribute to lower
energy intake and thus body weight reduction. Nevertheless,
controversies exist whether artificial sweeteners affect appetite,
hunger, and eating behavior, and if these effects are beneficial or
not. One driving aspect in eating behavior is the reward of food.
The reward system plays an important role in regulating energy
intake, and can be divided into sensory and post-ingestive reward
(19, 97). After ingestion of either natural sugars or artificial
sweeteners, gustatory information is perceived by sweet taste
receptors, which are heterotrimeric G-protein coupled receptors
(GPR) consisting of two subunits, namely taste receptor type
1 member 2 (T1R2) and 3 (T1R3) (98, 99). The sweet taste
receptors are located in taste buds in the oral cavity and outside
the oral cavity, including the intestine and pancreatic B-cells
(100). The binding sites of sweet taste receptors are different for
artificial sweeteners and natural sugars (101). Upon interaction
of sweet compounds to the sweet receptor TIR2/T1R3, the
heterotrimeric G protein, a-gustducin, is activated (102). As
a result, the subunits GBy are dissociated and can interact
with phospholipase CB2 (PLC-B2), which in turn increases
production of inositol 1,4,5-triphosphate and diacylglycerol
(103). Consequently, the transient receptor potential cation
channel subfamily M member 5 is activated, thereby increasing
intracellular calcium and neurotransmitter release (104-106). As
artificial sweeteners and natural sugars bind differently to the
sweet taste receptors, the gustatory branch is activated differently
as well (19, 101). Thereupon, artificial sweeteners may generate

weaker signals that are sent to areas involved in reward and
satisfaction, as consistently demonstrated by using functional
Magnetic Resonance Imaging (fMRI) in several randomized
cross-over trials (107, 108).

Likewise, the ingestion of artificial sweeteners induces a
signaling cascade outside of the oral cavity. Within the GI tract,
sweet taste receptors are primarily located on enteroendocrine L-
and K-cells (104). The signal transduction pathway is similar as
in cells present in the oral cavity. Upon ligand binding of natural
sugars to sweet taste receptors, enteroendocrine L-cells secrete
glucagon-like peptide-1 (GLP-1) and peptide YY (PYY), whereas
K-cells secrete glucose-dependent insulinotropic peptide (GIP)
(100). These hormones are able to cross the semi-permeable
blood-brain barrier, thereby reaching the hypothalamus and
affecting food intake by reducing appetite and increasing
satiety (41). However, artificial sweeteners may not be potent
secretagogues for GLP-1, PYY, and GIP to the same extent
in vivo as natural sugars, since the secretion is nutrient-
dependent (39, 109, 110). For instance, aspartame is digested
and absorbed before reaching the lower GI tract to bind to the
sweet taste receptors. Acesulfame-K, sucralose, steviol glycoside,
and saccharin pass through the lower GI tract to be absorbed,
digested or eliminated directly. Consistently, mice studies and
human crossover trials in lean and obese individuals have shown
no significant effects of artificial sweeteners on incretin secretion
(39, 40, 42, 51-53, 111, 112). In addition to the lack of an
effect on incretin secretion, two human crossover studies showed
no effect on appetite upon sucralose or aspartame-sweetened
diet coke consumption in healthy and obese individuals (40,
52). Furthermore, randomized cross-over trials showed weaker
reward and satisfaction signals upon aspartame or sucralose
ingestion in healthy individuals, thereby suggesting that caloric
intake is required in evoking a hypothalamic response (107,
108). Therefore, it has been suggested that artificial sweeteners
do not activate the food reward pathways in the same way
as natural sugars. The elimination of the post-ingestive reward
holds true for non-caloric artificial sweeteners, whereas the intake
of artificial sweeteners in the presence of carbohydrates may
elicit post-ingestive incretin responses, as demonstrated using
sucralose-sweetened beverages (54). Based on the above, it can
be postulated that artificial sweeteners solely offer less reward
compared to natural sugars, although it should be emphasized
that the differences in reward response has not been shown in
the context of a whole-meal approach or diets, where sugar was
replaced by artificial sweeteners.

Energy Intake

The lack in complete satisfaction may drive the assumption
that artificial sweeteners fuel food seeking behavior, thereby
contributing to increased or no differences in energy intake.
However, less satisfaction does not necessarily translate into
compensatory (excess) energy intake (113-116). RCTs have
shown that the reduced caloric intake by replacing natural
sugars with artificial sweeteners is not completely compensated
(117, 118). As a result, energy intake after the use of artificial
sweeteners is still lower compared to natural sugars, even
after putative compensatory energy intake. Therefore, the
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compensatory energy intake does not seem to pose a threat
to weight gain and may aid in weight loss (maintenance).
Furthermore, meta-analysis of acute RCTs (<1 day) showed that
artificial sweeteners decrease energy intake in comparison to
caloric sweeteners in overweight and lean individuals, whereas
no difference was found in comparison with water (84). In
a meta-analysis of long-term RCTs (4 weeks to 40 months),
artificial sweeteners were found to decrease energy intake
compared to caloric sweeteners or water (84). Similarly, a meta-
analysis including RCTs with a study duration of 4-10 weeks
showed reduced energy and sugar intake in lean and overweight
individuals consuming artificial sweeteners compared to those
receiving sugar (15). Taken together, these findings suggest that
compensatory energy intake during consumption of artificial
sweeteners does not seem to occur in the short- and long-term, or
at least does not completely compensate for the reduced caloric
intake compared to sugar intake.

Adipogenesis

Sweet taste receptors are expressed in many organs, including
adipose tissue (119). Not all artificial sweeteners will reach
the adipose tissue as some are not absorbed into the systemic
circulation. The sweet taste-sensing receptor in adipose tissue
differs in comparison to the receptors in sweet taste buds or in
the GI tract. In adipocytes, the expression of T1R3 was found
to be higher than T1R2, suggesting that a higher percentage of
T1R3 is present as a homomer (120). Nevertheless, increased
adipogenesis and reduced lipolysis were found, independent
of TIR2 and T1R3, upon in vitro stimulation of adipocytes
with saccharin (119). It has been suggested that saccharin
act on a protein kinase A-mediated mechanism downstream
of cyclic adenosine monophosphate (cAMP). Consequently,
hormone sensitive lipase (HSL) phosphorylation is reduced by
regulating HSL phosphatase, thereby inhibiting lipolysis (119).
Likewise, acesulfame-K was found to stimulate adipogenesis
(119). However, the active concentrations of saccharin and
acesulfame- K in adipocytes (4.5 mM) were higher than expected
to be observed in humans as bolus oral doses of maximum
daily intake of saccharin, for instance, results in peak plasma
concentrations of ~75um (119). Similarly, other in vitro
studies in human mesenchymal stem cells showed increased fat
accumulation and upregulation of genes involved in adipogenesis
upon stimulation with a higher sucralose concentration (0.45
or 4.5mM) (121). Notably, as discussed earlier, contradictory
results regarding body weight were found for acesulfame-K and
saccharin. Thus, since these artificial sweeteners are largely or
entirely absorbed, it could be argued that they reach the adipose
tissue and may impact adipogenesis. Nevertheless, Masubuchi
et al. (120) showed reduced adipogenesis in 3T3-L1 cells upon
stimulation with saccharin or sucralose (20 mM) by activation
of adenylate cyclase-cAMP signaling pathway. Along with
cAMP-dependent pro-adipogenic signals, cAMP-independent
anti-adipogenic signals are generated, which may dominate
the formal signal to inhibit adipogenesis (120). Hence, studies
investigating the role of artificial sweeteners and peripheral
sweet taste receptors are scarce, and existing in vitro studies

examining the effects of artificial sweeteners on adipogenesis
provide inconsistent results (119-121).

THE INTERACTION BETWEEN ARTIFICIAL
SWEETENERS, GUT MICROBIOTA, AND
ENERGY BALANCE

Alterations in Gut Microbiota

Gut microbiota and the produced microbial fermentation
products are key to many aspects of human health (122). Besides
the involvement of fermenting indigestible food components, gut
microbiota seems closely linked to metabolism, energy balance,
and the immune system (123). An important modifying factor
influencing the composition of the microbiota, and thereby the
overall health, is diet (124). Artificial sweeteners may alter the gut
microbiota composition, evidenced by increased gut microbiota
dysbiosis and an increased Firmicutes:Bacteroidetes ratio in a
cross-sectional study with morbidly obese individuals (125).
Moreover, another cross-sectional study showed no association
between aspartame or acesulfame-K consumption and bacteria
abundance profiles or predicted gene function (126). However,
bacterial diversity differed between aspartame or acesulfame-K
consumers and non-consumers (126). Furthermore, Suez et al.
(89) demonstrated that artificial sweeteners are able to induce
glucose intolerance in mice and distinct human subsets by
altering the gut microbiome. Supplementation of saccharin (5
mg/kg/d) for 1 week induced an elevated glycemic response after
an oral glucose load, which was associated with microbiome
alterations in a small group of study participants clustered as
“responders” (n = 4), while no response was found in the other
individuals (“non-responders”, n = 3) (89). The poor glycemic
response in the “responders” was replicated in mice upon
fecal transplantation. Similarly to the above mentioned cross-
sectional study (126), the microbiome composition between
the “responders” and “non-responders” were already distinct
prior to saccharin exposure, thereby suggesting that humans
feature an unique response to artificial sweeteners and that the
gut microbiome may serve as a predictor for the susceptibility
(89). Nevertheless, in the latter study there was no placebo
group in the short-term intervention study and the number
of individuals was small, indicating that replication of these
findings is required. Overall, human trials investigating the effect
of artificial sweeteners on gut microbiota are scarce.

Regarding rodent studies, an increased
Firmicutes:Bacteroidetes ratio, resembling that of obese
individuals, was found in mice after 11 weeks of saccharin
consumption (89). Consistently, modulation of the gut
microbiota was found in other rodent studies upon saccharin
consumption, as a minor fraction of saccharin is not absorbed
and will concentrate in the colon (96, 127). Besides saccharin,
sucralose was consistently found to affect microbiota in mice as
it accumulates in the colon (85, 88, 96). However, contradictory
results regarding the effect of acesulfame-K on gut microbiota
composition have also been found in rodents (85, 86). This
discrepancy is at least partly explained by the difference of
administered dosage. More specifically, one study that used
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the ADI-dosage for human consumption (15 mg/kg/day)
showed no effect on microbiota composition in mice after 8
weeks consumption, while another study that applied a dosage
that exceeds the ADI more than 2-fold (37.5 mg/kg/day),
showed an increase in Bacteroides and Firmicutes after 4 weeks
consumption in mice (69, 85, 86). Since the absorption of
acesulfame-K is very rapid, it is unlikely that it will reach the
lower GI tract upon administration of a normal ADI-dosage
(63). Regarding other artificial sweeteners, aspartame does not
affect the gut microbiota, since it is digested and broken down
into residual components before entering the lower GI tract (58).
Whereas, steviol glycoside encounters the microbiota directly in
order to be fermented. Controversial results exist between in vivo
and in vitro studies using human feces as well as E.coli cell lines.
In vitro fermentation studies using human feces showed no effect
of steviol glycoside on microbiota composition (75, 128). Other
in vitro studies using E.coli cell lines showed selective growth
inhibition upon steviol glycoside stimulation, or little or no effect
on bacterial growth (96, 129). Nevertheless, the consumption of
steviol glycoside (2-3 mg/kg) was found to alter gut microbiota
composition in mice after 9 weeks (130).

As gut microbiota is closely linked to many aspects of
health, changes in microbiota composition may lead to negative
alterations in metabolic homeostasis. Suez et al. (89) showed
an increase in the glycan degradation pathway, along with
an increased Firmicutes:Bacteroidetes ratio, in mice after 11
weeks of saccharin consumption. As a result, glycans are
fermented to form short chain fatty acids (SCFA), including
acetate and propionate (89, 131). In addition, sucralose was
found to increase cecal propionate levels in mice after 8 weeks
of consumption (132). In contrast, acesulfame-K consumption
did not affect SCFA levels in mice following 8 weeks of
consumption upon normal ADI-dosage (85). Furthermore,
steviol glycoside was found to increase SCFA after 9 weeks
of steviol glycoside consumption in rodents and in studies
using an in vitro model of the human colon (GIS1) (130,
133). The increase in SCFA levels may be an indicator of
enhanced energy harvest, as the capacity to extract energy has
been suggested to be increased as result of artificial sweetener
consumption. Butyrate, particularly, serves as an energy supply
for ~60-70% for colonocytes and gut epithelial cells (134,
135). Whereas, acetate mainly contributes to lipogenesis in the
cytosol of hepatocytes and adipocytes or can be oxidized in
skeletal muscle (136, 137). In addition, propionate serves as a
precursor for gluconeogenesis, lipogenesis, and protein synthesis
(89, 138, 139). However, the significance of energy harvest in
humans is still unclear, and increased SCFA concentrations
have merely been associated with beneficial health effects in
humans (140).

Gut-Brain Signaling

In the small intestine, propionate is able to bind to GPR43 and
GPR41, free fatty acid receptors (FFAR) 2 and 3, respectively,
in the enteroendocrine L-cells (141). Upon binding to the
receptors, the secretion of GLP-1 and PYY is stimulated
(142). Mice lacking FFAR2 or FFAR3 were found to have
reduced SCFA-triggered GLP-1 secretion in vitro and in vivo

(143). Furthermore, we have recently performed a double-blind,
crossover study, showing increased PYY concentration upon
acute colonic administration of mixtures of acetate, propionate,
and butyrate in overweight or obese men (144). Therefore,
it is tempting to speculate that artificial sweeteners, that
are able to modulate gut microbiota, are able to affect
gut-brain signaling, via increased SCFA production. Besides gut-
brain signaling, SCFA are found to affect appetite regulation
and leptin secretion, as described more extensively elsewhere
(140). Nevertheless, human studies investigating the effect of
artificial sweeteners on hunger-satiety cycle, via SCFA, are
currently lacking.

Energy Expenditure

Besides affecting the hunger-satiety cycle, SCFA may modulate
body weight control by influencing energy expenditure. Our
recently performed double-blind, crossover study, showed
increased lipid oxidation, and thus energy expenditure, upon
acute colonic infusions of SCFA in overweight or obese men
(144). Consistently, mice studies have shown increased lipid
oxidation by increasing sympathetic activity in brown adipose
tissue, via gut-neural signaling, upon SCFA administration (145-
147). However, the relevance of brown adipose tissue in body
weight regulation in humans seems less evident, as it may
only contribute to a very minor extent to energy expenditure
(148). Acetate and butyrate were found to enhance lipid
oxidation in mice studies and in vitro studies using bovine
hepatocytes, possibly mediated via GPR41 and GPR43 (140,
141, 149-152). Nevertheless, in vivo studies found no effect
on energy expenditure in mice after 40 weeks of acesulfame-
K exposure or 5 weeks of saccharin exposure (89, 153).
Similar to findings in liver, SCFA were found to enhance
lipid oxidation in skeletal muscle as shown in rodents and
C2C12 myotubes (154-156). However, human data regarding
the effects of SCFA on tissue metabolism are currently lacking.
Moreover, human evidence of the effects of artificial sweeteners
on microbiota alterations, and subsequently SCFA production,
are very limited. Thus, although it is tempting to speculate
that artificial sweeteners may affect energy expenditure through
altered SCFA production in the gut, further studies are needed to
investigate this.

Importantly, the putative beneficial effects of the intake
of artificial sweeteners, by SCFA production, are mainly
based on studies in rodents. Furthermore, no difference in
energy expenditure, using ventilated-hood and 24 h whole body
indirect calorimetry, was found upon sucralose consumption
in acute studies and long-term (10 weeks) RCTs, whereas
lipid oxidation was enhanced and carbohydrate oxidation was
decreased compared to sucrose in normal weight and overweight
individuals (157, 158). Moreover, no changes in energy
expenditure, estimated based on accelerometry, were observed
upon saccharin-, aspartame-, sucralose-, or steviol glycoside-
sweetened beverage consumption for 12 weeks compared to
sucrose in overweight or obese individuals (36). These findings
may imply that a reduction in energy intake rather than an
increase in energy expenditure may contribute to the beneficial
effects of sucralose on body weight control.
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GLUCOSE HOMEOSTASIS

Besides potentially affecting body weight control, artificial
sweeteners may also affect glycemic control, since glucose
absorption may be reduced upon replacement of available
carbohydrates. However, this does not necessarily translate into
an improved glucose homeostasis, since alterations in intestinal
glucose transport and absorption, insulin resistance, and reduced
insulin secretory capacity by artificial sweeteners may contribute
to impaired glucose homeostasis (Figure 3). However, the results
of systemic reviews and meta-analysis that have been performed
to investigate the relationship between artificial sweetener intake
and glucose homeostasis or risk of T2DM are controversial.
Daher et al. (159) reported that the majority of systemic
reviews and meta-analysis, based on RCTs or prospective cohort
studies in healthy individuals yielded no conclusive evidence
that artificial sweeteners increase the risk for T2DM. Other
intervention studies in healthy individuals and patients with
diabetes showed no significant effect of artificial sweeteners
on glucose homeostasis (glucose and insulin levels) (159). On
the other hand, systematic reviews and meta-analysis, based
on prospective cohort studies in healthy individuals, showed
a positive association between artificial sweetener intake and
the incidence of T2DM, independent of adiposity (although
attenuated after adjustment for BMI) (159). However, the
evidence for a relationship between artificial sweeteners and
T2DM is based on prospective cohort studies using only
baseline exposure and may be caused by reverse causation.
Hence, evidence from systematic and meta-analysis does not
consistently show that artificial sweeteners reduce the risk of
T2DM in humans.

Considering specific types of artificial sweeteners, glucose
homeostasis seems to be unaffected by aspartame and steviol
glycoside. No significant effect on glucose levels and glycated
hemoglobin (HbA1c) levels were found after acute or long-term
aspartame consumption (39, 40, 43-50) (Table 2). Similarly, a
meta-analysis of long-term RCTs showed no effect of steviol
glycoside on glucose levels and HbAlc levels in healthy
individuals and patients with diabetes (35). Regarding other
artificial sweeteners, glucose levels were not found to be affected
by acute saccharin consumption in healthy individuals and
patients with diabetes, and acute acesulfame-K consumption in
healthy individuals (39, 43). In addition, mice studies found
no effect on glucose tolerance upon acesulfame-K consumption
(153). Nevertheless, data from rodent studies on saccharin
consumption remain controversial, as one study showed an
increase in glucose tolerance after 11 weeks of commercial
saccharin added to drinking water, whereas another study found
no effect after 7 weeks of pure saccharin added to drinking
water (89, 160). However, the discrepancies may be explained
by differences in caloric content of the drinking water, as the
study showing increased glucose tolerance used a commercial
sweetener (Sucrazit), consisting out of 95% glucose and 5%
saccharin, whereas the other study showing no effect used pure
saccharin (89, 160). More specifically, one study that used the
ADI-dosage for human consumption (15 mg/kg/day) showed
no effect on body weight in mice after 8 weeks of acesulfame-
K consumption, while another study shows the opposite by

exceeding the ADI more than 2-fold (37.5 mg/kg/day) after 4
weeks in mice (85, 86). Furthermore, glucose and HbAlc levels
were not affected by acute or long-term sucralose consumption
in healthy individuals and patients with diabetes (39, 42,
46, 51-53, 55). Remarkedly, short-term sucralose consumption
alone showed no effect on insulin sensitivity in healthy
individuals, whereas sucralose-sweetened beverages, containing
carbohydrates, or sucralose sachets added to carbohydrate-
containing beverages or meals, decreased insulin sensitivity in
healthy individuals (38, 47, 54). Therefore, it has been suggested
that sucralose may impair glucose metabolism only when co-
ingested with carbohydrates. The role of artificial sweeteners in
enhancing intestinal glucose absorption, thereby perturbating
glucose homeostasis in the presence of carbohydrate content,
can be speculated (as discussed below). The discrepancies of the
effects of artificial sweeteners on glucose homeostasis may be
explained by the difference in types of artificial sweeteners and
the intake of artificial sweeteners solely or in combination with
carbohydrates. Nevertheless, more human studies are needed to
confirm these findings, and assess whether these putative effects
on glucose homeostasis can be translated to a situation where
artificial sweeteners are consumed as part of the diet with other
dietary components.

Intestinal Glucose Absorption

The GI tract plays a major role in the regulation of
glucose homeostasis. As artificial sweeteners may impact gut
microbiota and function, they are able to alter intestinal
glucose absorption and thus postprandial glucose levels. Upon
ingestion of carbohydrates, glucose is largely absorbed across
the enterocytes of the intestinal wall via sodium-glucose
cotransporter-1 (SGLT1) on the apical membrane and the
passive glucose transporter 2 (GLUT2) on the basolateral
membrane (106). The sweet taste receptors located in the
GI tract serve as glucose sensors to adapt dietary glucose
concentrations (161). Upon binding of glucose to the sweet
taste receptors, the secretion of GLP-1, GLP-2, and GIP is
enhanced, which in turn increases the expression of GLUT2
(162, 163). However, artificial sweeteners alone seem not able
to elicit the same effects as natural sugars in vivo due to lack
of caloric content, as discussed earlier. Nevertheless, SGLT1
was found to be upregulated by sucralose, acesulfame-K, and
saccharin in wild-type mice, but not in mice lacking T1R3
or a-gustducin (161). This was not found for aspartame, as
mice do not sense it as sweet (161). In addition, sucralose,
acesulfame-K, and saccharin were found to increase GLUT2
insertion into the apical membrane, thereby increasing the rate
of intestinal glucose absorption in mice (164). Nevertheless, a
cross-over study of intraduodenal infusion of sucralose (960 mg)
in healthy individuals showed no difference in intestinal glucose
absorption compared to saline infusion in combination with
glucose (53). Additionally, intraduodenal infusion of sucralose
(80 and 800mg) was not found to stimulate GIP release
compared to saline infusion in combination with glucose in
healthy individuals (42). Notably, however, the measurement of
intestinal glucose absorption in the latter study is less sensitive
compared to the methodology applied in the rodent studies,
as intestinal glucose absorption rate is indirectly measured by
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FIGURE 3 | Overview of the effects of artificial sweeteners on physiological processes involved in glucose homeostasis. Artificial sweeteners may enhance intestinal
glucose absorption by upregulating SGLT1 and GLUT2. Furthermore, artificial sweeteners affect insulin secretory capacity by interacting with GPCR. Moreover, the
artificial sweetener-induced gut microbiota dysbiosis, in turn, may affect insulin secretion via the enhancement of SCFA. Upon dysbiosis, LPS levels may increase, and
endotoxemia and chronic inflammation occurs, which might affect ectopic fat accumulation and insulin resistance. Dashed lines indicate that the effect is dependent
on type of artificial sweetener. SGLT1, sodium glucose transporter 1; GLUT2, glucose transporter 2; GPCR, G-protein coupled receptor; T1R2, taste receptor type 1
member 2; T1R3, taste receptor type 1 member 3; SCFA, short chain fatty acids; LPS, lipopolysaccharide; TLR4, toll-like receptor 4; CD14, cluster of differentiation

antigen 14.

adding a non-metabolizable glucose analog to the intestinal
perfusate (106). To date, no significant effects of artificial
sweeteners on intestinal glucose absorption have been reported
in humans.

Insulin Secretion

The intake of nutrients is associated with a large set of sensory
cues that enables the human body to prepare for metabolic
digestion and utilization. Exposure to sweet-tasting sugars,
even before ingestion, triggers physiological responses related
to the release of insulin or incretin in order to reduce blood
glucose levels. However, artificial sweeteners are not able to
prepare the GI tract for digestion and utilization of nutrients
as well as sugars (107, 165). Smeets and colleagues (107) have
shown in a randomized crossover study in healthy individuals

that there was no cephalic insulin response upon tasting of
aspartame, while an early rise in insulin concentration was
found when tasting glucose. Likewise, no cephalic response
upon sucralose has been reported in a randomized crossover
study in healthy individuals (52). Furthermore, while natural
sugars are able to stimulate the secretion of incretins, thereby
stimulating B-cells to secrete insulin, artificial sweeteners do
not directly induce incretin secretion as this appears nutrient-
dependent (39, 109, 110, 166). Moreover, insulin secretion is
stimulated upon the interaction of both natural sugars and
artificial sweeteners with sweet-taste receptors in pancreatic -
cells by initiating a signal transduction pathway via Ca®* and
cAMP-dependent mechanism (167). Taken together, this may
suggest that artificial sweeteners stimulate insulin secretion less
compared to natural sugars.
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In agreement with this, the majority of acute and short-
term (7-12 days) RCTs showed no significant effect of
sucralose consumption or intravenous infusion on circulating
insulin levels compared to water, glucose, sucrose, placebo
(calcium carbonate), or saline infusion as control in healthy
individuals (36, 37, 42, 51, 52, 168). Only three studies
reported opposite findings, of which two studies found increased
insulin levels after acute (48 mg) or long-term (4 weeks,
200 mg/day) sucralose consumption compared to water or
placebo (unspecified) in obese or healthy individuals (169-
171). The reasons for these discrepant findings are not clear
but may be related to differences in study population or
duration of the intervention. Moreover, Sylvetsky et al. (171)
showed increased insulin levels after acute intake of a diet-
beverage including sucralose, acesulfame-K, and aspartame
compared to carbonated water (seltzer) in healthy individuals.
Nevertheless, no differences in insulin levels were found
upon water with sucralose consumption compared to water
consumption alone, thereby indicating that the taste associated
with diet soda or other ingredients may affect the insulin
secretion. Furthermore, acute and longer-term (12-16 weeks)
studies showed no effect of saccharin, acesulfame-K, steviol
glycoside, and aspartame consumption on insulin levels in
healthy, diabetic, overweight, or obese individuals (36, 39, 40,
43-45, 48, 172-174). Taken together, the available human data
suggests that artificial sweeteners do not significantly affect
insulin levels.

Insulin Resistance

Insulin resistance is a major factor in the pathophysiology of
T2DM, of which the pathogenesis involves the accumulation
of ectopic fat and the activation of innate immune pathways,
thereby interfering with insulin signaling and action (175). The
artificial sweetener-induced gut microbiota dysbiosis has been
linked to metabolic endotoxemia and the development of an
inflammatory state, at least in rodents (89, 127, 176). Suez
et al. (89) showed an altered host metabolism by downstream
effects of microbiota in mice upon saccharin intake. The
authors found enriched microbial pathways, associated with
metabolic syndrome, in mice, including lipopolysaccharide
(LPS) synthesis, which is a breakdown product of the outer
membrane of Gram-negative bacteria (89, 177). Microbiota
dysbiosis is considered to be related to the loss of gut mucosal
integrity as the expression of tight junction proteins is reduced,
among other mechanisms (176, 178). Therefore, LPS may
translocate from the gut into the portal or systemic circulation,
thereby able to stimulate the activation of pro-inflammatory
macrophages and the secretion of pro-inflammatory cytokines
(127, 177, 179-181). Other studies showed disrupted intestinal
epithelial barrier in vitro using Caco-2 cells upon saccharin
stimulation, whereas aspartame, acesulfame-K, and sucralose did
not alter intestinal permeability (176). Similarly to the study
of Suez et al. (89), other rodent studies showed increased
LPS concentration, and subsequently enhanced inflammation,
in mice upon saccharin consumption by interfering with the
gut microbiota (127, 176). Regarding other artificial sweeteners,
the intake of acesulfame-K (exceeding the ADI-dosage for

humans by more than twice) or sucralose was found to
enhance inflammation in mice, whereas steviol glycoside was
found to reduce inflammation by attenuating LPS-induced
pro-inflammatory cytokine production in Caco-2 cells and
by regulating TLR2 and cytokine expression in S. aureus-
infected mouse mammary gland (86, 182-184). This indicates
that steviol glycoside possess anti-inflammatory properties,
whereas saccharin, acesulfame-K, and sucralose may increase
inflammation in rodent studies and in vitro. The resulting
endotoxins and inflammatory cytokines are able to infiltrate
peripheral tissues and release TNFa, IL-18, and IL-6, which
may interfere with insulin signaling and insulin-stimulated
glucose uptake (185-187). Furthermore, inflammatory molecules
may inhibit adipogenesis by constraining the hyperplastic
expandability of adipose tissue (188). As a result, adipocyte
turnover and adipose tissue expansion is reduced, leading to
lipid overflow and fat accumulation in non-adipose tissues.
This ectopic fat, as well as the accumulation of bioactive
lipid metabolites, may disturb cellular function, ultimately
contributing to insulin resistance and a reduced f-cell function,
as described more extensively elsewhere (189).

Besides an enrichment of LPS synthesis, Suez et al. (89)
showed an increase in SCFA production, through alterations
in gut microbiota composition, in mice upon saccharin
consumption. The authors suggested that the enhanced SCFA
may serve as an energy source for the host or signaling molecules
or substrates for gluconeogenesis, de novo lipogenesis and
cholesterol synthesis (89). Counterintuitively, SCFA have most
often been associated with positive health effects (140). SCFA
were found to counteract LPS-induced inflammation by reducing
pro-inflammatory cytokines and enhancing anti-inflammatory
cytokines in murine macrophages (190). Furthermore, in
vitro studies have found an attenuation of lipolysis upon
SCFA stimulation in 3T3-L1 adipocytes, thereby reducing
plasma free fatty acids (191-194). Likewise, rodent studies
have demonstrated that SCFA may reduce intracellular lipid
accumulation, thereby alleviating oxidative stress (195-197).
In addition, as mentioned before, SCFA may affect energy
metabolism, for instance via the enhancement of lipid oxidation
in human studies (143). Repeatedly, artificial sweeteners have
been found to increase lipid oxidation compared to sucrose
in acute and long-term (10 weeks) RCTs in normal and/or
overweight individuals (157, 158). Chern et al. (158) suggested
that the difference in metabolism between sucralose and
sucrose is attributed to the distinct carbohydrate content
and the fact that sucrose is able to initiate carbohydrate-
specific physiological responses, including the secretion of
insulin and GLP-1. Taken together, it can be speculated that
artificial sweeteners, to some extent, play a protective role
in adiposity and insulin resistance by counteracting the LPS-
induced inflammation and subsequent impairment of insulin
signaling. However, it remains to be investigated whether the
findings of Suez et al. (89) in mice are translatable to humans
regarding the metabolic consequences of artificial sweetener-
induced microbiota alterations. Furthermore, human evidence
of the effects of artificial sweeteners on inflammation is
currently lacking.
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CONCLUSION AND PERSPECTIVES

The scope of this review was to review the physiological
effects of artificial sweeteners on body weight control and
glucose homeostasis, and to identify the controversies of
the existing evidence between different artificial sweeteners
surrounding their use. Although artificial sweeteners maintain
the same palatability as natural sugars, the metabolic routes
are different. Therefore, artificial sweeteners affect body weight
and glucose homeostasis differently compared to natural
sugars via underlying physiological processes comprising the
gut microbiota, reward-system, adipogenesis, insulin secretory
capacity, intestinal glucose absorption, and insulin resistance.
The gut microbiota, in particular, may play a major role
in the physiological effects of artificial sweeteners on body
weight regulation and glucose homeostasis. There is mechanistic
evidence that artificial sweeteners may induce gut microbiota
dysbiosis, by altering the gut microbiota composition and
function. Although different physiological processes are involved
in the effect of artificial sweeteners on metabolic health, meta-
analyses of RCTs or RCTs and prospective cohort studies
suggest that artificial sweeteners may have a neutral effect on
body weight and glycemic control, respectively, or may have
a beneficial effect on long-term body weight regulation. Even
though the majority of human studies report no significant
effects of artificial sweeteners on body weight and glycemic
control, it should be emphasized that the study duration of most
studies was limited. Furthermore, unlike rodent studies, long-
term studies investigating the underlying physiological effects
body weight control on metabolic health of artificial sweeteners
in humans are scarce and therefore warranted. Currently, within
the European H2020 project SWEET (www.sweetproject.eu), a
human multicenter study is ongoing which aims to investigate
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Purpose: To examine the prospective relevance of dietary sugar intake (based on dietary
data as well as urinary excretion data) in adolescent years for insulin sensitivity and
biomarkers of inflammation in young adulthood.

Methods: Overall 254 participants of the DONALD study who had at least two 3-day
weighed dietary records for calculating intakes of fructose, glucose, sucrose, total,
free, added sugars, total sugars from sugar-sweetened beverages (SSB), juice, and
sweets/sugar or at least two complete 24 h urine samples (n = 221) for calculating
sugar excretion (urinary fructose and urinary fructose + sucrose) in adolescence (females:
9-15 years, males: 10-16 years) and a fasting blood sample in adulthood (18-36 years),
were included in multivariable linear regression analyses assessing their prospective
associations with adult homeostasis model assessment insulin sensitivity (HOMA2-%S)
and a pro-inflammatory score (based on CRP, IL-6, IL-18, leptin, chemerin, adiponectin).

Results: On the dietary intake level, no prospective associations were observed
between adolescent fructose, sucrose, glucose, added, free, total sugar, or total sugar
from SSB, juice or sweets/sugar intake and adult HOMA2-%S (p > 0.01). On the urinary
level, however, higher excreted fructose levels were associated with improved adult
HOMA2-%S (p = 0.008) among females only. No associations were observed between
dietary or urinary sugars and the adult pro-inflammatory score (p > 0.01).

Conclusion: The present study did not provide support that dietary sugar consumed in
adolescence is associated with adult insulin sensitivity. The one potential exception was
the moderate dietary consumption of fructose, which showed a beneficial association
with adult fasting insulin and insulin sensitivity.

Keywords: dietary sugar, urinary sugar, insulin sensitivity, fasting insulin, systemic inflammation

Frontiers in Nutrition | www.frontiersin.org

60 January 2021 | Volume 7 | Article 615684


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2020.615684
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2020.615684&domain=pdf&date_stamp=2021-01-18
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:anette.buyken@uni-paderborn.de
https://doi.org/10.3389/fnut.2020.615684
https://www.frontiersin.org/articles/10.3389/fnut.2020.615684/full

Della Corte et al.

Dietary Sugar and T2D

INTRODUCTION

It has been proposed that dietary sugar intake plays a causal
role in the development of type 2 diabetes (T2D) (1-4), yet
data on this topic are conflicting (5, 6). Due to its unregulated
uptake and hepatic metabolism, the fructose component of
high-sugar foods has been singled out as a key promotor of
adverse cardiometabolic health outcomes when consumed in
high amounts (7, 8). High intake levels of fructose administered
in such intervention and acute studies do not however represent
common intake patterns consumed habitually over time. In
addition, dietary fructose that occurs naturally in whole fruits and
vegetables provides only modest amounts of fructose combined
with phytochemicals and fiber (9, 10), therefore amounts as
well as types/sources of ingested fructose are of importance
when considering its relation to risk factors of T2D (11).
Dietary fructose elicits lower insulin secretion as compared to
dietary glucose (12-14), and there is some evidence indicating
that fructose intake/substitution can beneficially affect blood
glucose levels (15, 16). Clarifications from prospective studies
concerning the role of dietary fructose and other sugar types in
the development of insulin sensitivity are needed.

It has additionally been postulated that dietary sugar intake
leads to increased inflammatory processes in humans. While
some evidence from human intervention trials points toward
pro-inflammatory effects of sucrose and fructose vs. glucose (17,
18), our previous systematic review and meta-analysis of human
intervention trials based on limited evidence found that dietary
fructose does not contribute more to subclinical inflammation
than other dietary sugars (19). Observational studies link the
consumption of SSB to increased chronic inflammation (1, 20—
22), yet it is unclear whether a modest and habitual sugar
intake in adolescence is associated with later development of
systemic inflammation.

Adolescents generally consume more added sugars (mainly as
soft drinks) than other age groups (23, 24). Adolescence is also
characterized by substantial hormonal, metabolic, and lifestyle
changes, which is why this developmental stage is considered
a critical period for later metabolic diseases (25). Dietary
assessment methods are prone to measurement errors (26) and
sugars are among the nutrients that are frequently underreported
(27, 28) especially by adolescents who may be susceptible to
socially desired reporting. Therefore, dietary biomarkers of 24 h
urinary sucrose and urinary fructose have been introduced (29,
30), potentially allowing for greater accuracy in determining the
impact dietary sugar intake during adolescence could have on
adult metabolic health.

This analysis examined the prospective association between
the intake of dietary sugar in adolescent years and the target
outcomes of T2D risk factors (insulin sensitivity, fasting insulin,
and systemic inflammation) measured in adulthood. By using
a comprehensive approach, tests were performed on the basis
of chemical sugar types (fructose, glucose, sucrose), sugar use
(total sugar, added sugar, free sugar), and sugar sources [total
sugars from sugar-sweetened beverage (SSB), juice, sweets/sugar]
as well as urinary sugar excretion levels. This unique approach
allows for a comprehensive investigation into how various forms

of sugar measured on the self-reported dietary level as well as the
biomarker level are related to risk factors for T2D.

MATERIALS AND METHODS
Study Population

The present analysis was based on data from the DOrtmund
Nutritional and Anthropometric Longitudinally Designed Study
(DONALD Study), an open-ended and ongoing study conducted
in Dortmund, Germany. In this cohort, approximately 35-40
healthy infants are recruited per year and first examined at the
ages of 3 or 6 months. Each child returns for 3 more visits in
the first year, 2 in the second year, and then once annually until
adulthood. Between infancy and adulthood, detailed information
on diet, metabolism, growth, and development are collected.
This study began collecting this data in 1985. Components of
the annual assessment and interview include anthropometric
assessments, medical investigations, weighed 3-day dietary
records and 24 h urine samples (from age 3-4 years onwards).
Parental examinations (anthropometric measurements, lifestyle
interviews) take place every 4 years. All examinations are
performed with parental and later on, participants’ written
consent. Since 2005, participants are invited for follow-up in
adulthood including fasting blood draw. The study has been
previously described in more detail (31), and was approved by
the Ethics Committee of the University of Bonn (Germany)
according to the guidelines of the Declaration of Helsinki.

Study Sample

At the time of this analysis, 397 participants had provided
a fasting blood sample in adulthood (18-39 years) for the
measurement of type 2 diabetes risk markers. Additionally,
participants fulfilled the eligibility criteria of being singletons,
born at term (37 to <43 gestation weeks) with normal
birthweight. To estimate habitual intake of dietary sugars
during adolescence (females: 9-15 years, males: 10-16 years),
participants additionally had to have provided at least two
3-day weighed dietary records in the period of adolescence
(with >50% plausible records) (32) (n = 277) or at least two
complete 24 h urine samples in adolescent years (n = 246) for
the measurement of excreted fructose and sucrose, validated
biomarkers of sugar intake (29, 33). The plausibility of dietary
records was estimated by calculating the ratio between reported
total energy intake and estimated basal metabolic rate (estimated
according to age- and sex-specific equations of Schofield) (34). To
identify energy underreporting, pediatric cutoffs from Sichert-
Hellert et al. were used (32). Underreporters were not excluded
from the analyses, as this procedure only identifies underreported
energy intake, but no selective underreporting of food groups
or sugar intake. Instead a sensitivity analysis excluding energy
underreporters was performed. Anthropometric measurements
from adolescence and adulthood as well as information on
relevant covariates and outcome variables were required,
resulting in analysis populations of 254 participants for the
dietary intake sample and 221 participants for the HOMA-%S
biomarker sample (see Tables 1, 2) (with n = 220 providing both
dietary and biomarker data). The inflammatory score sample
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population differed slightly (n = 253 in dietary sample, and
n = 219 in the biomarker sample). Participants with fasting
glucose concentrations above the threshold (>2.5 mmol/L) for
calculating HOMA2-%S were included in the analysis (n = 254).

Dietary Assessment

Dietary intake data of the participants are collected annually by
3-day weighed dietary records under the professional direction
of a dietician. All consumed foods as well as leftovers were
weighed to the nearest gram or alternatively are recorded semi-
quantitatively if weighing was not possible. The calculation of
energy and nutrient intakes that are based on dietary records is
carried out by using the in-house food database called LEBTAB,
which is continuously updated (31). The composition of staple
foods is based on the German food composition tables BLS 3.02.
Energy and nutrient contents of commercial food products, i.e.,
processed foods and ready-to-eat-meals were estimated by recipe
simulation using labeled ingredients and nutrient contents. In
this analysis, we calculated the intake of added, free, and total
sugar, as well as fructose (defined as simple fructose + one-half
of sucrose), glucose and sucrose. Total sugar was defined as the
sum of all mono- and disaccharides in foods. Added sugar was
defined as sugars added to foods during processing or home
preparation (including honey, molasses, fruit juice concentrate,
brown sugar, corn sweetener, sucrose, lactose, glucose, high-
fructose corn syrup, and malt syrup). Because free sugar was
not included in LEBTAB, we expanded the definition from the
World Health Organization (WHO) of free sugar as suggested
by the Scientific Advisory Committee on Nutrition (SACN)
(25, 36) who states that “food subject to blending, pulping, or
macerating which breaks down the cellular structure should also
be considered as containing free sugars.” Therefore, sugars from
juices, juice spritzers and smoothies were also considered to be
free sugars in our study. Further, SSB were defined as sweetened
fruit juice drinks and nectars, soft drinks/sodas, sweetened
teas and waters, instant beverages (except dairy drinks), and
sweetened sports drinks. Juices were defined as fruits and
vegetable juices, juice spritzers, and smoothies. The sugar/sweets
food group was defined as sugars and other sweeteners (including
syrups), sweet spreads, sweets (candies) and marshmallows,
chocolate and bars, ice cream, jelly, desserts, sweet sauces, and
sweet baking ingredients. Individual dietary sugar intakes were
averaged over the three recorded days. Habitual intake was
described by calculating an individual mean from all available
records during adolescence (2-7 records per person, mean
=6).

Anthropometric Measurements

Anthropometric measurements were taken by trained nurses
according to standard procedures. Standing height was measured
to the nearest 0.1cm (digital stadiometer: Harpenden Ltd.,
Crymych, UK) and body weight to the nearest 0.1 kg (electronic
scale: Seca 753E, Seca Weighing and Measuring Systems,
Hamburg, Germany). From these measurements, BMI SD scores
(sex- and age-specifically standardized according to German
references) (37) and overweight during adolescence were defined
and calculated according to the International Obesity Task Force

(35). Waist circumference was measured at the midpoint between
the lower rib and iliac crest to the nearest 0.1 cm. Average
coefficients of variation were obtained from annual quality checks
for biceps, triceps, subscapular, and supra-iliacal skinfolds.

Collection and Analysis of 24 h Urine

Samples

Participants are requested to collect 24h urine annually
according to standardized instructions. The participants were
asked to void their bladders upon getting up in the morning
and this micturition was completely discarded. This sets the start
of the collection which ends with voiding the bladder in the
next morning. All micturitions from the 24 h sampling period
were collected in provided Extran-cleaned (Extran, MA03, Merck
Darmstadt, Germany) preservative-free 1L plastic containers
and stored immediately at <-12°C. After transport to the study
center the samples were stored at —22°C until thawed for
analysis. Completeness of 24 h urine collections was determined
by measuring creatinine excretions assessed photometrically by
the kinetic Jaffé procedure on a creatinine analyzer (Beckman-
2; Beckman Instruments) (38). Participants are asked to collect a
24 h urine on the last day of the 3-day dietary record, but this is
not always the case and some persons do not provide 24 h urines
during some of the years.

Urinary fructose and sucrose excretions were measured in the
laboratory of the Department of Food and Nutritional Sciences
at the University of Reading using LC-MS and quantified using
stable-isotope labeled internal standards (13Cy2-sucrose and
13Cq-fructose, Sigma Aldrich, Gillingham, UK). After shipping
on dry ice, urine samples were stored at —80°C until analysis
and thawed at 4°C. Samples were separated by HPLC and
detected by tandem mass spectrometry using a Quattro Ultima
tandem quadrupole mass spectrometer (Micromass, Manchester,
UK). The concentration range was 0.1-500 pmol/L (Fructose:
0.02-90.1 mg/L; sucrose: 0.03-171.2 mg/L). To calculate daily
excretions concentrations were converted to mg/d by using the
molar mass of fructose or sucrose and multiplied with the 24h
urine volume (39).

Collection of Blood Parameters

Venous blood samples were drawn after an overnight fast,
centrifuged at 4°C and stored at —80°C. The following blood
analytes were measured at the German Diabetes Center:
plasma high-sensitivity C-reactive protein (hsCRP) using
the Roche/Hitachi Cobas c311 analyzer (Roche diagnostics,
Mannheim, Germany), plasma high-sensitivity interleukin
(IL)-6 with the Human IL-6 Quantikine HS, plasma adiponectin
with the Human Total Adiponectin/Acrp30 Quantikine ELISA
and serum leptin with the Leptin Quantikine ELISA kits all from
R&D Systems (Wiesbaden, Germany), serum IL-18 with the
Human IL-18 ELISA kit from MBL (Nagoya, Japan), and plasma
chemerin with the Human Chemerin ELISA kit from BioVendor
(Brno, Czech Republic). Plasma concentrations of insulin were
analyzed at the Laboratory for Translational Hormone Analytics
of the University of Giessen using an immunoradiometric assay
(IRMA, DRG Diagnostics, Marburg, Germany) and the updated
HOMA2-%S, a measurement of insulin sensitivity. HOMA2-%S$
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TABLE 1 | Baseline characteristics of DONALD participants in adolescence (males: 10-16 years, females: 9-15 years): anthropometry, dietary and urinary data as well as
early life and socioeconomic factors.

Dietary sample Urinary sample
n M (n = 124) F (n = 130) n M (n = 109) F(n=112)
Age (years) 254 13.0(13.0, 13.1) 12.0(11.9, 12.0) 221 13.0(13.0, 13.0) 12.0(12.0, 12.0)
Anthropometric data
BMI-SD score 254 —-0.18 £ 0.77 —0.23 £0.92 221 —0.16 £ 0.80 —0.22 £0.93
BMI (kg/m?) 254 18.8 (17.7, 20.2) 17.8 (16.5, 20.1) 221 19.1(17.7, 20.3) 17.9 (16.5, 20.3)
Body fat (%) 254 14.8 (11.6, 18.6) 19.6 (16.8, 24.9) 221 15.2(11.6, 18.8) 19.6 (16.9, 25.3)
Overweight (%) 254 22.6 22.3 221 25.7 223
Dietary data
Total energy (MJ/d) 254 9.0(8.1,10.2) 7.1(6.6,8.1) 221 9.0 (8.3, 10.2) 7.2 (6.6,8.1)
Fat (%E) 254 35.3+3.8 36.1 £3.5 221 349 +3.4 36.2 +£3.5
Protein (%E) 254 182+13 129+1.7 221 182+13 129+1.7
Fiber (9/MJ) 254 24(21,2.7) 25(2.2,2.8) 221 242,28 25(2.1,2.8)
Carbohydrate (%E) 254 51.3+3.8 51.1+43 221 51.5+39 511 +44
Total sugar (%E) 254 26.8+5.0 271 £5.0 221 27.0+51 27.0+£4.9
Added sugar (%E) 254 143+4.3 141 +£4.7 221 142+ 4.4 141 +47
Free sugar (%E) 254 182+ 4.6 17.7+£5.0 221 18.4+ 4.6 17.6+£5.0
Sucrose (%E) 254 144+ 3.8 146 £3.9 221 144+ 3.8 14.5+3.8
Fructose (%E) 254 11.3+2.6 11.4+25 221 11.4+26 11.3+24
Glucose (%E) 254 11.5+25 11.8+27 221 11.4+£25 11.8+27
Sources of total sugar
Juice (%E) 254 4.0+ 35 36+29 221 4.3+ 3.6 35+29
SSB (%E) 254 4.5+ 39 3.9+37 221 4.4 +38 4.0+ 35
Fruits and vegetables (%E) 254 32+18 43+19 221 32+18 43+19
Sweet breads/cakes (%E) 254 1.2+£08 14+£08 221 1.3+£08 1.4+£09
Sweets/sugar (%E) 254 6.2+25 70+27 221 6.0+24 6.9+26
Sweetened cereals (%E) 254 1.0+ 0.9 0.7 £0.6 221 11 +141 0.7 £0.7
Dairy sugars (%E) 254 53+25 48+22 221 55+15 48+1.0
Urinary data
Urinary fructose (mg/d) 221 22.3(14.5,32.3) 21.2(13.4,32.3)
Fructose+sucrose (mg/d) 221 52.7 (37.2, 79.0) 46.3 (34.4, 68.2)
Creatinine (mmol/L) 221 9.5 (6.7, 11.5) 7.6 (6.0, 10.0)
Urea (mmol/L) 221 323 (255, 416) 272 (216, 349)
Urine Volume (L/d) 221 0.9(0.7,1.9) 1.0(0.7,1.2)
Early life/socioeconomic data
Birth weight (g) 254 3500 (3150, 3845) 3405 (3100, 3700) 221 3550 (3180, 3850) 3400 (3100, 3655)
Gestational age (week) 254 40 (39, 41) 39 (38, 41) 221 40 (39, 41) 40 (39, 41)
Gestational weight gain (kg) 254 12.0 (9.5, 14.5) 12.0 (9.0, 15.0) 221 12 (10, 15) 12 (10, 15)
Maternal age at birth (year) 254 30.7 (28.3, 33.7) 30.0 (27.8, 32.7) 221 30.8 (28.3, 33.6) 29.7 (27.7, 32.6)
Full breastfeeding >2 weeks (%) 254 74 73 221 75 76
Paternal education >12'y (%) 254 65 57 221 64 57
Any smokers in household (%) 254 27 37 221 28 37

Values are means + SD, medians (25th, 75th percentile) or relative frequencies. BMI, body mass index; %E = percentage of total energy intake; DONALD Dortmund Nutritional and
Anthropometric Longitudinally Designed; Pubertal age: mean age at pubertal data collection (mean of multiple time points). Defined according to age- and sex-specific cut points of
the International Obesity Task Force (1, 35); Dietary fructose intake is defined to be free fructose plus 50% of sucrose. Dietary glucose intake is defined to be free glucose plus 50%
of sucrose.
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TABLE 2 | Follow-up data on DONALD participants in early adulthood (18-36 years): anthropometric and lifestyle, dietary and blood data.

Dietary sample

Urinary sample

n M (n = 124) F (n = 130) n M (n =109) F(n=112)
Adult age (vears) 254 20.5 (18.1, 23.0) 21.3(18.1,24.2) 221 19.0 (18.1, 23.0) 21.3(18.1, 24.2)
Anthropometric data
BMI (kg/m?) 253 22.7 (21.1, 25.6) 21.9 (20.5, 24.1) 221 22.7 (21.0, 25.6) 21.9 (20.5, 24.1)
Body fat (%) 253 17.2 (13.4,22.2) 30.4 (27.2, 33.9) 221 17.4 (13.3, 21.9) 30.5 (27.0, 33.2)
Current smoking (%) 235 36.8 32.7 202 32.3 28.4
Physical activity level? 252 1.2(1.1,1.4) 1.2(1.1,1.2) 220 1.2(1.1,1.4) 1.2(1.1,1.9
Alcohol intake (g/d) 228 1.3(0.01,12.5) 0.2 (0.0, 2.9) 203 1.4 (0.1, 11.6) 0.3 (0.1, 3.0)
Dietary data
Total energy (MJ/d) 229 10.6 (9.3, 12.5) 7.9 (6.6, 8.8) 203 10.5 (9.3, 12.4) 8.0 (6.7, 9.0)
Added sugar (%E) 229 13.3+6.8 127+7.4 2083 18.4+7.4 128+7.2
Protein (%E) 229 143+ 3.8 18.5+26 2083 145+ 3.9 18.4+£22
Carbohydrates (%E) 229 48.6 £ 6.7 51.0+6.4 2083 48.8 £ 7.0 51.0 £ 6.1
Fat (%E) 229 36.0 £5.0 34.6 £4.7 2083 36.3 £ 5.1 34.9+59
Fiber (g/MJ) 229 2.4 (2.0,2.9) 2.2(1.9,2.7) 2083 2.2(1.9,2.7) 2.5(2.2,8.0)
Blood data
Fasting blood glucose (mmol/L) 254 5.5 (5.1, 5.8) 5.2 (4.9, 5.4) 221 5.5(5.1,5.8) 5.2 (4.9, 5.4)
Insulin (pmol/L) 254 64.1 (52.7, 85.5) 71.4 (65.4, 88.2) 221 64.0 (52.1, 85.8) 72.9 (57.3, 89.4)
HOMA2-%S 254 81.7 (61.7, 100.4) 73.5(960.5, 94.2) 221 81.8 (60.9, 100.6) 73.0 (60.5, 93.9)
hsCRP (mg/L) 250 0.5(0.3, 1.1) 1.2 (0.6, 2.6) 217 0.5(0.3, 1.3) 1.3 (0.6, 2.7)
IL-6 (pg/mL) 250 0.7 (0.5, 1.0) 0.7 (0.5, 1.0) 217 0.7 (0.5, 1.0) 0.7 (0.5, 1.0)
IL-18 (pg/mL) 250 252 (204, 308) 246 (209, 306) 217 249 (204, 3093) 247 (207, 306)
Chemerin (ng/mL) 250 141 (123, 160) 165 (150, 184) 217 141 (123, 159) 165 (150, 183)
Leptin (ng/mL) 250 2.4(1.2,5.0) 11.6 (7.8, 18.0) 217 2.3(1.1,5.1) 11.7 (7.8, 18.2)
Adiponectin (ng/mL) 250 6.2 (4.5,9.2) 8.7 (6.5, 12.5) 217 6.4 (4.7,9.2) 8.7 (6.4, 12.9)
Inflammatory score 250 —0.13(-0.37, 0.28) —0.07 (-0.38, 0.37) 217 —0.15(-0.37, 0.26) —0.06 (—0.38, 0.38)

Values are means + SD, medians (25th, 75th percentile) or relative frequencies. BMI, body mass index; %E = percentage of total energy intake; DONALD Dortmund Nutritional
and Anthropometric Longitudinally Designed; HOMA2-%S updated homeostasis model assessment of insulin sensitivity, hsCRP high-sensitivity C-reactive protein. @Based on energy

expenditure levels.

was calculated by using the HOMA2 calculator (40). It is a
reciprocal of HOMAZ2-IR (insulin resistance) and is a function of
glucose metabolism driven by the action of insulin.

To examine the association of dietary sugar on chronic
low-grade inflammation in the DONALD Study, the pro-
inflammatory markers CRP, IL-6, IL-18, chemerin, and leptin
and the anti-inflammatory adipose tissue hormone adiponectin
were considered. These biomarkers of subclinical inflammation
were selected because they are the most commonly measured
inflammation-related biomarkers in clinical and epidemiologic
studies with established associations with cardiometabolic
diseases (41-45).

A pro-inflammatory score, assumed to be more predictive
of inflammation than single markers (43), was obtained as
follows: (1) standardization of each inflammatory parameter
(hsCRP, IL-6, IL-18, chemerin, leptin, adiponectin) by sex (mean
= 0, SD = 1), (2) assignment of a minus sign to the anti-
inflammatory parameter adiponectin to align its impact with the
pro-inflammatory parameters, and (3) averaging all. This index
has been used in previous publications (46, 47).

Assessment of Further Covariates

Additional covariates were assessed either at the child’s admission
into the study or at follow-up visits. Characteristics of birth
were retrieved from the “Mutterpass” (a German standardized
pregnancy and birth document). Child’s parents were interviewed
in order to collect familial information, disease history,
socioeconomic status and other anthropometrical and medical
examinations. Smoking status, high paternal educational status
(>12 years of schooling), and physical activity of the participants
was also assessed by questionnaires.

Statistical Analysis

Characteristics of the study population are presented as mean
=+ SD or median (25th, 75th percentile) for continuous variables
and as absolute (relative) frequencies for categorical variables (see
Tables 1, 2).

To achieve normal distribution in outcome variables we
used loge or square root transformations. Before calculating
the individual means from available records or urines during
adolescence, dietary variables were energy-adjusted by the
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residual method and standardized by age group and sex to
account for age- and sex-dependent intake differences. Urinary
excretion variables were also standardized by age group and sex
but were not energy-adjusted so as to keep the dietary and urinary
analyses separate, thereby avoiding the mixing of potential errors
from dietary record assessments with biomarker measurements,
as they are differently biased.

Prospective associations between dietary sugar intake (total
sugar, added sugar, free sugar, sucrose, fructose, glucose, total
sugar from SSB, juice, and sweets/sugar) or sugar excretion
(fructose excretion, sucrose excretion, sum of both) during
adolescence and risk markers of type 2 diabetes or inflammation
in early adulthood were analyzed by multivariable linear
regression models, using the transformed variables. Formal
interaction analyses indicated a trend in sex-interactions
for insulin sensitivity and excreted fructose biomarker level
(Pinteraction = 0.06); therefore, sex-stratified analyses were
performed for all outcomes on both the dietary and the
biomarker level in order to allow comparability.

Initial regression models (model A) included the predictors
sugar intake (total, free, added, sucrose, fructose, or glucose)
or urinary biomarkers (fructose or sum of both) as well
as age at time of blood draw. Adjusted models (model
B) were constructed by individual examination of potential
influencing covariates and hierarchical inclusion (16) of those
which substantially modified the predictor-outcome associations
(>10%) or significantly predicted the outcome. Potential
confounding covariates considered in the hierarchical approach
were (1) early life factors [birth weight (g), gestational age (week),
maternal age at birth (year), full breastfeeding > 4 months
(yes/no), and gestational weight gain (kg)], (2) socioeconomic
factors and parental health status [smokers in the household
(yes/ no), paternal school education >12 years (yes/no), parental
overweight (BMI >25 kg/m? yes/no) and parental history of
diabetes (yes/no)], (3) predictor-specific adolescent data [BMI,
BMI-SD score, percent body fat, age, energy- and fructose-
adjusted flavonoid intake and glycemic index, and energy-
adjusted fiber intake in models with the dietary predictors
sugar intake]. For biomarker analyses, urinary variables [24 h-
creatinine excretion (mmol/d), 24 h-urea excretion (mmol/d),
urine volume (L/d), excreted hippuric acid (mmol/d)] were also
considered. In conditional models (model C) we additionally
included adult body fat (%) to examine whether observed
associations were independent of adult body composition. To
retain comparability of results, models were adjusted identically
for closely related outcomes (parameters of insulin sensitivity
(fasting insulin, HOMA2-%S) and separately for the pro-
inflammatory score) and the building of the models was done for
the primary exposures, i.e., dietary fructose or excreted fructose
and then used for analyses of the secondary exposures, i.e.,
free sugar, total sugar, etc. Results from regression analyses are
presented as adjusted least-square means (95% CI) by tertiles
of the respective predictor with p-values from models with the
predictors as continuous variables.

Our main analyses did not include nutritional factors
that provide energy so as to avoid presenting estimates that
partially reflect the substitution of specific sugars for other

macronutrients. Additional models were run that explicitly assess
the effect of a substitution of various dietary sugar fractions for
non-sugar carbohydrates, i.e., total carbohydrates (g) minus all
mono- and disaccharides (g). To simulate substitution effects,
total energy and the energy-bearing nutrients to be held constant
(fats, plant/animal protein and sugar-containing carbohydrates)
were included in the models (48). All results from substitution
analyses are presented in Supplementary Material for fully
adjusted models.

As mentioned in the methods section, adolescents are
susceptible to underreporting energy intake, therefore records
were checked for energy underreporting. The number of records
in which energy levels were underreported was 209 (12.6%).
These were collected from 109 participants, and were excluded
for sensitivity analyses; i.e., sensitivity analyses were based on
1,446 records from 277 participants.

Additional sensitivity analyses in subsamples of participants
who had provided the following data were performed
in dietary/urinary models: (a) levels of adult physical
activity (low/medium/high; n = 252/218), (b) adult alcohol
consumption (g/d; n = 229/203), (c) adult smoking (no, yes,
earlier; n = 235/202).

The SAS statistical software package version 9.2 (SAS Institute
Inc., Cary, NC) was used for all statistical analyses. To account for
potential multiple testing, p < 0.01 were considered to indicate
statistical significance, p < 0.05 were considered to indicate a
trend.

RESULTS

Characteristics of the participants at baseline and at follow-up
are presented in Tables 1, 2, respectively. The median follow-up
times between the mean age during adolescence and adulthood
were 9.0 years in the dietary sample and 8.6 years in the urinary
sample. Participants were characterized by an above-average
socioeconomic status as measured by the high percentage of
participants’ fathers with an education level >12 years. Tertiles
of fructose, sucrose, glucose, total sugar, free sugar and added
sugar intakes as well as the urinary sugars are shown in Tables 3—
5. For results on sources of sugar (total sugars from SSB, juice and
sweets/sugar; see Supplementary Table 4).

Adolescent Sugar Intake and Adult Insulin

and Insulin Sensitivity
Intakes of dietary fructose, glucose or sucrose in adolescence were
not independently associated with adult HOMA2-S% or insulin
levels (all p > 0.01, Table 3). Similarly, there were no independent
associations between total, free, or added sugar as well as total
sugar intakes from SSB, juice, and sweets/sugar in adolescence
and adult HOMA2-S% or insulin levels (all p > 0.01, Table 4).
On the biomarker level, a higher adolescent excretion of
urinary fructose was associated with lower fasting insulin and
higher adult insulin sensitivity among females (p = 0.007 and
p = 0.008, respectively, Table 5, model C; Figure 1). Among
males, sugar excretion levels were not associated with adult
insulin sensitivity markers.
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TABLE 3 | Sex-stratified prospective associations of total dietary fructose, sucrose, and glucose intake during adolescence with markers of insulin sensitivity in early adulthood [n = 254: (124 males, 130 females))].

Tertiles of fructose intake

Tertiles of glucose intake

Tertiles of sucrose intake

Females Low (T1) Moderate High (T3) Pirend Low (T1) Moderate High (T3) Ptrend Low (T1) Moderate High (T3) Ptrend
(T2) (T2) (T2)

Dietary sugar 36 (32; 43) 47 63 (56; 70) 39 (32; 43) 50 65 (58; 70) 46 (39; 55) 60 83 (70; 89)

(g/d)? (44; 53) (43; 58) (53; 69)

Insulin (pmol/L)

Model A 79.3 (69.5; 89.2) 80.3 72.6(62.7;82.5) 0.08 855 (75.9;95.2) 78.0 68.7 (59.0; 78.3) 0.05 82.8(73.0; 92.5) 80.1 68.8 (58.7; 78.8) 0.03
(70.1; 90.5) (67.9; 88.1) (70.3; 89.9)

Model B 76.3 (66.7; 85.9) 79.9 72.4(62.8;82.0) 0.11 81.5(71.4;91.6) 76.8 70.8 (61.0;80.6) 0.25 77.9(67.5;88.2) 79.0 71.5(61.4; 81.6) 0.20
(70.0; 89.8) (66.6; 87.0) (69.3; 88.7)

Model C 76.6 (66.9; 86.3) 79.2 72.7 (63.0;82.4) 0.17  80.9(70.9; 90.9) 77.5 70.7 (61.0; 80.4) 0.36 78.7 (68.5; 89.0) 79.0 70.7 (60.6; 80.7) 0.20

(conditional) (69.2; 89.2) (67.4; 87.6) (69.5; 88.6)

HOMA2-%S

Model A 71.8 (65.0; 79.5) 71.7 79.1(71.5;87.6) 0.04 67.8(61.4;74.9) 73.7 81.6(73.9;90.1) 0.06 68.8(62.3; 76.0) 73.7 80.9 (73.0; 89.7) 0.03
(64.6; 79.6) (66.5; 81.8) (66.7; 81.5)

Model B 74.2 (67.3;81.8) 72.5 78.9(71.5;87.00 0.13 68.8(62.3; 76.0) 73.7 81.0(73.0;89.7) 0.28 72.7 (65.4;80.7) 74.6 78.3(70.7; 86.8) 0.25
(65.6; 80.2) (66.7; 81.5) (67.6; 82.2)

Model C 78.1 (69.1; 88.3) 76.2 86.6(77.1,97.2) 0.20 71.5(64.6;79.1) 741 79.6 (72.2;87.8) 0.39  72.0(64.9; 79.8) 74.5 79.1 (71.4; 87.5) 0.24

(conditional) (67.8; 85.6) (66.9; 82.1) (67.7; 82.1)

Males Low (T1) Moderate High (T3) Ptrend Low (T1) Moderate High (T3) Ptrend Low (T1) Moderate High (T3) Ptrend

(T2) (T2) (T2)
Dietary sugar (g/d)® 47 (41; 50) 62 79 (71; 89) 48 (38; 55) 61 76 (67; 87) 58 (46; 69) 73 99 (86; 114)
(52; 68) (65; 72) (62; 90)

Insulin (pmol/L)

Model A 70.9 (60.9; 80.9) 78.3 63.7 (53.8; 73.6) 095 65.4(55.1;76.9) 79.9 71.8(60.8;82.8) 0.99 73.0(62.5; 83.6) 72.8 66.8 (56.6; 77.0) 0.41
(68.1; 88.4) (68.8; 91.1) (62.9; 82.6)

Model B 71.0 (60.1; 81.9) 79.1 64.2 (53.9;74.5) 099 68.6(57.5; 79.7) 72.5 72.7 (62.5;82.9) 0.87 73.8(62.2;85.5) 73.5 67.3(56.7; 77.9) 0.79
(68.7; 89.5) (62.1; 83.0) (63.4; 83.5)

Model C 71.6 (60.1; 82.0) 78.7 64.7 (54.5;75.0) 0.96 68.3(57.2; 79.4) 73.3 72.2(61.9;82.4) 0.90 73.4(61.7;85.1) 74.3 66.7 (56.1; 77.3) 0.75

(conditional) (68.3; 89.1) (62.8; 83.9) (64.2; 84.4)

HOMA2-%S

Model A 77.8 (69.4;87.1) 76.9 86.5(77.3;96.8) 0.90 79.9(71.0; 90.0) 84.9 76.6 (68.5;85.6) 0.98 75.2(66.8; 84.7) 80.9 84.8 (75.6; 95.1) 0.40
(68.5; 86.3) (75.8; 95.0) (72.4; 90.4)

Model B 78.1(69.0; 88.3) 76.7 86.0(76.5;96.6) 0.95 75.2(66.8;84.7) 80.9 84.8 (75.6;95.1) 0.89 75.0(65.8; 85.4) 80.2 84.7 (75.3; 95.4) 0.76
(68.2; 86.2) (72.4; 90.4) (71.7; 89.8)

Model C 74.4 (67.6; 82.0) 72.0 79.1(71.9;87.2) 0.89 80.8(71.4;91.5) 83.4 77.1(68.8;86.4) 092 75.4(66.3;85.9) 79.3 85.5 (76.0; 96.2) 0.72

(conditional) (65.1; 79.5) (74.2; 93.8) (70.8; 88.7)

Values are adjusted least-squares means (95% Cls) unless otherwise indicated. Linear trends (Pyeng) Were obtained in sex-stratified linear regression models with the transformed and energy-adjusted predictors dietary fructose, sucrose,
and glucose adolescent intakes as continuous variables. Model A adjusted for adult age at time of blood draw. Model B, with outcomes HOMAZ2-%S and fasting insulin, additionally adjusted for paternal education, birth weight, gestational
weight gain, smoking in the household, parental overweight and pubertal percent body fat. Model C, the conditional model, additionally adjusted for adult percent bodly fat for all predictors and outcomes. Transformations of variables
for analysis: loge for HOMA2-%S, fasting insulin, dietary sucrose and glucose; square root for dietary fructose. HOMA2-%S: updated homeostasis model assessment of insulin sensitivity. @Values are unadjusted medians (25th, 75th
percentile). Fructose intake is defined to be free fructose plus 50% of sucrose. Glucose intake is defined to be free glucose plus 50% of sucrose. Bold values indicate significant findings (o < 0.01) or trends (p< 0.05).
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TABLE 4 | Sex-stratified prospective associations of total dietary sugar, added sugar, and free sugar intake during adolescence with markers of insulin sensitivity in early adulthood [n = 254: (124 males, 130 females)].

Tertiles of total sugar intake

Tertiles of added sugar intake

Tertiles of free sugar intake

Females Low (T1) Moderate High (T3) Pirend Low (T1) Moderate High (T3) Ptrend Low (T1) Moderate High (T3) Ptrend
(T2) (T2) (T2)

Dietary sugar 88 (79; 105) 113 143 (128; 160) 39 (33; 47) 61 78 (70; 95) 52 (43; 60) 76 103 (98; 121)

(g/dy? (103; 129) (50; 73) (70; 86)

Insulin (pmol/L)

Model A 81.3(71.5;91.0) 80.2 70.7 (60.9; 80.6) 0.05 84.0(74.2;93.7) 76.9 71.0(61.0;81.00 024 81.1(71.3;90.9) 78.8 72.3 (62.4;82.2) 0.28
(70.1; 90.3) (66.9; 86.8) (68.6; 88.9)

Model B 77.7 (67.6; 87.7) 78.8 72.2(62.4;81.9 023 79.2(68.8; 89.6) 75.8 73.5(63.3;83.6) 0.79 76.7 (66.7; 86.6) 78.7 73.2 (63.4; 83.0) 0.51
(68.7; 88.9) (66.0; 85.7) (68.6; 88.7)

Model C 76.6 (66.6; 86.6) 80.5 71.7 (62.0;81.4) 0.28 79.6 (69.3; 89.9) 76.3 72.6 (62.5;82.7) 0.66 76.8(67.0;86.7) 79.1 72.7 (63.0; 82.4) 0.54

(conditional) (70.3; 90.6) (66.6; 86.1) (69.1; 89.0)

HOMA2-%S

Model A 71.1(64.4; 78.6) 71.3 80.5(72.7;89.00 0.06 68.5(62.0; 75.7) 75.7 79.0(71.3;87.5) 0.28 70.8(64.1;78.3) 72.5 79.4 (71.7; 87.9) 0.32
(64.3; 79.1) (63.3; 83.9) (65.4; 80.5)

Model B 74.2 (67.0; 82.1) 72.3 78.9(71.5;87.1) 0.27 72.5(65.2; 80.5) 76.4 76.6 (69.1;84.9) 0.87 74.6(67.5;82.5) 72.3 78.5(71.1; 86.6) 0.57
(65.3; 80.1) (69.2; 84.4) (65.4; 80.0)

Model C 75.0 (67.9; 83.0) 71.0 79.4(72.0;87.5) 0.33 72.1(65.0;80.1) 76.0 77.3(69.9;85.6) 0.783 74.5(67.5;82.2) 72.0 78.9 (71.6; 87.0) 0.61

(conditional) (64.1; 78.6) (68.9; 83.9) (65.2; 79.6)

Males Low (T1) Moderate High (T3) Ptrend Low (T1) Moderate High (T3) Ptrend Low (T1) Moderate High (T3) Ptrend

(T2) (T2) (T2)

Dietary sugar (g/d)? 110 (95, 128) 148 173 (150, 200) 51 (42, 68) 73 102 (86, 125) 66 (55, 77) 92 129 (110, 141)
(135,172) (67, 89) 81, 111)

Insulin (pmol/L)

Model A 70.3 (60.0; 80.6) 74.5 67.7 (67.5;77.9) 091 65.9(55.4; 76.4) 76.9 68.9 (68.9; 79.0) 0.92 68.4(57.8; 78.9) 76.2 67.6 (567.6; 77.6) 0.28
(64.4; 84.5) (67.2; 86.6) (66.4; 86.1)

Model B 70.5 (569.4; 81.5) 75.6 67.9(57.4;78.4) 0.86 66.6(55.6;77.6) 76.6 70.1(69.7;80.5) 0.72  69.0 (57.5; 80.4) 76.4 68.6 (58.3; 78.9) 0.78
(65.3; 86.0) (66.6; 86.6) (66.3; 86.6)

Model C 70.5 (59.5; 81.5) 76.0 67.5(57.0; 78.00 0.87 66.6(55.6; 77.6) 76.8 69.8(69.4;80.2) 0.79 68.5(57.0; 79.9) 77.2 68.1(57.9; 78.4) 0.89

(conditional) (65.7; 86.3) (66.8; 86.8) (67.0; 87.4)

HOMA2-%S

Model A 78.8 (70.2; 88.5) 79.5 82.8(73.8;92.9) 0.85 84.0(74.3;94.5) 76.5 81.4(72.6;91.2) 097 80.4(71.4;90.6) 77.8 83.0 (74.1; 93.0) 0.93
(71.0; 89.1) (68.5; 85.4) (69.6; 87.0)

Model B 79.2 (70.0; 89.7) 78.6 83.0(73.7;93.3) 0.93 83.9(74.1;95.0) 77.2 80.4 (71.5;90.4) 0.69 80.4(70.7;91.5) 781 82.1(73.1;,82.2) 0.79
(70.0; 88.3) (68.8; 86.4) (69.7; 87.6)

Model C 79.2 (70.0; 89.7) 78.2 83.5(74.2;93.9) 0.95 83.9(74.2;95.0) 77.0 80.8(71.9;90.8) 0.77 81.0(71.3;92.1) 77.2 82.7 (73.7;92.8) 0.89

(conditional) (69.6; 87.8) (68.8; 86.1) (68.9; 86.6)

Values are adjusted least-squares means (95% Cls) unless otherwise indicated. Linear trends (Pyeng) Were obtained in sex-stratified linear regression models with the transformed and energy-adjusted predictors dietary fructose, sucrose,
and glucose adolescent intakes as continuous variables. Model A adjusted for adult age at time of blood draw. Model B, with both outcomes HOMA2-%S and fasting insulin additionally adjusted for paternal education, birth weight,
gestational weight gain, smoking in the household, parental overweight and pubertal percent body fat. Model C, the conditional model, additionally adjusted for adult percent bodly fat for all predictors and outcomes. Transformations
of variables for analysis: loge for HOMA2-%S, fasting insulin, total sugar intake; square root for added sugar and free sugar intakes. HOMA2-%S: updated homeostasis model assessment of insulin sensitivity. @Values are unadjusted
medians (25th, 75th percentile). Bold values indicate significant findings (o < 0.017) or trends (p< 0.05).
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TABLE 5 | Sex-stratified prospective associations of urinary fructose, urinary sucrose, and the sum of urinary fructose and sucrose excretion during adolescence with
markers of insulin sensitivity in early adulthood [(n = 221: (109 males, 112 females))].

Tertiles of urinary fructose

Tertiles of urinary fructose + sucrose

Females Low (T1) Moderate (T2) High (T3) Ptrend Low (T1) Moderate (T2) High (T3) Ptrend

Urinary sugar (mg/d)? 10.1 (7.9, 13.9) 21.2 38.7 (32.3, 54.8) 27.0(21.7, 34.3) 46.1 79.4 (67.4,110.9)
(19.0, 24.5) 41.0,52.7)

Insulin (pmol/L)

Model A 80.6 (70.7; 90.4) 82.2 69.4 (569.5; 79.2)  0.013 78.2 (68.2; 88.2) 78.0 76.1(66.3; 85.9) 0.29
(72.4;91.9) (67.9; 88.2)

Model B 79.7 (70.0; 89.4) 81.9 67.8(68.1;77.5)  0.011 76.9 (67.0; 86.9) 77.0 75.7 (66.1; 85.3) 0.24
(72.3; 91.4) (67.1; 86.9)

Model C 80.4 (70.9; 89.8) 80.6 68.6 (569.2; 78.1)  0.007 76.2 (66.6; 85.9) 79.0 74.8 (65.5; 84.2) 0.18

(conditional) (71.3; 90.0) (69.3; 88.8)

HOMA2-%S

Model A 69.3 (62.5; 76.9) 70.5 83.0(74.8;92.1)  0.015 71.7 (64.4; 79.7) 73.9 76.3 (68.8; 84.7) 0.31
(63.6; 78.1) (66.3; 82.4)

Model B 70.0 (63.3; 77.4) 70.6 84.7 (76.6;93.6)  0.013 72.5 (65.4; 80.5) 74.9 76.7 (69.3; 84.8) 0.25
(64.0; 78.0) (67.5; 83.1)

Model C 69.5 (63.0; 76.7) 71.4 84.0(76.2;92.7)  0.008 73.0 (66.0; 80.9) 73.5 77.3(70.0; 85.3) 0.19

(conditional) (64.8; 78.7) (66.3; 81.5)

Males Low (T1) Moderate High (T3) Ptrend Low (T1) Moderate High (T3) Ptrend

(T2) (T2)

Urinary sugar (mg/d)? 12.5(9.9, 14.2) 22.3 37.8(32.5,51.7) 31.6 (24.8, 37.1) 52.0 89.7 (75.7,117.8)
(18.3,23.2) (44.7, 56.0)

Insulin (pmol/L)

Model A 72.5 (59.8; 85.3) 79.9 65.2 (52.7,;77.8) 020  76.2 (63.6; 88.9) 74.6 67.2 (54.4,79.9) 053
(67.6; 92.1) (62.1; 87.1)

Model B 72.2 (59.4; 85.0) 80.7 65.6 (63.2; 78.1) 0.23 75.2 (62.3; 88.0) 76.0 67.3 (564.7; 80.0) 0.74
(68.3; 93.1) (63.4; 88.6)

Model C 73.6 (60.6; 86.7) 79.7 65.0 (62.5; 77.5) 0.10 76.6 (63.7; 89.5) 771 65.5 (562.6; 78.3) 0.18

(conditional) (67.1;92.2) (63.6; 88.7)

HOMA2-%S

Model A 79.0 (69.1; 90.2) 74.6 85.6 (75.1; 97.6) 0.20 76.4 (66.9; 87.1) 78.7 83.7 (73.3; 95.6) 0.50
(65.7; 84.8) (69.1; 89.6)

Model B 79.4 (69.5; 90.8) 741 85.4 (75.0; 97.2) 0.23 77.4 (67.7; 88.4) 77.6 83.7 (67.7; 88.4) 0.71
(65.1; 84.4) (68.1; 88.5)

Model C 77.2 (67.5; 88.3) 75.6 86.4 (76.0; 98.2) 0.10 75.5 (66.1; 86.1) 77.5 86.4 (75.8; 98.5) 0.29

(conditional) (66.5; 86.0) (68.2; 88.1)

Values are adjusted least-squares means (95% Cls) unless otherwise indicated. Linear trends (Pieng) Were obtained in sex-stratified linear regression models with the predictors urinary
fructose, urinary sucrose, and sum of urinary fructose and sucrose as continuous variables. Model A adjusted for adult age at time of blood draw. Model B, with outcomes HOMA2-%S
and fasting insulin, additionally adjusted for paternal education, pubertal percent body fat and gestational weight gain. The conditional Model C additionally adjusted for adult percent
bodly fat for all predictors and outcomes. Transformations of variables for analysis: loge for HOMA2-%S, fasting insulin; square root for excreted urinary fructose; loge(loge) for sum of
excreted fructose and sucrose. HOMA2-%S: updated homeostasis model assessment of insulin sensitivity. 2Values are unadjusted medians (25th, 75th percentile). Bold values indicate

significant findings (p < 0.01) or trends (p< 0.05).

Adolescent Sugar Intake and Adult

Systemic Inflammation

Intakes of glucose, fructose, sucrose, total sugar, free sugar
or added sugar as well as total sugar intakes from SSB,
juice and sweets/sugar were not independently associated
with the pro-inflammatory score in adulthood (all p >
0.01; see Supplementary Tables 1,2,4). Similarly, sugar
excretion levels during adolescence were not associated with
the pro-inflammatory score in adulthood (all p > 0.01,
Supplementary Table 3).

Sensitivity Analyses
All sensitivity analyses yielded similar results as the main
investigation, i.e., did not significantly change any observed

associations. The results from the substitution analyses
indicate that the replacement of each sugar type for
non-sugar carbohydrates did not result in any significant
associations for the outcomes of pro-inflammatory score (see
Supplementary Table 5), fasting insulin and insulin sensitivity
(see Supplementary Table 6).

DISCUSSION

In the present longitudinal study, a unique database compiled
from self-reported sugar intake data and urinary fructose and
sucrose excretion as dietary sugar intake biomarkers was used
to investigate the role of dietary sugars in adolescence for adult
risk markers of T2D. The main finding suggests that dietary
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FIGURE 1 | Serum levels of fasting insulin and insulin sensitivity (HOMA2-%$) in early adulthood by tertiles of excreted urinary fructose among females and males in
adolescence. Data are generic means and 95% Cl adjusted for age at time of blood draw, paternal education, pubertal percent body fat, gestational weight gain and
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sugar was not consistently related to adult T2D risk factors.
The only exception was the urinary fructose biomarker, which
was beneficially associated with HOMA2-5% and fasting insulin
levels among females only. No other associations were found
between the various dietary/urinary sugars and insulin sensitivity
or chronic inflammation.

Other reported observational evidence was consistent
with our prospective association between fructose intake and
improved HOMA2-S% and insulin levels (49, 50), and further
sources reporting on large cohorts found no association between
fructose-containing sugars and incident T2D (51-53) contrary
to the popular opinion that sugar intake increases risk for T2D.
A meta-analysis of 15 prospective cohort studies reported no
association of total sugar and fructose intake with T2D, and a
higher sucrose consumption was associated with a decreased
risk in T2D (54). The main predictors in these studies reported
findings that emerged when investigating chemical sugar types,
as was similarly done in our study. The observational studies
referenced here similarly adjusted for anthropometric measures
and energy intake as was done in our study but did not measure
sugar intake by means of urinary biomarkers. When consumed
in high amounts, dietary fructose has been associated in cohort
studies with increased risk of T2D (55, 56). Inconsistent findings
related to sugar intake and diabetes risk may result from varying
levels of sugar intake and the possibility that different sugars
elicit different metabolic effects (57). Our results pertaining
to biomarkers of inflammation indicated no relationship with
sugar intake. Only when analyzing sugar as a source of SSB was
it associated with an increased pro-inflammatory score among
females (Pyeng < 0.05). This is consistent with observational
evidence that consistently links SSB intake with increased
chronic inflammation (more specifically CRP) (1, 20-22).

There is an array of categories and uses by which dietary sugar
is defined and tested for in nutritional research. Broken down on
a chemical level, the monosaccharides fructose and glucose and
the disaccharide sucrose are assumed to have unique metabolic
effects on outcomes of health. Other sugar categories of total,
added, or free sugars may each be of physiological relevance,
ie, causing varying effects on absorption, satiety, caloric
compensation, or insulin response. Since dietary assessment
methods are prone to measurement errors (26) and sugars are
among the nutrients that are frequently underreported (27, 28),
objective dietary biomarkers of 24 h urinary sucrose and urinary
fructose have been introduced (29, 30). The inconsistencies often
found in epidemiological studies that investigate links between
sugars and chronic disease may in part be due to the ambiguity
of not only the definition and type of sugar but the sugar source
as well (9-11). When the main sources of dietary fructose are
fruits and vegetables in their whole form and not as juice,
prospective studies have shown inverse associations with the
risk of incident diabetes (58, 59). This may be related to factors
specifically associated with fruit and vegetable intake, such as
particular micronutrients or dietary patterns that are related to
a lower risk of diabetes. Although fruit/vegetable juices contain
bioactive compounds such as vitamins and phytochemicals, they
are stripped of the fiber once had in their whole food form and
have sugar and energy contents similar to SSB (60). Additionally,
liquid sources of sugar affect satiety differently than solid sources
(61). A distinction is made between different types of fruit juices;
sugar-sweetened fruit juice has been reported to increase the
risk of developing T2D in some prospective studies (55, 62),
while in others 100% fruit juice showed no association (63-65)
as confirmed by a meta-analysis (66). Sugar-sweetened fruit juice
was defined as an SSB in our study, and our juice variable came
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from fruit and vegetable sources; no associations were observed
for fruit juice intake in our study.

Our finding relating to the inverse association of urinary
fructose on insulin levels is in line with evidence from short-
term trials that reported decreases in circulating insulin in
subjects consuming fructose-sweetened beverages compared to
glucose-sweetened beverages (13, 14). Fructose consumption
causes smaller excursions in insulin due to its inability to
stimulate the secretion of insulin from pancreatic beta cells.
This was also confirmed by a meta-analysis of randomized
trials wherein iso-energetic replacements of glucose and sucrose
with fructose resulted in decreased insulin levels (56). On the
other hand, our finding that indicates a beneficial association
of fructose intake with insulin sensitivity was not confirmed
by many intervention studies in which high proportions of
fructose are consumed. These fructose over-consumption trials
almost consistently report that higher intakes of fructose lead
to decreases in insulin sensitivity (67-70). Many of the studies
outlining the biological pathways of fructose administer high
levels of pure fructose and the observed outcomes are not
applicable to the amount of fructose typically consumed by
humans, particularly considering that fructose is most often co-
ingested with glucose via sucrose or HFCS in ratios similar
to sucrose. The human diet rarely encounters fructose as a
single nutrient. When looking at the effects of small doses of
fructose, a meta-analysis reported that small fructose intakes
in iso-energetic exchange improves HbAlc and fasting blood
glucose but had no effect on insulin resistance (71). When
assessing the effect of dietary fructose, a distinction needs to be
made between trials that administer high vs. low doses. Of note,
our DONALD population consumed relatively low amounts of
fructose. Thus, the comparisons made between our findings
and those above are not helpful in explaining our results, also
because we investigated longer-term relevance which is different
from a short- or medium-term response to fructose consumption
(evidence from available randomized controlled trials) unless
a metabolic adaptation occurs during adolescence. Considering
adult dietary sugar intake in our population, it was unrelated to
both the outcomes and the predictors and thus did not change
the findings.

In considering why it was only among females that the
beneficial association of fructose was observed, other DONALD
studies also reported that females were more influenced by
dietary changes than men (72, 73). It has been reported that
women show more dramatic changes than men in hormones
and body composition due to reproductive factors, which may
cause them to react more sensitively to changes in dietary
influences. Differences between men and women are biology-
linked and caused by differences in sex chromosomes, hormones,
and gene expression of sex-specific autosomes, which can each
have effects on organ systems (74). Especially during adolescence
when the fuel economy shifts away from fatty acid composition
and ketogenesis toward carbohydrate oxidation, there is reduced
metabolic flexibility making puberty a vulnerable period for
changes in body composition (75). Women generally have
lowered insulin sensitivity (75-77) (as was also observed in this
present study) or increased impaired glucose tolerance than do

males (74), which may increase their susceptibility or sensitivity
to dietary influences.

Sugars are often among the nutrients that are frequently
misreported and perceived negatively because they are a source
of empty calories and are a common ingredient in unhealthy
foods (27, 28). A possible explanation in the present analysis for
the contrasting regression results between dietary fructose and
urinary fructose is selective underreporting of sugar-rich foods,
e.g., sugar sweetened beverages or sweets. There is to date no
reliable method to identify selective sugar underreporting. Our
sensitivity analyses excluding underreporters of energy intake,
i.e., dietary records that had implausible energy intake values,
yielded similar results. The use of urinary biomarkers to estimate
dietary sugar intake may produce more reliable results as they
are less subject to measurement and misreporting errors. The
inconsistency in the reported findings of observational studies
that investigate relations between sugar and disease outcomes
may be due to the ambiguity of the employed dietary assessment
methods. This being said, weighed dietary records as used
by the DONALD study have been considered to be the most
accurate dietary assessment tool for larger study populations,
and measurement errors using these records are smaller than
for other methods of assessment (78, 79). Evidence based on
self-reported intake, however, may be considered lower-grade
when compared to objective dietary biomarkers, especially due
to selective underreporting of unhealthy foods (80). Neither
fructose nor sucrose is endogenously synthesized, therefore
urinary excretion has to be of dietary origin. A small amount
of sucrose escapes from enzymatic hydrolysis in the small
intestine and enters into blood stream before becoming excreted.
For ingested fructose, a small proportion derived from free
fructose and from hydrolysis of sucrose escapes hepatic fructose
metabolism and is likewise excreted through the urine. In the
existing literature it is still debated which sugars (extrinsic,
intrinsic, total, added, free, etc.) are really captured by urinary
sucrose and fructose excretion (29, 30, 81, 82). In a previous
DONALD publication, it was found that dietary total sugar was
more strongly associated with excreted fructose than dietary
added sugar (83). While the relationship between intake and
excretion is more complex for 24h urinary sugars than for
recovery biomarkers, they have been shown to reflect intake as
so-called predictive biomarkers. Following extensive validation
data, Tasevska et al. (84) have shown that it is possible to estimate
actual intake from these markers when one considers age and sex.
Both dietary and biomarker methods of assessment are analyzed
and compared in this study; they have different sources of error
and do not necessarily cover the exact same days of assessment
(rather the same overall time period).

The main strength of the present study was its longitudinal
design, including the long follow-up, which allowed the
investigation of the long-term associations between dietary sugar
intake in adolescence outcomes in young adulthood. Unlike
many other observational studies of this nature, it was a strength
that our study allowed comparisons of associations on the dietary
as well as the urinary level. The urinary biomarkers are less
subject to confounding by other nutrients or underreporting. In
addition, our continuously updated in-house nutrient database
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LEBTAB allowed the consideration of fructose, glucose and
sucrose as well as different types of fructose-containing sugars
(total sugar, free sugar, added sugar). Our study was able to
consider brand-specific sugar content in commercial products as
well as sugars or sweetening agents such as syrups and honey
which are used for food preparation at home. Furthermore, the
urine analyses were carried out in established laboratories by
scientists with years of experience in the measurement of sugar
excretion in 24 h-urine samples.

Our study was limited by the availability of only one blood
sample in young adulthood. It could be argued that the follow-
up time was rather short considering the younger age of the
cohort, and therefore endpoints of incidence could not be
assessed. Since T2D rates occur ever increasingly in younger
populations we justified the decision to measure risk factors
for T2D already in early adulthood. A further limitation in the
methods used was the handling of our urine samples, which
in contrast to previous studies (29, 30) were frozen without
preservatives for a long period of time (the earliest 24 h urine was
collected in 1985), which may have caused sucrose hydrolysis.
Such a possible hydrolysis of sucrose would, however, query
the successful application of urinary sucrose as a biomarker
in large epidemiological studies in which urine samples are
mostly stored without preservatives. Luceri et al. (58) were the
first to examine urinary biomarkers for sugar intake referring
only to the instability of sucrose in urine samples stored at
room temperature. Since our samples were stored at < —12°C
during the collection period at home as well as at —22°C in
the study institute, our samples remained frozen until use. The
generalizability of our results was limited due to the relatively
high SES of the DONALD study population and high SES
is known to correlate with lower dietary sugar intake (85).
Nevertheless, our sugar intake data were similar to sugar intake
in representative German nutrition survey (86, 87) as well as our
sugar excretion data, which were similar to sugar excretion in
other study populations (33, 88, 89).

In conclusion, these observational findings did not confirm
that dietary sugar consumption in adolescence is related to
insulin sensitivity in adulthood. The one potential exception to
this was dietary fructose (as measured by a urinary fructose
biomarker), which had a beneficial association with HOMA2-
S% and fasting insulin levels among females in the context of a
moderate fructose consumption pattern. No other associations
were found between the various dietary/urinary sugars and
insulin sensitivity or systemic inflammation.
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Background: The evidence regarding the association between added sugar (AS) intake
and obesity remains inconsistent. The aim of this study was to investigate the association
between changes in the percentage of energy intake from AS (EAS%) and changes
in body weight in a cohort study of older Australians during 15 years of follow-up. In
addition, associations were assessed according to whether EAS% intake was provided
from beverage or non-beverage sources.

Methods: Data were analyzed from the participants of the Blue Mountains Eye Study
Cohort. Dietary data were collected at baseline (1992-94) and three five-yearly intervals
using a 145-item food frequency questionnaire. Participants’ body weight was measured
at each time point. Five-yearly changes in EAS% intake and body weight were calculated
(n = 1,713 at baseline). A generalized estimating equation (GEE) model was used to
examine the relationship between the overall five-yearly changes in EAS% intake and
body weight, adjusted for dietary and lifestyle variables.

Results: In each time interval, the EAS% intake decreased by ~5% in the lowest quartile
(Q1) and increased by ~5% in the highest quartile (Q4). The mean (SD) body weight
change in Q1 and Q4 were 1.24 (8.10) kg and 1.57 (7.50) kg (first time interval), 0.08
(6.86) kg and —0.19 (5.63) kg (second time interval), and —1.22 (5.16) kg and —0.37
(5.47) kg (third time interval), respectively. In GEE analyses, the overall five-yearly change
in EAS% intake was not significantly associated with body weight change (Pyeng =
0.837). Furthermore, no significant associations were observed between changes in
EAS% intake from either beverage or non-beverage sources and changes in body weight
(Ptrend for beverage sources = 0.621 and Prrend for non-beverage sources = 0-626)-

Conclusion: The findings of this older Australian cohort do not support the association
between changes in EAS% intake and body weight, regardless of AS food sources
(beverage or non-beverage).

Keywords: added sugar intake, added sugar food sources, body weight, Blue Mountains Eye Study, older adults,
cohort study

Frontiers in Nutrition | www.frontiersin.org

75 March 2021 | Volume 8 | Article 629815


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.629815
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.629815&domain=pdf&date_stamp=2021-03-01
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:hm389@uowmail.edu.au
https://doi.org/10.3389/fnut.2021.629815
https://www.frontiersin.org/articles/10.3389/fnut.2021.629815/full

Moshtaghian et al.

Added Sugar Intake and Weight

INTRODUCTION

Obesity is a major public health issue in all age groups, including
the elderly. Several physical and mental health complications
(e.g., cardiovascular disease and depression) are associated with
obesity in this population (1). Obesity has a negative impact
on the overall quality of life and chronic disease-free life
expectancy of older adults (2). Therefore, there is a global
focus on the prevention of obesity to reduce the financial and
psychosocial burden of the obesity-associated chronic diseases,
particularly among the older sectors of the population (3-5). Of
the multifactorial causes of obesity, diet is a modifiable risk factor
and a target for many weight loss programs (6).

Diets high in energy-dense foods have been linked to obesity
(7), and added sugar (AS) has been identified as a major
component in many energy-dense foods (8). AS is defined
as sugars and syrups added to foods during processing and
preparation (9). Honey and concentrated fruit juices used as an
ingredient in the multi-ingredient foods are also considered to be
AS (10). This is similar to the World Health Organization free
sugar definition where all monosaccharaides and disaccharides
added to foods (by the manufacturer, cook, or consumer) and
sugars naturally present in honey, syrups, fruit juices, and fruit
juice concentrates are considered in the free sugar definition (11).

Several intervention studies have investigated the effect of
AS intake on the weight gain or development of obesity. These
studies accounted for individual types of sugars (e.g., fructose
or glucose) or specific food sources of AS (i.e., sugar-sweetened
beverages) (12-15), but did not consider the contribution of total
AS intake. In addition, some studies were short-term (<1 month)
(12, 13, 15), therefore, the generalization of the outcomes of these
studies to the general population and everyday diets is limited.
Conversely, cohort studies with longer follow-up periods have
tended to focus on sugar-sweetened beverages as major sources
of AS. In most cases, these studies have reported a positive
association between the intake of these beverages and indicators
of obesity (16, 17). Nevertheless, the association has not been
confirmed in all studies nor across all age groups, including older
adults (18, 19).

Few cohort studies have been conducted to investigate the
association between baseline AS intake and change in body
weight or body mass index (BMI) (19, 20). A longitudinal
study that investigated the change in AS intake in children
and adolescents reported no significant associations between AS
intake, or AS intake from liquid or solid food sources, and
BMI when the analysis was adjusted for total energy intake
(21). This was contrary to findings from other cohort studies,
in which increases in the intake of sugar sweetened beverages
were associated with an increased BMI (22, 23). In addition to
inconsistent findings for the liquid food sources of AS, results of
studies on the association between other AS food sources (e.g.,
sweets, desserts, and other solid sources) and obesity indicators
(24, 25) were also contradictory.

To our knowledge, the longitudinal association between
change in AS intake and body weight change over time has not
been investigated in adults, including older populations. The aim
of the current study is, therefore, to investigate the associations

between change in the percentage of energy intake from AS
(EAS%) and body weight change in a longitudinal cohort of
older Australians during 15 years of follow-up. In addition,
associations were assessed according to whether EAS% intake was
provided from beverage or non-beverage sources.

METHODS
Study Population

This study is a secondary analysis of data from the Blue
Mountains Eye Study (BMES) cohort. Details of the BMES have
been described in detail elsewhere (26). Briefly, participants of
the BMES were aged >49 years old at baseline and lived in
two postcode areas within the Blue Mountains region, New
South Wales, Australia. Baseline data collection (BMES 1) was
conducted between 1992 and 1994 and subsequent data were
collected every 5 years (BMES 2:1997-99, BMES 3:2002-04,
and BMES 4:2007-09). The BMES has ethics approval from the
Sydney West Area Health Services and the University of Sydney
Human Research Ethics Committees. Written informed consent
was obtained from all participants.

Dietary Data Collection

Dietary data were collected using a validated 145-item semi-
quantitative food frequency questionnaire (FFQ) (27) and
analyzed using corresponding food composition data from the
Australian Nutrient Tables (NUTTAB) to assess nutrient intakes.
NUTTAB 1990 was used for the BMES 1, NUTTAB 1995 for
BMES 2 and 3 and NUTTAB 2010 for BMES 4, to align with
the food supply at each follow up time-points. The NUTTAB
databases contain the nutrient content of various foods, including
total sugars, but do not contain AS values. Therefore, the AS
content of FFQ food items was estimated for each NUTTAB
using a stepwise method (28). In this 10-step systematic method,
foods with zero total sugar and natural/unprocessed foods were
considered to have zero AS. Foods containing 100% AS (i.e.,
no naturally occurring sugar), such as regular soft drinks,
were considered to have an AS content equivalent to the
total sugar content (28). The AS content of other foods was
estimated from recipes, comparisons of the total sugar content of
sweetened products with unsweetened varieties, analytical data
for individual sugar types (i.e., lactose and maltose), adoption
of values from other countries’ AS databases or using food
labels (28).

FFQ dietary intake data were cleaned for implausible energy
and nutrient intakes (26). For example, FFQs with 12 blank
questions or blank page(s) were excluded. Participants with
implausible energy intakes of <2,500 kJ and >18,000 kJ or
extreme AS intakes of more than the mean + 4 Standard
Deviation (SD) were also excluded. For this study, only
participants who provided both dietary and body weight data at
two consecutive time points (paired observations) were included
in the analyses. These paired observations were provided by
1,713 participants in the first time interval (BMES 1-2), 1,209
participants in the second time interval (BMES 2-3) and 747
participants in the third time interval (BMES 3-4). Thus, the
total number of paired observations were 3,669. Throughout this
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study, the beginning of each time interval is referred to as the
“initial” time point.

Classification of Beverage vs.

Non-beverage Added Sugar Sources

Food groups were developed (29) based on the 1995 Australian
National Nutrition Survey (NNS1995) (30). For AS analyses, food
groups were modified to represent AS food groups (31) and were
then classified to beverage (liquid) or non-beverage (non-liquid:
semi-solid/solid) categories. The beverage category included the
sugar-sweetened beverages group and was formed based on
the definition of sugar-sweetened beverages. According to this
definition, water-based non-alcoholic beverages containing AS,
including regular soft drinks, cordial, electrolyte and energy
drinks, fruit, and vegetable drinks (excluding milk, 100% fruit
juice, and artificially sweetened drinks) are considered sugar-
sweetened beverages (32, 33). Thus, in this study, the beverage
category included sugar-sweetened beverages (sweetened juices,
cordial and soft drinks) and the non-beverage category included
cereal products (breakfast cereals), cereal-based products and
dishes (biscuits, cakes, buns and scones, pastries, and mixed
dishes), dairy products and dishes (yogurt, custard, ice
cream, and dairy-based desserts), sugar products and dishes
(discretionary sugar, honey, jam, and syrup), confectionary
(sweets and chocolate), savory sauces, meat (processed), and
vegetables (processed/canned varieties).

Assessment of Body Weight and

Covariates

For the BMES anthropometry assessments, participants’ body
weight (kg) was measured with electronic scales (without shoes or
heavy clothes) (34, 35) at each time point. Since physical stature
declines in aging populations (36), change in weight over time
was used as an outcome rather than change in BMI. For assessing
the covariates, information was collected about the participants’
medical history and socio-demographic and lifestyle factors by
trained interviewers at all BMES time points using extensive
questionnaires (37, 38). Some of these questions were about
participants’ smoking status (i.e., never smoked, past smoker,
or current smoker), and physical activity (39). Physical activity
questions collected information regarding walking exercises and
moderate-to-vigorous activities over the previous 2 weeks (39).
Metabolic equivalents (METs) over 1 week were calculated
based on participants’ responses to the questions (39), using the
International Physical Activity Questionnaire scoring protocol
(40). This information was used in the current study to adjust
data for smoking and physical activity.

Statistical Analyses

The changes in EAS% intake were reported as quartiles at each
5-year time interval (BMES 1-2, BMES 2-3, and BMES 3-4). The
longitudinal associations between the overall 5-yearly changes in
EAS% and changes in body weight during the 15 years of follow-
up were investigated using a generalized estimating equation
(GEE) model. The unstructured correlation matrix was selected
for the GEE model to consider the within-individual correlations
between the repeated observations for the same participant. In

this longitudinal analysis, the first and last quartiles represented
the largest decrease and the largest increase in EAS% intakes for
each time interval, respectively. The change in EAS% intake was
used as a continuous variable to assess P for trends.

The GEE analysis was adjusted for gender and the initial age
of participants in each paired observation (Model 1). Further
adjustments were made for the initial data for weight, diabetes
status and EAS% intake, and both the initial and the changes in
each time interval for the following variables: fiber intake, total
energy intake, glycaemic index, physical activity, and smoking
status (Model 2). Similar adjustment models were used for AS
food source analyses by replacing EAS% intake variable with
EAS% intakes from beverage and non-beverage sources. All
analyses were performed in SPSS software (Version 21, SPSS Inc.,
Chicago, IL, USA) and statistical significance was set at P < 0.05.

RESULTS

Participants Characteristics

The baseline characteristics of the BMES 1 participants are shown
in Table 1. The mean age of BMES 1 participants was 63.8 years.
The baseline mean EAS% intake was 9.40% (1.02% from beverage
and 8.38% from non-beverage sources) and their mean BMI was
26.22 kg/m?. A higher proportion of the participants in the lowest
quartile were smokers compared to those in other quartiles.
Participants in quartile 1 had higher EAS% intakes and BMI
compared to those in quartile 4. In addition, their EAS% intakes
from beverage and non-beverage sources were higher than other
participants. Baseline characteristics of BMES 1 participants
who provided paired observations in BMES 2 vs. those without
paired observations are presented in Supplementary Table 1.
Participants with paired observations had a slightly lower EAS%
intake compared to those without paired observations (9.40 vs.
10.14%), but their BMI was similar.

Changes in Added Sugar and Weight in

Each Time Interval

Change in dietary intake and weight across quartiles of changes
in EAS% intake at the first, second and third time intervals
are presented in Table 2. The EAS% intake at 5-year intervals
decreased by ~5% in the lowest quartile and increased by ~5%
in the highest quartile. The mean of change in energy intake
was <200 KkJ in the lowest quartiles and <75 kJ in the highest
quartiles. The median change in AS intake for the largest decrease
(—4.85%) was —26.39 g in the third time interval and for the
largest increase (5.19%) was 26.59 g in the first time interval.

In each time interval, participants in the lowest quartile
who decreased their EAS% intake, increased their protein, other
carbohydrates, fat or alcohol intakes; whereas participants in the
highest quartile who increased their EAS% intakes decreased
their protein, other carbohydrates, alcohol, or fat intakes. The
weight gain occurred across all quartiles in the first and the
second time intervals (except quartile 4 in the second time
interval), and the mean body weight change in the lowest quartile
was <1.3kg and in the highest quartile was <1.6kg. In the
third time interval, those who increased their EAS% intake
experienced less weight loss compared to those who decreased
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TABLE 1 | Baseline characteristics of BMES participants according to quartiles of change in percentage of energy from added sugar (EAS%) intake during the first 5-year

time interval (BMES 1-2).

Change in EAS% intake

All Qi Q2 Q3 Q4
Median 0.22 —4.50 —0.83 1.51 5.19
n 1,718 428 428 429 428
Women (n, %) 978 (57.09) 227 (53.04) 226 (52.80) 256 (59.67) 269 (62.85)
Age, years 63.8 (8.2) 63.5 (8.6) 64.3 (7.9) 63.0 (8.1) 64.4 (8.2)
Current smoker (n, %) 199 (11.62) 66 (15.42) 43 (10.05) 40 (9.32) 50 (11.68)
Diabetes (n, %) 104 (6.07) 25 (5.84) 28 (6.54) 29 (6.76) 22 (5.14)
Married (n, %) 1,186 (69.24) 278 (64.95) 308 (71.96) 311 (72.49) 289 (67.52)
Qualification after leaving school (n, %) 1,040 (60.71) 248 (57.94) 269 (62.85) 265 (61.77) 258 (60.28)
Home ownership (n, %) 1,667 (91.48) 389 (90.89) 394 (92.06) 401 (93.47) 383 (89.49)
Living alone (n, %) 381 (22.24) 105 (24.53) 94 (21.96) 80 (18.65) 102 (23.83)
Energy, kJ 8,599 (2,481) 8,614 (2,675) 8,727 (2,494) 8,739 (2,345) 8,318 (2,385)
Fat, E% 32.82 (6.21) 32.44 (6.04) 32.97 (6.07) 32.90 (6.33) 32.96 (6.39)
Protein, E% 17.76 (3.08) 16.70 (2.86) 17.80 (2.77) 18.45 (2.99) 18.09 (3.39)
Alcohol, E% 3.81 (5.61) 3.22 (4.76) 411 (5.71) 4.26 (5.95) 3.65 (5.88)
Carbohydrate, E% 46.91 (7.64) 49.08 (7.13) 46.44 (7.27) 45.60 (7.93) 46.51 (7.80)
Added sugar, E% 9.40 (5.16) 13.75 (6.31) 8.93 (4.14) 7.16 (3.77) 7.76 (4.51)
Beverage AS, EAS% 1.02 (1.98) 1.83 (3.01) 0.75 (1.30) 0.61 (1.02) 0.88 (1.74)
Non-beverage AS, EAS% 8.38 (4.67) 11.93 (4.89) 8.18 (3.88) 6.54 (3.55) 6.87 (4.17)
Fiber, g 29.07 (12.00) 27.03 (12.06) 29.29 (11.11) 31.36 (12.75) 28.59 (11.66)
Glycaemic index 56.56 (4.34) 57.30 (3.93) 56.75 (4.30) 55.72 (4.23) 56.47 (4.72)
BMI, kg/m? 26.22 (4.28) 26.39 (4.56) 26.28 (4.37) 26.01 (4.18) 26.20 (4.00)
Body weight, kg 72.14 (13.51) 72.67 (14.09) 73.33 (13.99) 71.48 (13.10) 71.10 (12.80)
Physical activity, MET 1,446 (2,404) 1,367 (2,269) 1,428 (2,410) 1,544 (2,384) 1,442 (2,546)

EAS%, percentage of energy from added sugar; AS, added sugar; BMI, body mass index; MET, metabolic equivalent.
All data were presented as mean (SD) except data for women, current smoker, diabetes, married, qualification after leaving school, home ownership and living alone, where data were

presented as n (%).

their intake, but weight loss occurred across all quartiles of
change in EAS% intakes.

Changes in body weight across the quartiles of change in
EAS% intake from beverage and non-beverage sources in each 5-
year time interval are presented in Table 3. The largest increase
in EAS% from beverage and non-beverage sources were 2.09
and 4.18% in the first time interval, respectively. The mean (SD)
change in AS and energy intake for a 2.09% increase in EAS%
from beverage sources were 15.92 (15.72) g and 224 (2,369) kJ,
and for a 4.18% increase in EAS% from non-beverage sources
were 24.10 (20.34) g and —35 (2,436) kJ, respectively (data not
shown). For both AS sources, the mean of change in body weight
in the first and fourth quartile was <1.8kg. For EAS% intakes
from non-beverage sources in the third time interval, those who
had the highest increase in EAS% intake from non-beverage
sources experienced less weight loss compared to those who
decreased their EAS% intakes from these sources.

Overall Changes in Added Sugar and
Weight

The longitudinal analyses for the associations between the overall
5-yearly changes in EAS% intake and body weight during 15
years of follow-up are presented in Table 4. In both adjusted

models, the association between change in EAS% intake and body
weight change was not statistically significant (Model 1 Pyeng
= 0.079; Model 2 Pieng = 0.837). Similar results were observed
for the association between changes in EAS% intake from either
beverage or non-beverage sources and changes in body weight
(Pirend = 0.621 and Pyeng = 0.626, respectively). It is also worth
noting that analyses in Model 2 were repeated by the exclusion
of the initial and the changes in total energy intakes from the
adjustment model and the results of these reanalyses provided
similar findings.

DISCUSSION

The availability of cohort data provided an opportunity to explore
the longitudinal associations between changes in EAS% intake,
EAS% intake from both beverage and non-beverage sources and
changes in weight over a 15-year period. In this prospective
cohort, changes in EAS% intakes were not significantly associated
with changes in body weight, regardless of whether the source of
AS came from beverages or non-beverages.

Changes in the total energy intakes will result in body weight
change (if energy expenditure remains unchanged). During
all BMES time intervals, changes in the EAS% intakes were
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TABLE 2 | Mean (SD) changes (A) in macronutrient intake and body weight according to quartiles of change in percentage of energy from added sugar (EAS%) during

three 5-year time intervals in the BMES cohort.

Change in EAS% intake

Q1 Q2 Q3 Q4
First time interval (BMES 1-2)
Median —4.50 -0.83 1.51 5.19
n 428 428 429 428
AEnergy, kJ —198 (2,622) —223 (2,185) 40 (2,311) 53 (2,431)
ACarbohydrate (excluding AS), g 14.61 (63.02) 1.98 (63.46) 4.79 (61.70) —8.21 (60.25)
AFat, g —2.65 (29.42) —4.66 (25.57) —4.01 (26.76) —5.08 (28.31)
AProtein, g 5.75 (29.39) —0.14 (26.21) —1.48 (26.72) —4.41 (28.31)
AAlcohol, g —0.05 (9.67) —0.66 (11.28) —0.42 (10.99) —2.40 (11.76)
ABeverage AS, EAS% —0.72 (2.63) 0.10 (1.23) 0.55 (1.37) 1.83 (3.39)
ANon-beverage AS, EAS% —4.80 (3.50) —1.01 (1.37) 0.98 (1.48) 4.55 (3.86)
ABody weight, kg 1.24 (8.10) 0.86 (8.03) 2.29 (6.12) 1.57 (7.50)
Second time interval (BMES 2-3)
Median —4.56 -1.13 1.08 4.71
n 302 302 303 302
AEnergy, kJ 93 (2,424) 431 (2,417) 127 (2,085) —36 (2,265)
ACarbohydrate (excluding AS), g 11.21 (61.33) 9.13 (60.80) —6.40 (53.37) —15.57 (65.91)
AFat, g 4.79 (26.39) 5.16 (27.64) 4.59 (24.38) —1.26 (27.03)
AProtein, g 8.45 (26.80) 7.95 (28.41) —0.60 (26.84) —5.03 (26.52)
AAlcohol, g 0.78(9.37) 0.47 (10.54) —1.19(9.27) —2.71 (10.71)
ABeverage AS, EAS% —1.69 (3.26) —0.26 (1.47) 0.07 (1.28) 1.31(2.82)
ANon-beverage AS, EAS% —4.06 (3.48) —0.93 (1.60) 1.08 (1.37) 4.28 (3.50)
ABody weight, kg 0.08 (6.86) 0.84 (6.58) 0.60 (5.15) —0.19 (5.63)
Third time interval (BMES 3-4)
Median —4.85 —-1.19 0.96 4.57
n 186 187 187 187
AEnergy (kJ) —94 (2,554) —260 (2,206) —4(2,166) 74 (1,988)
ACarbohydrate (excluding AS), g 4.87 (61.14) —11.88 (53.56) —9.29 (57.69) —18.62 (56.38)
AFat, g 2.99 (31.60) —0.30 (26.55) 1.68 (24.28) 0.79 (24.67)
AProtein, g 9.14 (30.14) 1.43 (26.07) 0.67 (25.39) —5.01 (25.35)
AAlcohol, g —0.75 (7.68) —0.08 (8.84) —1.69 (10.86) —1.71(7.91)
ABeverage AS, EAS% —1.22 (2.398) —0.29 (1.14) —0.05 (1.36) 1.12 (2.59)
ANon-beverage AS, EAS% —4.50 (3.36) —0.95 (1.29) 1.09 (1.41) 4.39 (3.72)
ABody weight, kg —1.22 (5.16) —1.76 (6.16) —0.57 (4.99) —0.37 (6.47)

EAS%, percentage of energy from added sugar; AS, added sugar.

not accompanied by substantial changes in total energy intake
(mostly <260 k] across quartiles). By definition, changes in EAS%
intakes were accompanied by compensatory changes in intakes of
other macronutrient energy sources, such as fat, protein, alcohol,
and other carbohydrates. The AS intake can result in weight gain
if it contributes to excess energy intake; however, its isocaloric
replacement by other macronutrient sources of energy may not
result in weight change (6, 17).

Our results support the concept that when dietary changes
are required, the focus should be on a range of macronutrients
and overall energy intake, rather than one single nutrient.
Recommendations for AS consumption suggest reduction from
10% energy to 5% energy (11, 41), however, this recommendation
should consider the possibility that people may consume other

macronutrient sources to compensate for the energy reduction.
Our findings suggest that those who decreased their EAS%
intake by 5% replaced this with increases in energy intake from
other macronutrients, such as protein, fat, alcohol, and other
carbohydrates. Of course, AS replacement by some nutrients,
particularly protein, would provide other health benefits, such
as the maintenance of muscle mass and strength (42) but
replacement by alcohol may not be preferable.

A cohort study that used baseline AS intake and its food
sources to investigate the association with weight gain over time
reported different findings (20) compared to our study. High free
sugar intake at baseline was associated with significant weight
gain in Japanese men during 10 years of follow-up (20). Japanese
participants in the highest quartile of free sugar intake had a
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TABLE 3 | Mean (SD) changes (A) in body weight according to quartiles of change in percentage of energy from added sugar (EAS%) from beverage and non-beverage
sources during three 5-year time intervals in the BMES cohort.

Change in EAS% intake

Qi Q2 Q3 Q4
ABeverage AS
First time interval (BMES1-2)
Median -0.71 0.00 0.32 2.09
n 428 428 429 428
ABody weight, kg 1.22 (7.94) 1.11(6.99) 2.11(7.87) 1.52 (7.10)
Second time interval (BMES 2-3)
Median -1.89 -0.18 0.06 1.37
n 302 302 303 302
ABody weight, kg 0.77 (7.43) 0.41 (5.96) 0.14 (5.25) 0.03 (5.53)
Third time interval (BMES 3-4)
Median —1.47 -0.21 0.02 1.09
n 186 187 187 187
ABody weight, kg —1.13 (5.48) —0.45 (5.36) —1.11 (4.99) —1.23 (6.05)
ANon-beverage AS
First time interval (BMES1-2)
Median —4.40 —1.00 0.86 4.18
n 428 428 429 428
ABody weight, kg 1.01 (9.02) 1.25 (7.40) 1.96 (4.93) 1.74 (7.99)
Second time interval (BMES 2-3)
Median -3.92 —0.89 1.04 4.15
n 302 302 303 302
ABody weight, kg —0.03 (6.69) 0.57 (4.66) 0.99 (7.26) —0.19 (5.39)
Third time interval (BMES3-4)
Median —4.26 —0.83 1.09 3.78
n 186 187 187 187
ABody weight, kg —1.69 (5.99) —1.37 (5.25) —0.70 (5.15) —0.16 (5.48)

EAS%, percentage of energy from added sugar; AS, added sugar.

weight gain of 0.20kg over 10 years (20). Although the weight
gain for the highest quartile of change in EAS% in our study was
0.15kg, it was not statistically significant. It is worth mentioning
that in both studies, this small weight gain over a long period of
time may not be clinically significant.

The non-significant results for the association between AS
intake and body weight in the BMES cohort is consistent with
findings from studies on AS intake and BMI (19, 21). Lee
et al. (21) found no significant association between changes in
AS and BMI, but reported significant findings for increases in
waist circumference (WC), and reported a significant positive
association between AS from beverage sources and WC. The
major sources of AS intake in the BMES population were
non-beverage food sources (e.g., sugar, sweet spreads, and
confectionary) (31). However, our non-significant findings for
the association between changes in AS intake from non-beverage
sources and body weight change in the BMES population is
consistent with other studies on solid AS food sources and
indicators of obesity (19, 23). It is worth mentioning that in the
first 5-year time interval, BMES participants experienced weight
gain across the quartiles of change in EAS% sources, however,

in the third time interval there was an overall weight loss which
could be due to the nature of the aging cohort and the expected
body composition changes in the older stages of life (43).

Regarding the beverage AS food sources, most studies have
focused on sugar-sweetened beverages. Several cohort studies
reported that increased intake of sugar-sweetened beverages
was associated with obesity indicators (e.g., weight gain and
increases in BMI or WC) (22, 23, 44). AS provided by
liquid food sources may play a more powerful role in the
development of obesity than AS from solid food sources.
This is because the consumption of liquid AS food sources
appears to have a weaker satiety effect and may not result in
compensation for energy intake to the same extent as solid
AS food sources (45), leading to excess food consumption and
resultant weight gain. There is also some evidence that carbon
dioxide in carbonated beverages (i.e., soft drinks) increases the
secretion of ghrelin, the hunger hormone, leading to hunger
stimulation and, consequently, increased food intake and weight
gain (46).

In contrast, our findings from older Australians did not
support the association between AS intake from beverage sources
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TABLE 4 | The overall 5-yearly change (A) in body weight according to quartiles of change in energy from added sugar intake (EAS%) in the BMES cohort during 15 years

of follow-up.
Change in EAS% intake? Estimate (95% CI)° Ptrend®
Q1 Q2 Q3 Q4
A Body weight (kg: Mean [95% CI]) for change in EAS%
Model 19 0.35 (—0.08, 0.78) 0.38 (—0.07, 0.82) 1.08 (0.74, 1.42) 0.70(0.29, 1.12) 0.050 (—0.006, 0.105) 0.079
Model 2¢ 0.22 (-0.65, 1.08) —0.05 (-0.85, 0.75) 0.51(—0.31, 1.34) 0.15(-0.81,1.12) 0.006 (—0.048, 0.060) 0.837
A Body weight (kg: Mean [95% CI]) for change in EAS% from beverage sources
Model 19 0.50 (0.05, 0.95) 0.66 (0.27, 1.06) 0.82(0.41,1.22) 0.53(0.13,0.92) 0.023 (—0.067, 0.112) 0.618
Model 2f 0.06 (—0.85, 0.97) 0.27 (—0.54, 1.08) 0.43 (-0.51, 1.37) 0.10 (-0.71, 0.91) —0.028 (—0.141, 0.084) 0.621
A Body weight (kg: Mean [95% CI]) for change in EAS% from non-beverage sources
Model 1 0.18 (—0.28, 0.64) 0.46 (0.09, 0.84) 1.07 (0.71, 1.43) 0.80(0.37, 1.22) 0.057 (—0.007, 0.121) 0.081
Model 29 —0.08 (—0.96, 0.80) 0.11 (—0.69, 0.90) 0.55 (—0.26, 1.36) 0.28 (—0.70, 1.25) 0.018 (—0.054, 0.090) 0.626

aQ1 represents the largest decrease and Q4 represents the largest increase in percentage of energy from added sugar (EAS%) intake in each 5-year time interval. Q1 includes participants
who had the largest decrease in intake (Q1) in the first, second and third 5-year time interval, Q2 includes those who were in Q2 in the first, second and third 5-year time interval, Q3
includes participants who were in Q3 in the first, second and third 5-year time interval and Q4 includes those who had the largest increase (Q4) in the first, second, and third 5-year
time interval.

bEstimated change in body weight per 1% increase in EAS% intake.

P for trend was assessed by using change in EAS% intake as a continuous variable.

9IModel 1: GEE analysis adjusted for gender and initial age.

eModel 2: GEE analysis adjusted for gender, initial age, weight, diabetes status, EAS%, and both initial and change in each time interval for fiber intake, total energy intake, glycaemic
index, physical activity, and smoking status.

"Model 2: GEE analysis adjusted for gender, initial age, weight, diabetes status, EAS% from beverage food sources and both initial and change in each time interval for fiber intake, total
energy intake, glycaemic index, physical activity and smoking status.

9Model 2: GEE analysis adjusted for gender, initial age, weight, diabetes status, EAS% from non-beverage food sources and both initial and change in each time interval for fiber intake,
total energy intake, glycaemic index, physical activity, and smoking status.

and weight gain. This may be explained by the limited sugar-  weight (i.e., not self-reported). Moreover, a consistent systematic
sweetened beverage intake and small changes (15.9g) in the method was used to estimate the AS content of foods in each
overall intake of these beverages among the BMES cohort of  time point.
older people. Studies show that an increase in sugar-sweetened We acknowledge that the possibility of recall bias and the
beverage intake by more than one drink per day (>40g AS or  over- or under-reporting of food intake (a limitation of most
600 KkJ) is positively associated with indicators of obesity (22,47).  dietary assessment methods) cannot be ruled out. Nonetheless,
In a study conducted by Schulze et al. (22), frequent consumers  implausible intakes were excluded from the dataset and changes
of these beverages increased their total energy intake by 358  in intake were investigated in the same participants during
keal (1,496 kJ) per day and had a weight gain of 4.7kg over 4  the 15 years, hence any over- or under-reporting may have
years. However, in BMES participants, the increase in AS in the  had a minimal effect on the change in intake, and presumably
highest quartile of EAS% change from sugar-sweetened beverages  any bias that may exist would have been consistent over time.
(2%) was 15.9 g and the increase in total energy intake was 224  Additionally, it is possible that the change in the EAS% categories
kJ. Similarly, a cohort of older Spanish adults also observed no  reflects a statistical phenomenon of regression to the mean
significant association, likely due to the occasional intakes of  (49), noting that those people who reduced their EAS% intake
sugar-sweetened beverages in this age group (18). the most (Q1) had the highest baseline EAS% intake (13.7%).
In BMES participants, the average BMI was <30 kg/m? and ~ This also could reflect they have scope to reduce their intake
the average EAS% was <10%. Therefore, our findings may  further than people with a more moderate level of baseline EAS%
not be generalizable to populations with high rates of obesity  intake. Furthermore, although the analyses were adjusted for
or those with high EAS% intake. Nonetheless, since both the  several covariates, the possibility of residual confounders cannot
BMI and EAS% intake of BMES participants are similar to  be excluded. However, as the analyses were adjusted for both
national Australian older population (48), our findings may be  initial and changes in energy intake over time, medical conditions
generalizable to the older Australians. Our study has several = which influence energy intake have generally been accounted for.
strengths, which includes a long follow-up period and a relatively In conclusion, our results do not support the association
large sample size. However, despite the relatively large sample,  between changes in EAS% intakes and body weight change in
we cannot rule out the possibility of lack of sufficient statistical ~ the cohort of older Australians during 15 years of follow-up.
power to detect the significant body weight change as this study ~ This result was similar for beverage and non-beverage AS food
was based on the secondary analysis of an existing cohort. Other ~ sources. Our findings suggest that population-level messages
advantages of this study include dietary assessment at each 5-  specifically targeted to address weight loss by reductions in AS
year follow-up period, accompanied by measurement of body  may be less applicable to older Australians who already consume
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AS at moderate levels. The findings also provide insights
into the importance of including multi-faceted population
health messages for weight reduction, such as limiting fat
(particularly saturated fat) and alcohol intake, along with any
recommendations to reduce AS intake.
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Excess sugary drink (SD) consumption is associated with childhood obesity and
development of cardiometabolic disease. In addition to having high added sugar content,
many SDs also contain caffeine, which may further encourage excess SD consumption
among children. The objective of this study was to develop a conceptual framework
of children’s caffeinated SD consumption using group concept mapping, an applied
social research multimethodology that collectively harnesses qualitative and quantitative
data from participants to generate a visual representation of their ideas and input.
Children, 8-14 years old, who reported consuming >12 ounces of caffeinated SDs
(e.g., sodas, sweet teas) per day were recruited throughout Washington, D.C. and
invited to participate. Concept mapping included three participant-driven activities: (1)
brainstorming (n = 51), during which children reported reasons for their SD consumption,
from which 58 unique reasons were identified; (2) sorting (n = 70), during which children
sorted each of the reported reasons into categories and named each category; and
(8) rating (n = 74), during which children rated the influence of each reason on their
own caffeinated SD consumption. Similarity matrices, multidimensional scaling, and
hierarchical cluster analysis were used to generate concept maps (hereafter “SODA
MAPS”), which display the 58 reasons organized within eight overarching clusters.
Among these eight clusters, Taste and Feel, Something to Do, and Energy were rated
as particularly influential. Children’s caffeinated SD consumption is encouraged not only
by the palatable taste and reported preferences for these beverages (e.g., Taste and
Feel), but also by psychological (e.g., Mood and Focus), biological (e.g., Energy), social
(e.g., Something to Do) and environmental reasons (e.g., Nothing Better Available).
Thus, the SODA MAPS can inform the development of tailored, multi-level SD reduction
interventions that incorporate strategies to address important and currently overlooked
reasons for caffeinated SD consumption among children.

Keywords: youth, sugar-sweetened beverages, diet, caffeine, obesity, concept mapping
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INTRODUCTION

Excess sugary drink (SD) consumption is a key contributor to
excess weight gain and obesity in children (1-3). Weight gain
and obesity during childhood increase the risk of multiple health
issues, including type 2 diabetes (4, 5), cardiovascular diseases
(6), fatty liver, and dyslipidemia (7, 8), as well as bone and joint
issues (9), dental decay (10), and psychological problems (11-
14). Therefore, limiting SD intake is an urgent public health
priority (15).

Contrary to recommendations to limit SD intake to <8 ounces
per week or to avoid SDs altogether (16), 63% of children in
the U.S. drink one or more SDs per day (17). SD consumption
increases with age in both girls and boys and differs by
race/ethnicity and socioeconomic status (18-21), with minority
and low-income populations reporting the highest SD intakes.
While the palatability and accessibility of SDs are well-described
reasons for SD consumption (22, 23), children’s SD intake is
influenced by a variety of factors, including parenting practices
(22, 24, 25), nutritional knowledge (20, 26), availability of SDs at
home (23), screen time (27), and fast food consumption (28).

The large quantities of added sugar in SDs are not the only
cause for concern. Certain sugary drinks, such as colas and sweet
teas, are also predominant contributors to caffeine intake among
U.S. children (28-30). Caffeine consumption is known to elicit
behavioral and psychological effects that can lead to dependence
(31), and the combination of added sugar and caffeine in SDs may
uniquely reinforce SD consumption behaviors among children.
However, determinants specifically pertaining to caffeinated SD
intake among children have not yet been studied, except with
regard to energy drinks and sugary coffee beverages, which
constitute only a small fraction of children’s total caffeinated SD
intake (32).

We recently reported physical, cognitive, emotional, and
interpersonal reasons for children’s caffeinated SD consumption
based on qualitative data from focus group discussions with
children from predominantly minority and/or low-income
backgrounds (33). While these findings call attention to
the complex interconnection of biological, psychological, and
socio-environmental factors associated with children’s SD
consumption, the relative significance and interrelatedness of
these reasons were not evaluated. This study, therefore, aimed
to comprehensively examine multifactorial reasons for children’s
caffeinated SD intake using group concept mapping, an applied
social research mixed methodology, which resulted in a novel,
participant-driven conceptual framework, hereafter referred to as
SODA MAPS. We specifically focused on children from minority
and/or low-income backgrounds, who report the highest intakes
of SDs and are disproportionately burdened by obesity and
cardiometabolic disease (19, 34).

MATERIALS AND METHODS

Study Design

Children, 8-14 years old participated in concept mapping, a
mixed-method approach, which involves a series of participant-
driven activities, including brainstorming, sorting, and rating.

For brainstorming, children were recruited from pediatric
primary care clinics and District of Columbia public schools.
For sorting and rating, children were recruited from District of
Columbia public schools, as well as afterschool programs and
local community events. Depending on the location (primary
care clinics and community events vs. schools and after school
programs), consent forms were either given directly to parents,
or students were asked to bring them home to be signed
by their parent or guardian (hereafter parent). Children with
signed consent forms provided assent and then were assessed for
study eligibility using a brief eligibility screener questionnaire.
Inclusion criteria included that the child (a) was between 8 and
14 years old; (b) consumed >12 ounces of caffeinated, sugary,
non-diet drinks (e.g., Coca-Cola™, Pepsi™, Mountain Dew™,
Arizona Iced Tea™) per day; and (c) spoke English fluently.
Exclusion criteria included child-reported consumption of
regular, caffeine-containing coffee, hot tea, or energy drinks (e.g.,
Red Bull™, Monster™) >1 time per week. We selected the 8-to-
14-year-old age range in order to focus on children in elementary
and middle school, who are less likely to consume coffee and/or
energy drinks, compared with older adolescents (28).

After providing assent, participants self-reported their age,
sex, and race/ethnicity and then completed the concept mapping
activities. All study procedures were conducted in a pre-
determined designated private space (e.g., school classroom or
vacant conference room). While some participants contributed
to brainstorming and also to sorting and/or rating, concept
mapping methodology does not require participants to take part
in all three activities (35).

All study materials were approved by the Institutional
Review Boards at the George Washington University [Protocol
18091] and Children’s National Hospital [Protocol 00011014].
Given the minimal time commitment required of participants
for brainstorming, financial compensation was not provided;
however, participants who completed the sorting and/or rating
activities received a $10 gift card as compensation.

TABLE 1 | Participant characteristics for brainstorming and sorting/rating.

Brainstorming Sorting/Rating

N 51 7720
Age (mean + SD) 10.7 £2.0 106 +1.8
Sex (n, %)

Male 31,61% 41, 53%

Female 20, 39% 36, 47%
Race/Ethnicity (n, %)°

Non-Hispanic Black 31,61% 56, 73%

Hispanic 10, 20% 12,16%

Non-Hispanic White 6, 12%

Other 4,8% 9, 12%

an = 7 completed rating and not sorting.
bn = 3 completed sorting and not rating.
®Percentages do not add up to 100% due to rounding.
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TABLE 2 | Rank ordering of reasons for caffeinated sugary drink intake based on
rating values.?

Ranking Reason (reason number) Mean Rating Values

1 They taste good (19) 4.76 + 0.59
2 They have good flavor (16) 4.54 + 0.81
3 They are sweet (58) 4.51 +£0.86
4 They are good (56) 4.41 £1.03
5 | love drinking them (11) 4.30 £1.11
6 They are my favorite drinks (26) 4.07 +£1.31
7 They are good for parties (10) 4.00 +£1.37
8 They have a nice aftertaste (13) 3.93 +£1.20
9 | am thirsty (3) 3.88 +1.26
10 There are different types of flavors (33) 3.84 +1.43
iR | need something sweet (17) 3.78 +1.08
12 They are refreshing (1) 3.74 +£1.18
13 They give me energy (41) 3.68 +1.52
14 They make me hype (44) 3.55 +1.57
15 They have lots of sugar (28) 3.51+£1.42
16 It is hot out (53) 3.49 + 1.63
17 | like them on road trips (25) 3.38 £ 1.59
18 The sweetness is addictive (39) 3.34 £1.57
19 | need a boost (35) 3.32 +1.61
20 They are better than other drinks (37) 3.23 +1.53
21 Kids like them (54) 3.18+1.72
22 My energy is low (38) 3.05 +1.63
23 | like them better than water (22) 3.00 + 1.64
24 They are filling (9) 2.99 £ 1.40
25 They keep me awake (12) 2.99 +£1.58
26 Water does not have a taste (57) 2.99 +1.70
27 My family drinks them (14) 297 £1.58
28 | cannot stop drinking them (29) 2.95+1.57
29 They help me play (24) 2.92 +1.62
30 They are fizzy (27) 2.92 £1.62
31 They make me ready for a hard day (51) 2.86 + 1.62
32 They are fruity (7) 2.78 £ 1.61
33 There is not water available (55) 2.77 £1.56
34 They help me concentrate (52) 2.72 +1.66
35 They give me a sugar rush (21) 2.72 £1.53
36 They are caffeinated (40) 2.69 + 1.59
37 They are like coffee for kids (48) 2.68 £1.71
38 There may not be juice available (4) 2.66 +£1.32
39 | need to calm down when | am angry (46) 2.65 + 1.66
40 They wake me up (18) 2.64 +£1.62
4 | like the bubbles (49) 2.51 £1.56
42 There is nothing else | like to drink (42) 2.47 +1.57
43 They make me run faster (36) 2.41 +£1.50
44 They make me burp so my stomachache 2.38 +1.65
goes away (43)
45 They get rid of burning from eating spicy 2.34 +1.58
food (15)
46 | like the acid (47) 2.30 + 1.56
47 | am bored (23) 2.27 £1.49
48 | want to burp (45) 2.24 +£1.54
(Continued)

TABLE 2 | Continued

Ranking Reason (reason number) Mean Rating Values

49 They make me ready to go to school (32) 2.19 + 1.51
50 | do not like water (34) 2.19+1.53
51 They keep me the perfect size (2) 2.18 +£1.36
52 They are sour (5) 1.90 +£1.26
53 | am sleepy (6) 1.89 +£1.32
54 They make my headache go away (8) 1.85 +£1.31
55 They keep me in shape (50) 1.82 +£1.30
56 They are healthy for you (30) 1.61+£0.98
57 They help with my cramps (20) 1.55 +£1.11
58 They make me smart (31) 1.55 +1.09

2Values are means + SDs. Each of the numbers in parentheses after each reason is
the identifying number on the point map and point-cluster map, these numbers do not
signify any value. Mean rating values ranged from a low of 1 (not at all important) to 5
(extremely important).

Brainstorming

For brainstorming, each child (n = 51) completed the focus
prompt “I drink sugar-sweetened sodas and sweet teas such
as Coke™, Pepsi™, Mountain Dew™, Dr. Pepper™, and
Nestea™ because...” and were encouraged to list all of the
reasons they could think of for consumption. Each child
completed brainstorming separately with supervision from a
trained research assistant, who collected the responses on a laptop
computer using the Concept System® Global MAX™ web-
based platform. Brainstorming took approximately 3-5 minutes
per participant. Saturation was reached after 51 participants
completed the activity, at which point 121 reasons for caffeinated
SD consumption had been reported and no new reasons were
generated. The original list of 121 reasons was condensed
using idea synthesis, a form of qualitative content analysis
that combines redundant ideas to create a condensed list of
independent reasons using the participants’ original wording
(36, 37). Idea synthesis resulted in a final list of 58 reasons,
which were edited for syntactic consistency and represented the
original set of reasons for caffeinated SD consumption reported
by the participants.

Sorting

For sorting, the 58 reasons were printed and laminated onto
cards so that each child (n = 70) could manually sort each of
the reasons (generated during brainstorming) into piles based on
their perceived meaning. Prior to beginning the sorting activity,
a trained research assistant (RA) presented each child with the
stack of 58 cards, each containing a single reason, and instructed
them to individually sort each reason into mutually exclusive
piles in a way that made sense to them. Children were instructed
not to (1) create piles such as “Miscellaneous” or “Other;” (2) sort
reasons by personal relevance; or (3) leave any reasons unsorted.
Children were also asked to name each of the piles to reflect
their collective meaning, even if a pile contained only one card.
The sorting activity typically lasted between 25 and 35 minutes
per child.
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FIGURE 1 | Point map of the 58 reasons for caffeinated SD consumption. Each point represents 1 of the 58 reasons that were brainstormed and sorted by the
participants. Point location is an indicator of that point’s relation to all other points; points located closer together were conceptually grouped together more frequently
than points located distally. The numbers that appear next to each point on the map are not an indication of quantitative value, but instead serve to identify each

specific reason (randomly assigned).

Rating

For rating, each child (n = 74) completed a paper survey,
administered by a trained RA, on which they were instructed to
rate on a five-point Likert-style scale (0 = not at all important to
5 = extremely important) the relative importance of each of the
58 reasons for their consumption of caffeinated SDs. Rating took
approximately 10 minutes per participant.

Statistical Analysis

The sorting and rating data were entered into the Concept
System® Global MAX™ web-based platform, after which the
data were analyzed in an iterative process (38, 39). First,
multidimensional scaling (MDS) was used to a generate a point
map, which was the basis for the subsequent concept maps,
described below. The point map’s goodness-of-fit was assessed
using stress values. Stress values below 0.39 for MDS two-
dimensional maps ensure a <1% probability of the matrix having
a random structure or no structure (40). Based on a prior pooled
analysis, the mean stress value for concept mapping studies is 0.28
(41). The SODA MAPS yielded a stress value of 0.25, indicative
of a structured, non-random point map that represented the

multivariate data collected, and thus was suitable for continued
analyses and generation of subsequent concept maps (42).
Second, a hierarchical cluster analysis using Ward’s algorithm
was conducted to derive point-cluster maps. Cluster replay maps,
which successively display cluster maps of fewer and fewer
cluster solutions, were reviewed to determine which cluster maps
offered the best conceptual fit of the data. Based on observation,
cluster maps with a seven-, eight-, nine-, and ten-cluster solution
appeared to be a better fit conceptually. These maps were then
examined in greater detail, and points within each of the clusters
on each map were carefully examined to ensure appropriate fit.
Based on the conceptual meaning of each cluster, and the research
team’s expertise and prior qualitative findings related to children’s
SD intake (33, 43), it was determined that the eight-cluster map
provided the best fit. Specifically, the eight-cluster map removed
the need for themes to be unnecessarily divided (e.g., two
energy clusters) and most clearly represented the participants’
conceptualization of their caffeinated SD consumption.
Spanning analysis was then conducted, and bridging indices
(BI) were calculated to examine the degree to which each point
was an anchor on the eight-cluster map or a bridge to other
thematic content (36, 38). The BI values reflect whether a reason

Frontiers in Nutrition | www.frontiersin.org

87

March 2021 | Volume 8 | Article 640531


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Halberg et al. SODA MAPS Framework

Mood and Focus

31
20 52
Health 46
23 Something

to Do

Feel Better

Nothing
Better
Available 42
55
30 e 22

57
Better than Water

Taste and Feel
5

FIGURE 2 | Point-cluster map of caffeinated SD consumption. Each of the eight clusters indicates a dimension of thematically similar content, conceptually grouped
together from the 58 reasons for consumption. The clusters include Health, Mood and Focus, Something to Do, Energy, Taste and Feel, Nothing Better Available,
Better than Water, and Feel Better. 'The cluster names reflect the names provided by the participants when sorting the reasons into piles.

was generally sorted with other nearby reasons (values closer to The point map (Figure 1) represents the inter-relatedness of
0) or with items located further away on the concept map (values  the 58 reasons for caffeinated SD consumption. The relative
closer to 1). Based on these quantitative analyses (SEH, AJV, ACS)  proximity of the reasons reflected their perceived similarity
and expert judgement (AJV, ACS), cluster lines were redrawn  during the sorting activity. Reasons frequently sorted together
to reflect optimal conceptual fit, resulting in the redistribution =~ were located closer together on the point map, while reasons
of 21 reasons to the closest adjacent cluster without altering  sorted together infrequently were located further apart. Among
each reason’s original location on the map (38). Once the eight-  the eight clusters (Figure 2), the clusters with the lowest BI
cluster map was finalized, cluster names were generated using  values, indicating more narrowly focused thematic content, were
the original pile names provided by participants during the  Taste and Feel (0.19), Something to Do (0.36), and Energy (0.5),

sorting activity. as illustrated by the relatively compressed shapes on the cluster
Third, mean cluster rating values, computed from the mean  map. The mean BI for each cluster is shown in Table 3.

rating values of each reason within a cluster, were added to create The three-dimensional cluster rating map, based on the

three-dimensional cluster rating maps. mean of the mean of the participants’ ratings of each reason

within a cluster, is shown in Figure 3. Mean cluster ratings are
represented by a layering system; the greater the number of
RESULTS layers, the higher the mean cluster rating. The three highest rated

clusters were Taste and Feel (3.52), Something to Do (3.22), and
Characteristics of participants in brainstorming (n = 51) and Energy (2.83).

sorting/rating (n = 77) are shown in Table 1. The mean rating

values for the 58 reasons for caffeinated SD consumption are

shown in Table 2. The highest rated reasons included: “They taste ~DISCUSSION

good,” “They have good flavor;” “They are sweet,” “They are good,”

“I'love drinking them,” “They are my favorite drinks,” and “They ~ In this study, children informed the development of a
are good for parties.” participant-driven conceptual framework (SODA MAPS) that
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TABLE 3 | Rating and bridging indices for the 58 reasons for caffeinated sugary
drink consumption by cluster.

Cluster No.? Reasons Rating Bridging
value value
Taste and Feel 3.52 0.19
19  They taste good 4.76 0.05
16 They have good flavor 4.54 0.02
58 They are sweet 4.51 0.21
56 They are good 4.41 0.04
11 Illove drinking them 4.30 0.02
26 They are my favorite drinks 4.07 0.06
13 They have a nice aftertaste 3.93 0.00
3 lam thirsty 3.88 0.20
33 There are different types of 3.84 0.22
flavors
17 | need something sweet 3.78 0.28
1 They are refreshing 3.74 0.09
28 They have lots of sugar 3.51 0.22
39 The sweetness is addictive 3.34 0.10
37 They are better than other drinks ~ 3.23 0.26
54 Kids like them 3.18 0.27
14 My family drinks them 2.97 0.37
29 | cannot stop drinking them 2.95 0.22
27 They are fizzy 2.92 0.27
7 They are fruity 2.78 0.03
49  |like the bubbles 2.51 0.33
47 |like the acid 2.30 0.41
5 They are sour 1.90 0.46
Something to Do 3.22 0.36
10 They are good for parties 4.00 0.19
25  |like them on road trips 3.38 0.34
23 | am bored 2.27 0.53
Energy 2.83 0.50
41 They give me energy 3.68 0.40
44 They make me hype 3.55 0.47
35 Ineed aboost 3.32 0.40
38 My energy is low 3.05 0.46
12 They keep me awake 2.99 0.43
24 They help me play 2.92 0.38
51  They make me ready for a hard 2.86 0.47
day
21 They give me a sugar rush 2.72 0.67
40 They are caffeinated 2.69 0.47
48 They are like coffee for kids 2.68 0.71
18 They wake me up 2.64 0.46
36 They make me run faster 2.41 0.43
32 They make me ready to go to 219 0.59
school
6 |am sleepy 1.89 0.62
Better than Water 2.73 0.80
22 |like them better than water 3.00 0.69
57 Water does not have a taste 2.99 0.77
34 | do not like water 2.19 0.94
(Continued)

TABLE 3 | Continued

Cluster No.? Reasons Rating Bridging
value value
Nothing Better 2.64 0.76
Available
55 There is not water available 2.77 0.75
4 There may not be juice available 2.66 0.98
42 There is nothing else | like to 2.47 0.54
drink
Feel Better 2.41 0.73
53 ltis hot out 3.49 0.80
9  They are filing 2.99 0.82
43  They make me burp so my 2.38 0.65
stomachache goes away
15 They get rid of burning from 2.34 1.00
eating spicy food
45 | want to burp 2.24 0.53
8  They make my headache go 1.85 0.66
away
20 They help with my cramps 1.55 0.66
Mood and Focus 2.31 0.66
52  They help me concentrate 2.72 0.58
46 | need to calm down when | am 2.65 0.69
angry
31  They make me smart 1.55 0.70
Health 1.87 0.77
2 They keep me the perfect size 2.18 0.77
50 They keep me in shape 1.82 0.78
30 They are healthy for you 1.61 0.76

aThe numbers in the column left of the reasons serve to identify each reason as
identified on the point map and are randomly assigned. These numbers do not indicate
quantitative value.

provides a comprehensive understanding of the reasons for
their caffeinated SD consumption. This framework, developed
through participants brainstorming, sorting, and rating 58
distinct reasons for caffeinated SD intake, offers a unique and
more nuanced conceptualization of children’s caffeinated SD
intake behaviors, as compared with prior studies (33, 44).

The findings demonstrate that children consume caffeinated
SDs for a variety of reasons, the most influential being
related to the drinks’ palatability. This is demonstrated by
the Taste and Feel cluster (which contained reasons such as
“They taste good” and “They are sweet”) having the highest
rating. This finding is unsurprising, as caffeinated SDs contain
large quantities of added sugars (e.g., a 12-0z Coca-Cola™
contains 39g of sugar), and children report a heightened
preference for sweetness compared with adults (45-48). In
addition to high added sugar content, other reported reasons for
caffeinated SD consumption within the Taste and Feel cluster
pertained to common drink properties, including carbonation
(e.g., “I like the bubbles”) and acidity (e.g., “I like the acid”).
Reasons reported within the cluster Better than Water (e.g.,
“Water does not have a taste”) also relate to palatability, and
as such, were located in close proximity to the Taste and Feel
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FIGURE 3 | Cluster-rating map of reasons for caffeinated SD consumption. The cluster-rating map illustrates the mean importance rating influencing consumption for
each cluster; clusters with a greater number of layers were rated as more important to participants’ consumption. The top three rated factors (in order from highest to
lowest) include Taste and Feel, Something to Do, and Energy.

cluster on the SODA MAPS. While most children reported liking ~ the need to investigate the likelihood that sugar and caffeine
water in a prior study with a demographically similar sample of  in SDs may independently and synergistically promote their
children 8-14 years old (33), the higher perceived palatability of ~ continued consumption. This is consistent with recent evidence
SDs relative to water emphasizes the need to take further actions ~ demonstrating that some children may become physically and/or
to limit children’s access to SDs. This finding also supports  psychologically dependent on caffeinated SDs (54, 55).
ongoing public health campaigns to offer children water in place While reasons within the Mood and Focus and Feel Better
of SDs whenever possible (49), consistent with the concept of  clusters were not rated as highly compared to those within
changing environmental conditions to promote the selection of ~ the Taste and Feel or Energy clusters, children also reported
“optimal defaults” (50). reasons for caffeinated SD intake related to affective regulation
Another key finding was that, consistent with our recent (e.g., “I need to calm down when I am angry”). Withdrawal-like
qualitative findings (33), children described perceived increases  symptoms, both affective (e.g., irritability, sadness) and physical
in energy as a key reason for their caffeinated SD consumption.  (e.g., headache, stomachache), have been previously reported
While there are previous reports of child hyperactivity resulting ~ among children in response to highly processed foods (56-58).
from caffeinated SD intake (33), the deliberate use of SDs to  Additionally, abstinence from habitual caffeine doses as low
achieve a desired outcome, as demonstrated by reasons within the ~ as 100mg per day (comparable to the amount found in two
Energy cluster such as “They help me stay awake” and “They make ~ cans of caffeinated soda) has been shown to induce withdrawal
me ready for a hard day,” suggests that children’s caffeinated SD  symptoms (e.g., headaches) in adults (59). Thus, reasons for
consumption behaviors may parallel well-described behavioral  children’s caffeinated SD intake within Mood and Focus and Feel
patterns surrounding coffee consumption in adults (51). The  Better may reflect important and currently overlooked barriers to
purposeful consumption of SDs also reflects established patterns  sustained reduction in children’s caffeinated SD intakes.
of caffeine use in adolescents (52). Use of caffeinated SDs to While the majority of the reasons for SD consumption
boost energy may also suggest that children and adolescents get ~ reported in the present study were at the individual level,
inadequate sleep, perhaps as a result of excess screen time (53).  children’s dietary behaviors are also strongly influenced by
While our study design did not allow us to distinguish whether ~ environmental and situational factors (60), such as the availability
reported reasons for caffeinated SD intake were due to their  and accessibility of SDs relative to alternative beverages (61). The
sugar content, caffeine content, or both, our findings highlight  cluster Nothing Better Available calls attention to environmental
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and community influences (62, 63), which may be particularly
critical in urban, low-income communities, where access to fast
food and junk food is often high relative to healthier options (64—
67). Furthermore, reasons within the Something to Do cluster call
attention to the importance of normative behaviors (e.g., “Good
for parties,” “I like them on road trips”) in influencing children’s
caffeinated SD intake. Consumption of SDs as a means of
alleviating boredom, for example, also suggests that encouraging
participation in activities, such as afterschool programs or youth
sports, may help to reduce children’s caffeinated SD intake.
Furthermore, provision of unsweetened, carbonated beverages,
such as flavored seltzer water, instead of plain water, may offer
a healthy and “less boring” substitute for caffeinated SDs. The
influence of cultural and social norms is well described for other
dietary behaviors among children (33, 68, 69), and altering norms
surrounding risk behaviors has shown promise in initiating
lifestyle behavior change among children (70-72).

As the first study to use concept mapping to elucidate
reasons for children’s caffeinated SD intake, SODA MAPS
provide a novel framework for conceptualizing the multifactorial
reasons for children’s caffeinated SD consumption. The use of
concept mapping methodology allowed for the quantitative and
qualitative evaluation of the reasons for children’s caffeinated
SD consumption. However, while the results of this study
provide novel insights into caffeinated SD consumption among
children, the analysis was subject to several limitations. The
sample population was geographically limited (all recruited
from Washington, D.C.), as well as racially/ethnically limited
(primarily non-Hispanic Black and Hispanic participants).
While these could be viewed as strengths, especially given the
well-documented disparities in SD consumption and related
cardiometabolic health outcomes in minority populations (13),
our sample is not representative of all children who consume
caffeinated SDs. In addition, selection bias may have affected
the makeup of the study population, as it was a convenience
sample. Intakes of other, non-beverage, sources of caffeine (e.g.,
chocolate, dietary supplements), which may influence reasons for
children’s caffeinated SD consumption, were also not evaluated.

The findings of this study provide a comprehensive
conceptual framework for understanding children’s caffeinated
SD consumption, which is encouraged by a variety of biological
(e.g., Energy), psychological (e.g., Mood and Focus), normative
(e.g., Something to Do), and environmental factors (e.g., Nothing
Better Available), as well as the palatability of caffeinated SDs
(e.g., Taste and Feel). Collectively, these findings support the need
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Despite the publication of several of meta-analyses in recent years, the effects of
fructose on human health remains a topic of debate. We previously undertook two
meta-analyses on post-prandial and chronic responses to isoenergetic replacement
of fructose for sucrose or glucose in food or beverages (Evans et al. 2017, AJCN
106:506-518 & 519-529). Here we report on the results of an updated search with
a complete re-extraction of previously identified studies and a new and more detailed
subgroup-analysis and meta-regression. We identified two studies that were published
after our previous analyses, which slightly altered effect sizes and conclusions. Overall,
the isoenergetic substitution of fructose for glucose resulted in a statistically significant
but clinically irrelevant reduction in fasting blood glucose, insulin, and triglyceride
concentrations. A subgroup analysis by diabetes status revealed much larger reductions
in fasting blood glucose in people with impaired glucose tolerance and type 2 diabetes.
However, each of these subgroups contained only a single study. In people with
a healthy body mass index, fructose consumption was associated with statistically
significant, but clinically irrelevant reductions in fasting blood glucose and fasting blood
insulin. Meta-regression of the outcomes by a number of pre-identified and post-hoc
covariates revealed some sources of heterogeneity, such as year of publication, age of the
participants at baseline, and participants’ sex. However, the small number of studies and
the large number of potential covariates precluded detailed investigations of effect sizes
in different subpopulations. For example, well-controlled, high quality studies in people
with impaired glucose tolerance and type 2 diabetes are still lacking. Taken together, the
available data suggest that chronic consumption of fructose is neither more beneficial,

nor more harmful than equivalent doses of sucrose or glucose for glycemic and other
metabolic outcomes.

Beverages and Metabolic Outcomes:
An Updated Systematic Review and
Meta-Analysis. Front. Nutr. 8:647600.

doi: 10.3389/fnut.2021.647600 Keywords: fructose, glucose, sucrose, meta-analysis, glycemia
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Fructose Substitution for Glucose or Sucrose (Meta-Analysis)

INTRODUCTION

Historically, as reviewed by Sievenpiper (1), fructose was
considered a healthy choice for people with diabetes (1).
For the last several decades, however, fructose has instead
been seen as a primary driver of adverse health outcomes
(2-12). In 2004, a retrospective observational correlation of
increasing dietary intake of high fructose corn syrup (HFCS)
with increasing obesity was published (13). Despite the findings
being observational, and the authors’ own analysis that HFCS
“may play a role” in the increase in obesity due to a “temporal
relation,” this analysis led to a large number of studies being
done to investigate not if, but how fructose causes harm, even
though HFCS contains, at most, only 55% fructose. The recent
publication of several meta-analyses demonstrating neutral or
even positive effects of isoenergetic fructose consumption,
both for short-term and chronic exposures (14-23), have not,
despite significant media coverage (24-30), changed the views
of many in the scientific community and the general public.
This is perhaps because the epidemiological trials, real-world
interventional trials, and isoenergetic randomized controlled
trials are addressing different questions.

Our previous meta-analyses were the first to concentrate on
potential “real world” changes in the use of fructose, i.e., the
isoenergetic substitution of fructose for current uses of sucrose or
glucose in food or beverages (14, 15). In addition, these analyses
were restricted to studies that used double-blind methodology,
provided participants with all foods, and/or kept a detailed
analysis of the participants’ food intakes. This allowed us to be
more confident in the interpretation of the results. For example,
we had fewer concerns that participants altered their behavior
based on the knowledge of their allocation. Our previous analysis
of post-prandial studies included 47 studies reporting on 62
individual study arms (14). The data overwhelmingly showed
that fructose reduces post-prandial peak blood glucose, especially
in people with overweight or obesity, and in people with impaired
glucose tolerance, type 1 diabetes, and type 2 diabetes. Other
changes were significant reductions in the post-prandial blood
glucose area under the curve (AUC) and peak post-prandial
insulin concentrations. No changes were observed in peak post-
prandial triglyceride concentrations (14). Our acute and chronic
findings gained some traction, at least in the public domain (24—
30). However, several narrative reviews that were published well
after our meta-analyses, failed to mention that, at least for the
outcomes mentioned here, fructose does not seem to be a specific
cause of disease above and beyond that of other sugars (31-36).

Given that over 4 years had elapsed since our previous search,
and that the debate over the role of fructose in health is still
ongoing, we undertook an updated search for chronic studies
matching our previous search criteria.

METHODS

Study Design

This update followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines
(37). The PICOTS question was: in people with normal

glucose tolerance, impaired glucose tolerance, or diabetes, with
healthy body weight, overweight, or obesity, does fructose,
isoenergetically substituted for sucrose or glucose in food
or beverages, alter measures of longer-term glycemic control
[glycated hemoglobin (HbAlc), homeostatic model assessment
(HOMA), fasting blood glucose, fasting blood insulin], blood
lipids [fasting total cholesterol, low density lipoproteins (LDL),
high density lipoproteins (HDL), and triglycerides], and obesity
(measured as body weight), over a period of two or more weeks in
a double-blind, food-controlled, or strict dietary analysis setting?

Participants

Participants in the studies could be children, teenagers, or adults,
with normal glucose tolerance, impaired glucose tolerance, or
diabetes. People with healthy body weight, or with overweight, or
obesity were included. No restrictions were placed on ethnicity of
the participants, or the country in which the study took place.

Interventions

Included interventions were purified fructose (i.e., not fructose-
containing foods such as fruits), provided to participants in
either foods (e.g., baked into cakes, dissolved in jams or yogurts)
or beverages.

Comparators

Acceptable comparators were purified glucose or sucrose
provided to participants in the same vehicle and at the same
caloric value as fructose.

Systematic Review Protocol

We followed the same search strategy, inclusion and exclusion
criteria, and largely the same subgroup analyses outlined in the
original protocol registered previously (38). The PROSPERO
registration number of the present study is CRD42015029385.

Data Sources

The search terms from the original analysis were reused for
the updated search (15). The Cochrane Library, MEDLINE,
EMBASE, the World Health Organization (WHO) International
Clinical Trials Registry and clinicaltrials.gov databases were
searched. The search was restricted to the time frame from the
day before the date of the previous search (April 26, 2016)
until September 23, 2020; no other restrictions were applied. All
citations were uploaded into Covidence (39). Duplicates were
removed and the remaining studies were subjected to double-
blind coding at the title and abstract level; conflicts were resolved
by consensus. The remaining studies were obtained as full texts
and subjected to double-blind coding for inclusion in the review;
again, any conflicts were resolved by consensus.

Study Selection and Data Extraction

The following selection criteria were applied to each citation and
full text: randomized controlled trials in humans of at least 2
weeks’ duration that compared fructose with either sucrose or
glucose; the study was double-blind or blinded to participants;
the diet was monitored or provided, or both; and data on any
blood glucose outcome were provided. The studies could include
people with or without diabetes, but not people who were acutely
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801 records identified through
database searching

0 additional records identified
through other sources

l

712 records after duplicates removed

l

712 records (abstracts) screened

648 records excluded

l

64 full-text articles
assessed for eligibility

l

2 studies included
in qualitative synthesis

l

2 studies included
in quantitative synthesis
(meta-analysis)

FIGURE 1 | PRISMA flow diagram of searches and study selection.

4 '
]_p 62 full-text articles excluded because of:

Study included elsewhere (2)
Postprandial period only (13)

Clinical trial published elsewhere (13)
Wrong study design (10)

Wrong outcomes (6)

Conference abstract (7)

Wrong intervention (5)

Dose not isoenergetic (1)

0 PN A WN e

Duplicate (1)
10. Study protocol (1)
11. Could not be obtained (1)

ill. Studies were excluded if they were of <2 weeks in duration,
were unblinded or the diet was not isoenergetic (demonstrated
through monitoring of the diet or providing all participants with
their food), or if blood glucose data were not reported.

Data from all included studies (previously included studies
and new studies) were extracted into an Excel spreadsheet by
one author and checked by another. We extracted data on study
characteristics (study type, substituted sugar, age, weight, diabetes
status of participants etc.) along with changes in HbAlc, HOMA,
fasting blood glucose, fasting blood insulin, fasting total, HDL
and LDL cholesterol, fasting triglycerides, and body weight.

The definitions of normoglycemia, impaired glucose
tolerance, and type 2 diabetes were taken from General
Practice Management of Diabetes (40). If stated, we used the
study authors’ baseline values and classification of their study
population. If this information was not provided, fasting blood
glucose values were defined as the mean blood glucose value at
time 0 of the intervention.

Data Analysis

Data presented in different units (e.g., pIU/mL, pmol/mL,
or g/L for insulin concentrations) were standardized using
EndMemo.com (41). When required, data were converted using
the statistical algorithms reported by the Cochrane Collaboration
(42). Where data were given as means and standard deviations

(SD), these were converted to standard errors (SE), using the
following formula:

SD = SE x +/N,

where N = the number of participants in the study arm. Where
neither SD or SE was given, and could not be calculated by other
means, the SE was imputed by taking the mean of the SEs from
all other studies of the same kind reporting the same outcome.
Mean differences (MD) and standard errors (SE) of the mean
differences were calculated for crossover studies as follows:

MD = Outcome(end of intervention period) _OZ"tcome(end of control period)

and the SE as:

SE = \/[(SEendiz + SEendcz) —2r (SEendi X SEendc)],

where r is the intrapersonal correlation coeflicient of the
individual outcome, SE endi = the standard error of the end value
of the intervention period, and SE endc = the standard error of
the end value of the control period (14).

For parallel studies, the mean differences were calculated
as follows:

MD = Outcome(snd of intervention period) _OUtcome(end of control period)
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Study Quality

As all included studies were randomized controlled trials (RCTs),
study quality was assessed using the Risk of Bias tool in Review
Manager 5.4, based on the Cochrane Handbook for Systematic
Reviews (49). The risk of bias was assessed in seven areas: (i)
random sequence generation, (ii) allocation concealment, (iii)
blinding of participants and personnel, (iv) blinding of outcome
assessment, (v) incomplete outcome data (attrition bias), (vi)
selective reporting (reporting bias), and (vii) other bias.

Clinical Relevance

The minimum clinically important differences (MCID) for
changes in metabolic measures was taken as follows: HbAlc: 1%
(50), fasting blood glucose: 23% (51), fasting blood triglycerides:
30% (52), fasting LDL: 10% (53), fasting HDL: 10% (53), body
weight: 5% (54). For standardized mean differences, a change
of 0.5 units was taken to be a meaningful change (55). No
MCIDs were found for the following outcomes: fasting insulin,
HOMA-IR, HOMA2, fasting total cholesterol.

RESULTS

Study Search

The search was carried out on September 23, 2020 and yielded
801 references, of which 89 were duplicates. The remaining 712
studies were screened at title and abstract level. From these, 648
studies were deemed to be irrelevant. The remaining 64 full texts
were analyzed at full text level. Of these, only two new studies
were identified and included into the updated analysis (Figure 1).
The majority of full texts were excluded as they dealt with acute,
post-prandial effects of fructose, were clinical trials that had
not been published, had an inappropriate study design, did not
include a measure of glycemic control, were conference abstracts,
or had an inappropriate intervention.

Study Characteristics

The study characteristics of the included studies are shown in
Table 1. In addition to the previously identified studies (56,
57, 59-64, 66-68), two new studies were included (58, 65),
both of which were carried out in adults without diabetes.
Angelopoulos et al. (58) included adults with an average BMI
just into the overweight range (26.3 kg/m?), whereas Kuzma
et al. (65) had two groups of participants, one in the healthy
BMI range (average 23.7) and one in the obese range
(average = 31.0). Angelopoulos et al. (58) substituted 9% of
each participant’s weight-maintaining energy intake with fructose
or glucose, whereas Kuzma et al. (65) substituted 25% of each
participant’s energy needs with fructose or glucose. Both studies
were undertaken in adults.

Quality Assessment and Risk of Bias

Data on study quality as determined by the Cochrane 7-item
risk of bias analysis is shown in Supplementary Figure 1. The
inclusion criteria for study design were restrictive; hence the
risk of bias was low for most outcomes. However, as reported
in the original analysis (15), not all measures of bias were
reliably reported.

Fasting Blood Glucose

Twenty-one studies/study arms reported on the change in
fasting blood glucose following fructose substitution for glucose
(17 study arms) or sucrose (4 studies). The addition of
the new studies changed the effect size slightly, but not
the direction or significance. The substitution of fructose for
glucose reduced fasting blood glucose by 0.11 mmol/L (95%
CL: —0.18, —0.05; p = 0.0005) (Figure 2), but this result was
not clinically relevant. There were no significant differences
between fructose and sucrose. When grouped by diabetes
status, all three groups (normal glucose tolerance, impaired
glucose tolerance, type 2 diabetes) showed statistically significant
reductions in fasting blood glucose (Supplementary Figure 2).
The single studies in people with impaired glucose tolerance
(64) and type 2 diabetes (67) showed much larger reductions
in fasting blood glucose (—0.61 mmol/L; —0.80 mmol/L,
respectively), which were reduced to a statistically significant
but not clinically relevant degree. No differences were observed
between subgroups when divided by dose or baseline BMI
(Supplementary Figures 3, 4).

HbA1c

Because most studies were done in people without impaired
glucose tolerance or diabetes, change in HbAlc was reported
by only two studies (Supplementary Figure5). As each of
these studies reported change in HbAlc in a different way, we
calculated the standardized mean differences. We found that
Koh et al. (64) reported a statistically significant and meaningful
difference in HbAlc [SMD = —2.51 (95% CI: —3.44, —1.57),p <
0.00001], whereas the change HbAlc reported by Malerbi et al.
(67) was not significant (58).

HOMA

The 13 studies/study arms that reported on HOMA used both
HOMA-IR and HOMA?2 as outcomes. In order to combine the
HOMA results of all studies, we used a standardized mean
difference analysis (Supplementary Figures 6-9). There were no
significant differences between fructose and glucose [SMD =
0.11 (95% CI: —0.34, 0.56); p = 0.64]. A single study (56) that
compared fructose with sucrose found a statistically significant
increase in HOMA2 after fructose consumption.

Fasting Blood Insulin

Sixteen studies/study arms reported on changes in fasting blood
insulin following fructose substitution for glucose (13 study
arms) or sucrose (three studies). Fasting blood insulin reduced
significantly following fructose consumption compared with
glucose consumption [MD = —1.29 pIU/mL (95% CIL: —2.22,
—0.36), p = 0.007] (Figure 3). The comparison with sucrose
revealed similar results but was not statistically significant.
Fasting insulin was also statistically significantly lowered in
studies using lower doses (30-40 g/day) [MD = —1.00 pIU/mL
(95% CI: —1.84, —0.16), p = 0.02] and in studies using doses
>80 g/day [MD = —1.49 uIU/mL (95% CI: —2.55, —0.44), p
= 0.005]. Studies in people without diabetes at baseline also
showed statistically significant reductions in fasting blood insulin
[MD = —0.82 pIU/mL (95% CI: —1.52, —0.12), p = 0.02]
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Mean Difference Mean Difference

Study or Subgroup Mean Difference SE Weight IV, Random, 95% CI 1V, Random, 95% CI

3.1.1 Fructose vs glucose

Aeberli 2011 G40 -0.11 0.01 7.6% -0.11[-0.13,-0.09] =

Aeberli 2011 G80 -0.04 0.04 6.9% -0.04[-0.12, 0.04] e

Aeberli 2013 G 0.09 0.02 7.4% 0.09[0.05, 0.13] -

Angelopolous 2016 0.04 0.07 5.6% 0.04 [-0.10, 0.18] 1T

Bantle 2000 0.08 0.05 6.5% 0.08 [-0.02, 0.18] —

Heden 2014/1 -0.28 0.11 4.1% -0.28 [-0.50, -0.06] s —

Heden 2014/2 -0.05 0.02 7.4% -0.05[-0.09, -0.01] -

Heden 2014/3 -0.22 0.03 7.2% -0.22[-0.28, -0.16] -

Heden 2014/4 -0.05 0.03 7.2% -0.05[-0.11, 0.01] -

Heden 2015 -0.04 0.06 6.1% -0.04[-0.16, 0.08] 1

Jin 2014 0 0.35 0.8% 0.00[-0.69, 0.69]

Koh 1988 | -0.61 0.05 6.5% -0.61[-0.71,-0.51] .

Koh 1988 N -0.54 0.05 6.5% -0.54[-0.64, -0.44] -

Kuzma 2019 N -0.06 0.01 7.6% -0.06[-0.08, -0.04] bl

Kuzma 2019 O 0.06 0.03 7.2% 0.06 [0.00, 0.12] ~

Lowndes 2015 -0.1 0.15 2.9% -0.10[-0.39, 0.19] —

Silbernagel 2011 -0.06 0.16 2.7% -0.06[-0.37, 0.25] —

Subtotal (95% Cl) 100.0% -0.11[-0.18, -0.05] ‘

Heterogeneity: Tau? = 0.01; Chi? = 346.38, df = 16 (P < 0.00001); I> = 95%

Test for overall effect: Z = 3.47 (P = 0.0005)

3.1.2 Fructose vs sucrose

Aeberli 2011 S80 -0.12 0.04 25.1% -0.12[-0.20, -0.04] -

Aeberli 2013 S 0.01 0.02 25.4% 0.01 [-0.03, 0.05] g

Bossetti 1984 0.11 0.04 25.1% 0.11[0.03, 0.19] -

Malerbi 1996 -0.8 0.06 24.5% -0.80[-0.92,-0.68] —a

Subtotal (95% Cl) 100.0% -0.20 [-0.48, 0.08] ’»

Heterogeneity: Tau? = 0.08; Chi® = 184.31, df = 3 (P < 0.00001); I = 98%

Test for overall effect: Z = 1.37 (P = 0.17)

-1 -0.5 0 0.5 1
. . Favors fructose Favors control

Test for subgroup differences: Chi® = 0.32, df = 1 (P = 0.57), 1> = 0%
FIGURE 2 | Subgroup meta-analysis of fasting blood glucose following isoenergetic substitution of glucose or sucrose by fructose in food or beverages by substituted
sugar. Values are mean differences (95% Cls) (expressed as mmol/L) between fasting blood glucose after fructose consumption and fasting blood glucose following
glucose or sucrose consumption. 1V, inverse variance; SE, standard error; G40, fructose/glucose 40 g/day; G80, fructose/glucose 80 g/day; G, glucose; S, sucrose; |,
impaired glucose tolerance, N, normal glucose tolerance/body weight; O, overweight.

(Supplementary Figures 10-12). Baseline BMI did not influence
blood insulin concentrations.

Fasting Blood Lipids

Total Cholesterol

The substitution of fructose for glucose or sucrose did not
result in any significant changes in total cholesterol (Figure 4A).
This did not differ when subgrouped by baseline BMI, dose, or
diabetes status (Supplementary Figures 13-15).

Low Density Lipoproteins

The substitution of fructose for glucose or sucrose did not result
in any significant changes in LDL cholesterol (Figure 4B), except
when subgrouped by diabetes status (Supplementary Figure 16).
The single study in people with type 2 diabetes showed
a statistically but not clinically significant reduction in
LDL following fructose consumption. This subgroup was
also statistically different from the subgroup of studies in

people without diabetes. No differences were apparent when
subgrouping by BMI or dose (Supplementary Figures 17, 18).

High Density Lipoproteins

No changes in HDL were apparent (Figure 4C). No statistically
significant differences emerged between any subgroups, by BMI,
dose, or diabetes status (Supplementary Figures 19-21).

Triglycerides

The substitution of fructose for glucose or sucrose showed
no significant changes in fasting triglyceride concentrations,
except in the three studies comparing fructose with sucrose
consumption (Figure 4D); this change was not clinically relevant.
Subgrouping by baseline BMI or dose did not reveal any
significant differences (Supplementary Figures 22,23). When
subgrouped by diabetes status, people with impaired glucose
tolerance and those with type 2 diabetes showed statistically but
not clinically relevant reductions in fasting triglycerides; however,
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Mean Difference Mean Difference

Study or Subgroup Mean Difference SE Weight 1V, Random, 95% CI IV, Random, 95% CI

5.1.1 Fructose vs glucose

Aeberli 2013 G 1.21 2.25 3.5% 1.21[-3.20, 5.62] [ e —

Heden 2014/1 0.43 0.93 10.3% 0.43 [-1.39, 2.25] T

Heden 2014/2 -0.72 1.66 5.5% -0.72[-3.97, 2.53] I

Heden 2014/3 -1.44 0.55 13.9% -1.44[-2.52,-0.36] -

Heden 2014/4 -1.01 1.49 6.4% -1.01[-3.93,1.91] /1

Heden 2015 -2.72 2.47 3.0% -2.72[-7.56, 2.12] .

Jin 2014 15.6 11.11 0.2% 15.60 [-6.18, 37.38] >

Koh 1988 | -2.58 0.75 12.0% -2.58 [-4.05, -1.11] —

Koh 1988 N -3.8 0.75 12.0% -3.80[-5.27,-2.33] -

Kuzma 2019 N -2 0.56 13.8% -2.00[-3.10, -0.90] -

Kuzma 2019 O -0.3 1.02 9.6% -0.30[-2.30, 1.70] -

Lowndes 2015 3.21 2 4.2% 3.21[-0.71, 7.13] T

Silbernagel 2011 -1.58 1.65 5.6% -1.58[-4.81, 1.65] —

Subtotal (95% CI) 100.0% -1.29 [-2.22, -0.36] <

Heterogeneity: Tau? = 1.33; Chi? = 27.66, df = 12 (P = 0.006); I*> = 57%

Test for overall effect: Z = 2.72 (P = 0.007)

5.1.2 Fructose vs sucrose

Aeberli 2011 S80 1.26 2.96 19.4% 1.26 [-4.54, 7.06] B —

Bossetti 1984 -1.8 4.68 7.8% -1.80[-10.97,7.37] =

Malerbi 1996 -1.73 1.53 72.8% -1.73[-4.73,1.27] —-

Subtotal (95% Cl) 100.0% -1.15[-3.71, 1.40] @

Heterogeneity: Tau? = 0.00; Chi? = 0.83, df = 2 (P = 0.66); I> = 0%

Test for overall effect: Z = 0.88 (P = 0.38)

-20 -10 0 10 20
) . Favours fructose Favours control

Test for subgroup differences: Chi? = 0.01, df = 1 (P = 0.92), I> = 0%
FIGURE 3 | Subgroup meta-analysis of fasting blood insulin following isoenergetic substitution of glucose or sucrose by fructose in food or beverages by substituted
sugar. Values are mean differences (95% Cls) (expressed as plU/mL) between fasting blood glucose after fructose consumption and fasting blood glucose following
glucose or sucrose consumption. IV, inverse variance; SE, standard error; G, glucose; S, sucrose; |, impaired glucose tolerance, N, normal glucose tolerance/body
weight; O, overweight.

each group was represented by only a single study in each group
(Supplementary Figure 24).

Body Weight

Body weight was not significantly influenced by the substitution
of fructose for glucose or sucrose (Figure 5). Similarly, subgroup
analysis found no differences in body weight by baseline BMI
or diabetes status (Supplementary Figures 25, 26), with the
exception of dose. Studies using very high doses of fructose
(>80 g/day) resulted in a statistically significant reduction
in body weight [MD = —1.20kg (95% CL. —2.11, —0.29),
p = 0.01] (Supplementary Figure 27). This difference was not
clinically significant.

Meta-Regression

The results of our meta-regression analyses are presented
in Table2 and Supplementary Tables 1-3. For fasting blood
glucose, a number of significant results came from single studies
(e.g., impaired glucose tolerance, type 2 diabetes, funding from
both industry, and government); these were ignored. However,
a statistically significant difference was observed between the
studies that provided food as the source of sugar rather than

beverages, and for studies that blinded the participants to
their allocation compared with those that provided food or
kept account of the participants’ diets. Similarly, both age of
participants and year of publication were significantly associated
with changes in fasting blood glucose. Unfortunately, the four
food-based study arms were also among the studies causing a
great deal of heterogeneity in the meta-regression by age of study
(60, 64, 67), thus it is not clear if the difference came from the use
of food, or simply from the age of the study.

Meta-regression of the studies for fasting insulin
similarly ~revealed differences arising from covariates
(Supplementary Table 1). Unclear blinding, age of participants
and year of publication all influenced the outcomes. Interestingly,
studies in males were more likely to be associated with an increase
in fasting blood insulin, compared with those in females.

Meta-regression of body weight by the same covariates
revealed only dose as a significant influence on the outcome. The
coeflicient was very small, however, and this result is likely to be
of limited relevance.

Meta-regression of fasting triglyceride concentrations showed
several significant covariates. As seen in our previous analyses,
the use of food instead of beverages as the vehicle for
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A Mean Difference Mean Difference
Study or Subgroup _Mean Difference _SE_Weight IV, Random, 95% CI 1V, Random, 95% CI
6.1.1 Fructose vs glucose
Aeberli 2013 G 0.24 029  2.1% 0.24[-0.33,0.81] —
Angelopolous 2016 012 015  5.8% 0.12[-0.17,0.41] e
Bantle 2000 0.08 0.02 14.9%  0.08[0.04,0.12] -
Heden 2014/1 -0.03 0.08 10.4% -0.03[-0.19,0.13] —
Heden 2014/2 0 0.08 10.4%  0.00[-0.16,0.16] -1
Heden 2014/3 -0.36 0.09  9.6% -0.36[-0.54,-0.18] —

Heden 2014/4 -0.21 0.09  9.6% -0.21[-0.39, -0.03] —_—
Heden 2015 -0.02 0.03 14.4% -0.02 [-0.08, 0.04] -
Koh 1988 | -0.05 0.14  6.3% -0.05[-0.32,0.22] e
Koh 1988 N -0.18 0.06 12.1% -0.18 [-0.30, -0.06] —
Silbernagel 2011 0.26 0.19  42% 0.26[-0.11,0.63] —
Subtotal (95% CI) 100.0% -0.05 [-0.14, 0.04] <

Heterogeneity: Tau® = 0.01; Chi® = 49.42, df = 10 (P < 0.00001); I* = 80%
Test for overall effect: Z = 1.12 (P = 0.26)

6.1.2 Fructose vs sucrose

Aeberli 2011 580 -0.04 032  5.0% -0.04[-0.67,0.59]

Bossetti 1984 0.1 0.1 40.0% 0.10[-0.10, 0.30] —-—
Malerbi 1996 -0.1 0.08 55.0% -0.10[-0.26,0.06] —
Subtotal (95% CI) 100.0% -0.02 [-0.16, 0.13] -

Heterogeneity: Tau? = 0.00; Chi? = 2.4, df = 2 (P = 0.29); I* = 18%
Test for overall effect: Z = 0.23 (P = 0.82)

-0.5 0.5
Favors fructose Favors control
Test for subgroup differences: Chi? = 0.16, df = 1 (P = 0.69), I’ = 0%

B Mean Difference Mean Difference
Study or Subgroup  Mean Difference  SE Weight IV, Random, 95% CI IV, Random, 95% CI
8.1.1 Fructose vs glucose
Aeberli 2013 G 0.17 0.24 0.6%  0.17 [-0.30, 0.64] —
Angelopolous 2016 0.11 0.13  2.0% 0.11[-0.14,0.36] —1
Bantle 2000 -0.02 0.02 85.0% -0.02[-0.06,0.02] [ ]

Koh 1988 | -0.06 0.13 2.0% -0.06[-0.31,0.19] -1
Koh 1988 N -0.11 0.06  9.4% -0.11[-0.23,0.01] -
Silbernagel 2011 0.16 0.19 0.9%  0.16 [-0.21,0.53] I
Subtotal (95% CI) 100.0% -0.02 [-0.06, 0.01] 4

Heterogeneity: Tau? = 0.00; Chi? = 4.82, df = 5 (P = 0.44); I> = 0%
Test for overall effect: Z = 1.29 (P = 0.20)

8.1.2 Fructose vs sucrose

Aeberli 2013 S -0.06 0.29 15.3% -0.06[-0.63,0.51] ——
Bossetti 1984 0.13 0.08 42.3%  0.13[-0.03,0.29] -
Malerbi 1996 -0.2 0.08 42.3% -0.20 [-0.36, -0.04] ——

Subtotal (95% CI) 100.0% -0.04 [-0.31, 0.23] —~—

Heterogeneity: Tau® = 0.04; Chi* = 8.51, df = 2 (P = 0.01); I’ = 77%
Test for overall effect: Z = 0.28 (P = 0.78)

= -0.5 0.5 1
Favors fructose Favors control
Test for subgroup differences: Chi? = 0.01, df = 1 (P = 0.91), I = 0%

C Mean Difference Mean Difference
Study or Subgroup _Mean Difference  SE_Weight IV, Random, 95% CI IV, Random, 95% CI
9.1.1 Fructose vs glucose
Aeberli 2013 G 0.05 0.12 0.4%  0.05[-0.19, 0.29]

Angelopolous 2016 -0.03 0.05 2.4% -0.03[-0.13, 0.07]
Bantle 2000 0 0.01 60.4% 0.00 [-0.02, 0.02]
Heden 2014/1 0 0.03 6.7%  0.00 [-0.06, 0.06] T
Heden 2014/2 0 0.02 15.1%  0.00[-0.04, 0.04] T
Heden 2014/3 -0.11 0.07 1.2% -0.11[-0.25, 0.03] I
Heden 2014/4 0.06 0.04 3.8%  0.06 [-0.02, 0.14] ™
Koh 1988 | 0.02 0.04 3.8%  0.02 [-0.06, 0.10] T
Koh 1988 N -0.08 0.05 2.4% -0.08 [-0.18, 0.02] -
Silbernagel 2011 0.03 0.04 3.8% 0.03([-0.05,0.11] T
Subtotal (95% CI) 100.0%  0.00 [-0.01, 0.02]
Heterogeneity: Tau? = 0.00; Chi? = 8.62, df = 9 (P = 0.47); 1> = 0%
Test for overall effect: Z = 0.04 (P = 0.96)
9.1.2 Fructose vs sucrose
Aeberli 2013 S -0.01 0.12 6.3% -0.01[-0.25,0.23] P——
Bossetti 1984 0.03 0.05 36.5% 0.03[-0.07,0.13] b
Malerbi 1996 0 0.04 57.1% 0.00[-0.08, 0.08] -
Subtotal (95% CI) 100.0% 0.01[-0.05, 0.07] <
Heterogeneity: Tau? = 0.00; Chi? = 0.25, df = 2 (P = 0.88); I = 0%
Test for overall effect: Z = 0.34 (P = 0.73)
-1 -0.5 0.5 1
Favors control Favors fructose
Test for subgroup differences: Chi? = 0.10, df = 1 (P = 0.75), I* = 0%
Mean Difference Mean Difference

D Study or Subgroup _Mean Difference  SE_Weight IV, Random, 95% Cl IV, Random, 95% CI
7.1.1 Fructose vs glucose
Aeberli 2013 G 0.02 0.17 5.0% 0.02 [-0.31, 0.35] N —
Angelopolous 2016 0.08 0.1 7.8% 0.08 [-0.12, 0.28] -T
Bantle 2000 F -0.04 0.03 10.7% -0.04[-0.10, 0.02] ™
Bantle 2000 M 0.3 0.03 10.7% 0.30 [0.24, 0.36] -
Heden 2014/1 0.09 0.05 10.1% 0.09 [-0.01, 0.19] —

Heden 2014/2 0.04 0.05 10.1% 0.04 [-0.06, 0.14] T
Heden 2014/3 -0.08 0.06 9.7% -0.08 [-0.20, 0.04] T
Heden 2014/4 0.06 0.06 9.7% 0.06 [-0.06, 0.
Jin 2014 -0.57 0.26 2.9% -0.57 [-1.08, -0.1
Koh 1988 | -0.21 0.09 8.3% -0.21[-0.39, -0.03]
Koh 1988 N 0.02 0.05 10.1% 0.02 [-0.08, 0.12] T
Silbernagel 2011 0.19 0.17 5.0% 0.19 [-0.14, 0.52] -
Subtotal (95% CI) 100.0% 0.02 [-0.08, 0.12] >
Heterogeneity: Tau? = 0.02; Chi? = 96.22, df = 11 (P < 0.00001); I = 89%
Test for overall effect: Z = 0.46 (P = 0.64)
7.1.2 Fructose vs sucrose
Aeberli 2013 S 0.08 0.18 2.9% 0.08 [-0.27, 0.43] S
Bossetti 1984 -0.07 0.05 37.9% -0.07[-0.17,0.03] —
Malerbi 1996 -0.1 0.04 59.2% -0.10[-0.18, -0.02] i
Subtotal (95% CI) 100.0% -0.08 [-0.14, -0.02] ‘
Heterogeneity: Tau? = 0.00; Chi? = 1.07, df = 2 (P = 0.59); I> = 0%
Test for overall effect: Z = 2.71 (P = 0.007)
-1 -0.5 0.5 1
; Favors fructose Favors control
Test for subgroup differences: Chi? = 3.18, df = 1 (P = 0.07), I* = 68.6%
FIGURE 4 | Subgroup meta-analysis of fasting total cholesterol (A), low
density lipoprotein (B), high density lipoprotein (C), and triglycerides (D)
(Continued)

FIGURE 4 | following isoenergetic substitution of glucose or sucrose by
fructose in food or beverages by substituted sugar. Values are mean
differences (95% Cls) (expressed as mmol/L) between fasting blood glucose
after fructose consumption and fasting blood glucose following glucose or
sucrose consumption. IV, inverse variance; SE, standard error; G, glucose; S,
sucrose; |, impaired glucose tolerance, N, normal glucose tolerance/body
weight; O, overweight.

fructose delivery significantly reduced fasting triglycerides
following fructose consumption compared with sucrose or
glucose consumption. Interestingly, males were again more likely
to have increased fasting triglyceride concentrations following
fructose consumption compared with mixed or female-only
studies, in whom significant reductions in fasting triglycerides
were observed.

DISCUSSION

The results of our updated meta-analysis repeat and strengthen
our previous findings on the lack of harmful effects specific
to fructose consumption (15) in line with similar analyses
(18-20, 22, 23), at least in the outcomes reported by these
reviews. A reiteration and new discussion of these findings
is warranted because many narrative reviews still propagate
the view that fructose is more harmful than other sugars
(31-36, 69, 70).

Our findings did show statistically significant reductions in
fasting blood glucose (FBG) concentrations, fasting blood insulin
(FBI) concentrations, and body weight. However, none of these
differences was clinically relevant. Meta-regression did reveal
some interesting findings, which require further investigation.
For example, we found that presenting the sugar in foods rather
than in beverages considerably altered the effect size for changes
in FBG and FBI. However, we also found that the age of the study
had a similar effect. The answer as to which of these covariates is
causing this change is obscured by the fact that the food studies
were also older.

Another interesting correlation to emerge from our meta-
regression was the finding that the sex of the participants was
associated with quite different outcomes. For example, overall
fructose consumption lowered FBI and had no significant effect
on triglycerides. Meta-regression by sex, however, found that
female sex was associated with a reduction in FBI, whereas male
sex was associated with no reduction in FBI. Similarly, female sex
was associated with a statistically significant reduction in fasting
triglycerides, whereas male sex was associated with a statistically
significant increase in fasting triglycerides. Differences by sex
in glucose homeostasis and lipoproteins have been described
previously (71, 72). It is therefore possible that changes in these
outcomes are also influenced by sex.

Even after subgroup meta-analysis and meta-regression, much
heterogeneity remained. The lack of studies that covered multiple
potential covariates, along with a small number of studies in total,
did not allow us to investigate the sources of heterogeneity. We
are also aware that undertaking multiple analyses will increase the
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Mean Difference Mean Difference

Study or Subgroup Mean Difference  SE Weight 1V, Random, 95% CI IV, Random, 95% CI

10.1.1 Fructose vs glucose

Aeberli 2011 G40 -0.4 0.72 4.8% -0.40[-1.81, 1.01] I

Aeberli 2011 G80 0.2 0.72 4.8% 0.20[-1.21, 1.61] -

Aeberli 2013 G -1.8 2.98 0.3% -1.80[-7.64, 4.04]

Angelopolous 2016 3.5 1.93 0.7% 3.50 [-0.28, 7.28] b

Bantle 2000 0.1 0.18 76.8% 0.10 [-0.25, 0.45] .

Heden 2014/1 -0.1 1.48 1.1% -0.10[-3.00, 2.80] . E—

Heden 2014/2 0.2 2.65 0.4% 0.20 [-4.99, 5.39]

Heden 2014/3 -0.2 1.58 1.0% -0.20[-3.30, 2.90] S

Heden 2014/4 -0.9 2.04 0.6% -0.90[-4.90, 3.10] —

Heden 2015 0o 1.7 0.9% 0.00[-3.33, 3.33]

Jin 2014 0.5 7.19 0.0% 0.50 [-13.59, 14.59] ¢ »

Kuzma 2019 All -0.72 0.83 3.6% -0.72[-2.35,0.91] .

Lowndes 2015 -1.9 2.85 0.3% -1.90[-7.49, 3.69]

Silbernagel 2011 -1.9 0.72 4.8% -1.90[-3.31, -0.49] —_—

Subtotal (95% Cl) 100.0% -0.05 [-0.35, 0.26] ¢

Heterogeneity: Tau? = 0.00; Chi? = 12.65, df = 13 (P = 0.47); I> = 0%

Test for overall effect: Z = 0.29 (P = 0.78)

10.1.2 Fructose vs sucrose

Aeberli 2011 S80 -0.6 0.69 60.4% -0.60[-1.95,0.75] —l—

Aeberli 2013 S -1.1 2.98 3.2% -1.10[-6.94, 4.74]

Malerbi 1996 -0.7 0.89 36.3% -0.70][-2.44, 1.04] ——

Subtotal (95% Cl) 100.0% -0.65 [-1.70, 0.40] 2

Heterogeneity: Tau? = 0.00; Chi® = 0.03, df = 2 (P = 0.98); I° = 0%

Test for overall effect: Z = 1.22 (P = 0.22)

-10 -5 0 5 10
Favors fructose Favors control

Test for subgroup differences: Chi® = 1.18, df = 1 (P = 0.28), I> = 15.3%
FIGURE 5 | Subgroup meta-analysis of body weight following isoenergetic substitution of glucose or sucrose by fructose in food or beverages by substituted sugar.
Values are mean differences (95% Cls) (expressed as kg) between fasting blood glucose after fructose consumption and fasting blood glucose following glucose or
sucrose consumption. IV, inverse variance; SE, standard error; G40, fructose/glucose 40 g/day; G80, fructose/glucose 80 g/day; G, glucose; S, sucrose; |, impaired
glucose tolerance, N, normal glucose tolerance/body weight; O, overweight.

possibility of statistical significance arising by chance. One should
therefore be careful not to overinterpret some of our findings.

Of note, we are not stating that consumption of sugar,
especially as refined carbohydrates, is advisable or beneficial.
Consumption of highly energy-dense foods without significant
fiber and/or micronutrient content is certainly inadvisable
(73). For this reason, the WHO recommends that <10% of
daily energy should come from free sugars (74). We argue
purely that ascribing harmful effects to fructose in particular
is counter to the evidence. Where the use of sugar will
continue (e.g., as a preservative or in home-made cakes
and other treats), information on the post-prandial benefits
of fructose (e.g., a reduction in peak post-prandial blood
glucose and insulin concentrations), particularly in those with
impaired glucose tolerance, type 1 and type 2 diabetes, should
be provided.

Our study design deliberately selected for studies that kept
the diets between the groups isocaloric. However, there are
other factors at play that influence real world weight gain. For
example, it has been shown that fructose increases the subjective
sensation of hunger and food-seeking behavior in functional
MRI studies (45, 75) although recent work comparing the actual

food intakes following glucose-, fructose-, high fructose corn
syrup-, and aspartame-sweetened beverages found no difference
between any sugar in the total number of calories consumed over
8 days (76). Furthermore, Silbernagel et al. found a statistically
significant reduction in body weight following 4 weeks of fructose
consumption (68). These partially contradictory findings suggest
that further research should be conducted before any conclusions
are made.

Interestingly, it appears that a significant proportion of
ingested fructose is converted to glucose in the small intestine
(77, 78), with only very large doses spilling over to the liver
(79). This was first shown over 50 years ago in an elegant
study by Ockerman and Lundborg (80). In this study, the
authors administered fructose or galactose to humans directly
into the jejunum at doses ranging from 37.5 to 150g. Up
to 70% of the fructose could be recovered as glucose in the
mesenteric veins, while an administration of galactose did not
result in the recovery of glucose. More recently, it has been
established that the small intestine expresses fructokinase along
with other fructolytic and gluconeogenic enzymes (77) and that
their expression is regulated by GLUT5 (a glucose transporter
protein) and KHK (ketohexokinase) (81). Thus, it is unlikely that
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TABLE 2 | Meta-regression of mean differences in fasting blood glucose concentrations between consumption of fructose compared with sucrose or glucose by factor

and continuous covariates.

Potential covariant N study arms Model coefficient Lower bound Upper bound p-value
Factor covariates
Control sugar Glucose 17
Sucrose 4 —0.079 —0.338 0.180 0.552
Diabetes status Normoglycaemia 19
Impaired glucose tolerance 1 —0.545 —0.833 —0.256 <0.001
Type 2 diabetes 1 —0.735 —1.031 —0.439 <0.001
Study type Cross-over 17
Parallel 4 0.119 —-0.184 0.421 0.442
Food vs. beverage Beverage 17
Food 4 —0.405 —0.600 —0.220 <0.001
Gender Males 7
Both 12 —0.107 —0.328 0.114 0.343
Females 2 —0.069 —0.431 0.293 0.703
Funding Government 18
Both 1 —0.697 —1.076 —0.319 <0.001
Industry 0.086 -0.216 0.389 0.575
Blinding Yes 15
Unclear —0.239 —0.444 —0.034 0.022
Continuous covariates
BMI Range: 22.4-34.6 21 0.004 —0.025 0.034 0.766
Age Range: 13.5-54.2 21 -0.012 -0.019 —0.005 <0.001
Dose Range: 35-150 21 0.001 —0.003 0.004 0.633
Year of publication Range: 1984-2019 21 0.011 0.003 0.020 0.009

All data, including model coefficients, confidence intervals, and p-values were obtained using random-effect models and 95% confidence intervals in OpenMetaAnalyst. Values in bold

represent statistically significant results.

small or moderate amounts of fructose are necessarily be more
harmful than equivalent amounts of glucose, because at usual
levels of consumption, most of the fructose simply never reaches
the liver.

In the 4 years since our earlier search for articles on the
effects of chronic fructose consumption, only two studies
were published on isoenergetic fructose replacement for
sucrose or glucose for periods longer than the immediate
post-prandial period. However, 17 new fructose studies
published that concerned with the post-
prandial time period, despite little chance of these studies
significantly changing the effect sizes already generated by
previous meta-analyses.

The two new chronic studies (58, 65) were carried out
in people with normal fasting blood glucose concentrations.
In one study (65) only 24 participants were enrolled, half of
whom had a healthy weight at baseline. The other study (58)
enrolled more (i.e., 186) participants, but unfortunately, the
average BMI at baseline was only just into the overweight range,
and people with diabetes were actively excluded. Given the
paucity of evidence in people with impaired glucose tolerance
or diabetes, we find this disappointing. We therefore renew
our call for high quality, isoenergetic studies to be carried
out in people with a lack of glycemic control; else evidence-
based dietary advice for these populations will continue to
be lacking.

were were

This updated systematic review and meta-analysis has
confirmed our previous findings, i.e., that even high doses of
fructose consumed daily do not adversely affect health when
compared with isoenergetic amounts of sucrose or glucose. The
absence of high-quality studies in people with, or at risk of
diabetes hampers our ability to make specific recommendations
based on diabetes status. Similarly, the large number of covariates
and small number of studies did not allow us to investigate
residual confounding through multivariate meta-regression. The
little evidence we have in populations with diabetes does not
support the claim that fructose is harmful for people with
this condition; indeed, the opposite seems true. Whether these
beneficial effects are real, however, can only be established with
more evidence.
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University of Sydney, Camperdown, NSW, Australia, ° Allied Health Research Unit, Westmead Hospital, Western Sydney
Local Health District, Sydney, NSW, Australia

Objectives: There is limited information about the dietary habits of patients with
Parkinson’s Disease (PD), or associations of diet with clinical PD features. We report
on nutritional intake in an Australian PD cohort.

Methods: 103 PD patients and 81 healthy controls (HCs) completed a validated,
semi-quantitative food frequency questionnaire. Food and nutrient intake was quantified,
with consideration of micronutrients and macronutrients (energy, protein, carbohydrate,
fat, fibre, and added sugar). Participants also completed PD-validated non-motor
symptom questionnaires to determine any relationships between dietary intake and
clinical disease features.

Results: Mean daily energy intake did not differ considerably between PD patients
and HCs (11,131 kd/day vs. 10,188 kd/day, p = 0.241). However, PD patients reported
greater total carbohydrate intake (279 g/day vs. 232 g/day, p = 0.034). This was largely
attributable to increased daily sugar intake (153 g/day vs. 119 g/day, p = 0.003) and in
particular free sugars (61 g/day vs. 41 g/day, p = 0.001). PD patients who (1) experienced
chronic pain, (2) were depressed, or (3) reported an impulse control disorder, consumed
more total sugars than HCs (all p < 0.05). Increased sugar consumption was associated
with an increase in non-motor symptoms, including poorer quality of life, increased
constipation severity and greater daily levodopa dose requirement.

Conclusions: We provide clinically important insights into the dietary habits of PD
patients that may inform simple dietary modifications that could alleviate disease
symptoms and severity. The results of this study support clinician led promotion of healthy
eating and careful management of patient nutrition as part of routine care.

Keywords: Parkinson’s disease, diet, nutrition, carbohydrates, sugars

INTRODUCTION

Parkinson’s Disease (PD) is the second most common neurodegenerative disease and is associated
with significant morbidity (1). It is characterised by the loss of dopaminergic neurons in the
substantia nigra pars compacta, and a deficiency of dopamine in the striatum and other basal
ganglia structures. A growing body of evidence suggests that nutrition may play an important role
in PD (2).
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PD patients are more frequently underweight (3, 4), have
a higher risk of malnutrition (5) and tend to have a lower
body mass index (BMI) (6) that inversely associates with
disease duration, disease severity and levodopa-related motor
complications (7). Furthermore, it has been suggested that
lower dietary intake of poly-unsaturated fatty acids, vitamin A,
vitamin E, vitamin B12, vitamin D and folic acid are associated
with an increased risk of developing PD (8, 9), although
this remains controversial. Nevertheless, throughout the disease
course, weight gain and loss may fluctuate, being influenced
by both changes in food intake and energy expenditure (10).
Interestingly, PD patients are also purported to display a
preference for sweet foods, such as cakes (11), chocolate (12), ice
cream (13), milk puddings and custards (14), consistent with an
increased consumption of carbohydrates (7, 15, 16).

Emerging research suggests that the complex bidirectional
communication between the gut and brain is influenced by
dietary patterns and may contribute to the development and
progression of PD (17, 18), as well as levodopa metabolism (19).
Therefore, the predominance of gastrointestinal dysfunction in
PD may further influence the diet of PD patients and vice
versa. For example, PD patients are three-times more likely to
experience constipation than control subjects and they reported
increased occurrence and severity of indigestion, nausea,
excessive fullness and bloating (20), which negatively impact
on PD health-related quality of life (QoL) (21). Additionally,
constipation associates with higher levodopa requirements (7),
likely due to gastroparesis and impaired intestinal motility, which
hinders drug absorption.

Despite ethnic variability in dietary habits (22), general
improvement in nutritional condition has been shown to
improve PD patient QoL (23). Furthermore, adherence to
a healthy diet may reduce the occurrence of non-motor
symptoms that often precede PD diagnosis (24) and may lead to
optimisation of levodopa therapy to minimise disease-associated
complications (7). Due to limited information about the dietary
habits of PD patients in Australia, we aimed to characterise the
nutritional intake of an Australian PD cohort, and investigate
potential associations between diet and clinical disease features.

MATERIALS AND METHODS
Study Settings and Subjects

Subjects were recruited from the movement disorder and
neurology clinics at Royal North Shore Hospital, Sydney,
Australia, between 2018 and 2019, as described previously (20).
Inclusion criteria were; >18 years of age, a clinical diagnosis
of idiopathic PD according to the UK Parkinson’s Disease
Society Brain Bank Diagnostic Criteria (25), regardless of
disease duration, and being managed by a specialist neurologist.
The healthy control (HC) inclusion criteria were; >18 years
of age, exhibiting no clinical indication of PD, and were
a spouse, sibling or child of a respective PD patient with
similar dietary habits. Exclusion criteria included secondary
Parkinsonism, tube feeding, medical or surgical disorders
preventing completion of questionnaires and significant
cognitive impairment demonstrated by incapacity to provide

consent. Ethical approval was granted by the Northern Sydney
Local Health District Human Research Ethics Committee
and the North Shore Private Hospital Ethics Committee,
HREC/18/HAWKE/109, NSPHEC 2018-LNR-009, respectively.

Data Collection
Dietary and lifestyle data were collected for all participants
through a 145-item, semi-quantitative food frequency
questionnaire (FFQ), modified for Australian diet and vernacular
from an early Willett FFQ (26, 27) and originally developed and
validated as part of the Blue Mountains Eye Study (28, 29). The
FFQ was later updated to reflect new foods commonly available
in the Australian food supply (30). A nine-category frequency
scale was used to indicate the usual frequency of consumption
of food items during the past year, and included portion size
estimates. Nutrient content of food items was calculated using
the Australian Food Composition Database (31) multiplied by
the frequency and portion size, using a purpose-built Microsoft
Access program. Nutrient analysis included calculations for
energy, protein, carbohydrate, sugars, fats and fibre. “Added
sugars” include sucrose, fructose, dextrose, lactose and sugar
syrups (such as glucose syrup), which are added during the
manufacture of foods or by the consumer in the preparation of
food and beverages (32). “Free sugars” extends the definition
of added sugars to include sugars naturally present in honey,
fruit juice and fruit juice concentrates (33). Total average
daily consumption of macronutrients and micronutrients were
calculated. Macronutrients were also calculated as a percentage
of total energy intake and micronutrients per 1,000 kJ (34).
Demographic data was collected on patient age, gender,
ethnicity, marital status, socioeconomic status and medical
history, including co-morbidities, medication use, alcohol
consumption and smoking history. Physical activity was
assessed using the International Physical Activity Questionnaire
(35). The Leeds Dyspepsia Questionnaire (36) assessed upper
gastrointestinal symptoms and the Rome-IV criteria (37) and
the Cleveland Constipation Score (38) were used to determine
constipation severity and gut motility. QoL was evaluated using
the PDQ-39 (39), mood was assessed by the Beck Depression
Inventory (40), cognitive function was gauged by the Montreal
Cognitive Assessment (MoCA) (41) and non-motor symptoms
were assessed by the Non-Motor Symptoms Scale (NMSS)
(42). Quantitative and qualitative motor severity assessment
was evaluated with the Movement Disorder Society—Unified
Parkinson’s Disease Rating Scale—Part III (MDS-UPDRS III)
and the Modified Hoehn & Yahr scale (43). Medications were
compared following standard methods for calculating daily
levodopa equivalent dose (LED) (44), whilst chronic pain severity
was assessed by the Visual Analogue Scale (45).

Statistical Analysis

Normal distribution of all data was confirmed using the Shapiro-
Wilk test. Independent t-tests were used to analyse differences
between groups for continuous variables. Chi-squared (x?)
tests were used to compare differences between categorical
variables. Logistic and linear regression models were constructed
to evaluate differences in dietary intake between the PD and
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TABLE 1 | Cohort demographic and clinical characteristics.

Parkinson’s Healthy Test p-value
disease control statistic
Number of Patients, n = 103 81
Mean age (years) [SD, range]* 67.1[12.2, 33-88] 62.4 [15.6, 18-90] t=2.3(182" 0.023
Gender - n (%)* x2 =107 (1)® 0.001
Male 58 (56.3) 26 (32.1)
Female 45 (43.7) 55 (67.9)
Marital status - n (%)* x2 =420 0.244
Married/de facto 79 (76.7) 69 (85.1)
Single 109.7) 8(9.9)
Widowed 6 (5.8) 1(1.2)
Other 8(7.7) 3(3.7)
Ethnicity - n (%)* x> =233 0.506
Caucasian 81 (78.6) 64 (79.0)
Asian 4 (3.9) 5(6.2)
Middle Eastern 7 (6.8) 2 (2.5)
Other 11(10.7) 10 (12.3)
Body mass index [SD] 25.7 [6.2] 26.2 [4.6] t=-0.7 (182" 0.485
Smoking History - n (%)
Current smoker 2(1.9 3(3.7) x> =0.6(1)° 0.457
Prior smoker 38 (36.9) 27 (33.7) %2 =0.2(1)° 0.659
Never smoked 65 (63.1) 53 (66.3) x2=02(1)° 0.659
Type of tobacco (%) x° =262 0.268
Cigarettes 84.2 96.3
Cigars 10.5 3.7
Pipe 5.3 0
Pack year history, [SD] 13.3[13.8] 14.4 [14.6] t=-0.3 (63" 0.758
Caffeine consumption (coffee/tea) (%) 88 (85.4) 74 (91.4) x2=15(1)* 0.219
Number of daily cups, [SD] 2.3[1.7] 3.1[1.8] t=23.0 (182" 0.003
History of diabetes (%) 5(4.9 5(6.2) x2=02(1)* 0.695
Self-Reported HbA1c%, [SD] 6.1[0.2] 7.3[1.0] t=-19()" 0.095
Biochemical characteristics [SD]*
Erythrocyte sedimentation rate (mm/h) 9.5[13.4] 9.5[10.4] t=-0.1(181)" 0.991
C-Reactive protein (mg/L) 3.9[10.8] 2.2[2.5] t=1.4 (182" 0.177
Total cholesterol (mmol/L) 4.810.9] 5.2 [1.1] t=-2.5182" 0.014
Low density lipoprotein (mmol/L) 2.710.7] 2.910.9] t=-150178" 0.132
High density lipoprotein (mmol/L) 1.4[0.4] 1.6[0.4] t=-220181)" 0.033
Triglycerides (mmol/L) 1.3[1.0] 1.5[0.9] t=-1.2(182" 0.239
Random glucose (mmol/L) 5.81[0.6] 5.910.9] t=-0.8 (182" 0.438
HbA1c% 5.3[0.4] 6.0 [5.2] t=-1.2(182" 0.217
Albumin (g/L) 38.7 [3.5] 39.8[3.1] t=-2.3(182" 0.023
Dietary variables
Vegetarian diet, n (%) 3(2.9) 2(2.5) x2=0.1(1)® 0.865
Energy with dietary fibre (k/J), [SD] 11,131 [56782.6] 10,188 [4799.9] t=1.20181)" 0.241
Energy without dietary fibre (k/J), [SD] 10,778 [56546.6] 9,861 [4624.4] t=1.20181)" 0.235
Protein (g/day) [SD] 118 [79.3] 117 [74.5] t=0.1(181)" 0.883
Total fat (g/day) [SD] 102 [49.7] 96 [43.6] t=0.9(181)" 0.392
Carbohydrate (g/day) [SD] 279 [161.8] 232 [124.8] t=21 (181" 0.034
Total sugars (g/day) [SD] 153 [86.3] 119 [60.6] t=38.0(181)" 0.003
Free sugars g/day [SD] 61 [48.0] 41 [23.2] t=238.5 (181" 0.001
Added sugars g/day [SD] 53[43.3] 35 [20.4] t=38.5(181)" 0.001
Fibre (g/day) [SD] 41[31.2] 38 [22.7] t=0.7 (181" 0.475
(Continued)
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TABLE 1 | Continued

Parkinson’s Healthy Test p-value
disease control statistic

Moisture (mL/day) [SD] 2,878 [1236.2] 3,044 [1050.6] t=-0.1(181)" 0.337
Alcohol (g/day) [SD] 9[12.6] 13[15.8] t=-2.1(181)" 0.038
Calcium (mg/day) [SD] 1,158 [590.4] 1,129 [593.6] t=0.3(181)" 0.739
Iron (mg/day) [SD] 15[11.0] 14 [8.3] t=0.4(181)" 0.677
Magnesium (mg/day) [SD] 478 [270.0] 479 [223.4] t=-0.1(181)" 0.973
Potassium (mg/day) [SD] 4,965 [3359.4] 4,761 [2551.1] t=0.5(181)" 0.652
Sodium (mg/day) [SD] 2,145 [1421.4] 2,075 [1344.2] t=0.3(181)" 0.733
Zinc (mg/day) [SD] 14 [8.5] 14 [7.8] t=0.2(181)" 0.880
Retinol (ug/day) [SD] 634 [675.0] 533 [545.7] t=1.1(0181)" 0.281
Beta carotene (ug/day) [SD] 6,703 [7046.0] 6,703 [56805.7] t=0.1 (181" 1

Vitamin A (ug/day) [SD] 1,957 [1671.6] 1,867 [1412.3] t=0.4 (181" 0.702
Thiamine (mg/day) [SD] 2[1.0] 21[0.9] t=0.1(181)" 0.955
Riboflavin (mg/day) [SD] 201.2] 2[1.1] t=0.1(181)" 0.663
Vitamin B12 (ug/day) [SD] 71[4.7] 7[4.5] t=0.1(181)" 0.925
Vitamin C (mg/day) [SD] 168 [147.1] 145[110.7] t=0.6 (181)" 0.525
Dietary folate (DFE) (ug/day) [SD] 788 [490.2] 755 [422.2] t=0.5(181)" 0.626

Independent sample t test; *°Pearson’s chi-squared test; df, degrees of freedom; [SD], Standard Deviation. *This data is partially reproduced from Lubomski et al. (20). The bold values

indicate clinical significance.

HC groups, as well as within the PD cohort, after controlling
for demographic and clinical variables. Correlation of clinically
relevant variables was evaluated using Pearson’s correlation test.
p < 0.05 was considered statistically significant. Data analysis was
performed using SPSS, version 26 (SPSS Inc, Chicago, Illinois,
USA), as described earlier (20).

RESULTS

Demographic and Clinical Characteristics
Demographic information pertaining to the cohort studied here
has been reported previously (20). In summary, a total of 103
PD patients (56.3% male, mean age 67) and 81 healthy controls
(32% male, mean age 62; comprised of 73 spouses, 7 children and
1 sibling) completed the FFQ. Demographic, anthropometric,
clinical and nutritional features of the study population are
reported in Table 1.

The mean BMI of the combined cohort was 26.0 (SD 4.90). PD
patients were not underweight and their BMI (25.7 [SD 5.2]) did
not differ significantly from HC (26.2 [SD 4.6], p = 0.485). 5.5%
of subjects reported a history of diabetes, with no statistically
significant difference observed between the groups for this
measure. More PD patients reported chronic pain over the
preceding year than HC (72.8 vs. 39.5%, p < 0.001). PD patients
were also more depressed, as measured by the Beck’s Depression
Inventory (total score 11.9 [SD 8.8] vs. 5.2 [SD 5.5], p < 0.001).
PD patients also reported more constipation, as measured by
the Cleveland Constipation Score (7.2 [SD 4.7] vs. 3.1 [SD
2.9], p < 0.001) and Rome IV Criteria (4.4 [SD 3.5] vs. 1.1
[SD 14], p < 0.001). Furthermore, PD patients reported more
dyspepsia as measured by the Leeds Dyspepsia Questionnaire
(score 8.3 [SD 7.7] vs. 4.6 [6.1], p = 0.001). Physical activity,

assessed by the IPAQ, identified that PD patients undertook
considerably less physical activity (1823.6 metabolic-equivalent
[MET]-minutes/week [SD 1693.6]) compared to the HC group
(2942.4 MET-minutes/week [SD 2620.9], p = 0.001). Further
clinical characteristics of the PD cohort including the utilisation
of standard and device assisted therapies, physical activity and
frequency and severity of other non-motor symptoms (NMS) are
outlined in Table 2.

Dietary Characteristics

Mean daily energy intake did not differ significantly between PD
patients (1130.9 kJ/day [SD 5782.6]) and HC (10188.2 kJ/day [SD
4800.0], p = 0.241). When total energy intake was evaluated in
terms of gender, the difference between males (11052.4 kJ/day
[SD 5486.4]) and females (10435.7 kJ/day [SD 5302.4]) was not
statistically different across the whole cohort (p = 0.7) or PD
cohort alone (males 11350.6 kJ/day [SD 5998.3], females 10847.7
kj/day [SD 5546.4], p = 0.8).

PD patients reported greater total carbohydrate intake
compared to HCs (278.8 g/day [SD 161.8] vs. 232.2 g/day [SD
124.8], p = 0.034), which was largely attributable to increased
daily total sugar intake (153.3 g/day [SD 86.3] vs. 118.7 g/day [SD
60.6], p = 0.003; Table 1). Consistently, PD patients consumed
more total free sugar (61.2 g/day [SD 48.0] vs. 40.6 g/day
[SD 23.2], p = 0.001) and total added sugar (52.9 g/day [SD
43.3] vs. 34.7 g/day [SD 20.4], p = 0.001) compared to HC.
Among people with PD, beverages provide 19.6% of free sugars,
compared to about half this among HCs (10.4%). The main
contributors to free sugars among both groups were: chocolate,
jam/marmalade/honey, cordial, sugar, soft drinks, cake, cold
breakfast cereal, and yoghurt.
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TABLE 2 | Parkinson’s disease clinical characteristics.

Mean age at diagnosis (years) [SD, range]* 58.8 [13.6, 24-88]

Mean Parkinson’s disease duration (years) [SD, range]* 9.2 [6.5, 1-30]

Parkinson’s disease phenotype - n (%)*
Tremor dominant 31 (30.1)
Postural instability and gait impairment 21 (20.4)
Akinetic rigid 40 (38.9)
Young onset (<40 years) 11 (10.7)
Late onset (>60 years) 51 (49.5)

Disease complications - n (%)*
Motor fluctuations 60 (58.3)
Dyskinesia 60 (58.3)
Wearing off 84 (81.6)
Impulse control disorder 20 (19.4)
REM sleep behaviour disorder 50 (48.5)

Parkinson’s disease therapy - n (%)*
Treatment naive 5(4.9)
Oral levodopa 92 (89.9)
Dopamine agonist 36 (35.0)
Monoamine oxidase B inhibitor 19 (18.4)
Anticholinergic 13 (12.6)
Catechol-O-methyl transferase inhibitor 24 (23.3)
Amantadine 13 (12.6)
Levodopa/carbidopa intestinal gel 9(8.7)
Deep brain stimulation 11 (10.7)
Apomorphine (subcutaneous infusion) 7 (6.8)

Levodopa equivalent daily dose (mg) [SD, range]* 834.8 [527.3, 0-2,186]

Mean MDS unified Parkinson’s disease rating scale-lll 32.9[17.7, 5-91]

(“on” state) [SD, range]*

Gastrointestinal symptoms*
Mean cleveland constipation score [SD] 7.214.7]
Mean Rome-IV criteria constipation score [SD] 4.4 [3.5]
Functional constipation as per Rome-IV criteria (%) 78.6
Mean leeds dyspepsia questionnaire (LDQ) score 8.3[7.7]
[SDI

Chronic pain over last 3 months (%)* 75 (72.8)
Mean pain score (visual analogue scale) [SD] 4.9[2.5]

Mean international physical activity questionnaire (IPAQ)
score (MET-minutes/week) [SD]*

1823.6 [1693.6]

PDQ-39 summary index [SD] 29.2 [17.3]

Depression characteristics
Mean Beck’s depression inventory total score [SD] 11.9 [8.9]
Clinically depressed (>13 for Parkinson’s disease) - 40 (38.9)
n (%)

Mean MDS total non-motor symptoms score (NMSS), 62.7 [42.9]

[SD]

Montreal cognitive assessment (MoCA), [SD] 24.4[4.8]
Mild cognitive impairment (<26/30) - n (%) 50 (48.6)
Parkinson’s disease dementia (<21/30) - n (%) 17 (16.5)

[SD], Standard Deviation. *This data is partially reproduced from Lubomski et al. (20).

The total intake of vitamins and other macronutrients did
not differ between the groups, and there were no macronutrient
or micronutrient differences noted between the genders in both
the PD and HC groups. When subjects with diabetes within
the PD and combined cohorts were excluded from analysis, PD

patients still consumed significantly more carbohydrates, total
sugar, added sugar and free sugar than healthy controls (all
p < 0.05). Excluding PD dementia patients also demonstrated a
persistent increased sugar intake compared to HCs.

Logistic regression modelling evaluated the significance of
dietary differences between the PD and HC groups. Statistical
significance between the two groups persisted after controlling
for age, sex, physical activity and constipation (Rome-IV criteria),
for the following dietary variables: carbohydrates (Wald x2=3.6,
df = 3, p = 0.044); total sugars (Wald x% = 3.9, df = 3, p = 0.036),
free sugars (Wald x? = 3.5, df = 3, p =0.049), added sugars
(Wald 2 =3.6,df = 3, p = 0.046) and alcohol (Wald X2 =48,
df =3, p = 0.029).

PD patients reported less alcohol consumption compared to
the HCs (8.9 g/day [SD 12.6] vs. 13.3 g/day [SD 15.8], p = 0.038),
with male PD patients consuming more alcohol than female PD
patients (12 g/day [SD 14.4] vs. 5 g/day [SD 8.4], p = 0.005).
Over 90% of participants reported daily caffeine consumption,
although PD patients reported lower daily intake (2.3 cups/day
[SD 1.7] vs. 3.1 cups/day [SD 1.8], p = 0.003). No associations
between PD phenotype, standard or advanced therapy use, motor
severity (assessed by the MDS-UPDRS-III score), or any of the
measured dietary parameters were identified.

Evaluating macronutrient intake calculated as a percentage of
total energy intake, PD patients consumed less protein than HCs
(18.0% [SD 3.5] vs. 19.2% [SD 3.1], p = 0.011), as well as more
carbohydrates (40% [SD 6.1] vs. 36.2% [SD 6.6], p < 0.001) and
more added sugar (7.6% [SD 4.7] vs. 5.6% [SD 2.9], p = 0.001).
PD patients also consumed more total sugars (21.9% [SD 5.9]
vs. 18.7% [SD 5.0], p < 0.001) and more free sugars (8.8%
[SD 5.1] vs. 6.5% [SD 3.3], p = 0.001), when expressed as
a percentage of total energy intake (Figurel and Table 3).
Moreover, the percentage total energy consumption of free sugars
showed that 28.2% of PD patients compared with 7.5% of HC
had >10% of energy intake attributed to free sugars (Figure 2).
The assessment of micronutrients, expressed per 1,000 k] energy
intake, identified that PD patients consumed less magnesium,
potassium and zinc than HC (Table 3). Ten participants (6 PD
and 4 HC) reported a very high energy consumption. Reanalysis
of the combined cohort when excluding these individuals did not
alter the significance of the macro- and micronutrient findings
between the PD and HC groups, both in terms of total intake
and percentage of total energy intake. When controlling for
participant age and sex, using linear regression analysis with
Bonferroni correction for multiple testing (new a threshold;
p < 0.016), all statistically significant comparisons remained,
aside from potassium (Table 3).

Biochemical Characteristics

Biochemical analysis showed that PD patients had lower total
cholesterol levels (4.8 mmol/L [SD 0.9] vs. 5.2 mmol/L [SD 1.1],
p = 0.014), lower high density lipoprotein (HDL) levels (1.4
mmol/L [SD 0.4] vs. 1.6 mmol/L [SD 0.4], p = 0.033), and
lower albumin levels (38.7 mmol/L [SD 3.5] vs. 39.8 mmol/L [SD
3.1], p = 0.023), although all measures were still within normal
physiological ranges. A full biochemical description is provided
in Table 1.
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FIGURE 1 | Comparison of macronutrient intake as a percentage of total
energy intake. (A) Comparison of sugar intake expressed as a percentage of
total energy intake between Parkinson’s disease and healthy control groups
(Mean =+ [SD]). Patients with Parkinson’s disease consumed a greater amount
of total sugars (percentage of total energy intake; 21.9% [5.9] in Parkinson’s
disease patients vs. 18.7% [5.0] in healthy controls, p < 0.001). Similar
findings were also noted for free sugars (8.8% [5.1] vs. 6.5% [3.3], p = 0.001)
and added sugars (7.6% [4.7] vs. 5.6% [2.9], p = 0.001). Statistically
significant comparisons of p < 0.001 are indicated with**. (B) Comparison of
protein, fat, carbohydrate and fibre intake for Parkinson’s disease and Healthy
control groups, expressed as a percentage of total energy intake (Mean +
[SD)). Statistically significant comparisons of p < 0.05 are indicated with*.

Dietary Intake of the Parkinson’s Disease

Cohort

Impulse Control Disorders

Mean energy intake was significantly greater for PD patients
who reported an impulse control disorder compared to those
without (13544.3 kJ/day [SD 8357.8] vs. 10549.3 kJ/day [SD
4862.8], p = 0.037), after adjusting for age, sex and PD duration
(B = —0.203, 7> = 0.073, p = 0.041). This was mainly attributable
to increased consumption of carbohydrates (353.9 g/day [SD
246.3] vs.260.8 [SD 129.7] g/day, p = 0.020), increased total sugar
intake (199.5 g/day [SD 120.2] vs. 142.2 g/day [SD 72.7], p =

0.007) and increased consumption of total fibre (57.3 g/day [SD
43.0] vs. 37.2 g/day [SD 26.7], p = 0.009) by PD patients with an
impulse control disorder. Linear regression modelling validated
that the increased carbohydrate and total sugar consumption in
impulse control disorder patients persisted after controlling for
patient age, sex and PD duration (8 = —0.229, r* = 0.084, p
= 0.021, and B = —0.263, r* = 0.101, p = 0.008, respectively).
PD patients with an impulse control disorder also consumed
greater amounts of a variety of vitamins and minerals, as
outlined in Supplementary Table 1. When micronutrient intake
was assessed per 1,000 k] energy intake, PD patients with an
impulse control disorder compared to PD patients without
an impulse control disorder consumed more potassium (483.7
mg/day [SD 76.7] vs. 429.6 mg/day [SD 82.8], p = 0.009), more
beta carotene (723.4 ug/day [SD 348.1] vs. 522.7 ug/day [SD
314.5], p = 0.035) and more vitamin C (17.3 mg/day [SD 11.2]
vs. 12.8 mg/day [SD 6.7], p = 0.022).

Depression

PD patients who were depressed (BDI >13) (46), consumed
more added sugars compared to those who were not depressed
(63.7 g/day [SD 43.6] vs. 46.1 g/day [SD 42.0], p = 0.043), after
controlling for patient age, sex and PD duration (8 = —0.192,
2 = 0.062, p = 0.040). Interestingly, depressed PD patients
consumed less alcohol than those who did not report depression
(5.6 g/day [SD 9.1] vs. 11.0 g/day [SD 14.1], p = 0.034), after
controlling for patient age, sex and PD duration (8 = 0.195,
2 =0.061, p = 0.044).

Cognition

Those PD patients meeting the criteria for PD dementia (MoCA
<21/30) and loss of one or more instrumental activities of daily
living (47), consumed significantly more total sugar per day
(195.1 g/day [SD 67.8] vs. 145.1 g/day [SD 87.5], p = 0.028),
total free sugar (87.5 g/day [SD 53.5] vs. 56 g/day [SD 45.4], p
= 0.013), and total added sugars (77.3 g/day [SD 51.1] vs. 48.1
g/day [SD 40.1], p = 0.010) compared to PD patients without
dementia, after controlling for patient age, sex and PD duration
(B =—0.207,r* =0.111, p = 0.033; = —0.213, 2 = 0.111, p =
0.031; B = —0.225, > = 0.117, p = 0.023, respectively).

Chronic Pain and Other Clinical Features

PD patients with chronic pain consumed more total sugar than
PD patients without chronic pain (164.0 g/day [SD 92.2] vs.
124.6 g/day [SD 60.8], p = 0.039; controlling for age, sex and
PD duration, 8 = —0.202, r*> = 0.087, p = 0.040). Patients with
REM sleep behaviour disorder (RBD) reported significantly more
total sugar consumption per day compared with PD patients
without RBD (174.2 g/day [SD 96.6] vs. 133.6 g/day [SD 70.8],
p = 0.016; B = —0.208, r* = 0.087, p = 0.020) after controlling
for patient age, sex and PD duration. PD patients with RBD
consumed more total free sugars (77.6 g/day [SD 59.5] vs. 45.8
g/day [SD 26.0], p = 0.001) and total added sugars (67.0 g/day
[SD 54.3] vs. 39.6 g/day [SD 22.9], p = 0.001) compared to
those without RBD, after controlling for patient age, sex and PD
duration (8 = —0.320, r? = 0.132, p = 0.001 and B = —0.306,
r? = 0.125, p = 0.002 respectively). PD patients with motor
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TABLE 3 | Intake of macronutrients expressed as percentage of energy intake and intake of micronutrients expressed per 1,000 kJ intake.

Parkinson’s Healthy Test p-value
disease control statistic
Number of patients (n =) 103 81
Dietary variables

Protein % [SD] 18.0 [3.5] 19.2 [3.1] t=-26(181)" 0.011*
Total fat % [SD] 34.0[6.3] 35.0[6.7] t=—1.1(181)" 0.262
Carbohydrate % [SD] 40.0 [6.1] 36.2 [6.6] t=4.0(181)" <0.001*
Total Sugars % [SD] 21.9[5.9] 18.7 [6.0] t=238.8(181)" <0.001*
Free sugars % [SD] 8.8 [6.1] 6.5 [3.3] t=238.4(181)" 0.001*
Added sugars % [SD] 7.6 [4.7] 5.6 [2.9] t=238.4(181)" 0.001*
Fibre % [SD] 2.9[0.8] 29[0.8] t=-05(181)" 0.606
Alcohol % [SD] 2.5[3.6] 4.1 [4.7] t=-2.6(181)" 0.010*
Calcium (mg/day per 1,000 kJ) [SD] 106.8 [33.5] 111.3 [30.1] t=1.0(181)" 0.343
Iron (mg/day per 1,000 kJ) [SD] 1.3[0.3] 1.310.2] t=-15(181)" 0.141
Magnesium (mg/day per 1,000 kJ) [SD] 43.0[8.0] 47.0[6.5] t=-3.6(181)" <0.001*
Potassium (mg/day per 1,000 kJ) [SD] 440.1 [84.1] 465.4 [67.1] t=-22(181)" 0.029
Sodium (mg/day per 1,000 kJ) [SD] 192.3[51.3] 201.7 [49.3] t=-1.3(181)" 0.213
Zinc (mg/day per 1,000 kJ) [SD] 1.210.2] 1.310.2] t=-3.0(181)" 0.003*
Retinol (ug/day per 1,000 kJ) [SD] 61.4 [83.1] 53.4 [57.1] t=0.7 (181" 0.490
Beta carotene (ug/day per 1,000 kJ) [SD] 585.9 [326.6] 648.3 [434.7] t=-—1.1(181)" 0.269
Vitamin A (ug/day per 1,000 kJ) [SD] 177.0[100.7] 183.0[100.9] t=-04(181)" 0.690
Thiamine (mg/day per 1,000 kJ) [SD] 0.2 [0.0] 0.2 [0.0] t=-1.9(181)" 0.060
Riboflavin (mg/day per 1,000 kJ) [SD] 0.2 [0.1] 0.2 [0.1] t=-09 (181" 0.372
Vitamin B12 (ug/day per 1,000 kJ) [SD] 0.6 [0.3] 0.7 [0.2] t=-09(181)" 0.365
Vitamin C (mg/day per 1,000 kJ) [SD] 13.7 [8.0] 14.2[7.8] t=-05(181)" 0.643
Dietary folate (DFE) (ug/day per 1,000 kJ) [SD] 70.5[17.0] 73.6 [16.0] t=-1.3(181)" 0.203

Independent sample t test; df, degrees of freedom; [SD], Standard Deviation. *Indicates dietary variables that remain statistically significant after Bonferroni correction (p < 0.016) of
multiple testing with linear regression modelling when controlling for participant age and sex, as potential confounders. The bold values indicate clinical significance.

fluctuations consumed less alcohol than those without motor
fluctuations (6.3 g/day [SD 9.7] vs 12.6 g/day [SD 15.2], p =
0.013), after controlling for patient age, sex and PD duration
(B =0.161, 72 = 0.379, p = 0.049), possibly due to alcohol further
exacerbating their brittle PD motor features. When adjusted for
energy intake per 1,000 k], PD patients with dyskinesia consumed
more beta carotene (8060.4 ug/day [SD 8759.2]) compared to
those without dyskinesia (4809.3 ug/day [SD 2547.1], p = 0.024).

Dietary and Clinical Correlations

PD patient age was negatively correlated with the amount of
daily protein intake (r = —0.277, p = 0.005). Furthermore,
increasing PD duration was associated with a lower albumin
level (r = —0.208, p = 0.004). Increased alcohol consumption
was associated with increased age at diagnosis (r = 0.201, p =
0.042) and older age at commencing treatment (r = 0.200, p =
0.026). Higher PDQ-39 SI scores (suggesting poorer QoL) were
associated with lower total alcohol consumption (r = —0.31, p =
0.001) and higher total free sugar consumption (r = 0.248, p =
0.012). That is, PD individuals with a worse QoL consumed less
alcohol, but ingested more sugar. Increased constipation severity
was associated with increased free and added sugar consumption
(r = 0211, p = 0.032; r = 0.201, p = 0.042), respectively.
Increased total sugar consumption was associated with greater

mm Control
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-
o
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.H ol = mm =
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% Energy Intake from Free Sugars

FIGURE 2 | Comparison of relative energy intake from free sugars between
Parkinson’s disease patients and healthy controls. Parkinson’s disease
patients consumed more free sugars as a proportion of energy intake
compared to healthy controls.

daily levodopa dose (LED) requirement (r = 0.272, p = 0.005)
and greater burden of non-motor symptoms as measured by the
NMSS (r = 0.213, p = 0.031). The above associations of excess
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sugar consumption in patients with more severe constipation,
higher LED and worse NMSS scores can be partially explained
by features suggestive of advancing PD severity. Higher NMSS
total scores were also associated with higher total fat intake
(r=0.292, p =0.003), increased protein consumption (r = 0.232,
p = 0.018) and overall higher mean energy intake (r = 0.257, p
= 0.009), suggesting that individuals who were more burdened
by NMS required an increased food intake that was higher in
protein and fat. Lastly, the effects of free sugar intake were
also associated with gastrointestinal dysfunction in PD, with
individuals who consumed more free sugars also reporting
worse constipation, noted by the Rome-IV criteria (r = 0.195,
p = 0.049), and Cleveland Constipation Score (r = 0.211, p
= 0.032), as well as worse upper gastrointestinal dysfunction,
indicated by a higher Leeds Dyspepsia Questionnaire score
(r =0.202, p = 0.040).

DISCUSSION

The results of this study provide novel and clinically important
insights into the dietary habits of Australian PD patients.
Consistent with other reports (7, 15, 16), PD patients consumed
greater amounts of carbohydrates, which was largely attributable
to increased daily sugar intake. However, in contrast, Barichella
et al. (7) found increased consumption of many other macro
and micronutrients by PD patients, rather than carbohydrates
and sugars alone, as in our cohort. There are several reasons
why PD patients may consume more sugar. It has been
suggested that carbohydrates and sweets, through insulin, may
increase brain dopamine as somewhat of a compensatory
mechanism for disease-related dopamine loss (14, 15). A variety
of mechanisms contribute to altered eating behaviour in PD, such
as alterations in hypothalamic regulation, energy expenditure
and dopaminergic signalling (48). Food reward alterations
seem to be present in PD, and these may influence eating
behaviours (49). In addition, non-motor complications affecting
taste and olfaction, cognition, mood and reward may impair
food perception, eating behaviours and motivation toward food
consumption (49). Perhaps seeking more sugary foods is related
to a decrease in taste function in PD patients. As demonstrated by
Cecchini et al. (50), PD patients have reduced olfactory function
and taste performance compared with controls. A chemosensory
interaction has been proposed, where olfactory loss leads to a
decrease in taste function (51).

Concerningly, we have shown a generally unhealthy diet in
many PD patients in our study. In 2015 the World Health
Organisation (WHO) issued a recommendation that both adults
and children reduce their intake of free sugars to < 10%
of total dietary energy to help reduce the non-communicable
disease burden from unhealthy weight gain and dental caries
(33). Notably, in this study, 28.2% of PD patients compared
to 7.5% of HCs had >10% energy intake attributed to free
sugars (Figure 2), which is outside of the recommended WHO
guidelines for healthy eating (52). Reassuringly, the PD cohort
sampled did not have greater prevalence of diabetes, or a
higher HbAlc than HCs. However, these measures should

be monitored carefully throughout. Further evidence of an
unhealthy diet is demonstrated by our PD patients consuming
lower levels of certain micronutrients (when expressed per 1,000
k] energy intake), despite high levels of sugar consumption.
This is consistent with previous research, which has shown that
intake of added sugar greater than the recommended level of
10% is associated with lower micronutrient intakes, indicating
micronutrient dilution (53). The macronutrient distribution in
this study cohort is similar to those reported for an Australian
population, as per The Australian Health Survey 2011-13 (54).
Poor diet in PD has been shown in a number of previous studies,
for example in a study by van Steijn et al. (55) of Dutch elderly PD
patients, 22.5% had unfavourable nutritional status. Patients in
this study consumed less protein than HCs (when expressed as a
percentage of energy intake), which is consistent with the finding
here of slightly lower serum albumin levels, suggesting poorer
nutritional status. Lower protein consumption by PD patients
has not consistently been found (7, 16), despite a low protein or
protein redistribution diet being recommended for PD patients
with motor fluctuations (56, 57). It is known that the absorption
of one of the most commonly used oral medications for PD,
Levodopa, is impaired by simultaneous protein ingestion, and
thus may be a potential reason why more PD patients eat less
protein routinely (57).

In this study, patients who reported impulse control disorders
consumed more sugar. Eating disorders are common in PD, and
21.6% of PD patients experience episodes of out-of-control eating
with a large quantity of food in short time (58). The existence of
a food addiction profile has been described in PD patients, and
more specifically compulsive eating symptomatology (58). It is
possible that the PD patients in our cohort binge eat, although
this was not evident from the measures used and is not a feature
considered in the impulse control disorder questionnaire. Dietary
intake and compulsive eating in PD patients with impulse control
disorders warrants further investigation.

Furthermore, increased sugar consumption was associated
with chronic pain and depression. Depression is prevalent in
PD, with 38.9% of our PD cohort reporting depression, which is
almost double the proportion of depressed HCs (59). More PD
patients in our study reported depression and chronic pain than
healthy controls, which may contribute to the increased sugar
consumption of these patients compared to controls. Depression
may alter appetite, food intake and weight regulation. Serotonin
plays a role in eating behaviour, and as discussed in a review
by Kistner et al. (48), neurodegeneration of the serotonergic
system, with low levels of serotonin in PD, may explain the
pronounced preference for sweet foods. The association between
sugar consumption and indicators of disease severity (e.g.,
greater LED, more non-motor symptoms) may suggest the
possibility of comfort eating behaviour. Furthermore, cognition
plays an important role in eating behaviour (49) meaning our
results may have been influenced by the inclusion of patients
with cognitive impairment and dementia, whereas many other
studies exclude patients with MMSE <24. However, when
subjects with dementia are excluded from analysis, the finding
of increased sugar consumption by PD patients compared with
HCs persisted.
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PD patients in our cohort consumed less alcohol than healthy
controls, which is consistent with previous findings (7, 13, 16). A
possible explanation for this is that PD patients may be replacing
alcoholic drinks with sugar sweetened beverages, as in previous
research where higher added sugar intake has been associated
with lower alcohol intake (53). Another proposed explanation for
lower alcohol consumption by PD patients is that they may fear
potential interactions between alcohol and medications (14). PD
patients who reported motor fluctuations were found to consume
less alcohol, perhaps suggesting a reluctance to consume alcohol
for fear of worsening tremor or other motor features. Likewise,
PD patients who were depressed potentially consumed less
alcohol due to suspected medication interactions or perceptions
of alcohol worsening their mood or PD management.

The mean BMI in our cohort was 26 and suggests that
participants were overweight, consistent with epidemiological
data in Australia (50). However, BMI did not differ between
PD patients and HC. This is contrary to prior findings of lower
weight and BMI in PD patients (3, 4, 6, 7), but consistent with
other studies showing no difference in BMI (16). A possible
explanation for this may be the relatively affluent socioeconomic
standing of our cohort and the fact that our HC group were
spouses of the PD patients.

The findings of this study are limited by its relatively small
cohort size and cross-sectional design. Dietary habits may change
over time, are typically influenced by seasonal availability of
certain foods and are influenced by multiple disease factors.
No significant relationship was seen between PD duration and
sugar consumption. Over the course of the disease, nutritional
requirements may change, body weight may fluctuate, with
changes in both energy expenditure and food intake (10).
Longitudinal studies, with larger sample size, are needed to
further evaluate these dietary trends. Another limitation of this
study is the potential for selection bias, with the population
drawn from a single specialist PD centre, and in an area of
relatively high socioeconomic status in metropolitan Sydney,
Australia. Whereas, previous Australian studies have shown PD
patients from regional areas to be comparably older with an
older age of diagnosis and comparatively lower socioeconomic
status (60, 61). Furthermore, the FFQ is subject to recall bias,
particularly the reliance on long-term memory and errors in
estimating frequencies and serving sizes. Memory recall may be
unreliable in patients with cognitive impairment. Furthermore,
the FFQ has also been shown to have a tendency to overestimate
total carbohydrate and sugar (26), which may be relevant given
our findings, although partially controlled for as both PD and
HC cohorts completed the same FFQ. Mean fibre intake in our
cohort is generally high and may be overestimated by the FFQ
assessment. However, even when subjects with very high energy
consumption are excluded from analysis, the significant findings
observed in this study persist. Additionally, the comparability
of these results to other studies is limited by the different
dietary assessment tools utilised. Dietary habits vary significantly
depending on ethnicity (22), limiting the generalizability of our
findings. However, this also highlights the importance of this
research, being the only dietary data to our knowledge for an
Australian population of PD patients.

Important clinical correlations were identified in this study,
such as increased sugar consumption being associated with
an increase in non-motor symptoms, poorer QoL, increased
constipation severity and greater levodopa requirements.
Adherence to a healthy diet has recently been shown to reduce
the occurrence of non-motor symptoms that predate PD
diagnosis (24). It therefore remains to be determined if a
reduction in dietary intake of added sugar can consequently
reduce disease complications and non-motor features. Further
research on dietary variations and their associations with clinical
PD features and complications is warranted. Additionally, the
high consumption of added sugar in our cohort highlights the
need to carefully monitor PD patients for the development
of diabetes.

CONCLUSION

Evaluating the dietary habits of an Australian PD cohort has
provided valuable insights into important clinical associations
between diet and disease characteristics. Thorough management
of patient nutrition should be considered integral to patient
care, as nutrition associates with many disease complications.
We encourage clinicians to promote healthy eating as part of
routine clinical care. The WHO strongly recommend reducing
free sugar intake to < 10% to provide health benefits (52), and
PD patients are at particular risk of the consequences of excess
sugar consumption shown here. PD patients with impulse control
disorders, RBD, depression, cognitive impairment, chronic pain
and motor fluctuations are at risk of specific variations in
nutritional intake, in particular excess consumption of added
sugars. PD patients would benefit from dietitian input as part of
routine clinical management.
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High intakes of added sugar from soft drinks are associated with negative health
outcomes such as the increased risk of gout and type 2 diabetes, weight gain
and cardiovascular disease. Fruits are naturally high in sugars but their effect on
cardiometabolic risk remains unknown. We examined the effect on cardiometabolic risk
factors of consuming natural sugars from fruit or added sugars from sugar-sweetened
soft drinks in overweight adults. Forty-eight healthy, overweight (BMI > 28 kg/m?) men (n
=21) and women (n = 20) were randomized to either a fruit (n = 19) or sugar-sweetened
soft drink (n = 22) intervention for 4 weeks. The fruit group received 6 items of fresh
and dried fruit per day and the sugar-sweetened soft drink group received 955 ml of
sugar-sweetened soft drink per day. The interventions were matched for both energy
(fruit: 1,800 kJ/d; soft drink: 1,767 kJ/d) and fructose content (fruit: 51.8 g/d; soft drink:
51.7 g/d). The soft drink intervention provided 101 g total sugars, which was all added
sugar and the fruit intervention provided 97 g total sugars, which were all natural sugars.
Dietary intakes were otherwise ad libitum. Despite being asked to consume additional
sugar (up to 1,800 additional kd/d), there were no changes in weight, blood pressure or
other cardiometabolic risk factors, except by uric acid, in any of the intervention groups.
In conclusion, our findings do not provide any evidence that short-term regular intake
of added sugars is linked to higher cardiometabolic risks, with exception of uric acid
in overweight men. Public health interventions to prevent obesity and related diseases
should focus on the quality of the whole diet rather than only focusing on reducing sugary
drinks or sugar intakes.

Keywords: fructose, fruit, sugar, cardiometabolic risk, sugar-sweetened soft drink, beverage, dietary intervention

INTRODUCTION

Increased consumption of added or free sugars is associated with increased risk of
obesity and related diseases worldwide (1-3). The evidence linking sugar intakes
with obesity-related diseases relates largely to the provision of extra calories with
causes weight. The World health organization (WHO) recommends that free sugars
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Sugar and Cardiometabolic Risk Factors

(all monosaccharides and disaccharides added to foods by
the manufacturer, cook or consumer, plus the sugars that are
naturally present in honey, syrups and fruit juices) are limited to
<10% of daily energy intake (4). This recommendation is mostly
based on findings related to dental caries given relatively limited
evidence of increased risk of cardiovascular disease or other
negative health outcomes. There has been considerable interest
in whether the associations between fructose and negative health
outcomes are specifically linked with high intakes of fructose
(1, 5-7). High fructose intake has indeed been linked with
hyperuricemia (8, 9), risk of gout (5), but has not been found to
be associated with risk for type 2 diabetes (10). However, fructose
is infrequently consumed in the absence of equal amounts of
glucose and therefore reduction of free or added sugars tends to
be the target of public health interventions (11).

Sugars in the human diet are mostly presented as glucose,
fructose, galactose, lactose, and sucrose (12). Sucrose, commonly
consumed as table sugar, is a disaccharide constituted by
equal parts of fructose and glucose (12). Fructose-containing
sweeteners, such as high fructose corn syrup are presented in
different forms but contain fructose and glucose in relatively
similar proportions to sucrose (13). Added sugars are most
commonly consumed globally in the form of sucrose or high
fructose syrups which are commonly used to sweeten soft drinks,
desserts and bakery items, confectionary, and other processed
foods (11, 14).

Fruit is also an important source of dietary sugars glucose and
sucrose and particularly, fructose. Chemically the sugars in fruit
and added sugars are indistinguishable and the ratio of glucose to
fructose equivalents is similar (1:1) (12). This has led to concerns
in some quarters that fruit should also be limited. The strongest
evidence for limiting fruit comes from studies which have
examined the associations between fruit intake, and gout and
hyperuricaemia. Generally, observational studies of varied design
have indicated a reduced risk of incident gout (5) or experiencing
gout attacks (15) with higher fruit consumption. Contrary to
these findings, in an analysis of the Health Professionals Follow-
up Study (n = 46,393 men), higher fruit juice and fruit intakes
were associated with an increased risk of incident gout after a 12
years follow-up (5). Acute feeding studies in humans involving
fruit or fruit juice have also produced mixed results, with an
immediate rise in serum uric acid seen after consuming apples
(16) or apple juice (17); a lowered plasma urate level after cherry
consumption, and no effect of grapes, strawberries or kiwifruit
on plasma urate (18). Finally, in a 6 week weight reduction
trial, energy-restricted diets providing either a relatively high
intake of fructose from fruit (50-70 g/d) or a low amount of
fructose (<10-20 g/d) led to significantly lowered serum uric
acid concentrations, although no difference was seen between
the diets and the reductions in serum uric acid could have been
explained by the weight achieved in both interventions (19).
However, fruit is high in micronutrients, antioxidants and dietary
fiber, and has a relatively low energy density and fruit intake has
been associated with a reduced risk of several chronic diseases (9)
as well as better glycemic control in people with type 2 diabetes
(20). Clearly there is a need for research to clarify whether the

sugars naturally found in fruits have similar effects on disease
risks as added sugars.

In the present study, we sought to compare the effect of
consuming sugars from either whole fruit or sugar sweetened
soft drink (soft drink) on serum cardiometabolic risk factors,
over 4 weeks, matched for both energy, fructose and total sugars
in addition to an ad libitum diet. We hypothesized that due to
its more favorable nutritional properties, sugars in fruit would
have a more favorable effect on cardiometabolic risk factors than
sugars from sugar-sweetened soft drinks.

MATERIALS AND METHODS
Subjects

In September 2012, overweight men and women were recruited
using a local newspaper advertisement and University of Otago,
Dunedin, New Zealand email lists. Two-hundred and sixty-
seven (267) respondents were assessed via an online survey or
telephone interview, 48 of whom appeared to meet inclusion
criteria: body mass index (BMI) > 28 kg/m?; aged between 20
and 75 years; no established diabetes, liver or kidney disease,
gout or a history of other major chronic illnesses; no diagnosed
mental disorders; not currently taking medications affecting
blood pressure, blood lipids, blood glucose or mood/mental state;
not currently pregnant or breastfeeding; no intolerance to study
fruit or fructose; able to remain in Dunedin for the duration of
the intervention period; and willing to consume either fruit or
soft drink for 4 weeks. Of the 48 respondents invited to attend
a screening visit to confirm their eligibility and obtain written
informed consent, seven did not meet inclusion criteria. A total
of 41 participants were randomized to consume either fruit (n
= 19) or soft drink (n = 22). Following randomization, but
prior to receiving their allocated beverage, three participants
withdrew from the study. One participant in the fruit group
moved away from Dunedin midway through the intervention
and was lost to follow-up, resulting in a final total of 37
participants (n = 18 fruit; n = 19 soft drink) completing the
study by December 2012. This study was approved by University
of Otago Human Ethics Committee (Ref: 12/197). The trial
was registered with the Australian New Zealand Clinical Trials
Registry: ACTRN12612000874819; http://www.anzctr.org.au.

Experimental Protocol
Computer-generated block randomization was stratified by sex
(to account for potential differences uric acid in response to
treatment), performed before recruitment, and concealed from
researchers in sealed, numbered envelopes. After establishing
a participant’s eligibility at the screening visit, and obtaining
written informed consent, the next envelope was opened and the
participant’s group allocation revealed. Due to the nature of the
study the researcher responsible for delivering the interventions,
and participants, could not be blinded to group allocation.
Approximately 1-2 weeks after their initial screening visit,
participants attended a baseline visit at the Department of
Human Nutrition Clinic, University of Otago, Dunedin, New
Zealand. Between screening and baseline, and during the final
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week of the intervention, participants completed a 3-day weighed
diet record, recorded on non-consecutive days and including
a weekend day. Electronic scales were provided along with
written instructions, and a trained researcher verbally explained
how to complete the diet records. The researcher was available
by email or telephone to answer questions that arose during
completion of the diet record. Dietary intakes of macronutrients,
fructose; vitamin C; potassium and dietary fiber were determined
using Kaiculator dietary assessment software (University of
Otago, Dunedin, NZ), which uses the New Zealand food
composition database (21). Participants were informed of their
group allocation at baseline. Those randomized to fruit were
provided with one Cavendish banana (128 g), three Braeburn or
Jazz apples (149 g each) and two 14 g boxes of Sunmaid seedless
raisins per day. Those assigned to soft drinks were provided
with one 355 mL can and one 600 mL bottle of sugar (sucrose)
sweetened soft drink (either Coca-Cola or Sprite) per day. The
interventions were matched as closely as possible for energy
(fruit: 1,800 kJ/d; soft drink: 1,767 kJ/d), fructose (fruit: 51.8 g/d;
soft drink: 51.7 g/d), and totals sugars (fruit: 97 g/d soft drink:
101 g/d) content and all participants were instructed to consume
their usual diet as normal. Participants collected fruit and soft
drinks weekly, and were asked to record daily consumption in
a log booklet, and to return empty beverage containers and any
unconsumed fruit/beverages on a weekly basis.

Participants attended a clinic at baseline and at the end
of study after an overnight (10-12h) fast. Anthropometric
measurements were made by one trained researcher, during
which participants wore light clothing and no shoes. Weight
to the nearest 0.1kg, body fat percentage to the nearest 0.1%
and BMI to the nearest 0.1 kg/m? were measured in duplicate
using a calibrated Tanita Wedderburn bioimpedance analyzer.
Height was measured using a Seca fixed stadiometer, and waist
circumference was measured underneath clothing with a non-
stretching anthropometric tape according to the International
Society for the Advancement of Kinanthropometry protocols
(22). Height and waist circumference were measured to the
nearest 0.1 cm in duplicate, or in triplicate if measurements
differed by >0.5cm or >1%, respectively. Seated blood pressure
was measured after a 5min rest in triplicate using an
Omron digital blood pressure monitor in mm Hg. Fasting
blood samples (8 mL) were drawn by a research nurse using
ethylenediaminetetraacetic acid (EDTA)-treated vacutainers.
Blood samples were kept at <4°C for ~1h, then centrifuged
at 1,650g for 15min. Plasma samples were then frozen in
polyethylene cryovials at —80°C until analysis.

Laboratory Analysis

Plasma measured using a  specific
electrochemiluminescence immunoassay for the Elecsys analyzer
(Roche Diagnostics, Mannheim, Germany), with a coeflicient of
variation (CV) of 1.1%. Total cholesterol (CV: 1.0%), triglyceride
(CV: 0.9%), glucose (CV: 0.8%), and plasma uric acid (CV:
0.9%) concentrations were measured enzymatically with kits
and calibrators supplied by Roche Diagnostics on a Cobas
Mira analyzer (Roche Diagnostics). High-density lipoprotein
(HDL; CV: 1.5%) was measured in the supernatant after

insulin  was

TABLE 1 | Baseline demographic and clinical measures of participants
randomized to fruit or soft drink®.

Fruit (n = 19) Soft drink (n = 22)

Female, n (%) 9 (47.4) 11 (50.0)
Age, years 34.7 (12.5) 33.2(12.8)
Weight, kg 91.0 (21.4) 94.5 (15.2)
Height, cm 170.8 (9.4) 170.8 (9.9)
BMI, kg/m? 31.0 (5.3) 32.2 (3.4)
Waist circumference, cm 97.3(17.2) 99.4 (11.4)
Body fat, % 34.4 (8.4) 35.7 (7.6)
Self-reported physical activity, n (%)

Inactive 3(15.8) 4 (20.0)

Moderately active 6(31.6) 6 (30.0)

Active 10 (52.6) 10 (50.0)
Systolic blood pressure, mm Hg 122 (15) 120 (13)
Diastolic blood pressure, mm Hg 70 (11) 69 (9)
Triglycerides, mmol/L 1.29 (0.65) 1.19 (0.45)
LDL-cholesterol, mmol/L 2.93(0.97) 3.19(0.89)
HDL-cholesterol, mmol/L 1.26 (0.22) 1.32 (0.37)
Total cholesterol, mmol/L 4.78 (1.10) 5.05(0.97)
Plasma insulin, miU/ml 12.67 (10.32) 11.61 (4.70)
Plasma glucose, mmol/L 5.44 (0.60) 5.29(0.37)
Plasma uric acid, wmol/L 334.2 (66.5) 385.5 (79.7)
Insulin sensitivity index® 7.23 (2.03) 7.02 (1.31)

4Data are means (SD) unless otherwise indicated; soft drink, sugar-sweetened soft drink.
bMcAuley Insulin sensitivity index: Mffm/I = exp[2.63 — 0.28 In(insulin) - 0.31 In(TAG)].

precipitation of apolipoprotein B-containing lipoproteins with
phosphotungstate/magnesium chloride solution (23). Low-
density lipoprotein (LDL) was calculated using the Friedewald
equation (24). High sensitivity C-reactive protein (CRP) was
measured using a latex-enhanced immunoturbidimetric method
(Roche Diagnostics) with a CV of 6.4%.

Statistical Analysis

The primary outcome measure was serum uric acid and insulin
sensitivity measured by the McAuley Index (25). Using an
estimated change in mean plasma uric acid of 50 pmol/L (SD
of 75 wmol/L) and a correlation between repeated measures
of 0.75 (26), it was estimated that 15 participants per group
would be required for analysis of covariance (ANCOVA) with
one baseline and one follow-up measurement, at 80% power and
alpha = 0.05. To allow for attrition, n = 40 was the overall
recruitment goal.

Change in body composition and clinical measures from
baseline to week 4 were compared within treatment groups
using Student’s ¢-tests. Data were checked for normality and
equal variance, with non-normal data compared using Mann-
Whitney tests, and data with unequal variance compared using
Welch’s t-tests. The effect of treatment on body composition
and clinical measures was analyzed by ANCOVA with baseline
values as a covariate. Other participant characteristics likely
to affect outcomes (baseline BMI and age) and a potential
interaction effect (sex by group) were included as covariates
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TABLE 2 | Change in dietary intake from baseline to week 4 and difference between treatments.

Fruit

Soft drink

Overall difference between the treatments?

Baseline (mean, SD) Change (mean, SD)

Baseline (mean, SD)

Change (mean, SD) Difference (Mean, 95%Cl) P-value for difference

Energy (kJ)

Males 12,409 —879 (6,639) 12,316
Females 8,178 930 (1,461) 8,364
Carbohydrate (g)

Males 307 41 (148) 357
Females 227 48 (42) 245
Total sugars (g)

Males 120 52 (80) 153
Females 101 52 (34) 119
Sucrose (g)

Males 53 —4 (36) 78
Females 49 0 (293) 50
Fructose (g)

Males 22 29 (16) 23
Females 17 31(7) 27
Glucose (g)

Males 22 22 (5) 23
Females 16 23 (3) 26
Vitamin C (mg)

Males 106 —6 (64) 106
Females 92 28 (61) 90
Dietary fiber (g)

Males 34 -2 (18) 28
Females 25 6 (5) 20
Alcohol (g)

Males 13 -6 (10) 1
Females 3(12) 6

218 (3,592) —1,031 (—3,899, 1,837) 0.467
891 (2,723) —93 (—2,881, 2,694) 0.946
14 (162) —11 (-89, 65) 0.754
36 (88) —2(~76,72) 0.959
64 (63) —40 (—83, 3) 0.068
51 (63) —13 (-54, 27) 0.506
32 (43) —54 (—79, —29) <0.001
32 (31) —34 (-57, —10) 0.006
21 (19) 8 (=3, 20) 0.139
11 (15) 12 (0, 24) 0.044
20 (6) (—4,11) 0.538
9 (5) 5 (-5, 15) 0.33
63 (269) —68 (—212, 76) 0.339
—25 (91) 55 (—85, 195) 0.426
=7 (11) 9(1, 16) 0.004
-3(8) 12 (5,19) 0.002
(11) —11 (—23, 0) 0.054
6(13) —4(=14,7) 0.459

aANCOVA was used to obtain estimate with adjustment for baseline values.

individually, and those with a P < 0.25 were retained in
the final model. All analyses were conducted using Stata 11.1
(Stata Corporation 2010, College Station, Texas, United States),
and a two-sided 0.05 level of significance was used in
all cases.

RESULTS

Table 1 summarizes baseline characteristics of participants
randomized to treatment. Thirty-seven participants completed
the study, 19 in the fruit group, and 18 in the soft drink group.
Nine women completed each intervention. Participants had a
mean age of 33.2 years and 54% were obese with mean BMI of
31.4 kg/m?.

There were no significant differences in total energy,
carbohydrate, total sugars and glucose intakes between
treatments (Table2). However, sucrose intake was higher
in the soft drink group, and fructose intake was higher in
the fruit group amongst women only. The fruit group also
consumed significantly more dietary fiber during treatment. On

average participants in the fruit group consumed 92% of the
fruit provided (5.5 items per day) and participants in the soft
drink group consumed 94% of the beverages provided (900 ml
per day).

There were no overall significant differences in the effects
of treatment on cardiometabolic variables or body composition
(Table 3). However, there was a significant sex by treatment
interaction (P = 0.032) for serum uric acid. Amongst men uric
acid was 57 pmol/L higher in those in the soft drink group
(P = 0.008) but there was no effect in women. There was also
a significant sex interaction (P = 0.034) for insulin sensitivity
index. Insulin sensitivity declined amongst men and increased
amongst women in the soft drink group compared with the
fruit groups but the differences between treatments were not
significant for men or for women. In a multivariate adjusted
model examining the effect of treatment on serum uric acid
soft drink treatment (P = 0.001), baseline BMI (P < 0.001) and
increased alcohol intake (P = 0.032) were associated with higher
uric acid while female sex (P = 0.002) was associated with lower
uric acid (Table 4).
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TABLE 3 | Change in body composition and clinical measures from baseline to week 4 and difference between treatments.

Fruit
Change from baseline?

Soft drink
Change from baseline?

Treatment effect® P-value for difference

Plasma uric acid (wmol/L)

All participants —6.00 (37.75) 4.37 (49.15) 14.09 (—17.77, 45.96) 0.375
Males —14.67 (31.89) 22.80 (39.42) 57.17 (16.35, 98.00)° 0.008
Females 2.67 (42.92) —-16.11 (52.82) —1.33 (—6.88, 9.53)° 0.295
P for sex interaction 0.032

Insulin sensitivity index?
All participants —0.21 (0.99) —0.27 (1.36) —0.115 (-0.89, 0.66) 0.765
Males —0.14 (1.24) —1.01 (1.27) —0.84 (—1.80, 0.13)° 0.088
Females —0.28 (0.73) 0.55 (0.94) 0.68 (—0.32, 1.69)° 0.173
P for sex interaction 0.034
Weight, kg 0.03 (1.02) 0.24 (1.67) 0.26 (—0.67, 1.18) 0.579

Waist circumference, cm
All participants 0.72 (1.893) 1.48 (1.62) 0.79 (-0.33, 1.91) 0.161
Males 1.07 (1.43) 0.87 (1.58) —0.12 (-1.68, 1.72) 0.863
Females 0.36 (2.18) 2.17 (1.46) 1.76 (0.17, 3.35) 0.031
P for sex interaction 0.093
Body fat, % —0.18 (1.06) 0.27 (1.28) 0.46 (—0.32, 1.24) 0.235
Systolic BP, mm Hg 2.17 (9.54) 0.63 (6.62) —2.18 (=7.16, 2.80) 0.381
Diastolic BP, mm Hg 4.11 (11.50) 0.32 (8.33) —4.96 (—10.84, 0.92) 0.272
Triglycerides, mmol/L 0.04 (0.36) 0.12 (0.10) 0.07 (-0.18, 0.32) 0.571
LDL-cholesterol, mmol/L 0.03 (0.36) 0.08 (0.42) 0.08 (—0.18, 0.34) 0.526
HDL-cholesterol, mmol/L —0.04 (0.17) —0.04 (0.15) 0.004 (-0.08, 0.09) 0.932
Total cholesterol, mmol/L 0.01 (0.41) 0.09 (0.53) 0.12 (-0.19, 0.43) 0.438
Plasma insulin, miU/ml 0.02 (0.71) 1.94 (6.97) 1.54 (-2.48, 5.56) 0.443
Fasting glucose, mmol/L 0.02 (0.39) 0.02 (0.32) —0.05 (-0.27, 0.17) 0.632
CRP, mg/L 0.74 (0.39) 0.21 (0.69) 0.10 (—1.54, 1.74) 0.902

aValues are mean change (SD); PANCOVA was used to obtain estimate with adjustment for baseline values with fruit as the reference group; SANCOVA was used to obtain estimate
with adjustment for baseline uric acid and an interaction effect between treatment and sex; AMcAuley Insulin sensitivity index: Mffm/I = exp[2.63 — 0.28 In(insulin) — 0.31 In(TAG)].

DISCUSSION

We found that amongst overweight people increasing sugars
intake either in the form of added sugars in soft drinks, or natural
sugars from fruit did not lead to any deleterious changes in body
weight or cardiometabolic risk factors and with no difference
in effects between the two interventions. The absence of any
change in weight despite being provided with additional energy
from sugars (~1,800 kJ/d) in the form of fruit or soft drinks
suggest that participants sub-consciously moderated their overall
food intake to compensate. In a post-hoc analysis, we did find
that consumption of soft drink resulted in a non-significant
rise in plasma uric acid levels among men, while intake of an
equivalent amount of fruit did not, with the difference between
interventions being statistically significant. This research suggests
that health promotion strategies to reduce the prevalence of
non-communicable diseases must consider more than simply
recommending the replacement of added sugars with fruit.

The finding that participants did not gain weight as a result
being asked to consume additional sugar on a daily basis
for 4 weeks was surprising. Many previous studies that have
reported that participants gain weight when provided with sugar

sweetened foods and drinks in addition to their usual diets, in an
ad libitum context (2). We recruited participants that were willing
to increase their sugars intake and were therefore likely to be
relatively unconcerned about gaining weight. Evidence suggests
that these type of participants may be more responsive to appetite
and satiety cues than participants who are worried about gaining
weight (27). However, if our study had been conducted over a
longer period of time it is possible that we may have observed
weight gain as our participants became habituated to a higher
sugar intakes.

Our study has suggests that fructose intake from whole fruit
may be handled differently by the body than added sugars from
soft drinks leading to the observed rise in uric acid amongst men
(7). However, it is also conceivable that differences in alcohol
intake, which increased more in the soft drink group, might
also explain the effect. Nevertheless fruit is important as fruit
provides many beneficial dietary components, and those that
would try to restrict fruit on the basis of its high fructose or
sugars content would therefore reduce intake of these beneficial
nutrients unnecessarily.

In this study the difference in plasma uric acid of 57 pmol/L
between treatments amongst males is not only statistically
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TABLE 4 | Multivariate analysis of covariance of the effect of treatment and
confounding variables on uric acid at week 4.

B (SE) P-value R?
Model 1 <0.0001 0.756
Soft drink 14.10 (15.70) 0.375
Model 2 <0.0001 0.817
Soft drink 57.17 (20.04) 0.008
Female —20.61 (24.64) 0.409
Model 3 <0.0001 0.871
Soft drink 65.50 (17.28) 0.001
Female —38.21 (21.63) 0.087
Baseline BMI 5.20 (1.45) 0.001
Model 4 <0.0001 0.893
Soft drink 58.3 (15.5) 0.001
Female ~65.0 (19.5) 0.002
Baseline BMI 6.7 (1.3 <0.001
Alcohol intake (g) 1.0 (0.5) 0.082

Model 1 covariate, baseline uric acid; Model 2 covariates, baseline uric acid, sex by
group Interaction term; Model 3 covariates, baseline uric acid, sex by group interaction
term, baseline BMI; Model 4 covariates, baseline uric acid, sex by group interaction term,
baseline BMI, change in alcohol intake during intervention period.

significant, but is also large enough to be of clinical importance
in the etiology of gout. While this was not a mechanistic study,
potential reasons for the difference in uric acid between male
groups should be explored. Firstly, it is not surprising that
no difference in plasma uric acid was seen between female
intervention groups, as high plasma uric acid levels and gout
are characteristically more prevalent among men (28). During
the intervention period, fiber intake was significantly higher
among men and women consuming fruit (by 9-12 g/d), while
total energy intake appeared higher (~1,000 kJ/d) among males
consuming soft drinks. Thus, it is possible that fruit, due to its
high fiber content, was more satiating and therefore conferred
a reduced overall energy intake among men, leading to a lower
plasma uric acid level. If continued longer, this difference in
energy intake between male groups may have resulted in a
significant difference in weight gain. The intrinsic fiber content
of fruit may also have slowed the digestion rate of fructose,
producing portal fructose concentrations that did not exceed the
capacity of the small intestine and liver to metabolize fructose via
routes other than those resulting in uric acid production (29-31).
In addition, the fruit was consumed on average over 4 occasions
per day (1.5 items/occasion) compared with 1.5 occasions for
soft drink, further reducing the bolus dose of fructose consumed.
When fructose is consumed in conjunction with glucose, as is the
case in sugar-sweetened soft drinks, its absorption is enhanced
(31) and it is unable to be metabolized down the glycogenic
pathway, which is occupied by glucose (32).

A further possibility is that the higher vitamin C content of
fruit reduced the effect of fructose on plasma uric acid levels.
In a meta-analysis of 13 vitamin C supplementation studies
reporting serum uric acid levels, a statistically significant mean
reduction in serum uric acid of 21 pmol/L was observed with

a median supplementary intake of 500 mg/d vitamin C (33).
In this study, however, fruits with low vitamin C contents were
chosen, and the difference in vitamin C intakes, although not
significantly different, appeared higher in men receiving the soft
drink treatment.

A strength of this study is that the amount of additional
total sugars (~100 g/d) and fructose (~50 g/d) participants
were required to consume was within the range consumed by
populations, a factor often neglected in studies of this kind (34,
35). The average American consumes ~75 g/d of fructose (36)
while the median usual daily intake of total sugars in NewZealand
is ~120g for males and 96¢g for females (37). The fact that
we did not observe the weight gain or other cardiometabolic
effects observed in other studies (2, 3) suggests that public health
approaches to reducing population obesity focusing only on
reducing sugary drink intake may not be particularly effective
and should focus on improving the quality of population diets
as a whole.

Several factors limit the interpretation of the current study.
While it is important to note that a meaningful difference
in plasma uric acid in men was observed without evidence
of a difference in weight gain, this study was underpowered
to detect such a difference. In addition, it is possible that
the intervention was not of sufficient duration to see an
effect of soft drink consumption on other cardiometabolic
risk factors also thought to be elevated by high fructose
intakes and associated with hyperuricaemia (7, 31). A further,
appropriately powered, longer-term study in overweight men is
therefore warranted.
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Sugars Intake in a Predominantly
Maori Population

Lisa Te Morenga %%, Devonia Kruimer'?, Rachael McLean?®“, Amandine J. M. Sabadel®,
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Determining the extent to which added sugars intake contribute to non-communicable
disease in various populations is challenging because it is difficult to accurately measure
intakes. Biomarkers may provide a reliable and easily measured method of assessing
intakes. In a predominantly Maori population we compared various sugars intake
estimates derived from a 36 item sugar-specific food frequency questionnaire (FFQ) with
biomarkers of sugars intake; urinary sugars excretion in random spot collections (n =
153) and carbon stable isotope ratios (n = 36) in red blood cells (RBCs, §'3Crgc) and
in the alanine fraction of the RBCs (8 '3Cgjanine). Estimated 24 h urinary sucrose+fructose
excretion was statistically significantly correlated with intakes of total sugars (r = 0.23),
sucrose (r = 0.26) and added sugars from sugar-sweetened beverages (SSBs; r = 0.26).
813Caianine Was correlated with added sugars (r = 0.40). In log linear multiple regression
models adjusted with HDA1C and eGFR §'3Cyanine predicted added sugars intakes
(? = 0.29) and estimated 24 h urinary sucrose-+fructose excretion predicted intakes
of total sugars (2 = 0.14), sucrose (> = 0.17), added sugars (r* = 0.17) and sugars
from SSBs (2 = 0.14). These biomarkers have potential for improving assessment of
sugars intake in New Zealand populations enabling monitoring of the effectiveness of
sugar reduction strategies designed to reduce risk of NCDs. However, further validation
is required to confirm these preliminary findings.

Keywords: added sugars, free sugars, carbon stable isotope ratio, urinary sugars, urinary excretion, Maori, New
Zealand, dietary biomarker
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INTRODUCTION

Sugars added to the diet are often referred to as added sugars or
free sugars. Added sugars are defined as “all monosaccharides
and disaccharides added by manufacturer, cook or consumer
to sweeten foods or drinks including, sucrose, glucose, honey,
syrups, but excludes fruit juices and fruit concentrates. Free
sugars include added sugars plus fruit juices and fruit juice
concentrates.” (1). There is widespread consensus that intakes of
added or free sugars should be limited to <10% of total energy
intake (1-3) based on evidence that high intakes contribute to
excess weight gain (4) and dental caries (5), and are associated
with increased risk of non-communicable diseases including type
2 diabetes (6) and cardiovascular disease (CVD) (7, 8). Maori are
disproportionally affected by obesity, diabetes and CVD. While
socioeconomic factors are major determinants (9), it is likely that
excess consumption of added sugars in sugar-sweetened drinks
and processed foods contribute to this disease burden. However,
determining the extent to which added sugars contribute to
disease in various populations is challenging because it is difficult
to accurately measure intakes. Dietary assessment at a population
level is still largely dependent on self-report methods such as
24h diet recalls or food frequency questionnaires which are
subject to reporting biases (10). Previous research has shown
that self-reported intakes of sugars are particularly prone to
misreporting (11). Biomarkers of dietary sugars intake may
provide an alternative and more reliable method of assessing
intakes. This will improve our understanding of the contribution
of added sugars intakes to non-communicable diseases in
different population groups and our ability to monitor the
effectiveness of strategies to reduce added sugars intakes.

Two promising biomarkers of sugars intake have been
identified, and validation studies of these biomarkers have
developed regression equations to enable these measures to be
converted into estimates of sugars intakes (12, 13). The first
predictive biomarker assessed sugars excreted in 24-h urine
samples. Results from controlled-feeding studies showed that
24-h urinary excretion of fructose and sucrose provided a
valid method of measuring intake of total sugars in controlled-
feeding studies (13-15), findings supported in cross-sectional
studies (16). Applied in the Norfolk cohort of the European
Prospective Investigation into Cancer and Nutrition (EPIC),
sugars concentrations in spot urine collections were associated
with the development of obesity (17, 18). Twenty-four hour
urinary fructose excretion has also been used to a limited extent
in studies of children, showing moderate correlations between
the biomarker and dietary sugars intake assessed by 3 day
weighed food records (19).

The second biomarker of sugars intake are carbon stable
isotope ratios ('*C/12C ratio expressed as §'3C) measured in
various tissues. The §'>C composition of foods reflects the
isotope composition of the plant and animals it originates from
(20) and the §13C composition of corn- and cane-derived sugars
is distinctive from other foods and sweeteners. Since humans
are unable to change the §!1°C composition of their tissues, the
813C in various tissues may reflect the level of consumption of
sweetened foods and drinks (21) In studies conducted in the USA

813C values were shown to be moderately correlated with intakes
of sweeteners derived from corn and cane in cross-sectional
analyses in tissues including whole blood (22-24), serum (25-
27), plasma (25, 28), red blood cells (RBCs) (12, 29-31) and hair
(24, 29, 32). Precision may be further improved by two different
approaches. The first involves measuring the §!*C in the alanine
component of the target tissue (29). Such measurements are
more complex and time consuming but have increased specificity
for sugars intake because alanine is directly involved in sugars
metabolism via the Cahill cycle, a shuttle of carbon between
plasma glucose and alanine (33). Up to ~60% of alanine in
blood tissues is estimated to originate from intake of dietary
sugars. The second approach takes into account that dietary
proteins from meat and fish are also an important source of 1*C,
and could confound the association between §'3C and sugars
intake (31, 34). Nitrogen stable isotope ratios (PPN/HN; expressed
as 81°N) are increased with intakes of fish and meat but not
with consumption of cane and corn-derived sugars. Therefore,
a dual isotope model, using §'3C with inclusion of §'°N, has
been proposed to control for these confounding dietary effects
(12, 30, 31).

In the USA, sugars added to foods are commonly derived from
sugar cane, corn and sugar beet (35) with only cane and corn
sugars being isotopically distinct from all other plant-derived
sweeteners. In contrast, the main sweetener used in foods and
drinks commonly available in New Zealand is derived from
sugar cane. Thus, §°C is a promising biomarker for assessing
sugars in New Zealand populations. To date no research has been
published on the comparative performance of the urinary sugars
excretion and §'3C as biomarkers for sugars intake in populations
like New Zealand where cane sugars predominate.

The ongoing Gout and Related Conditions in Tairawhiti: Genes
and Environment Study is examining the genetic relationship
between gout and other metabolic diseases such as type 2
diabetes and heart disease and the role environmental factors
play in combination with the predisposing genetic factors. As
part of this broader study we compared three biomarkers
of sugars intake, urinary sugars excretion in random spot
collections, carbon stable isotope ratios in red blood cells, and
carbon stable isotope ratios in red blood cell alanine against
sugars estimates derived from a culturally-appropriate validated
semi-quantitative food frequency questionnaire (FFQ) in a
predominantly Maori population.

MATERIALS AND METHODS
Subjects

This cross-sectional study recruited a total of 175 participants
aged 16 years and over, with and without gout, who were
able to give written consent. Participants were recruited via the
patients register of Ngati Porou Hauora Charitable Trust (NPH),
the Maori primary health organization (PHO) and health care
provider for all in the Ngati Porou rohe (tribal territory) on the
largely rural East Coast area of the Tairawhiti/Gisborne region
in the North Island of New Zealand. Potential participants were
either contacted by the research nurse via telephone or mail or
approached in person at NPH health centres at Tawhiti, Ruatoria,
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Tokomaru Bay, Matakaoa, Uawa, and Puhi Kaiti (Gisborne).
Further participants were recruited at community centres and
through community groups, events and by word of mouth. The
study protocol, risks and benefits were explained to each subject
and written consent was given. The study was approved by the
University of Otago Human Ethics Committee (13/117). The
study was overseen by the NPH Research Coordinator Dr. Harré
Hindmarsh, and the research team was advised by the NPH
Gout and Related Conditions Research Advisory Group, chaired
by Research Coordinator and consisting of a NPH general
practitioner, nurse, manager, two community representatives,
Professor Merriman, and the research nurse (study recruiter).

Data collection took place between November 2013 and
March 2015. To reduce attrition rates, data were collected at a
time and location convenient to the participant, usually during
daytime working hours and either at local health clinics or in the
participants’ homes.

Experimental Protocol

Participants completed a sugars-specific FFQ in the presence
of the research nurse who was able to provide clarification of
questions if necessary. Two 10ml urine specimen collection
containers were provided to the participants for a spot urine
collection at the clinic appointment. One container was for
analyses of urinary creatinine and urate. The other for urinary
sugars analyses and contained 30 mg boric acid as a preservative.
Four blood samples were collected in two serum separator
vacutainers, for serum analysis, and two vacutainers containing
EDTA (an anticoagulant for blood samples) for analysis of
plasma and RBCs. A general questionnaire was administered
by the research nurse, registered and trained in rural health
care, to elicit information on variables including age; sex;
educational attainment; employment status; smoking habits;
previous diagnosis of metabolic disorders; medical therapies
including uric acid-lowering medication, cholesterol lowering
medications, diuretics and other antihypertensive medication;
family history of gout and diabetes; alcohol and seafood
consumption; and physical activity level. Height (m), weight (kg),
and waist circumference (cm) were also measured by the research
nurse. Missing data were obtained from patient medical records
with participant permission.

Assessment of Dietary Intakes

Participants completed a 34-item, semi-quantitative FFQ to
assess sugars intake over the past month, which was developed
and validated previously in this Maori community (36). Usual
daily intakes of total available sugars; added sugars; added
sugars in sugar-sweetened beverages; and sugars from fruits
were calculated via a pre-developed spreadsheet estimated using
Kaiculator® 2013 analysis software and New Zealand food
composition data [2010 NZ FOODfiles; (37)].

The FFQ was validated is a previous study conducted by
Masters of Dietetics students. Cross-classification agreement of
sugars intake quartiles from FFQ and repeated 24-h recalls in 72
participants showed that 95-97% of participants were classified
into the same or adjacent quartiles, with weighted kappa values
(Ky) ranging from 0.43 to 0.51, which suggests a moderate

agreement between the two dietary assessment techniques (36).
Correlation coefficients between the FFQ and repeated 24-h
recalls ranged from 0.59 for total fructose intake, to 0.76 for total
sugars from SSBs intakes.

Sugars intakes were defined six ways using data collected from
the FFQ:

1. Total sugars: the sum of all sugars from all foods and beverages

2. Sucrose: the sum of sucrose from all foods and beverages.

3. Added sugars: the sum of all sugars minus lactose derived from
beverages except 100% fruit juice, the sum of glucose, fructose
and sucrose from dairy foods and total sugars in breakfast
cereals, iceblocks, cakes, biscuits, confectionary and chocolate.

4. Added sugars from sugar-sweetened beverages (SSBs): the
sum of total of fructose, glucose and sucrose from all beverages
including fruit juices and alcoholic beverages.

5. Total sugars from sweetened foods (all food items in which
sugars are added as a sweetener)

6. Totals sugars from all fresh raw fruit items.

Laboratory Analyses

Blood collection

For serum analyses (lipids, urate, creatinine) blood samples
were centrifuged in the field for 15min at 3,000 rpm at
4°C. The samples were couriered to Dunedin and analysed
by Southern Community Laboratories (SLC), an accredited
diagnostic laboratory. Haemoglobin Ajc (HbA;c) was obtained
from whole blood using ion-exchange HPLC (BioRad D-10™,
Haemoglobin A;c Program) at TLab, Gisborne. After analysis,
the remaining blood sample was centrifuged and RBCs were
washed twice with a saline solution (0.9g sodium chloride
(NaCl) with 100 mL deionised water) before transport to the
Department of Human Nutrition at the University of Otago in
Dunedin at 0°C and after arrival transferred to —20°C until
analysis. Serum creatinine was measured by SCL using the 'Roche
Cobas 8000 system. Estimated glomerular filtration rate (eGFR)
was calculated using the Modification of Diet in Renal Disease
formula (38).

Urinary Measurements

Urine samples were preserved by adding boric acid (30 mg).
Urine samples were returned to the Department of Biochemistry
at the University of Otago in Dunedin at room temperature.
They were then temporarily stored (<2 days) at 4°C and
transferred to long-term storage at —20°C in the Department
of Human Nutrition laboratories until analysis. Spot urine
collections samples were defrosted at room temperature for
analysis. Urinary sucrose, fructose and glucose concentrations
were estimated using spectrophotometry with an enzymatic
kit (K-SUFRG, Megazyme International Ireland). The UV-
method is based on the determination of D-glucose before and
after hydrolysis of sucrose by p-fructosidase. D-fructose was
determined after isomerization by phosphoglucose isomerase.
The smallest differentiating absorbance for the assay is 0.010
absorbance units, corresponding to a concentration of 0.69 mg/L
of glucose, fructose or sucrose. The initial protocol was modified
to run on a microplate reader in 96-well plates. Each run included
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fructose, glucose and sucrose standards (50, 100, 200, 300, and
400 mg/L) and samples were measured in duplicates (R? for the
standard curve was 0.999 for fructose and 0.999 for sucrose for
each of the plates measured). When the coeflicient of variance
(CV%) was more than 10%, samples were re-analysed. Urinary
creatinine concentrations were measured using a Roche Modular
P (Hitachi) analyser by SLC.

We estimated 24h urinary excretion of the sum of
sucrose and fructose from spot urine samples by creatinine
adjustment with spot urinary creatinine concentration using the
following formula:

24 h urinary sucrose + fructose (mg) = spot urinary sucrose
+ fructose (mg/L)/spot creatinine (g/L) X 24 h Creatinine (g)

where 24 h creatinine was assumed to be 1.7 and 1.0 g for males
and females, respectively.

Stable Isotope Measurements of Bulk RBCs

Stable isotope ratios were determined in a convenience sub-
sample (the final 36 participants recruited for the study, and from
whom we had RBCs) to pilot test the suitability of the method
for assessing sugars intakes in New Zealand population. Bulk
carbon (8"3Cgpc) and nitrogen (8'°Nrpc - measured to adjust
for potential confounding by meat and fish intakes) isotopic
compositions were determined on ~0.8mg of freeze-dried
RBCs, weighed into tin capsules. 813Crpc and 8> Nppc were
determined by combustion in a NA 1500 Elemental Analyser
(CE Instruments, Milan), and measurement of the resulting
CO; or N, gases (respectively) by a Thermo Finnigan Delta
Advantage Isotopic Ratio Mass Spectrometer (EA-IRMS) at the
Isotrace lab facility (Dunedin, New Zealand). The conventional
method of expressing §'3C or §'°N at natural abundance is in
per mil (%o) abundance of 1*C or !°N relative to an international
standard (Vienna PeeDee Belemnite, VPDB or atmospheric N,
respectively), as follows:

513C = ((lsc/lzcsample =B C/lzcstandard)/wC/lzcstandard)

%x1000%o0
8PN = ((ISN/lstample - N/lsttandard)/13N/lsttandard)
x 1000%o (1)

The instrument precision was 0.2%o for C and 0.2%o for N,
based on multiple measurements of laboratory control material
(EDTA). Data were calibrated to the international scales using
triplicate measurements of two reference materials (USGS41 and
41) run with each batch of samples.

Stable Isotope Measurements of Alanine in RBCs

Stable carbon isotope ratios of alanine in RBCs (8'3Cjjanine) Were
determined after extraction and derivatization of alanine using
adapted protocols (39, 40). In brief, aliquots of 50 wL RBCs
and 50 pL of internal standard were pipetted into a Kimax®
tube. Samples were hydrolysed with 1 mL 6 M HCI. The tube
was then filled with Ny, sealed (to prevent drying while heated),
shaken, and heated at 150°C for 70 min. Samples were cooled
down to room temperature, and centrifuged at 3,000 rpm for

7 min. The supernatant was transferred into a clean Kimax® tube
and evaporated to dryness at 60°C in a heating block under a
gentle stream of N. Alanine was then derivatised following the
protocol by Styring et al. (41). 813C,lanine Was measured by gas-
chromatography combustion isotope-ratio mass-spectrometer
(GC-IRMS), using a Thermo Trace gas chromatograph, the
GC-IsoLink combustion interface, and a Delta-XP isotope ratio
mass spectrometer (Thermo Fisher Scientific). Two hundred
nanoliters aliquots of derivitised alanine were injected at 270°C in
splitless mode, carried by helium at 1.4 mL min~! and separated
ona VF-35ms column (0.32 mm ID and a 1.0 wm film thickness).
The oxidation reactor was set at 950°C and the reduction
reactor was left at room temperature. Samples were analysed in
duplicate along with amino acid laboratory standards of known
isotopic composition (measured on EA-IRMS). Raw deltas or
chromatographic peaks are measured against a CO, monitoring
gas and corrected to PDB with an internal standard of caffeine
(813C = —26.98%0) (42). Derivatised 8'3Cyjanine Was corrected
relative to the §'*Cyjanine of the laboratory standard to account
for the exogenous C and kinetic fractionation introduced during
derivatisation (42).

Data Analyses and Statistics

All statistical analyses were performed using Stata/IC 14.2 for
Mac (StataCorp, College Station, TX, USA). Descriptive data
are presented as the mean and standard deviation (SD) unless
specified otherwise. Sugars variables were log transformed to
account for skewness in correlation and regression analyses.
813Crpc and 8'3C,jupine variables were inversed (since the values
are expressed as negatives) and then log transformed.

Partial correlation coefficients were calculated for the
associations between the six definitions of sugars intakes
(described above) as a continuous variable and the additive
inverse of 8'3Cppc and additive inverse of 8'3Cyjanine. Because
the FFQ was designed to rank sugars intakes by quartiles rather
than to provide validated estimates of actual intake 2 participants
reported very high sugars intake values (e.g., >9 kg/d) therefore
intakes were censored at 500 g/d. 8 Nppc was included as
the control variable to account for the effect of meat and fish
intake on §'C values.Partial correlation coefficients were also
calculated for the associations between 24 h urinary sucrose +
fructose and the additive inverses of §'*Cgrpc and §3Cpanine
with §'°Ngrgc included as the control variable. Finally correlation
coefficients were calculated for the associations between 24h
urinary sucrose+fructose and sugars intakes.

Log linear multiple regression models were used to determine
whether the three sugars intake biomarkers could predict the
various measures of dietary sugars intakes. Single variable
regression analyses were conducted to test for an association
between sugars intake measures and each biomarker. Stepwise
regression was used to identify whether covariates for 8Nrpc,
age, sex, BMI, HbAlc and EGFR should be included in
multivariate log regression models, up to a maximum of
two covariates for the carbon stable isotope models and four
covariates for the 24 h urinary sucrose + fructose model with p
< 0.1. EGFR and HbA1C were selected to account for potentially
abnormal urinary sugars excretion in people with impaired
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TABLE 1 | Characteristics of study participants of the complete sample and the
subset of participants with red blood cell samples.

Complete sample,
n=175

RBC subset,
n =36

Mean (SD) or percent Mean (SD) or percent

Sex, n; % male 175 (67) 36 (72)
Age, y 60.4 (14.9) 60.7 (16.7)
Ethnicity (% Maori) 87% 89%
BMI, kg/m? 35.2(9.2) 35.1(8.5)
Waist circumference (cm) 112 (20) 112 (14)
Systolic blood pressure, mm 135 (20) 138 (21)
Hg

Diastolic blood pressure, mm 80 (14) 83 (12)
Hg

HbA1c, mmol/mol 45.9 (15.7) 45.7 (16.4)
Serum uric acid, mmol/L 0.43(0.11) 0.43 (0.13)
Total cholesterol, mmol/L 5.00 (1.11) 4.80 (1.12)
Urinary creatinine, mmol/L 10.8 (5.9) 11.4 (8.0
eGFR, mL/min/1.73 m? 69.5 (19.2) 65.6 (22.2)
Estimated 24 h urinary 4.7 (3.6, 4.1 6.5(3.3, 12.7)°
sucrose+fructose excretion

(mg)'

8"8Casanine %o’ - —~19.68 (2.08)
8'3Crac, %0° - —22.64 (0.71)
8"°NRac, %0° - 7.92 (0.47)

1 Urinary excretion of sucrose and fructose measured in spot urine samples and adjusted
to estimate 24 h excretion with spot urinary creatinine, reported as geometric mean (95%
Cl).

’n =144.

30nly n = 28 participants provided both urine and blood samples.

4The 18C/'2C ratio in red blood cell alanine.

5The 18C/'2C ratio in red blood cells.

6The 15N/1%N ratio in red blood cells.

glycaemic control. We also tested the associations between the
three biomarkers with regression analyses.

RESULTS

The study included 175 participants of whom 122 had a
previous diagnosis of gout. Table 1 describes the participant
characteristics. The mean (SD) age of the group was 60 (15)
years and mean BMI was 35.2 (9.7) kg/m2 (Table 1). Seventy-
three percent were obese (BMI >30 kg/m?). Eighteen percent
of participants had hypertension stage 2 (systolic blood pressure
>145 or diastolic blood pressure >90 mm Hg), 79% had high
total cholesterol (>4 mmol/L), 32% had impaired glucose
tolerance [HbA ¢ between 40 and 50 mmol/mol; (43)] and 18%
had HbA,c above 50 mmol/mol, consistent with a diagnosis
of diabetes (43), indicating a high level of comorbidities in the
population. There were no statistically significant differences in
variables between the complete sample population and the RBC
subset (n = 36).

Sugars intakes estimated by the food frequency questionnaire
for six definitions for sugars are provided in Table 2. Extreme

TABLE 2 | Sugars intakes reported by six definitions estimated from a 36 item
food frequency questionnaire (g/day).

Median Min Max Interquartile range
Total sugars' 996 9.5 500 (68.6, 184.4)
Sucrose? 559 1.0 500 (25.3, 101.8)
Added sugars® 542 4.3 500 (80.7, 85.9)
Added sugars from SSB* 20.3 0.0 500 (6.1, 63.3)
Total sugars from sweetened foods®  29.1 0.0 272.3 (12.3, 50.6)
Total sugars in raw fruit® 18.0 0.0 2524 (5.2, 54.1)

N=175.

Total sugars content of all food items.

2Total sucrose content of all food items.

3Total sugars derived from beverages except 100% fruit juice minus lactose, plus the
sum of glucose, fructose and sucrose content of dairy foods, and total sugars content in
breakfast cereals, iceblocks, cakes, biscuits, confectionary and chocolate.

4SSBs, sugar sweetened beverages; includes the total fructose, glucose and sucrose
content in all beverages including fruit juices and alcoholic beverages.

5Total sugars content in all sweetened food items.

S7otal sugars content in all fresh raw fruit items.

values reported by 2 individuals were truncated to a maximum
value of 500g/day. Spot urine samples were available for 150 of
the 175 participants recruited for the study and urinary creatinine
was available for 144 of these. Excretion of estimated 24 h urinary
sucrose + fructose was statistically significantly correlated with
self-reported intakes of sucrose, added sugars, total sugars from
SSBs and total sugars (p = 0.051) (Figure 1).

We conducted isotope analyses on RBCs from a subsample of
36 participants. 813 Crpc correlated with §°Nyge (r = 0.348,p =
0.038) but not with §13Cpapine (r = 0.012, p = 0.948). §'3Cyanine
correlated with intakes of total added sugars after controlling
for §1°Nggpc but not for any other definitions of sugar intakes
(Figure 2). § 13Crpc was not correlated with any sugars intake
variables. Estimated 24h urinary sugars excretion correlated
with 8§'3Cgrpc (r = 0.41; p = 0.0385) but did not correlate
with 83Cypanine (r = 0.07; p = 0.7275) after controlling for
815Ngpc. Correlation coefficients between sugars intake variables
and biomarkers are presented in Table 3.

Unadjusted, single variable, log regression analyses showed a
significant association between estimated 24 h urinary sucrose
+ fructose excretion and total sugars (p = 0.002), sucrose (p =
0.001), added sugars (p = 0.007) and sugars in SSBs (p = 0.003).
There was also a statistically significant association between
813 C janine and added sugars (P = 0.025) and sucrose at the 90%
confidence level (P = 0.08). There were no statistically significant
associations between §'*Crpc or §!°Ngpc and any sugars intake
variables. There was a significant association between § B Cree
and 24 h urinary sucrose+fructose excretion (p = 0.049).

In multivariate log linear regression analyses including
HbA1C and eGFR as covariates, estimated 24 h urinary sucrose
+ fructose excretion was a significant predictor of intakes of total
sugars, sucrose, added sugars and sugars in SSBs (Table 4). The
best predictive model was between 24 h urinary sucrose+fructose
excretion and sucrose (p < 0.001) with the model explaining
17.4% of the variation in sucrose intake. For each 1% increase
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FIGURE 1 | Scatter plots of log transformed estimated 24 h urinary sucrose-fructose excretion by log transformed sugars intakes estimated by a sugar specific FFQ
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in 24 h urinary sucrose+fructose there was a 0.17% increase in
sucrose intake (P < 0.0001).

In multivariate log linear regression analyses including
HbAIC and eGFR as covariates, §'*Cyjanine Was a significant
predictor of added sugars intakes (Table5). For each 1%
increase in 8'3Cyjanine an increase in added sugars intake of

4.9% is predicted. The adjusted model explained 28.5% of
the variation in added sugars intakes estimated by the FFQ
also predicted total sugars intake from sweetened foods at the
90% confidence level (p = 0.072) in the HBAlc and eGFR
adjusted model which was statistically significant (p = 0.0065)
explaining 30% of the variation in sugars intake. §'*Cgpc did
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FIGURE 2 | Scatter plots of the log transformed additive inverse 818Cianine Values by log transformed sugars intake estimates estimated by a sugar specific FFQ (n =
36). The dashed represents the linear fit model. Partial correlation values after controlling for §'®Nggc are presented within each plot.

not predict sugars intakes in multivariate log regressions models
(Table 6).

The predictive equation for added sugars intake based on
813C lanine is defined as follows:

Added sugars (g/d) = exp(—4.8042 x1n[8" Cyanine X — 1]
+[0.0270777 xeGFR] — [0.0349989*HbA1C] 17.99757)

Where 83 Cyjanineis measured in mg, HbA1C in mmol/mol and
eGFR in mL/min/1.73 m?

DISCUSSION

This is the first study to assess the association between
self-reported sugars intake and two different biomarkers
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TABLE 3 | Correlation coefficients between dietary sugars intakes estimated by food frequency questionnaire (g/d) and biomarkers for sugars intake from spot

urinesamples and red blood cells.

24 h urinary sucrose + fructose, mg’

8'3Catanines %02 8'8Cpac, %0® 8'®Ngac, %0*

r P Partial r p Partial r p r P
Total sugars® 0.232 0.005 0.264 0.132 —0.087 0.620 —0.058 0.739
Sucrose® 0.263 0.001 0.335 0.053 —0.090 0.606 0.028 0.876
Added sugars’ 0.223 0.007 0.405 0.018 —0.108 0.538 0.082 0.635
Added sugars from SSB® 0.264 0.002 0.212 0.261 -0.010 0.959 0.152 0.408
Total sugars from sweetened foods® 0.086 0.308 0.285 0.102 —0.303 0.077 -0.076 0.661
Total sugars in raw fruit'® —-0.012 0.894 —-0.194 0.289 0.009 0.963 —-0.119 0.504

Urinary excretion of the total of sucrose and fructose measured in spot urine samples and adjusted to estimate 24 h excretion with spot urinary creatinine; n = 144.
2Partial correlation coefficient for the 13C/'2C ratio in red blood cell alanine controlling for '°N, n = 36.
SPartial correlation coefficient for the '3C/'2C ratio in red blood cells controlling for §'°N, n = 36.

“4Correlation coefficient for the SN/'*N ratio in red blood cells, n = 36.
5Total sugars content of all food items.
87otal sucrose content of all food items.

"Total sugars derived from beverages except 100% fruit juice minus lactose, plus the sum of glucose, fructose and sucrose content of dairy foods, and total sugars content in breakfast

cereals, iceblocks, cakes, biscuits, confectionary and chocolate.

8SSBs, sugar sweetened beverages; includes the total fructose, glucose and sucrose content in all beverages including fruit juices and alcoholic beverages.

97Total sugars content in all sweetened food items.
1070tal sugars content in all fresh raw fruit items.

TABLE 4 | Associations between dietary sugars intakes (g/d) and estimated 24 h urinary sucrose-+fructose excretion from a multivariate log linear regression model'.

24 h urinary sugar predictor value? P for 24h urinary sugar Obs F(3,26) P for model R? Adjusted R?
Total sugars® 0.14 (0.06, 0.22) 0.001 133 8.15 0.0001 0.1593 0.1398
Sucrose* 0.17 (0.08, 0.26) <0.001 133 10.23 <0.0001 0.1922 0.1735
Added sugars® 0.18 (0.07, 0.29) 0.002 133 10.22 0.0001 0.1920 0.1732
Added sugars from SSB° 0.31 (0.11,0.51) 0.003 133 7.31 0.0002 0.1589 0.1372

Total sugars from sweetened foods’ Not estimable

Total sugars in raw fruit® Not estimable

"Models include covariates for HbA1C and estimated glomerular filtration rate (eGFR).

2Percentage change (95% Cl) in independent sugars variable due to a 1% increase in 8 '3Cajanine (*C/12C ratio in red blood cell alanine).

S3Total sugars content of all food items.
“4Total sucrose content of all food items.

5Total sugars derived from beverages except 100% fruit juice minus lactose, plus the sum of glucose, fructose and sucrose content of dairy foods, and total sugars content in breakfast

cereals, iceblocks, cakes, biscuits, confectionary and chocolate.

6SSBs, sugar sweetened beverages; includes the total fructose, glucose and sucrose content in all beverages including fruit juices and alcoholic beverages.

"Total sugars content in all sweetened food items.
87otal sugars content in all fresh raw fruit items.

of sugars intake in a population of New Zealand Maori
adults; urinary sucrose and fructose excretion, §'3Cylapine
and 83Crpc. We found that urinary sugars in spot urine
samples were very weakly correlated with self-reported
intakes of total sugars, sucrose, total added sugars and added
sugars in SSBs. In the subset of the population in which
we were able to conduct carbon stable isotope analyses
we found that 8*C,apine in RBCs was weakly correlated
with self-reported intake of added sugars after partial
adjustment for 8N to account for potential confounding
by meat and fish intake. In log linear multiple regression
models adjusted with HbA1C and eGFR 8B C lanine  SOme
predicted added sugars intakes and estimated 24h urinary
sucrose+fructose excretion predicted sucrose and added
sugars intakes.

Several studies have shown 24 h urinary sucrose and fructose
to be valid predictive biomarkers of sugars intake. In a 30 day
controlled-feeding crossover study involving with 12 participants
living in a metabolic unit and consuming three different diets
varying in sugars content for 10 days each Tasevska et al. (13)
showed a strong correlation (r = 0.89) between total sugars intake
and urinary sucrose and fructose excretion measured from twelve
24 h urine collections per participant. In a study involving twelve
subjects living in a metabolic unit and consuming their habitual
diets for 30 days Tasevska et al. (15) found that mean daily urinary
sucrose and fructose excretion was most strongly associated with
intakes of extrinsic sugars (r = 0.84) compared to intrinsic sugars
(r =0.43). In contrast a recent cohort study of 477 participants in
the U.S. self-reported intakes of total sugars were not associated
with biomarker-predicted intakes based on single 24-h urine
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TABLE 5 | Associations between dietary sugars intakes (g/d) and & 13Capanine from a multivariate log linear regression model'.

813Calanine predictor value? P for 8'3Cajanine Obs F(3, 26) P for model R? Adjusted R?
Total sugars® 2.0(-1.0,5.0) 0.183 30 2.6 0.0733 0.231 0.1423
Sucrose* 2.7 (-0.4,5.9) 0.09 30 3.19 0.0402 0.2691 0.1847
Added sugars® 4.8 (0.7, 8.9) 0.024 30 4.85 0.0082 0.3589 0.285
Added sugars from SSB° 41 (-3.7,12.6) 0.296 30 0.99 0.4132 0.1148 —0.0007
Total sugars from sweetened foods’ 3.6 (—0.3,7.6) 0.072 30 5.12 0.0065 0.3713 0.2987
Total sugars in raw fruit® —23(-7.3,258) 0.352 30 0.32 0.809 0.0373 —0.0783

" Models include covariates for HbA1C and estimated glomerular filtration rate (€GFR).

2Percentage change (95% Cl) in independent sugars variable due to a 1% increase in 8'3Cajanine (**C/'2C ratio in red blood cell alanine).

STotal sugars content of all food items.
4Total sucrose content of all food items.

5Total sugars derived from beverages except 100% fruit juice minus lactose, plus the sum of glucose, fructose and sucrose content of dairy foods, and total sugars content in breakfast

cereals, iceblocks, cakes, biscuits, confectionary and chocolate.

6SSBs, sugar sweetened beverages; includes the total fructose, glucose and sucrose content in all beverages including fruit juices and alcoholic beverages.

"Total sugars content in all sweetened food items.
87otal sugars content in all fresh raw fruit items.

TABLE 6 | Associations between dietary sugars intakes (g/d) and 8 '*Cggc from a multivariate log linear regression model'.

8 13Cprpc predictor value? P for §'3Cggc Obs F(3, 25) P for model R? adjusted R?
Total sugars® —6.5(—16.9, 5.1) 0.323 29 1.91 0.1541 0.231 0.1423
Sucrose* -5.8(17.2,7.2) 0.438 29 1.81 0.1708 0.1786 0.1786
Added sugars® —7.2(—22.5,11.1) 0.467 29 2.29 0.1027 0.2157 0.1216
Added sugars from SSB® Not estimable
Total sugars from sweetened foods’ —8.9(-22.3,6.7) 0.288 29 3.47 0.0311 0.2939 0.2092
Total sugars in raw fruit® 0.5 (—17.4,22.3) 0.874 29 0.02 0.9966 0.0023 —0.1225

"Models include covariates for HbA1C and estimated glomerular filtration rate (€GFR).

2Percentage change (95% Cl) in independent sugars variable due to a 1% increase in 8 '3Crgc ('°C/"2C ratio in red blood cells).

S3Total sugars content of all food items.
“Total sucrose content of all food items.

5Total sugars derived from beverages except 100% fruit juice minus lactose, plus the sum of glucose, fructose and sucrose content of dairy foods, and total sugars content in breakfast

cereals, iceblocks, cakes, biscuits, confectionary and chocolate.

6SSBs, sugar sweetened beverages; includes the total fructose, glucose and sucrose content in all beverages including fruit juices and alcoholic beverages.

"Total sugars content in all sweetened food items.
87otal sugars content in all fresh raw fruit items.

collections (r = —0.06) (44). The biomarker predicted intakes
were calculated using the formulas developed by Tasevska and
colleagues based on feeding studies in a U.K population (13), and
were not adapted to a U.S. population. Different sources of sugar,
i.e., beet sugars, corn-derived sugars or cane-derived sugars, in
the two countries may explain the inconsistent findings.

In our study urinary sugars excretion was assessed using
random spot urine collections rather than 24 h urine to reduce
respondent burden and we used a sugar specific limited item
FFQ that was designed to rank sugar intakes rather to assess
actual intakes. More intensive and accurate dietary assessment
and 24 h urine collections were not possible in this population
study of older Maori adults due to limited funding and our desire
to minimize participant burden. It is therefore not surprising
that we found weaker correlations between measures than those
demonstrated in studies by Tasevska et al. (14, 16) study where
multiple days of complete urine samples were collected and
analysed. Nevertheless that fact that our analyses showed that
are urinary sucrose + fructose biomarker was most strongly
associated with sucrose and added sugars, in which glucose

and the disaccharides sucrose and fructose would predominate,
strengthens our confidence that the biomarker reflects the level of
sugars intakes in our population group. The first study reporting
on the spot urinary excretion of sucrose and fructose, showed
in nine participants in Italy, that the average urinary sucrose
excretion of four timed spot urine collections (collected at 8 a.m.,
10a.m., 3 p.m., and 8 p.m.) was correlated with dietary sucrose
intake (r = 0.70) (45). In a cross-sectional analysis of data
from free living participants in the EPIC-Norfolk study (n =
475), sucrose intake assessed by FFQ was positively associated
with urinary sucrose and fructose excretion in single spot urine
samples of individuals with normal body weight (BMI < 25
kg/mz) (p < 0.001). There were, however, no associations shown
between urinary sucrose and fructose excretion and self-reported
sucrose intake in obese participants (17). Further prospective
analysis of prospective data from EPIC Norfolk participants
(n = 1,734) where sucrose intake was assessed using 7-day
diet diaries showed a negative association between sucrose and
BMI, whereas sugar intake estimated from baseline spot urine
samples was positively associated with BMI. Given that our
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systematic review of dietary intervention studies showed that
sugars intakes are associated with weight gain (8) these findings
suggest suggests that urinary excretion of sugars may be a
more reliable objective measure of sugars intake than self-report
methods in both obese and lean participants. Further previously
reported discrepant findings [such as those reported by Bingham
et al. (17)] may be due to misreporting of intakes, particularly by
obese participants (18). Supporting this theory previous research
by Joosen and colleagues, assessing the effect of BMI on urinary
sugars excretion, showed that urinary sugars excretion is not
affected by BMI (14).

Participants in our study had a high prevalence of overweight
and obesity, gout, and dysglycaemia (HbA1C > 40 mmol/mol).
Metabolic comorbidities may alter urinary excretion of sugars,
affecting the suitability of this biomarker in this group of people.
Both diabetes and hyperuricaemia are associated with chronic
kidney disease (46, 47) and it is possible that urinary sugars
excretion patterns are different for people with these conditions.
Furthermore, the mechanism by which sucrose and fructose
occurs in the urine is not well-understood (13) except in the case
of glucosuria, which is a direct result of elevated blood glucose.
Therefore, further research is needed to assess the validity
of urinary sugars excretions as a biomarker of sugars intake
in participants with metabolic comorbidities such as obesity,
diabetes and gout.

Stable isotope ratios in blood have been proposed previously
as a biomarker of sugars intake in the U.S. Most of this research
evaluated the use of 'C in whole blood or serum (12, 20, 22—
28, 30). However, Choy et al. (29) evaluated carbon stable isotope
ratios in RBC’s alanine as a more precise marker of sugars
intake compared to 8B Crpe (29). As high intakes of animal
proteins also tend to elevate §'3C, this approach attempts to
account for confounding of the association between sugar and
s13C by dietary protein (31, 34, 48). Choy et al. (29) found in
a Native Alaskan population (n = 68) that RBC’s 8'3Cyapine
was strongly correlated with self-reported SSBs intake (r =
0.70), added sugars intake (r = 0.59) and total sugars intake
(r = 0.57) independent of animal protein intake. Our study
showed weaker but statistically significant associations between
RBC 8'3C,janine and added sugars, sucrose and added sugars in
sweetened food in multivariate log linear regression models, but
not with total sugars, and sugars from SSBs and raw fruit. While
the findings are weak this likely reflects the small sample size and
the limitations of our dietary assessment method. Further the lack
of association with sugars definitions that included sugars from
fruit and dairy sources supports the theory that 83C,1anine has
promise as a marker of sugar-sweetened foods in New Zealand
where cane sugar is the predominant sweetener. The lack of
association, however, between RBC 8'*C,janine and the urinary
sugars biomarker is not unexpected at the two biomarkers
measure sugars intakes over different timeframes; urinary sugars
measure recent intake whereas RBC §'3C,japine is hypothesized
to represent intakes over the previous months.

There are a number of limitations to our study. The
primary limitation of this study was its small sample size.
Urinary measures were obtained for 153 participants recruited,
however we only obtained RBC samples from 36 participants

for measurement of §3C,ppine and 83Cgpc as this was an
initial exploratory analysis. The collection of a single spot urine
sample rather than a 24h urine sample is a major limitation
as it assumes that sugars excretion is consistent throughout
the day. Spot urine samples must thus be corrected for urine
concentration. This is typically achieved by correction with
urinary creatinine or specific gravity assuming consistent daily
excretion values across a population. We corrected for urine
dilution with urinary creatinine concentrations however the
high level of comorbidity and obesity in our older Maori
population means this assumption may not be valid. Even
with correction for urine concentration spot samples are not
particularly reliable and bias will attenuate the true association
between urinary sugars and dietary intakes. On the other hand
24 h urine collections place a high burden on study participants,
are frequently incomplete, and are challenging to collect in
large population studies. Additionally dietary assessment by self-
report is also affected by a high degree of reporting bias further
attenuating potential associations between self-reported intakes
and the biomarkers of interest. We assessed dietary intakes
using a sugar-specific FFQ that had been previously validated
for use among Maori in NZ as our reference method (36).
FFQs are limited to a finite list of foods and are constrained
by the ability of participants to accurately report their food
intake retrospectively over a long period of time, and are
therefore subject to reporting errors (49). Further research
including controlled feeding studies, or free-living participants
using dietary measures such as 7-day weighed food records is
needed to further study these associations. Because our FFQ
instrument was designed specifically to estimate sugars intakes
we were not able to assess intakes of other sources of *C-
enriched foods such as meat and fish intake that may have
confounded the associations between 8'3C,j,nine and 8'3Crpc
with sugars intake. Additionally, the FFQ was not designed to
distinguish between cane and corn-derived sugars and other
sweeteners such as honey, maple syrup and beet sugars that are
not enriched in '*C. However, consumption of these other sugar
sources in New Zealand is relatively low (50) and thus is unlikely
to substantially affect the association between stable isotope ratios
and dietary sugars intake.

CONCLUSIONS

In conclusion, these results show that both urinary sugars
excretion and 8'3C,japine in red blood cells, but not 8§3Cgrgc,
have potential as objective biomarkers of sugars intake in
the New Zealand Maori population, where added sugars in
foods and beverages are derived predominantly from sugar
cane. However, the weak to moderate associations shown
indicate that further research is needed in other populations
including groups with and without diabetes and pre-diabetes
as these conditions may alter the excretion of sugars in urine
and sugars metabolism. Further adequately powered research
involving more precise methods of dietary assessment such as
a 7-day weighed food record is needed in order to confirm
these findings.
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