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What is the appropriate upper limit for added sugars
consumption?
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Theodore J. Angelopoulos

Dramatic increases in obesity and diabetes have occurred worldwide over the past
30 years. Some investigators have suggested that these increases may be due, in
part, to increased added sugars consumption. Several scientific organizations,
including the World Health Organization, the Scientific Advisory Council on
Nutrition, the Dietary Guidelines Advisory Committee 2015, and the American Heart
Association, have recommended significant restrictions on upper limits of sugars
consumption. In this review, the scientific evidence related to sugars consumption
and its putative link to various chronic conditions such as obesity, diabetes, heart
disease, nonalcoholic fatty liver disease, and the metabolic syndrome is examined.
While it appears prudent to avoid excessive calories from sugars, the scientific basis
for restrictive guidelines is far from settled.

INTRODUCTION

While it is generally recognized that sugars should not

be consumed in excessive amounts, controversies exist
concerning the appropriate upper limit for sugars con-

sumption. Sugars are very common in the food supply
and are consumed both as a naturally occurring compo-

nent of many foods and as an ingredient added to foods
during processing, preparation, or at the table.

Simple sugars include monosaccharides and disac-
charides. The most common dietary monosaccharides

are fructose, glucose, and galactose. Fructose occurs
naturally, along with similar amounts of glucose, in

many fruits and vegetables and in the sweetener high-
fructose corn syrup (HFCS). Glucose is also a polymeric

building block of dietary starches, maltodextrins, and
corn syrup. The most common disaccharide is sucrose

(glucose bonded to fructose), which occurs predomin-
antly in sugar cane and sugar beets, with smaller

amounts found in honey, fruits, vegetables, and nuts.
Other common disaccharides are the lactose (glucose

bonded to galactose) found naturally in milk products
and the maltose (glucose bonded to glucose) found in

malt from germinating grains such as barley.
Sugars may also be classified as “naturally

occurring” or “added.” Added sugars are defined as sug-
ars or syrups added to foods during processing or prep-

aration, including those sugars and syrups added at the
table. It should be noted that the World Health

Organization (WHO) focused specifically on the intake
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of free sugars, defined as “monosaccharides and disac-

charides added to foods by the manufacturer, a cook, or
a consumer and sugars naturally present in honey, syr-

ups, fruit juices, and fruit juice concentrates.”1 The
WHO made the distinction that free sugars were differ-

ent from the intrinsic sugars found in whole fresh fruits
and vegetables, and emphasized that its guidance does
not apply to consumption of intrinsic sugars.

This review will focus largely on added sugars, with
a particular emphasis on sucrose and HFCS, which are

the most common sources of added sugars in the
human diet. Some attention will also be paid to free

fructose and glucose, even though neither is consumed
alone to any appreciable degree in the human diet. A

great deal of research, however, has focused on these
monosaccharides.

Recently, the WHO issued guidance recommend-
ing an upper limit of free sugars at 10% of calories, with

an ultimate goal of reducing sugars consumption to 5%
of calories.1 This recommendation was based on the

analysis of data related to added sugars and obesity and
dental caries. The WHO rated the evidence favoring a

role for added sugars in adult obesity as “moderate” and
in child obesity as “low.” Evidence for a role in dental

caries was rated as moderate within cohort studies
among adults when the limit was at 10% of total energy

but was rated as low among national populations. The
WHO rated the relationship as “low quality” when the

limit was at 5% of total energy. The WHO concluded
that the 10% limit was a strong recommendation, des-

pite moderate- or lower-quality evidence, and the 5%
limit a conditional one.

The Scientific Advisory Council on Nutrition in
England followed roughly the same reasoning and rec-

ommended similar restrictions for upper limits of cal-
ories from sugars at 10%, with the goal of ultimately

achieving an even lower threshold of 5%.2 This recom-
mendation is 50% lower than the current mean added

sugars consumption in the United States.3

The American Heart Association has recom-
mended even more stringent restrictions on calories

from added sugars, with a suggested upper limit of no
more than 150 kcal of added sugars per day for the aver-

age adult male and no more than 100 kcal of added sug-
ars per day for the average adult female.4 These

guidelines were based on the concept of “discretionary
calories” advanced by the 2005 Dietary Guidelines

Advisory Committee (2005 DGAC) and concern that
added sugars above these levels would constitute a pre-

dominant source of energy in this component of the
diet. The concept of discretionary calories was de-

veloped for the 2005 DGAC document and was intro-
duced to help people meet all of their nutritional

requirements while avoiding excess total energy intake.

It should be noted that the concept of discretionary cal-

ories is no longer widely used. Although this concept
was an attempt to provide consumers with greater flexi-

bility in their dietary patterns, it was not advanced by
the 2010 Dietary Guidelines Advisory Committee (2010

DGAC) since there was evidence that consumers
viewed discretionary calories as a requirement.

In addition, the American Heart Association cited

evidence – largely from epidemiologic studies – sug-
gesting that intake of sugars, in general, and intake of

fructose-containing sugars, in particular, could lead to
an increase in risk factors for a variety of chronic dis-

eases, including obesity, diabetes, and cardiovascular
disease.4 Although the American Heart Association’s

Scientific Statement recognized that prospective trial
data were limited, the organization relied heavily on ob-

servational studies, particularly those assessing higher
intakes of sugar-sweetened beverages (SSBs). In a 2000-

kcal diet, the American Heart Association recommen-
dations reside at approximately the 10th percentile

population consumption level,3 meaning that 90% of
Americans are consuming more added sugars at the

current time than recommended by the American
Heart Association.

The Institute of Medicine has established an upper
limit of added sugars of 25% of total calories.5 This

guidance was based on an extensive review of the scien-
tific literature. The Institute of Medicine did not find

any adverse effects related to added sugars below this
level, with the exception of dental caries, but was con-

cerned that micronutrient dilution might occur above
25% of calories from added sugars. As such, in contrast

to guidelines provided by the other organizations, the
Institute of Medicine’s 25% does not constitute a rec-

ommendation per se, but rather an upper limit not to
exceed. These guidelines were also utilized in the

Dietary Guidelines for Americans, 2010 (2010 DGA),6

which also recommended that individuals limit their

consumption of added sugars as part of an overall strat-
egy to lower caloric intake and fight obesity. This rec-
ommendation was highlighted in the report of the

Advisory Committee on the Dietary Guidelines for
Americans, 2010.7 The 2015 Dietary Guidelines

Advisory Committee (2015 DGAC) recommended a
maximum of 10% of total calories from added sugars

per day on the basis of studies that compared highest
intake with lowest intake and the risk of preventing

weight gain, cardiovascular disease, and type 2 dia-
betes.8 The Dietary Guidelines for Americans, 2015–

20209 followed the recommendations of the 2015
DGAC, recommending a maximum 10% of total cal-

ories from added sugars per day.
In 2011, the European Food Safety Authority issued

a scientific opinion on fructose, stating that
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“consumption of fructose leads to a lower blood glucose

rise than consumption of sucrose or glucose,” while
noting that high intakes of fructose (set at >25% of total

energy) were shown to lead to metabolic complications
such as dyslipidemia, insulin resistance, and increased

visceral adiposity.10

Thus, a controversy exists about defining the ap-

propriate upper levels of consumption of added sugars.
Issues related to the proper upper limit of added sugars

carry nutritional, public health, and public policy impli-
cations. The purpose of the current review is to explore

contemporary scientific studies, particularly random-

ized controlled trials, systematic reviews, and meta-
analyses, to assess the scientific basis for recommended

upper limits of sugars consumption. The authors wish
to emphasize that this review article conveys their per-

sonal points of view and is not mandated by a govern-
mental agency, a nongovernmental organization, or a

scientific society. Rather, each of the authors has con-
ducted extensive research in the area of sugars and

health, which forms the basis and substance of this col-
laborative review.

SUGARS DIGESTION AND METABOLISM

After ingestion, sugars are delivered into the intestinal
lumen. From a physiological point of view, this step in

digestion is the only one that differs between digestion
of sucrose and that of HFCS: when HFCS is ingested,

the glucose and fructose molecules are already in their
free form and are ready to be absorbed by their specific

transporters. In contrast, sucrose needs first to be
cleaved, as only monosaccharides can be absorbed by

enterocytes. Several sucrose enzymes in the brush

border of the gut are responsible for the hydrolysis
of sucrose into its two moieties, glucose and fructose,

the quantitatively most important being Enzyme
Commission (EC) 3.2.1.48, sucrose alpha-glucohydrolase.

When equimolar amounts of fructose are administered as
either sucrose or HFCS, the kinetics of fructose and glu-

cose absorption after ingestion of sucrose and HFCS is
similar, indicating that sucrose hydrolysis is not rate-

limiting.11

As mentioned above, natural sources of fructose in-

clude mainly fruits, honey, and to some extent vege-
tables. A large portion of daily sugars intake, however,

consists of either sucrose extracted from cane or beets

or HFCS added at some stage during food prepar-
ation.12 The food structure and matrix modulate gastric

emptying, which will subsequently influence the ab-
sorption rate of intestinal sugars and affect the overall

postprandial metabolic response (glycemic index, for
instance). Apart from that, fructose and glucose enter-

ing the enterocytes are metabolized identically,

irrespective of their original food source. In this sense,

the concept of added sugars has little nutritional
relevance.13

In intestinal cells, glucose is absorbed at the lu-
minal side of the enterocytes by the sodium-glucose

cotransporter 1. Glucose is then transferred to the blood
through a facilitative glucose transporter, glucose trans-
porter 2 (GLUT2), at the basolateral side of the entero-

cyte. The simultaneous transport of sodium and glucose
allows use of the sodium luminal–intracellular sodium

gradient to drive glucose absorption, eventually against
its own concentration gradient. This “secondary active”

transport relies on the gradient of sodium actively gen-
erated by the sodium/potassium–adenosine triphospha-

tase pump. The same transport system operates for
glucose and galactose. In contrast, fructose is absorbed

at the luminal side of the enterocyte by a facilitative
transporter, glucose transporter 5 (GLUT5), and at the

basolateral side by GLUT2.
After being absorbed into the portal blood, glucose

and fructose will have markedly different fates because
glucose can be used directly as an energy substrate by

all human cells, while fructose cannot. Glucose is in-
deed the predominant energy source for human metab-

olism, and all cells express specific glucose transporters
and glucose-metabolizing enzymes. There are various

facilitative glucose transporters (which constitute the
GLUT family), each with different transport kinetics

and specific expression, depending on the cell function.
GLUT1 and GLUT3 are constitutively present in the

plasma membrane of neurons, glial cells, and red blood
cells. Because of their low Km (�1 mM) for glucose,

they allow for relatively constant glucose uptake
throughout the range of fasting and postprandial gly-

cemia. GLUT2 is expressed in pancreatic b-cells, liver
cells, and some central nervous system neurons; it is

characterized by a high Km for glucose (ca 10 mM) and,
hence, is responsible for the variation in cell glucose up-

take according to changes in glycemia. GLUT2 can
therefore confer glucose-sensing properties to GLUT-
expressing cells. GLUT4 is expressed mainly in insulin-

sensitive cells (ie, skeletal muscle and adipose tissue,
with the exception of liver). It has a low Km for glucose,

and the insulin-dependent glucose transport in
GLUT4-expressing cells is triggered by the translocation

of GLUT4 receptors from an intracellular pool to the
cell surface.14

Once inside the cell, glucose is first phosphorylated
into glucose-6-phosphate by a hexokinase, and to

fructose-1,6-bisphosphate by the enzyme phosphofruc-
tokinase. Fructose-1,6-bisphosphate is further con-

verted into triose phosphates and, finally, into pyruvate,
which can ultimately be used for mitochondrial oxida-

tion and energy release as adenosine triphosphate

20 Nutrition ReviewsVR Vol. 75(1):18–36
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(ATP). All cells of the organism express at least one

member of the GLUT family, one of several isoforms of

hexokinase, and glycolytic enzymes. Glucose transport

and metabolism are tightly regulated by several mech-

anisms, including insulin levels, as well as by the glu-

cose concentration itself and the intracellular ATP and

citrate concentrations. This ensures an appropriate use

of glucose according to the cell need and the blood glu-

cose level.

Although both fructose and glucose are transported

into hepatocytes by the same GLUT2 facilitative trans-

porter, fructose metabolism differs markedly from that

of glucose at several levels. First, in contrast to glucose,

fructose does not increase glycemia and, hence, does

not stimulate insulin release. Second, fructose has a low

affinity for hexokinases and, hence, will be metabolized

almost exclusively in a limited set of organs that express

specific fructose-metabolizing enzymes. These enzymes

catalyze the initial steps of fructose metabolism, ie, fruc-

tolysis: Fructokinase, or ketohexokinase, is responsible

for the phosphorylation of fructose into fructose 1-

phosphate; aldolase B catalyzes the cleavage of fructose

1-phosphate into glyceradehyde and dihydroxyacetone

phosphate; and finally, triokinase phosphorylates glyc-

eraldehyde to glyceraldehyde-3-phosphate. In contrast

to glycolysis, which is tightly regulated by intracellular

ATP at the level of phosphofructokinase, fructolysis is

not regulated, with the consequence that triose phos-

phate will be generated according to the amount of

fructose entering the hepatocytes, irrespective of the

cell’s energy need.15 As triose phosphates are common

intermediates to glycolysis, they can be diverted into the

following pathways: (1) synthesis of acetyl-coenzyme A,

followed by mitochondrial oxidation of coenzyme A;

(2) conversion into glucose and lactate, which can be ei-

ther released into the systemic circulation for further

utilization by extrahepatic tissues or used to replenish

hepatic glycogen stores; or (3) synthesis of fatty acids,

through the de novo lipogenesis pathway. This last

route, however, is costly in energy and occurs mainly

when fructose consumption is abnormally high.16

Fructose-metabolizing enzymes are synthesized

predominantly in duodenal and jejunal enterocytes and

in hepatocytes. The gut and the liver together remove

most ingested fructose, with the consequence that blood

fructose levels increase very little, even after ingestion of

large amounts of fructose. Fructose-metabolizing en-

zymes are also expressed in the kidney, possibly to en-

sure the removal of whatever fructose escaped first-pass

splanchnic uptake. Although many cell types express

the specific GLUT5 fructose transporter, it is doubtful

they metabolize fructose to any great extent, owing to

the low affinity of fructose for hexokinases and to the

extremely low amount of fructose found in the systemic

circulation under physiological conditions.
It should be noted that some of the abnormalities

associated with fructose metabolism, such as hypertri-

glyceridemia and hepatic insulin resistance, may be

merely a reflection of the specific pathways of fructose
metabolism rather than markers of disease.

ADDED SUGARS CONSUMPTION IN THE
UNITED STATES

Composition

As defined by US Department of Agriculture (USDA),

added sugars are those sugars and syrups added to

foods during processing or preparation, including sug-
ars and syrups added at the table.

While the composition of added sugars consumed

– or predigested – is most important when considering
the functional attributes each sugar confers to foods

and beverages, it is the digested composition that enters

the bloodstream and is most important in predicting

metabolic effects. Table 1 compares the as-consumed vs

postdigestion compositions of common added sugars.
The action of hydrolytic enzymes during digestion re-

leases free fructose and glucose from sucrose, and free

glucose from the range of oligosaccharides found in

honey and corn syrup. Although sucrose, HFCS, and
honey may differ somewhat in composition before di-

gestion, their fructose and glucose ratios are quite simi-

lar afterward, explaining their nearly equivalent effects

on metabolic processes.
Prior concerns about differences in SSB compos-

ition contributing unexpected fructose to the diet17,18

were unfounded19,20 and likely due to the use of im-

proper and unverified methodology.

Consumption

Sugars consumption data in the United States are avail-

able from two independent and corroborating sources:

dietary intake estimates using the National Health and
Nutrition and Examination Survey (NHANES) data-

base, an extensive relation of health and nutritional sta-

tus (collected via 24-hour food recalls), and industry

commodity production records collected annually by

USDA Economic Research Service (ERS) (food avail-
ability, adjusted for loss).

In independent cross-sectional studies using the

NHANES database, Welsh et al.,21 Yang et al.,22 and
Marriott et al.23 concluded that energy from added sug-

ars in the United States has been in steady decline since

the 1994–1998 survey. Historical data on sugars pro-

duction have been collected by USDA ERS since the
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early 1900s. Apparent consumption of sucrose
increased 40% between 1910 and 1921 but remained

constant over the following 50 years, except for supply
interruptions during World War II.24 The USDA ERS

now makes available contemporary commodity pro-

duction figures adjusted for losses from transportation
and warehousing, food spoilage, cooking loss, and

plate waste that better estimate actual per capita in-
take.25 Loss-adjusted per capita availability trends for

various added sugars over the past 40 years – since the
introduction of HFCS – are compared in Figure 1.

Apparent consumption of added sugars increased by

27% during the 30-year period from 1970 to 1999;
however, the subsequent substantial decline returned

much of that gain. The net increase in energy from
added sugars over the past 4 decades was approxi-

mately 29 kcal/d.
Carden and Carr26 and White24 independently

analyzed the USDA ERA Loss-Adjusted Food
Availability Database to conclude that total fructose

availability did not materially increase from 1970 to

2012 and was, therefore, unlikely to have played a
causative role in the increased prevalence of obesity

and associated diseases. As illustrated in Figure 1,
trends in consumption of the two predominant

fructose-containing sweeteners, sucrose and HFCS,
were mirror images: the increase in HFCS was largely

offset by the decline in sucrose. Since sucrose and

HFCS both comprise roughly equal amounts of glu-
cose and fructose, the net effect on fructose consump-

tion over this period was minor.
In summary, dietary intake estimates and com-

modity production records both report a rise in added

sugars consumption that peaked around the turn of the

21st century and was followed by a downward trend

that extends to the present. Americans are consuming

less added sugars today than 15 years ago. Though rea-

sons for the decline are various – greater health con-

sciousness among consumers, reduced consumption of

SSBs and increased consumption of bottled water, and

improved quality of reduced-calorie foods and bever-

ages – the downward trend is clear.

SUGARS CONSUMPTION AND OBESITY

The world is in the midst of a pandemic of obesity.

Recent estimates suggest more than 66 million

American adults are obese and an additional 74 million

are overweight.27 The problem of obesity is truly global.

In European countries, obesity rates range from 8% to

30%28,29 and are even higher in South America,

Australia, the Middle East, and Polynesia.28 According

to the WHO, there are currently 1.1 billion obese indi-

viduals worldwide; if current trends continue, it is esti-

mated there will be 1.5 billion obese individuals

worldwide by 2015 and 2.16 billion by 2030.30

The rapid increase in obesity and associated health

costs has stimulated research on a variety of nutritional

factors that might be associated with weight gain and

obesity. The putative association between fructose-

containing sugars and obesity has prompted many in-

vestigators to focus specifically on whether the con-

sumption of these sugars contributes disproportionately

to weight gain.

Table 1 Comparison of sugars: consumed vs post digestion
Added sugars Percentage of total sugars

Sucrose Fructose Glucose Glucose oligosaccharides

Consumed
Sucrose varieties 96–99.3 0.006–3 0.007–2
Total inverted sugar 6 47 47
Honeya 4 50 42 4
HFCS-42 42 53 5
HFCS-55 55 42 3
Fructose 100
Dextrose (glucose) 100
Corn syrup 100 (varies by product)

Post digestion
Sucrose varieties 50 50
Total inverted sugar 50 50
Honey 52 48
HFCS-42 42 58
HFCS-55 55 45
Fructose 100
Dextrose (glucose) 100
Corn syrup 100

Abbreviation: HFCS, high-fructose corn syrup.
aAverage sugars profile of 4 varieties of honey produced in the United States.
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Prospective cohort studies

Several prospective cohort studies have assessed the re-

lation between intake of total sugars and body weight.

Neither individual cohort studies using energy-adjusted

and -unadjusted models nor a WHO-commissioned

systematic review and meta-analysis of prospective co-
hort studies using energy-adjusted models found an as-

sociation between total sugars and body weight when

comparing the highest with the lowest level of intake.31

The same was seen when random-effects models were

used to assess intakes of important sources of added

sugars like cakes, pastries, and sweets.31 A consistent re-
lation, however, has been observed between SSBs and

body weight or risk of overweight/obesity. The WHO-

commissioned systematic review and meta-analysis

showed a significant association between SSBs and risk

of overweight/obesity in children and weight gain in
adults31 when the highest level of SSB exposure was

compared with the lowest level by pooling data from

energy-adjusted models. This adjustment controls for

excess energy intake from sugars or other sources that

may be consumed along with or apart from SSBs. Other

systematic reviews and meta-analyses32,33 have not
found an association between SSBs and body mass

index when using energy-adjusted models. However,

when energy-unadjusted models were used, a signifi-

cant positive association was seen between SSBs and

body mass index in these same systematic reviews and

meta-analyses.32,34 Associations were also not seen at

intermediate levels of exposure that were below the

50th percentile for added sugars or fructose intake in

the United States.21,35 The implication is that the special

association between SSBs and weight gain is mediated

by energy and may be attributable to the energy rather

than the sugars per se. Other explanations may relate to

the observation that liquid calories are more poorly

compensated than solid calories36 or that SSBs represent

a marker of an unhealthy lifestyle in prospective cohort

studies.37 Both explanations remain open questions and

argue against a unique role of sugars.

Controlled trials

Numerous randomized controlled trials of the effect of

sugars consumption on body weight have been per-

formed. These have been recently analyzed by 4 differ-

ent groups who performed systematic reviews and

meta-analyses of these published trials.31,32,38,39 As al-

ready indicated in this review, these studies have typic-

ally not found that sugars in isocaloric exchange for

other carbohydrates create a unique risk of obesity.

Many of these trials, however, suffered from recruit-

ment of too few subjects (�100) and interventions of

relatively short duration (�1 year).

Figure 1 Comparison of trends in per capita availability (loss-adjusted) of nutritive sweeteners
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Several recent trials have also explored issues of ei-

ther sugars as part of a hypocaloric diet or various dos-
ages of sugars as related to weight change. In a

randomized controlled trial reported by Lowndes
et al.,40 10% of calories were consumed as either HFCS

or sucrose and compared with 20% of calories from ei-
ther of these sugars. Individuals consumed these added
sugars over a 10-week free-living period as part of a

eucaloric diet. While there was an overall body weight
increase of slightly less than 1 kg when the entire cohort

of 65 individuals was evaluated, none of the individual
weight gains achieved significance within group, and

there was no difference between 10% and 20% of cal-
ories from added sugars. The same group of investiga-

tors compared 8% of calories from either sucrose or
HFCS to 18% of calories from either HFCS or sucrose

and 30% of calories from HFCS or sucrose in a
randomized controlled trial involving 355 subjects (165

males, 190 females) who completed a 10-week interven-
tion in a free-living environment.41 While, once again,

there was an increase in weight of slightly less than 1 kg
for the entire cohort, there was no difference in weight

gain when different levels of added sugars from either
sucrose or HFCS were compared. However, there were

significant differences in body weight, body mass index,
and fat mass between the sugars levels, suggesting that

the dose, rather than the type of sugar, plays an import-
ant role. Similar dose–response results were found by

another study, which compared only different levels of
HFCS and did not include a sucrose arm.42

Several systematic reviews and meta-analyses have
pooled the totality of the evidence from randomized

and nonrandomized controlled trials on the effect of
chronic feeding with fructose-containing sugars on

body weight. Different trial designs have been used to
isolate the effect of sugars from that of energy. These in-

clude “substitution” trials, in which added fructose-
containing sugars are compared with other macronutri-

ent sources (usually starch or other sugars) under
energy-matched conditions; hypercaloric “addition” tri-
als, in which fructose-containing sugars supplement a

diet with excess energy compared with the same diet
alone without the excess energy; and “subtraction” tri-

als, in which energy from fructose-containing sugars
(usually in the form of SSBs) is reduced by displacing it

with water and/or noncaloric sweeteners or eliminating
it altogether from the background diet. Fructose-

containing sugars did lead to the expected weight gain
in hypercaloric addition trials31,32,38,39 and to the ex-

pected weight loss (with some exceptions in children)
in subtraction trials.31,32,38,39 Fructose-containing sug-

ars did not affect weight in substitution trials.31,39 Thus,
the effects of fructose-containing sugars were not differ-

ent from those of other macronutrients (mainly starch),

as long as the comparisons remained matched for

calories.
Although these different trial designs have been

useful in isolating the effect of energy as opposed to the

effect of any special metabolic, endocrine, or neuroen-

docrine response to sugars, they do not allow for real

world compensation since participants are required to

consume the full dose of sugars. A more ecologically

valid way to assess whether sugars, more than other

forms of energy, promote overconsumption leading to

weight gain under free-living conditions is an ad lib-

itum design, in which fructose-containing sugars are

freely replaced with other sources of energy in the diet

without any strict control of the amount of replacement

of the sugars or the background diet. The

CArbohydrate Ratio Management in European

National diets (CARMEN) trial43 is the largest and lon-

gest trial to date that uses an ad libitum design to assess

the effect of sugars on weight gain. It compared the ef-

fects on body weight of an ad libitum high-fructose-

containing sugars diet (29% energy from sugars), an ad

libitum high-complex-carbohydrate diet, and an ad lib-

itum higher-fat control diet in 398 obese adults over 6

months. Both the ad libitum high-sugars diet and ad

libitum high-complex-carbohydrate diet resulted in lost

weight compared with the ad libitum higher-fat control

diet. There was no significant difference between the ad

libitum high-sugars diet and the ad libitum high-

complex-carbohydrate diet, although there was a non-

significant tendency for greater weight loss with the lat-

ter. Similar results were found in a randomized trial of

46 participants with metabolic syndrome who followed

the same protocol over 6 months.43 These trials show

that, under free-living conditions, it is possible to lose

weight while following an ad libitum high-sugars diet

and that a simple strategy to freely replace energy from

fructose-containing sugars with other sources of energy

in the diet, especially from fat, offers no clear advan-

tages for weight loss.
Thus, based on higher-quality evidence from sys-

tematic reviews and meta-analyses of randomized con-

trolled trials and individual randomized controlled

trials, there does not appear to be any difference with

regard to weight gain when sugars are consumed as

part of a controlled isocaloric diet, regardless of the

dose. Of note, most of these studies were performed

during relatively short periods of time (<1 year) and

under controlled conditions. The small weight gain re-

ported in some randomized control trials suggests that

individuals may have had difficulty incorporating added

sugars into their normal eating patterns, which further

suggests that these changes are a result of added calories

rather than the sugars per se.
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ENERGY-REGULATING HORMONES

Research comparing the effects of 25% of calories from

fructose with 25% of calories from glucose as part of a

eucaloric diet on energy-regulating hormones that

included insulin, leptin, and ghrelin suggested that fruc-

tose created less increase of insulin, less increase of lep-

tin, and less depression of ghrelin than glucose, thereby

creating an environment that could lead to overcon-

sumption of calories.45 Subsequent research reported by

Melanson et al.,46 who investigated individuals given

25% of calories as normally consumed sugars (ie, either

sucrose or HFCS), showed all of these differences dis-

appearing. An additional research trial reported by Yu

et al.,47 who compared 8%, 18%, and 30% of calories

from either fructose or sucrose or HFCS in 138 indi-

viduals, showed no differences in leptin or ghrelin at

baseline or post testing. The area under the curve for in-

sulin and leptin increased over the course of the inter-

vention, but there was no difference between the

various dosages of added sugars. There was no change

in area under the curve or active ghrelin in the entire

cohort, and no difference between the groups. These

data support the conclusion that there is no difference

in these energy-regulating hormones when 8%, 18%,

and 30% of calories from added sugars are compared

and no differences between the effects of HFCS and su-

crose on these parameters within the normal range of

human consumption.

SUGARS AND RISK FACTORS FOR HEART DISEASE

There have been no randomized controlled trials

exploring the impact of added sugars on heart disease

per se. Studies in this area have typically focused on risk

factors for heart disease.

Prospective cohort studies

A number of prospective cohort studies have assessed

the relation of the intake of total sugars with the risk of

hypertension and coronary heart disease (CHD). A sys-

tematic review and meta-analysis of the available pro-

spective cohort studies showed no association between

total fructose and incident hypertension in energy-

adjusted models when comparing the highest with the

lowest levels of exposure.48 There was even a modest

protective association seen at intermediate intakes.48

Individual large prospective cohort studies from the

United States and Europe have also failed to show an as-

sociation between total sugars and incident CHD.49–52

The large National Institutes of Health (NIH)–AARP

Diet and Health Study also failed to show an adverse as-

sociation of total sugars, sucrose, or fructose with

cardiovascular mortality in 353 751 men and women

aged 50 to 71 years after up to 13 years of follow-up
using energy-adjusted models.53 It should be noted that,

in a recent systematic review and meta-analysis of pro-
spective cohort studies, Jayalath et al.54 found an associ-

ation between fructose-containing SSBs and risk of
hypertension. The authors caution, however, that there
is a need for high-quality randomized trials to assess the

role of SSBs in the development of hypertension and its
complications.

Yang et al.22 reported that risk of cardiovascular
disease was 1.30 for those who consumed 10% to 24.9%

of calories from added sugars and 2.75 for those who
consumed 25% or more of calories from added sugars

(�10% of the population) when compared with those
who consumed less than 10% of added calories from

sugars. These investigators, utilizing NHANES data,
also reported that the percentage of daily calories from

added sugars increased from 15.7% in 1988–1994 to
16.8% in 1999–2004 but decreased to 14.9% in 2005–

2010.
A protective association was even seen for sucrose

or fructose from solid foods.53 As far as can be deter-
mined, there are no prospective cohort studies that

have assessed the association between total sugars and
incident stroke.

On the other hand, a positive association between
added sugars and CHD mortality was shown in the

NHANES when energy-unadjusted models were used
to compare the highest level of exposure with the lowest

level over almost 15 years of follow-up.22 This observa-
tion, however, may relate more to the categorization of

added sugars than the added sugars per se. The larger
NIH-AARP Diet and Health Study failed to show a

positive association of added sugars with cardiovascular
mortality, observing that a signal for harm was re-

stricted to added sugars from liquid foods. The opposite
association (protective) was seen between added sugars

from solid foods and cardiovascular mortality.53

Systematic reviews and meta-analyses of prospective co-
hort studies have shown a relatively consistent positive

association between SSBs and the risk of hypertension
and CHD when using energy-adjusted models to com-

pare the highest with the lowest level of exposure.54,55

These associations, however, do not hold at intermedi-

ate levels of exposure, with a dose–response relationship
seen for CHD only at the highest level of exposure, and

pooled analyses have not shown a significant associ-
ation with stroke.55 These findings, however, appear

directly related to the most important source of added
sugars in NHANES: SSBs. Why SSBs appear to be the

special case in these analyses again remains an open
question and argues against a unique role of sugars

per se.
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Lipids

Diets with greater than 20% of calories from simple sug-

ars have been associated with increases in triglycer-

ides.55–58 It is for this reason that the American Heart

Association lists reduction in fructose-containing sugars

as one potential mechanism for lowering triglycerides.59

Recent studies in this area, however, have yielded con-

flicting results.60,61 It has been argued that fructose con-

sumption, particularly at levels above 20% of calories,

increases triglycerides, and it has been suggested this

might be an appropriate upper limit of fructose con-

sumption to be considered.62

Controlled trials

Some randomized controlled trials have reported that

sugars consumption resulted in various dyslipidemias

in human participants. Stanhope et al.,63 using an acute

model in which 25% of energy consumption from fruc-

tose was compared with 25% from glucose, showed in-

creases in triglycerides in the fructose-consuming

group.63 Other investigators, including Marckmann,64

Raben et al.,65 Teff et al.,45 and Maersk et al.,66 have also

reported increases in total cholesterol and/or low-

density lipoprotein cholesterol (LDL-C) in participants

consuming either sucrose or HFCS.

In contrast, the study by Lowndes et al.,41 which

compared HFCS or sucrose at 8%, 18%, and 30% of en-

ergy (equivalent to 4%, 9%, and 15% of energy from

fructose) over a 10-week free-living randomized con-

trolled trial, showed no increases in total cholesterol

and no differences between the 3 different levels of sug-

ars. Low-density lipoprotein cholesterol also did not

change over this 10-week period, nor were there differ-

ences between the 3 different levels of sugars. In the

overall cohort, triglycerides rose approximately 10%

over the course of the 10-week period. However, there

were no differences between the 3 different levels of

sugars with regard to triglycerides. Thus, it would ap-

pear that there are no differences between these 3 levels

of sugars consumption with regard to effects on lipids,

and no differences between HFCS and sucrose. In con-

trast, another study that administered 0%, 10%, 17.5%,

and 25% of energy requirements as HFCS for 15 days

showed dose-dependent increases in both fasting and

postprandial plasma triglycerides, LDL-C, and apolipo-

proteins B and C-III.42 Discrepancies between these

studies may result from differences in study design or

food intake from other sources. Several systematic re-

views and meta-analyses have pooled the data from the

available controlled feeding trials investigating the effect

of fructose consumption on lipids. Pooled analyses did

not show an effect on fasting or postprandial

triglycerides, total cholesterol, LDL-C, or high-density

lipoprotein cholesterol (HDL-C) in substitution trials,
in which fructose is compared with other macronutri-

ent sources (usually starch or glucose) under energy-
matched conditions.61,67,68 A dose threshold, however,

was shown for fasting triglycerides (�100 g/d across

participants with different metabolic phenotypes67 and
>60 g/d in people with type 2 diabetes68) and for post-

prandial triglycerides (�50 g/d) across participants with
different metabolic phenotypes.67 But these thresholds

have not been reproduced in updated systematic re-
views and meta-analyses.61,69 A more reproducible sig-

nal for harm was seen under conditions in which

fructose provides excess calories. Fructose was shown to
increase fasting or postprandial triglycerides and apoli-

poprotein B in addition trials, in which fructose-
supplemented diets with excess energy were compared

with the same diets without the excess energy.69 In the
absence of a consistent signal for harm of fructose in

isocaloric substitution trials, the adverse effect of fruc-

tose on lipids in the addition trials appears to be attrib-
utable more to the excess calories than to fructose as a

substrate.
The effects are harder to interpret for total sugars.

A recent systematic review and meta-analysis of
randomized controlled trials of the effect of total sugars

on fasting triglycerides, total cholesterol, LDL-C, and

HDL-C showed mixed results.70 Total sugars showed
small unfavorable effects on fasting triglycerides, total

cholesterol, and LDL-C but favorable effects on HDL-C
in isocaloric substitution trials. A lack of effect, how-

ever, on total cholesterol, LDL-C, and HDL-C was seen
under more free-living conditions in ad libitum trials.

Although these discrepant findings raise questions

about the importance of any lipid effects, it is difficult
to draw conclusions either way. In addition to the true

ad libitum trials included in this review, ad libitum tri-
als were defined so as to also include addition and sub-

traction trials. Updated analyses of lipid effects will be
useful for understanding the role of total sugars in lipid

control.

Blood pressure

It has been argued that fructose-containing sugars
may affect blood pressure, although results in humans

have been variable. Some trials report increases in
blood pressure,71,72 while others do not.73 Johnson

et al.74 have proposed a theoretical mechanism to ex-
plain why fructose-containing sugars may increase

blood pressure. According to this theory, metabolism

of fructose in the liver results in large amounts of
ATP being consumed. The ATP is then degraded to

adenosine monophosphate (AMP) and, ultimately, to
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uric acid, which, according to this theory, can lead to

endothelial dysfunction and increased blood pres-

sure. Subsequent studies have not confirmed this

hypothesis.75,76

Controlled trials

A number of studies have explored the link between

fructose-containing sugars and blood pressure. These

studies have been subject to systematic review and

meta-analysis by Ha et al.77 These investigators re-

viewed a total of 15 trials of blood pressure and

fructose-containing sugars, including 13 isocaloric and

2 hypercaloric trials. Their overall conclusion was that

fructose, in isocaloric exchange for other carbohydrates,

significantly decreased diastolic blood pressure and

mean arterial pressure but had no effect on systolic

blood pressure. In addition, the randomized controlled

trials of hypercaloric fructose in comparison with other

carbohydrates found no overall increase in arterial

blood pressure. These investigators concluded that fruc-

tose did not appear to lead to any increased added risk

of elevated blood pressure when compared with other

carbohydrates; they did suggest, however, that longer

and larger trials were needed.

In their recent randomized trial involving 355 in-

dividuals who consumed either 8%, 18%, or 30% of

calories from sucrose or HFCS, Angelopoulos et al.78

found no changes in systolic blood pressure and no

differences between any of the sugars types or levels

of consumption. Diastolic blood pressure also did not

change, nor were there any differences between sug-

ars types or levels of sugars. Thus, it would appear

that there are no differences in the 3 levels of con-

sumption of sugars with regard to increases in blood

pressure.

A systematic review and meta-analysis was con-

ducted to synthesize evidence on the effect of fructose

on blood pressure in the available controlled feeding tri-

als.77 There was no evidence of harm in the substitution

trials, in which added fructose-containing sugars were

compared with other carbohydrates (starch or other

sugars) under energy-matched conditions. Fructose was

even shown to decrease diastolic blood pressure and

mean arterial pressure under calorie-matched condi-

tions. Fructose also failed to increase blood pressure in

hypercaloric addition trials, in which diets with excess

energy were supplemented with fructose-containing

sugars and compared with the same diets alone without

the excess energy. The data from the hypercaloric add-

ition trials, however, were quite limited: there were only

2 trials, which makes it difficult to draw strong

conclusions.

Inconsistent results were found for total sugars. A

recent systematic review and meta-analysis of
randomized controlled trials studying the effect of

total sugars on blood pressure showed no increase in

either systolic or diastolic blood pressure in isocaloric
substitution trials.70 Although an increase was

observed for diastolic blood pressure in ad libitum tri-

als, drawing a firm conclusion was complicated be-
cause of the varying definitions of ad libitum trials,

which included true ad libitum trials, addition trials,

and subtraction trials.

SUGARS AND INSULIN RESISTANCE OR DIABETES

Type 2 diabetes has increased dramatically worldwide
in the past 20 years.79 It has been estimated that 6.4% of

the world population is currently diabetic, with predic-

tions the incidence will rise to 7.7% by the year 2030.80

Insulin resistance typically precedes diabetes by 10 to 20

years and is the major risk factor for diabetes.81,82 The

dramatic increase in diabetes has paralleled an increase
in the prevalence of obesity worldwide. This, in turn,

has raised interest in the nutritional aspects of both dia-

betes and obesity. Considerable attention has been
focused on consumption of fructose-containing sugars

as playing a possible role in promoting type 2 diabetes.
Several epidemiologic studies have linked con-

sumption of SSBs to increased risk of diabetes.83–86 Two

recent ecological studies have linked the rise in fructose
availability (either from sucrose or HFCS) to the

increased prevalence of diabetes both in the United

States and around the world.87,88 Animal studies89–92

and human trials,63 particularly those in which fructose

was overfed beyond normal population intakes,63 have

also supported this association. Higher-quality evidence
from prospective cohort studies, systematic reviews,

meta-analyses, and randomized controlled trials gener-

ally has not supported the link between consumption of
fructose-containing sugars and the development of type

2 diabetes.

Prospective cohort studies

A number of prospective cohort studies have assessed

the relation of sugars with the risk of diabetes. A sys-

tematic review and meta-analysis of prospective cohort
studies showed that neither total sugars nor fructose-

containing sugars had an unfavorable association with

incident type 2 diabetes.93 There was also no association
with important food sources of fructose-containing sug-

ars, such as sweets and cakes94 and pure fruit juice,95

while a protective association for fruits95 was found in

individual prospective cohort studies and in systematic

reviews and meta-analyses of prospective cohort
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studies. Again, the one exception was SSBs. Separate

systematic reviews and meta-analyses of prospective co-
hort studies showed associations between SSBs in the

form of sodas96 or fruit drinks95 and diabetes when
comparing the highest with the lowest levels of expos-

ure. None of the included studies, however, showed sig-

nificant associations at levels of exposure that were
below the 50th percentile for intakes of added sugars or

fructose in the United States.21,35 These analyses also
preferentially pooled energy-unadjusted models. This

lack of adjustment complicates interpretation, making
it difficult to separate the association of SSBs from that

of energy (especially where SSBs may have important

collinearity with other highly palatable caloric foods).
The association with SSBs may be mediated more by

energy intake, poor compensation of liquid calories (al-
though this does not explain the lack of association with

pure fruit juice), and/or collinearity effects from other
aspects of an unhealthy lifestyle.

Controlled trials

There are no randomized controlled trials examining

whether sugars consumption in subjects with normal
glycemia results in diabetes or prediabetes. However,

there are studies that have examined surrogate meas-
ures of diabetes risk. These studies have generated

mixed results. Most have demonstrated that sucrose or
fructose had no adverse effects on fasting glucose, insu-

lin levels, or postprandial glucose.41,45,66,92,97–101

Inconsistent results have been reported when direct
markers of insulin sensitivity were measured, regardless

of whether the sugar was fructose or sucrose.63,99–102

In a randomized controlled trial involving 352

overweight/obese men and women, Lowndes et al.41

explored the impact of consuming 8%, 18%, or 30% of

calories from either HFCS or sucrose and reported no

increases in risk factors for diabetes, including fasting
glucose or insulin resistance as computed by the

homeostatic model of assessment.41

A series of systematic reviews and meta-analyses

have been conducted to synthesize the effects of fruc-
tose on blood glucose and insulin regulation in the

available controlled feeding trials.103 There was no evi-
dence of an adverse effect of fructose on glycemic con-

trol, fasting insulin, or markers of whole-body and

hepatic insulin sensitivity in substitution trials, in which
added fructose-containing sugars were compared with

other carbohydrates (starch or other sugars) under
energy-matched conditions. On the contrary, fructose

was shown to lead to clinically meaningful improve-
ments in glycemic control as assessed by glycated blood

proteins (equivalent to a 0.57% reduction in hemoglo-

bin A1c [HbA1c], which exceeds the US Federal Drug

Administration threshold of 0.3% for the development

of new oral antihyperglycemic agents) in people with

and without diabetes. Fructose was found to have un-

favorable effects, however, on fasting glucose, insulin,

and markers of whole-body and hepatic insulin sensitiv-

ity in hypercaloric addition trials. The lack of harm, and

even the benefit seen, in isocaloric substitution trials

suggests that the signal for harm seen in the hyper-

caloric addition trials is again explained by the excess

calories rather than the fructose.

THE METABOLIC SYNDROME

Metabolic syndrome is a constellation of findings repre-

sented by dysregulated glucose handling, dyslipidemia,

hypertension, and abdominal obesity. The prevalence of

metabolic syndrome varies widely, depending on the

various criteria used to define it. However, the preva-

lence has increased dramatically over the past 20 years.

Estimates using criteria from the National Cholesterol

Education Program (ATP-IV) suggest that up to 36% of

the population in the United States show signs of meta-

bolic syndrome.104

Several investigators have suggested that the metab-

olism of fructose-containing sugars may create the en-

vironment to increase the risk of metabolic syndrome.

Johnson et al.74 have proposed a mechanism through

which fructose metabolism results in the consumption

of ATP, which is degraded into AMP and, ultimately, to

uric acid and excess fatty acids. According to this the-

ory, these fatty acids result in insulin resistance, fatty in-

filtration of the liver, and the hallmarks of metabolic

syndrome, including glucose intolerance, dyslipidemia,

and hypertension.

Prospective cohort studies

As far as can be determined, there are no prospective

cohort studies that have assessed the relation of total

sugars, sucrose, or fructose with the risk of metabolic

syndrome. Evidence is available for SSBs as a proxy for

added sugars. A systematic review and meta-analysis of

prospective cohort studies showed a positive association

between SSBs and incident metabolic syndrome when

the highest and the lowest levels of exposure were com-

pared.96 None of the included studies, however, showed

significant associations at levels of exposure below the

50th percentile for intakes of added sugars or fructose

in the United States.21,35 These analyses also preferen-

tially pooled data from energy-unadjusted models, mak-

ing it difficult, once again, to disentangle the effect of

SSBs from that of energy.
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Controlled trials

Several randomized controlled trials have come to dif-

ferent conclusions about the components of metabolic

syndrome. In a 4-week study of a high-fructose diet

containing 1.5 g of fructose per kilogram of body

weight, Lé et al.85 did not find changes in insulin sensi-

tivity, although triglycerides were increased. In contrast,

Silbernagel et al.101 found that insulin sensitivity

decreased in a 4-week high-fructose (150 g/d) diet in

healthy humans. Maersk et al.66 reported that individ-
uals who consumed SSBs at 1 L/d (slightly above the

average consumption of added sugars) increased liver

fat storage and visceral fat, both of which are risk factors

for metabolic syndrome. Stanhope et al.63 studied over-

weight and obese individuals who were given 25% of

calories from either fructose or glucose and reported

that fructose at this level increased visceral adiposity

and led to dyslipidemia.
In contrast, in their study of 352 individuals who

consumed 8%, 18%, or 30% of calories from either su-

crose or HFCS, Lowndes et al.41 did not show increases

in glucose, uric acid, or systolic or diastolic blood pres-

sure, nor was there a change in fasting glucose.

However, HDL-C decreased by less than 1 mg/dL, and

triglycerides increased by 10%. Importantly, for all of

these measures – systolic and diastolic blood pressure,

triglycerides, HDL-C, fasting glucose, and uric acid –
there was no difference between the 3 levels of sugars

consumption (interaction P for all measures >0.05). As

already noted, an increase in weight (slightly less than

1 kg) occurred across the entire cohort of 352 individ-

uals, resulting in an increase in waist circumference

over the course of the 10-week intervention. In this

study, energy intake increased by approximately

300 kcal from baseline to the end of the intervention.

These increases in calories were driven largely by in-

creases in the groups that consumed 30% of their cal-
ories from sugars. Thus, the Lowndes et al.41 study

represents a hypercaloric condition. These data support

the concept that if sugars consumption increases risk

factors for metabolic syndrome, the changes are small

and mixed and may be the result of increased calories

and weight gain rather than the added sugars per se.

Furthermore, there is no difference between 8%, 18%,

and 30% of calories with regard to risk factors for meta-

bolic syndrome.
Systematic reviews and meta-analyses of controlled

feeding trials have failed to show an adverse effect of

fructose on metabolic syndrome criteria (weight,

fasting glucose, fasting triglycerides, HDL-C, and

blood pressure) in isocaloric substitution

trials39,60,67,68,77,103. Although there may be a dose

threshold for fasting triglycerides in earlier subgroup

analyses of isocaloric substitution trials (a finding that

has not been replicated in updated analyses69), a con-
sistent adverse effect of fructose on some metabolic syn-

drome criteria – weight, fasting glucose, and fasting

triglycerides, but not HDL-C or blood pressure – is re-
stricted to hypercaloric addition trials.39,60,77,103 The

same pattern is seen for the effect of total sugars on

body weight in the WHO-commissioned systematic re-
view and meta-analysis.31 The results for 3 metabolic

syndrome criteria (fasting triglycerides, HDL-C, and

blood pressure) from another systematic review and
meta-analysis of the effect of total sugars in randomized

controlled trials remain small, inconsistent, and difficult
to explain.70

Thus, findings related to risk factors for metabolic

syndrome appear to be mixed. This may be due to dif-
ferences in the type or amount of sugars studied (eg, su-

crose or HFCS vs fructose or glucose) and the duration

of trials.

NONALCOHOLIC FATTY LIVER DISEASE

The prevalence of nonalcoholic fatty liver disease
(NAFLD) has increased dramatically over the past 20

years.105,106 Nonalcoholic fatty liver disease now repre-

sents the leading cause of liver failure and the main rea-
son for liver transplantation around the world. Concern

about fatty infiltration of the liver and the potential ef-

fect of fructose has been evaluated by a number of in-
vestigators. Some investigators have suggested the basic

underlying mechanism of fructose metabolism in the

liver as a potential reason for concern about fat accu-
mulation in the liver. As already indicated, while fruc-

tose and glucose are metabolized by different pathways

in the liver, the pathways are interactive, and only 1% to
5% of consumed fructose is converted to free fatty acids

and, ultimately, to triglycerides in humans.107,108 In

some early investigations, it was noted that certain
high-carbohydrate diets can dramatically enhance this

process.109 In animals such as rodents, as much as 60%
to 70% of consumed fructose may be converted into

triglycerides through the process of de novo

lipogenesis.110

Prospective cohort studies

There do not seem to be any prospective cohort studies

that have investigated the relation of sugars or SSBs to

NAFLD. It should be noted that a recently published
cross-sectional analysis from the Framingham Study re-

ported that regular SSB consumption was associated
with greater likelihood of fatty liver disease, particularly

in overweight and obese individuals. Diet soda intake

was not associated with NAFLD.111
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Randomized controlled trials

Stanhope et al.63 gave individuals 25% of energy as fruc-

tose or glucose and found increased de novo lipogenesis

in the fructose-consuming group. Lé et al.85 gave off-

spring of diabetics doses of fructose at 3.5 mg/kg of lean

body mass (35% of energy requirement) and found

some increased accumulation of liver fat. In a 6-month

trial, Maersk et al.66 compared 1 L of SSB (�25% of en-

ergy requirement as sugars), low-fat milk, aspartame-

sweetened diet cola, and water. They reported increases

in liver fat in the SSB-consuming group. In contrast,
Silbernagel et al.101 compared 4 weeks of a very high-

fructose diet with 4 weeks of a very high-glucose diet

(�30% of energy requirement as either fructose or glu-

cose) and found no differences in liver fat accumulation

over a 10-week trial.

Johnston et al.112 compared high-fructose diets

with high-glucose diets in 20 healthy men with central
adiposity. The trial had two separate 2-week periods, an

isocaloric period and a hypercaloric period, separated

by 6 weeks. During the isocaloric period, individuals on

either the high-fructose diet or the high-glucose diet did

not develop any significant change in hepatic triglycer-

ides or serum levels of liver enzymes. However, in the

hypercaloric period, both the high-fructose diet and the

high-glucose diet produced significant increases in

these parameters, without significant differences be-

tween the groups. The investigators concluded that

these changes are mediated by energy rather than by a

specific macronutrient. Bravo et al.113 compared 3 dif-
ferent levels of added sugars, 8%, 18%, and 30% of cal-

ories from either HFCS or sucrose, in a 10-week free-

living trial of 68 men and women between the ages of

20 and 60 years of age and found no increases liver fat

and no differences between the 3 different doses of

sugars.

Two separate systematic reviews and meta-analyses
have been conducted to synthesize the effects of fruc-

tose on markers of NAFLD in the available controlled

feeding trials.114,115 There was no evidence of adverse

effects on alanine aminotransferase or intraheptocellu-

lar lipids in substitution trials, in which fructose-

containing added sugars were compared with starch or

other sugars under energy-matched conditions.

Fructose, however, did increase alanine aminotransfer-

ase and intraheptocellular lipids in hypercaloric add-

ition trials. In the absence of an adverse effect of

fructose on markers of NAFLD in isocaloric substitu-
tion trials, the adverse effects seen in the hypercaloric

addition trials appear to be mediated by excess calories.

Thus, it would appear that normal levels of

fructose-containing sugars do not increase liver fat in

humans, and that there are no differences in a wide

range of consumption levels varying from 8% of calories

(25th percentile population consumption level of fruc-
tose) to 30% of calories (95th percentile population con-

sumption level of fructose) when fructose is consumed
under isocaloric conditions. In contrast, it appears quite

clear from addition trials that short-term overfeeding of
fructose increases liver fat content dose dependently.116

It should be noted, however, that many of these trials
were 10 weeks in duration or shorter; thus, longer-term

trials will be needed to determine whether sugars con-
sumption increases the risk of NAFLD.

PUBLIC POLICY ISSUES

The classic determination of upper limits involves the
establishment of either a maximum dose at which there

is no adverse event or a concentration at which there is
an absence of cytotoxic perturbation.117 On the basis of

these kinds of data, a threshold level above which a
negative outcome is documented, or an upper limit

threshold, can be established. The Institute of Medicine

has taken this approach for many vitamins and
minerals.5

In the absence of an identified threshold, the no
observable adverse effect level (NOAEL) often serves as

a surrogate. A typical safety or uncertainty factor of 100
is applied to a NOAEL to allow for interspecies differ-

ences among animal models and for intraspecies vari-
ations among humans. An acceptable daily intake

(ADI) is typically based on NOAEL � 100. When total
intake (exposure) from all possible sources does not

pose a hazard (remember, risk¼ hazard� exposure),
the risk becomes negligible and a numerical value for

an ADI is not assigned. Thus, in the absence of a

defined ADI, one could expect a lifetime exposure to a
substance would not result in a health risk. This in-

cludes a lifetime exposure to sweeteners.118

Oral toxicity studies are germane to the under-

standing of sucrose safety and the potential develop-
ment of an upper limit. When rats were provided a

100% sucrose-plus-vitamins diet over a 4-week period,
the animals lost 30% body weight,119 as would be ex-

pected following consumption of a nutrient-deficient
yet energy-adequate diet. A study of adult rats fed 80%

sucrose diets for 26 weeks indicated enlarged livers, kid-
neys, and hearts as well as hypercholesterolemia.120

Adult rats fed by gavage, a solution that provided su-

crose doses ranging from 5 to 80 g/kg of body weight
for 30 days, demonstrated mortality threshold at 24 g/

kg.121 The calculated median lethal dose (LD50) of su-
crose from this study was 34.5 6 7.0 g/kg. Loss of body

weight, depressed food intake, and decreased water
consumption were noted within the first 24 hours after

administration of the sucrose solution at doses up to
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20 g/kg. A similar study of young male rats indicated

an acute oral LD50 (100 d) of 28.5 6 1.3 g/kg.122

Interestingly, previous animal studies indicated no signs

of toxicity at 2 to 3 times the LD50 when animals were
fed intragastrically on an empty stomach.123,124 Recent

data indicate the 50th percentile of added caloric sweet-
eners consumption for Americans is approximately
1.1 g/kg.125

Within the United States, sucrose from sugar cane
or sugar beets is considered generally recognized as safe

(GRAS) (21CFR184.1854) and may be used without
limitation other than good manufacturing practice

(CFR; updated May 5, 2016).126 This GRAS status sug-
gests sucrose is safe to consume at typical usage levels

and meets typical toxicological assessment principles
and criteria outlined under guidelines developed by the

Organization for Economic Co-operation and
Development and the International Conference for

Harmonisation. Importantly, the US statute also sug-
gests an undeclared ADI value for sucrose, in the ab-

sence of a formal statement. However, several recent
publications maintain dietary sucrose is toxic, citing

decreased survival among female mice fed sucrose at
25% of energy for 40 weeks127 or the contribution of su-

crose to noncommunicable disease.128 Even the WHO
commented that excess sucrose consumption contrib-

utes to pandemic obesity.1 The recent WHO guidelines
on sugars intake for adults and children state that excess

sugars consumption is associated with excess body
weight gain,1 which is consistent with the “excess” com-

ments noted in the report of the 2010 DGAC.7 These
outcomes of excess consumption are not components

of classical toxicological assessments.
Despite the absence of any classical toxicological

concerns of sucrose at typical consumption levels, there
are many dietary guidelines, emerging statutes, and

consumer litigations that continue to call for a reduc-
tion in sugars intake. Since the 1977 McGovern report

Dietary Goals for the United States,129 which called for
sugars consumption not to exceed 15% of total energy
intake, all subsequent dietary guidelines within the

United States have recommended a reduction in sugars
intake, particularly for consumers with the highest in-

takes. The Institute of Medicine130 advised added sugars
should not comprise more than 25% of total energy in-

take. The 2010 DGAC supported this position and
noted that sugars are like any other macronutrient that

contributes to weight gain when consumed in excess.7

However, the 2015 DGAC recommended that sugars

intake constitute a maximum of 10% of total energy to
reduce excess body weight, reduce the risk of type 2 dia-

betes, and decrease the risk of hypertension, stroke, and
CHD in adults.8 This recommendation is consistent

with the 2015 WHO report, which advises a maximum

free sugars intake of 10% of total energy for adults and

children for a lifetime.1

At least 65 countries have implemented dietary

guidelines or public health policies to curb sugars con-
sumption in an effort to encourage maintenance of

healthy body weight.131 Within the United States, a
2014 ballot initiative to place a $0.01-per-ounce tax on
SSBs was approved by voters in Berkeley, California.

This is the first voter-approved taxation on SSBs. In
January 2015, the Alliance for Healthier Vermont advo-

cated a $0.02-per-ounce excise tax on SSBs, an initiative
that appears to be favored by Governor Peter Shumlin

but opposed by several state senators. The state legisla-
ture is considering two bills, one that supports this ex-

cise tax (H.235) and another that supports the
application of collected funds to subsidize healthcare

costs (H.24). In addition, Vermont’s House Committee
on Human Services is considering a bill (H.89) that pro-

poses to require SSBs sold or distributed in the state to
bear a health and safety warning label. In February

2015, the California State Senate introduced SB 203
(Sugar-Sweetened Beverage Safety Warning Act), in-

tended to warn consumers of the potentially harmful ef-
fects of beverages with added sugars.132 Justifications

for this bill were based on a 2005 report by the Center
for Safety in the Public Interest and a university sur-

vey133 that state those who consume at least one SSB
daily are nearly 30% more likely to be obese. Not men-

tioned by the bill’s proponents is a 2014 study that indi-
cates the prevalence of obesity and overweight status is

about 30% in each category among nonconsumers of
SSBs.134 Following the latest public hearing (April

2015), SB 203 failed to survive a vote by the Senate
Committee on Health.

Meanwhile, on June 1, 2015, the San Francisco
Board of Supervisors advanced three city ordinances

that will require warning labels on advertising for SSBs,
ban SSB ads on city property, and prohibit city depart-

ments from purchasing or selling SSBs. Specifically, the
warning label would read “WARNING: Drinking bever-
ages with added sugar(s) contributes to obesity, dia-

betes, and tooth decay. This is a message from the City
and County of San Francisco.”135

Another argument of the bill’s supporters
(California Center for Public Health Advocacy, 2015) is

that liquid sugars are digested and metabolized differ-
ently than solid forms and thus pose a greater public

health concern. This controversy was addressed by the
2005 DGAC and 2010 DGAC. These two advisory com-

mittees reviewed 74 studies pertinent to this point. The
2005 DGAC found conflicting evidence that liquid and

solid foods differ in their effect on calorie compensa-
tion, and the 2010 DGAC concluded that then-current

(2005–2009) evidence from randomized controlled
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trials of sufficient size and duration was insufficient to

support a possible difference between liquid and solid
sugars intake in body weight control. A subsequent

publication noted, “despite public perception that SSB
are linked to increased body weight compared with

whole foods, evidence-based reviews of this topic do
not support that liquid calories are processed differently

in the body.”136

There is a global movement to levy taxes on SSBs

in an effort to fund medical and public health initiatives
and interventions directed to reduce obesity.137,138 In

Canada, the Childhood Obesity Foundation called for

restricted marketing of SSBs and SSB “smart taxation”
to fund efforts to curb unhealthy weights and reduce

childhood obesity.139 The Mexican government levied
an SSB tax of 1 peso (about $0.07) per liter (�$0.02 per

ounce) in January 2014. According to Mexico’s
National Institute of Public Health, preliminary data in-

dicate a 10% reduction in purchases of SSBs during the
first 3 months after implementation and a 4.7% to 6.4%

reduction in sales of soft drinks, while sales of plain
water have increased 13%.140 Interestingly, sales of soft

drinks with sugars and non-nutritive sweetener blends
are on the rise.140

Banning SSBs in public schools, reducing their
availability across university campuses, and eliminating

the ability to purchase them with food stamps under the

Supplemental Nutrition Assistance Program reflect ef-
forts within the National School Lunch Program141 and

other initiatives to limit soda consumption and intake
of excess calories. In California, SB 12 (2007) required

competitive foods be delivered at all grade levels and
required the implementation of several nutrition stand-

ards in 2009. A recent study indicated students in par-
ticipating schools consumed about 17 g less added

sugars than cohorts from outside of California.142 These
results were based on 24-recall data and did not include

body weight data or assess off-campus consumption of

sugary beverages. A similar study among high school
students under a soda-restriction policy in Boston indi-

cated a slight yet insignificant decline in the total con-
sumption of SSBs between 2004 and 2006.143 A

longitudinal study among 6300 5th- and 8th-grade stu-
dents in 40 states suggested more strict regulations on

food nutrition content may contribute to decreased
body mass index.144 A similar conclusion was suggested

from a study among about 9100 middle-school students
attending 64 schools with different SSB policies.145

CONCLUSION

In light of differing recommendations for upper limits
of consumption of fructose-containing sugars, consid-

erable controversy and confusion exists both in the

nutrition community and among public policy makers.

Data from higher-quality scientific studies, including

systematic reviews and meta-analyses of randomized

controlled trials and individual controlled trials, have

yielded contrasting results. It appears that sugars

(including fructose) do not have any adverse effects

when tested in isocaloric exchange for other carbohy-

drates; most adverse effects, it seems, appear under con-

ditions of hypercaloric exchange. As recently concluded

by the European Food Safety Authority, the scientific

evidence on the effects of sugars on health is insufficient

to set an upper limit for consumption. Indeed, effects

are largely dependent on the overall diet and energy

balance. As such, it is unknown whether restrictive

guidelines on sugars intakes, when promulgated in iso-

lation and dissociated from global recommendations on

overall diet quality, can represent an effective strategy

to curb the prevalence of obesity and metabolic dis-

orders. Any recommendations must be dependent on

energy balance and nutrient adequacy. These consider-

ations should inject a note of caution into restrictive

guidelines such as those promulgated by respected sci-

entific organizations such as the WHO, the American

Heart Association, and the Scientific Advisory

Committee on Nutrition. For now, it would appear pru-

dent to avoid excessive calories from sugars, although

the scientific basis for restrictive guidelines is far from

settled.
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