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ARTICLE INFO ABSTRACT

Article history: Non-nutritive sweeteners (NNS) were thought to be healthy sugar substitutes used instead
Received 3 June 2019 of sugar for caloric and glycemic control but evidences blaming them for contributing to
Accepted 8 July 2019 type 2 diabetes (T2D) are rising. We aim to investigate whether NNS consumption prevents
Available online 19 July 2019 or causes T2D. Articles of all designs conducted on humans were retrieved from three data-

bases in addition to manually reviewed articles. The literature is highly heterogeneous, and
conclusions vary with different studies’ types and designs. While some studies highlighted
the neutral effect of NNS on T2D or reported inconclusive evidences to make their conclu-
sion, others either found NNS culprit for increasing the risk for T2D or reported their pro-
tective effect against it. Those results were changing after adjustment for confounders. Due
to the inconsistency in the literature, well-designed studies that take into consideration all
types of confounders are needed.

Research in context: Evidence before this study: The epidemic of obesity is the result of many
factors and causes several chronic diseases where its association with type 2 diabetes is
well established. The first line of treatment for obesity is lifestyle changes including phys-
ical activity and dietary intervention where non-nutritive sweeteners have received a high
attention; those were thought to be healthy sugar substitutes used instead of sugar for
caloric and glycemic control but several evidences have blamed them for having a role in
the development of type 2 diabetes. In our paper, we aim to investigate whether non-
nutritive sweeteners consumption prevents or causes type 2 diabetes. To respond to this
question, an extensive search of the literature was conducted between October and Decem-

» o«

ber 2018 using the key terms “non-nutritive sweeteners”, “artificial sweeteners”, “high-
intensity sweeteners”, “type 2 diabetes” and “prediabetes” on three databases including
Pubmed, Science direct and Scopus. Additional search for relevant articles was carried
out manually from the reference list of selected articles. Animal studies, studies involving
sugar alcohols or those conducted on children, adolescents, pregnant women, or on partic-
ipants with diabetes were excluded. Human studies conducted from January 2004 to Octo-
ber 2018 were included and divided into observational, interventional, and systematic
review and meta-analysis for discussion and analysis

Added value of this study: In the literature, the term high-intensity sweeteners has been
used interchangeably with non-nutritive sweeteners, artificial sweeteners or low-calorie
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sweeteners but few articles, if any, clarified the difference between them. In our review, we
gathered the different definitions and classifications and summarized them to help the
reader understand the difference.

Since artificial sweeteners are nowadays widely used and prescribed for caloric and gly-
cemic control, and are unintentionally consumed because they enter in the manufacturing
process of thousands of products and due to their potential side effects reported in several
studies, we found it interesting to gather, summarize and discuss the available results
assessing the role of non-nutritive sweeteners in the development of type 2 diabetes. Those
results showed the heterogeneity of the literature and the difficulty in having a firm con-
clusion; this helps researchers to profit from our study and to conduct well-designed stud-
ies leading to firm conclusions and recommendations.

Implications of all the available evidence: Despite the absence of strong conclusion that
confirms the fact that non-nutritive sweeteners consumption increases the risk for dia-
betes, no firm conclusion rejects this statement. In result, the existing evidences in addi-
tion to our study should ring the bell for clinicians and practitioners who are prescribing
those sugar-alternatives as “healthy substitute” to white sugar. Moreover, this encourages
the manufacturers to search for a healthy natural alternative to artificial sweeteners to be

used in the manufacturing process.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Diabetes, “one of the great health-care challenges of the 21st
century” [1], has a huge economic burden over the globe [2].
It’s a chronic condition where absent, insufficient or inactive
insulin causes hyperglycemia leading to the disease.
Untreated, diabetes increases the risk of disability [3] and
causes several complications, delayed or prevented with early
diagnosis and adequate intervention [4]. Worldwide, there are
425 million individual with diabetes expected to become 625
million by 2045. In 2017, “diabetes accounted for 10-7% of glo-
bal all-cause mortality” among people aged 20-79 years and
51-8% of deaths before the age of sixty in the Middle East
and North Africa were due to diabetes or its complications [4].

Diabetes is diagnosed based on one of the criteria men-
tioned in Table 1 and is classified into four categories: type 1
diabetes, type 2 diabetes (T2D), gestational diabetes, and a
category including less common types of diabetes [5]. T2D is
the most common accounting for 90-95% of all diabetes and
is caused by the progressive loss of beta-cells function due
to insulin resistance (IR) [5] where the majority of individuals

with diabetes are overweight or obese. It’s preceded by predi-
abetes where the blood glucose (BG) levels are above normal
but are not high enough to be diagnosed as diabetes [5]. In
the United states, around 84 million adults have prediabetes
and 90% of them ignore that they have it [6] making them
more prone to develop cardiovascular diseases and T2D [5].
All types of diabetes develop the same complications [5] that
begin to form during the prediabetes phase, long time before
the diagnosis of T2D where around one-third to one-half of
persons with diabetes are undiagnosed because symptoms
remain silent for many years [4]. Untreated, prediabetes pro-
gresses to T2D where comes the importance of lifestyle inter-
vention that can decrease the incidence of T2D by 58% over
three years [7]. Along with 150 min per week of moderate
intensity physical activity, achieving and maintaining a 7%
weight loss is the second goal of diabetes prevention program.
While some foods were found to be associated with a
decreased risk for T2D, others including sugars were blamed
for increasing the risk for many health problems including
diabetes [8]; this gave attention to non-nutritive sweeteners
(NNS) as alternatives to sugar that are low in calories and safe
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Table 1 - Criteria for the diagnosis of diabetes.

Test Level

FPG! >126 mg/dL’
2 h plasma glucose during an OGTT? >200 mg/dL
Alc levels® >6.5%
Random plasma glucose levels* >200 mg/dL

Abbreviations: Alc: glycated hemoglobin; DCCT: diabetes control

and complication trial; FPG: fasting plasma glucose; NGSP: national

glycohemoglobin standardization program; OGTT: oral glucose

tolerance test.

1 After a fast of at least 8 h without any caloric intake.

2 The patient is given 75 g anhydrous glucose dissolved in water
and the levels of his plasma glucose are measured after 2 h.

3 Using a method that is NGSP certified and standardized to the
DCCT assay.

* In a patient with classic symptoms of hyperglycemia or hyper-
glycemic crisis.

" In the absence of unequivocal hyperglycemia, results should be
confirmed by repeat testing.

for diabetes prevention and management if used within the
acceptable daily intake (ADI) levels and without compensa-
tion [5].

Sweeteners first appeared in the 19th century [9] and their
definition and classification are inconsistent in the literature;
while the European Food Safety Authority defines sweeteners
as “Food additive substances used to impart a sweet taste to
foods or in table-top sweeteners” and divide them into
high-intensity sweeteners (HIS) and polyols while placing
sugars on a separate category [10], the Food and Drugs
Administration (FDA) defines sweeteners as “food additives
that add sweetness with or without the extra calories”,
includes sugars in the definition of sweeteners and considers
sugar alternatives (SA) as HIS. Those are divided into nutritive
and NNS, where aspartame is considered as a nutritive sweet-
ener while Saccharin, Acesulfame potassium (Ace-K), Sucra-
lose, Neotame, Advantame, Steviol glycosides (known as
stevia), and Luo Han Guo fruit extracts as NNS [11]. Other
classifications are based on the energy contribution of SA
(caloric or non-caloric), their source (natural or synthetic),
their chemical structure [12,13], or their effect on post-
prandial glucose response [12] etc. .. In the literature, the term
HIS has been used interchangeably with NNS, artificial sweet-
eners (AS), or low-calorie sweeteners. There’s a long list of SA
and many products enter the market yearly. The list of
approved HIS differ among countries; while eleven are per-
mitted in Europe [14], eight are regulated by the FDA [15]
and approved in the United States including Saccharin,
Aspartame, Ace-K, Sucralose, Neotame, Advantame, Stevia,
and Luo Han Guo [11]. They are 30-13,000 times sweeter than
sugar [16], have different functional properties and may be
unintentionally consumed [17] because they enter in thou-
sands of products [13]. For the purpose of this brief, the terms
HIS or NNS will be used describing all SA including low or
non-caloric sweeteners and natural or synthetic ones since
all are used as sugar substitutes [11] where a minimal amount
can enhance flavor without increasing caloric intake. Despite
their wide usage and prescription as SA for caloric and glyce-

mic control, several evidences were blaming NNS for having a
role in the development of T2D.

2. Methods
2.1.  Search strategy and selection criteria

In this paper, we aim to investigate whether NNS consump-
tion prevents or causes T2D. To respond to this question, an
extensive search of the literature was conducted between
October and December 2018 using the key terms “non-
nutritive sweeteners”, “artificial sweeteners”, “high-
intensity sweeteners”, “type 2 diabetes”, and “prediabetes”
on three databases including Pubmed, Science direct, and
Scopus. Additional search for relevant articles was carried
out manually from the reference list of selected articles. Ani-
mal studies, studies involving sugar alcohols or those con-
ducted on children, adolescents, pregnant women, or on
participants with diabetes were excluded. Human studies
conducted from January 2004 to October 2018 were included
and divided into observational, interventional, and system-
atic review and meta-analysis for discussion and analysis.

3. Results

In observational studies including cross-sectional, case-
cohort and prospective studies, conclusions are heteroge-
neous and vary among the same types of studies (Table 2).

While Leahy et al. [18] concluded that low calories sweet-
ened beverages (LCSB) consumption was associated with
decreased markers of prediabetes thereby decreasing the risk
of T2D, Kuk and brown [19] concluded that aspartame but not
saccharine had negative effects on BG levels among obese but
not lean individuals making them at higher risk for T2D.

In many studies, NNS consumption was associated with
an increased risk for T2D lost after adjustment for body mass
index (BMI) and other variables; this was reported in a cross-
sectional [20] and a case-cohort study [21] where the associa-
tion between artificially-sweetened beverages (ASB) con-
sumption and the increased odds of newly diagnosed
diabetes reported before the adjustment became insignificant
after adjusting for BMI and other confounders among obese
but not normal [20,21] or overweight [21] individuals.

While in two prospective studies the consumption of diet
soft drinks was not significantly associated with an increased
risk for T2D among healthy women free from diabetes [22,23],
the consumption of caffeine and caffeine-free beverages
sweetened with AS was associated with an increased risk
for T2D among females and males participants [24]; this asso-
ciation was lost after adjusting for BMI and energy intake
among others especially in males. In females, intake of caf-
feine beverages with AS was not associated with an increased
risk for T2D but the risk was increased among those consum-
ing decaffeinated ASB [24]. This was consistent with other
studies where the association between ASB consumption
and IR [25] and risk for T2D [26,27] among participants free
from diabetes was lost after adjustment for BMI [25-27] and
waist circumference (WC) [27] among other confounders



Table 2 - Observational studies describing the association between NNS consumption and T2D risk before and after adjusting for confounders.

Reference Type of study (Sample Sources of Variables adjusted for Before adjusting for After adjusting for confounders (NNS and
size) NNS confounders (NNS and risk for T2D)
risk for T2D)
Not 1 risk for | risk for Non- Positive
associated T2D T2D significant risk
with T2D risk
Leahy et al. Cross-sectional (25 Low-calorie Age, gender, ethnicity, X
[18] 817 non-diabetic sweetened current smoking, poverty
adults aged 19 years beverages (all income ratio, PAL,
and older) types of alcohol intake, BMI
beverages)
Kuk and Cross-sectional (2 856 Aspartame - x® x®®
Brown [19] non-diabetic and
participants aged 40- Saccharine
74 years) from foods
and beverages
Yarmolinsky Cross-sectional (12 ASB M1: sex, age, race/skin X X
et al. [20] 884 non-diabetic color, study center; M2:
participants aged 35- M1 + educational
74 years at baseline) attainment, current
smoking status, leisure
time physical activity,
HTN, family history of
diabetes, dietary changes
in previous 6 months,
alcohol consumption,
SSB consumption,
unsweetened beverage
consumption, diet/light
food consumption, TEI,
BMI, WHR
Romaguera Case-cohort (11 684 Artificially Adjusted model: sex, X X
et al. [21] incident cases and a sweetened educational level,

sub-cohort of 15 374
participants)

soft drinks

physical activity,
smoking status, alcohol
consumption, juices and
total soft drinks were
mutually adjusted; sugar-
sweetened and artificially
sweetened soft drinks
were mutually adjusted
plus adjustment for juice
consumption; M2:
adjusted model + energy
intake; M3: M2 + BMI
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Table 2 - (Continued)

Reference Type of study (Sample Sources of Variables adjusted for Before adjusting for After adjusting for confounders (NNS and
size) NNS confounders (NNS and risk for T2D)
risk for T2D)
Not 1 risk for | risk for Non- Positive
associated T2D T2D significant risk
with T2D risk
Palmer et al. Prospective cohort (43 Diet soft - X
[22] 960 non-diabetic drinks
African American
women aged 21—
69 years at baseline)
Schulze et al. Prospective cohort (91 Diet soft M1: age; M2: M1 + alcohol X
[23] 249* and 51 603"~ drinks intake, physical activity,
female nurses free family history of
from diabetes, diabetes, smoking,
cardiovascular postmenopausal
diseases and cancer hormone use, oral
aged 2444 years at contraceptive use, intake
baseline) of cereal fiber,
magnesium, trans-fat,
ratio of PUFA to SFA and
consumption of sugar-
sweetened soft drinks,
diet soft drinks, fruit
juice and fruit punch
(other than the main
exposure depending on
the model); M3: M2
+ baseline BMI; M4: M3
+ TEI
Bhupathiraju Prospective cohort (74 Caffeinated M1: age and time X x™ xm-
et al. [24] 749 women from the and interval; M2: M1
NHS aged 30-55 years decaffeinated + smoking status, alcohol
and 39 059 men from artificially use, postmenopausal
the HPFS aged 40- sweetened hormone use, physical
75 years free from carbonated activity, family history of
diabetes, beverages diabetes, alternate HEI,
cardiovascular consumption of other

diseases and cancer

at baseline)

beverage other than the
main exposure
depending on the model
(total coffee, caffeinated
tea, fruit punch, SSB or
ASB), presence of HTN,
HCT, adherence to a low
calorie diet, reported
weight change; M3:M2

+ TEI, BMI

98//01 (610¢) SST IDILOVYA TVDINITO ANV HOYVISIY §3134VId



Table 2 — (Continued)

Reference Type of study (Sample Sources of Variables adjusted for Before adjusting for After adjusting for confounders (NNS and
size) NNS confounders (NNS and risk for T2D)
risk for T2D)
Not 1 risk for | risk for Non- Positive
associated T2D T2D significant risk
with T2D risk
Ma et al. [25] Prospective cohort (1 Diet soda M1: baseline HOMA-IR, X X
685 participants age, sex, current smoking
without pre-diabetes status, HTN, PAL, BMI,
and 2 076 non- DGAI score, intakes of
diabetics) energy, alcohol and fruit
juice, mutual adjustment
for SSB and diet soda
intake; M2: M1 except
that the DGAI score was
replaced with intakes of
individual foods
including coffee, whole
grains, fruit, vegetables,
red meat, nuts and fish
de Koning Prospective cohort (40 ASB Age, smoking, physical X X
et al. [26] 389 healthy males activity, alcohol intake,
aged 40-75 years at multivitamin use, family
baseline) history of T2D, high
triglycerides, high blood
pressure, use of diuretics,
weight change,
adherence to a low
calorie diet, TEI, BMI
O’Connor Prospective cohort (24 ASB M1: age, sex, X X
et al. [27] 653 non-diabetic occupational social class,
participants aged 40- education level, family
79 years at baseline) history of diabetes, PAL,
smoking status, alcohol
consumption, season,
mutual adjustment for
intake of other sweet
beverages; M2: M1 + TEIL;
M3: M2 + BMI, WC
Nettleton Prospective cohort (6 Diet soda M1: study site, age, sex, X X
et al. [28] 814 Caucasian, race, ethnicity, energy

African American,
Hispanic and Chinese
adults aged 45-

84 years)

intake; M2: education,
physical activity,
smoking status,
supplement use; M3: M2
+ WC and BMI
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Table 2 - (Continued)

Reference Type of study (Sample

size)

Sources of
NNS

Variables adjusted for

Before adjusting for
confounders (NNS and

risk for T2D)

After adjusting for confounders (NNS and
risk for T2D)

Not
associated
with T2D

1 risk for | risk for Non- Positive
T2D T2D significant risk
risk

Sakurai et al. Prospective cohort (2
[29] 037 Japanese men
aged 35-55 years)

Fagherazzi
et al. [30]

Prospective cohort (66
118 non-diabetic
women)

Fagherazzi
et al. [31]

Prospective cohort (61
440 healthy women
aged 40-65 years at
baseline)

Diet soda

ASB

Artificial
sweeteners
from packets
or tablets

M1: age; M2: M1 + BMI;
M3: M2 + family history
of diabetes, smoking,
alcohol drinking,
habitual exercise,
presence of HTN,
presence of dyslipidemia,
receiving the diet
treatment for chronic
disease, TEI, total fiber
intake; M4: M3

+ consumption of SSB
(for diet soda), fruit juice
consumption, vegetable
juice consumption,
coffee consumption

M1: years of education,
smoking status, physical
activity, HTN, HCT, use of
HRT, family history of
diabetes, self-reported
use of antidiabetic drugs,
alcohol intake, omega-3
fatty acid intake, CHO
intake, coffee, fruit and
vegetables, processed-
meat consumption,
dietary pattern; M2: M1
+ TEI (excluding energy
from alcohol and CHO);
M3: M2 + BMI

M1: univariate; M2: M1

+ baseline alcohol
consumption, CHO
intake, daily energy
intake from protein and
lipids, level of education,
smoking status, HTN,
HCT, family history of
diabetes, physical
activity; M3: M2 + BMI

X X

98//01 (610¢) SST IDILOVYA TVDINITO ANV HOYVISIY §3134VId
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Abbreviations: ASB: artificially sweetened beverages; BMI: body mass index; CHO: carbohydrates; DGAL dietary guidelines adherence index; HCT: hypercholesterolemia; HEIL: healthy eating index;
HOMA-IR: homeostatic model assessment of insulin resistance ; HPFS: health professionals follow-up study; HRT: hormone replacement therapy; HTN: hypertension; M: model; NHS: nurses’ health

study; NNS: non-nutritive sweeteners; PAL: physical activity level; PUFA: poly unsaturated fatty acid; SFA: saturated fatty acid; SSB: sugar sweetened beverages; T2D: type 2 diabetes; TEL: total energy

intake; WC: waist circumference; WHR: waist to hip ratio.

® Saccharine.
®® Aspartame.

* for diabetes analysis.
** for weight change analysis.

® In males consuming caffeinated and caffeine free carbonated beverages sweetened with artificial sweeteners and in females consuming caffeinated carbonated beverages sweetened with artificial

sweeteners.

®® 11 females consuming caffeine free carbonated beverages sweetened with artificial sweeteners.

The sample used to analyze the association between cumulative mean consumption of SSB or diet soda and incident prediabetes.

The sample used to analyze the association between beverage consumption and changes in HOMA-IR.

making ASB inoffensive in the development of obesity and
T2D [26].

From the other side, several prospective studies showed a
positive association between AS consumption and the
increased risk for T2D even after adjusting for confounders.
One study concluded that daily diet soda consumption was
associated with an increased risk for T2D, attenuated while
remaining statistically significant after further adjustment
for baseline BMI and WC [28]. Consistently, another study
reported that diet soda consumption was associated with an
increased incidence of T2D even after multivariable adjust-
ment where the consumption of 1serving/day of diet cola
increased the risk for diabetes by 70% among males free from
diabetes [29]. Similarly, the consumption of AS from bever-
ages [30] or packets/pills [31] was associated with an
increased risk for T2D among women; frequent daily con-
sumers of AS from packets/pills had 63% higher risk for T2D
while those with lower consumption had 32% higher risk for
T2D [31]. The association diminished but remained statisti-
cally significant after adjustment for BMI and other con-
founders [30,31].

Results of human interventional studies were also hetero-
geneous (Table 3). In a cross-over study, participants were
randomized to compare the effect of consuming a beverage
sweetened either with sucrose or with a HIS on energy intake
and on BG and insulin levels where HIS were divided into nat-
ural or artificial. During the test, participants were given a test
breakfast in the morning and a test beverage in the mid-
morning followed by a lunch after 1 h while testing their BG
and insulin levels. Then, they were dismissed 2 h after lunch.
Larger spikes in BG and insulin levels were recorded in the
sucrose group after consuming the test beverage whereas
the levels remained steady among those consuming HIS until
after lunch where the spike in insulin and glucose was higher
among HIS consumers even after adjusting for confounders.
Overall, there was no difference between both groups in total
energy intake and in the total area under the curve (AUC) for
glucose and insulin noting that the type of sweetener didn’t
show any effect on the results [32]. Using the same design,
ten males were recruited from the study above to investigate
the effect of replacing a sucrose beverage with a beverage
containing natural or AS. Participants underwent the same
protocol but their BG and insulin levels were tested over a per-
iod of 24 h. There was no significant difference in the total
AUC for glucose and insulin even after controlling for con-
founders with no difference between natural or AS [33].

A study of a longer period randomized participants into
two groups to investigate the metabolic effects of a diet rich
in sucrose compared to that rich in AS [34]; twelve were given
sucrose containing meals and the rest was given meals with
AS while keeping the rest of their diet normal. After ten
weeks, participants were placed in a respiratory chamber,
were given breakfast and lunch and underwent blood tests
before and after the meals. The sucrose group had larger
spikes in post-prandial glucose and insulin after the breakfast
with a significant difference in the incremental area under
the curve (1AUC) for glucose but that of insulin failed to reach
significance even after adjusting for confounders.

Another study randomized participants into two groups;
the first was given sucralose pills over four weeks and the



Table 3 - Interventional studies describing the association between NNS consumption and T2D risk.

Reference Type of study (Sample Duration Type and source of NNS  Control group No difference Beneficial effect of NNS risk No effect of
size) in the experimental between NNS and NNS on T2D risk NNS on T2D
group control risk
Tey et al. [32] Randomized cross- 6 h each test  Aspartame (artificial sucrose X
over double blind (30 session for 4 sweetener), stevia and sweetened
healthy normal sessions monk-fruit (natural beverages
weight males aged sweetener) from a test
between 21 and beverage
50 years)
Tey et al. [33] Randomized cross- 1 day each Aspartame (artificial sucrose X
over double blind (10 test for 4 sweetener), stevia and sweetened
healthy normal sessions monk-fruit (natural beverages
weight males aged sweetener) from a test
between 21 and beverage
50 years)
Raben et al. Randomized 10 weeks Artificial sweeteners Sucrose from X
[34] controlled trial (23 from food and beverages food and
healthy overweight beverages
participants aged
between 20 and
50 years)
Lertrit et al. Randomized cross 4 weeks each  Sucralose pills Placebo X
[35] over double blind (15 phase for 2 (empty pills)
healthy participants  phases
aged > 18 years)
Ma et al. [36] Randomized single 4h each Intragastric infusion of  normal saline X
blind (7 healthy session for 4  sucralose in normal or 50 g of
normal weight sessions saline (80 g and 800 mg) sucrose in
participants aged 24 water
+ 2 years)
Grotz et al. Randomized double 20 weeks Sucralose pills Placebo X
[37] blind (46 healthy (cellulose)

males)

Abbreviations: NNS: non-nutritive sweeteners; T2D: type 2 diabetes.
" consisting of 4 weeks screening, 12 weeks test and 4 weeks follow-up.
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Table 4 — Systematic reviews describing the association between NNS consumption and T2D risk.

Reference Type of study (Sample size) NNS and T2D risk
No conclusive 1 the risk for Not beneficial
evidence T2D in risk
prevention
Lohner et al. [38] Scoping review (15 SR, 155 RCT, 23 non- X
randomized controlled trials, 57 cohort, 52
case-control, 28 cross-sectional, 42 case
series/case reports)
Bruyere et al. [39] Systematic review and meta-analysis (383 X
studies)
Romo-Romo et al. [40] Systematic review (14 prospective studies, 28 X
clinical trials and 2 meta-analysis)
Wiebe et al. [41] Systematic review and meta-analysis (53 RCT) X
Tucker and Tan [42] Systematic review (41 interventional studies) X

Greenwood et al. [43]
prospective studies)
Imamura et al. [44]
21 prospective studies

Systematic review and meta-analysis

Systematic review and meta-analysis (11 X

Abbreviations: NNS: non-nutritive sweeteners; RCT: Randomized controlled trial; SR: systematic review; T2D: type 2 diabetes.

second was the control group in a cross-over randomized
design. They underwent an oral glucose tolerance test at
the end of each phase, followed by an intravenous glucose tol-
erance test the next day. There was no difference in the AUC
for glucose between both groups, but sucralose consumers
had lower insulin sensitivity and higher AUC for Glucagon-
like peptide-1 (GLP-1) [35]. This was inconsistent with Ma
et al. [36] where sucralose, but not sucrose, when taken in iso-
lation by intragastric infusion didn’t increase GLP-1, gastric
inhibitory polypeptide (GIP), insulin, and glucose levels
among participants.

Contrarily, high doses of sucralose had no negative effects
on BG control where insulin, glucose, and glycated hemoglo-
bin (Alc) levels remained in normal ranges similar to placebo
[37] making sucralose a good option for those seeking BG con-
trol like individuals with diabetes or those at risk of develop-
ing the disease.

Results of systematic reviews and meta-analysis were
highly heterogeneous (Table 4); while the majority of system-
atic reviews [38-41] and meta-analysis [39,41] reported that
there is no conclusive evidence that NNS increase the risk
for T2D, others showed that NNS have no effects [42] on
T2D prevention or found them to be associated with an
increased incidence of T2D [43-44] independent of adiposity
[44] or attenuated by adjustment for BMI [43].

4, Discussion

The unclear association between NNS and the risk for T2D is
affected by many factors including adiposity, reverse causal-
ity, gut microbiota among others. Obesity is a confounding
factor in the relationship between NNS and metabolic dis-
eases [40] but the true direction of the association is unclear;
it’s unknown whether NNS consumption is directly associ-
ated with T2D independent of obesity, or if the association
is due to reverse causality where individuals with diabetes
tend to consume NNS for caloric and glycemic control or if
adiposity has a role in the association between NNS and

T2D. Since adiposity is reflected mainly by BMI and WC,
adjustment for these factors is important to clarify the role
of adiposity. Therefore, adjustment for BMI in the study of
Kuk and Brown [19] was of ultimate importance to under-
stand whether obesity has caused this impaired plasma glu-
cose levels, or whether aspartame consumption increased
the risk for T2D independently of obesity.

The majority of the studies adjusted for BMI and other
confounders; In Bhupathiraju et al. [24] the association lost
after adjusting for BMI and total energy especially in males,
was attributed to reverse causality but they were unable to
explain the reason behind the difference between caffeinated
and decaffeinated ASB among females and have linked it to
unhealthy lifestyles not included in their study. The associa-
tion between NNS and the risk for T2D reported among over-
weight and/or normal but not obese subjects may be either
due to confounding where those with excess weight could
have made lifestyle changes that might have affected the
results [20], or due to a possible role of adiposity, or due to
reverse causality [21] which also explains the results of other
studies [26,27]. In Ma et al. [25], different assays were used to
measure insulin at baseline and during follow-up which
might have affected the results, but their results were sup-
ported by the increased risk for prediabetes.

Contrarily, the association between NNS consumption and
the risk for T2D remained after adjustment for BMI and other
variables indicating an independent association between ASB
and T2D partly mediated by BMI [30] as well as both direct and
indirect effect of NNS on T2D partly mediated by adiposity
[31]. It’s worthwhile to note that in Nettleton et al. [28] partic-
ipants were not previously healthy, inclusion criteria were
unclear and diabetes risk factors were not considered which
might have affected their results.

Based on the results of the reviewed observational studies,
no firm conclusions could be drawn due to the heterogeneity
of the studies that differed in the population, the type and
form of sweeteners, the monitoring periods, how AS intake
was assessed and the bias due to different methods in analyz-
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ing different variables where in many studies weight, ques-
tionnaires and other variables were self-reported in addition
to the inability of some observational studies to reveal causal-
ity, where comes the importance of reviewing interventional
studies to understand the true association.

In interventional studies, results of Tey et al. [32,33] when
taken as a whole, showed that LCSB have minimal effect on
BG levels when compared to sucrose, but both studies were
of a short duration and individuals were healthy normal
weight males where comes the importance of reviewing stud-
ies of longer duration conducted on both sexes from all BMI
categories because the majority of NNS consumers have dia-
betes or have excess weight and use them for caloric and gly-
cemic control. The study conducted over a longer period
showed that post-prandial insulin, glucose, and lipid levels
were significantly higher among sucrose consumers suggest-
ing a potential benefit in substituting a high sucrose diet with
a diet containing NNS [34] which was inconsistent with Tey
et al. [32] where the levels were increased among NNS con-
sumers. However, comparison can’'t be made because the
sweeteners used, the participants, and the study design and
duration are not similar. Consistently with Tey et al. [32,33],
an insignificant difference in the AUC for glucose was
reported between the sucralose and placebo groups, but
sucralose consumers had increased GLP-1 levels and were at
a higher risk for T2D due to the decrease in insulin sensitivity
and increase in insulin release as indicators for IR [35] along
with a reduction in acute insulin response which is the first
indicator for defects in beta-cells function [45]. This high-
lights the effect of chronic exposure to sucralose on the risk
for T2D which contradicts the results of Ma et al. [36] reported
previously. By giving sucralose in form of pills or by intragas-
tric infusion, both studies [35,36] bypassed the sweet taste
receptors in the mouth suggested to have a potential role in
insulin and other hormones release, which doesn’t occur in
real life. Moreover, Lertrit et al. had a small sample size with
the majority of their participants being females in addition to
the absence of baseline glucose and insulin levels which
would have been helpful to compare the results [35]. Simi-
larly, Grotz et al. [37] excluded females and provided sucralose
in form of pills bypassing the sweet taste receptors in the
mouth.

The reviewed interventional studies were of a short dura-
tion, had different protocols, used different sweeteners and
were conducted over different populations making conclu-
sions hard to be drawn where comes the importance of
reviewing systematic reviews and meta-analysis for having
the highest quality of evidence among all study designs.

From systematic reviews and meta-analysis, no solid con-
clusion could be drawn and comparison can’t be made
because those are conducted on different studies’ types and
designs. Taking this into consideration, results may be biased
and causality is difficult to determine making the current
level of evidence insufficient to conclude whether NNS con-
sumption is associated with diabetes or has favorable or detri-
mental effects on the disease.

Due to the detrimental effect of sugar and sugar-
sweetened beverages, researchers were investigating the pos-
sibility of replacing sugar and sugar-sweetened beverages
with NNS and ASB; while some studies concluded that it’s

better for obese or those at risk of weight gain or T2D to con-
sume ASB instead of sugar-sweetened beverages [18,22,46],
others have concluded that ASB shouldn’t be encouraged
[40] or recommended instead of water [39,47] for being non-
healthy options in the prevention of diabetes [44] but can be
used if consumed within the ADI and without compensation
[40,46]. Those could exert potential health improvements but
more structured and relevant studies are required to assess
their outcome [41].

To our knowledge, this is the first mini-review that
explained and compared the different definitions and classifi-
cations of sweeteners, and from the few reviews that studied
the variables adjustments while including all forms of sweet-
eners in the analysis. Limitations include not analyzing all
studies and restricting them to those conducted on adults
free from diabetes while excluding children, adolescents,
and pregnant women who constitute a large proportion of
the population.

Due to the lack of conclusive data and because NNS are
being largely consumed and prescribed, and since the major-
ity of interventional studies assessed the role of NNS in isola-
tion and not as part of a habitual diet, there is an urgent need
of well-designed studies that take into consideration all types
of confounders and factors that play a role in the develop-
ment of T2D.

Role of the funding source

The funding sources had no role in the study design, data col-
lection, data analysis, data interpretation, or in the writing or
submission of the report. The corresponding author had full
access to all the data in this study and had the final responsi-
bility for the decision to submit this manuscript for
publication.

Acknowledgements

We would like to thank the National Council for Scientific
Research and the Holy Spirit University for supporting our
research project.

Authors contribution

All authors contributed equally in this work; they all designed
revised and approved the final version of the manuscript.

Declaration of Competing Interest

The authors declare no conflict of interest.

REFERENCES

[1] Zimmet PZ, Magliano D], Herman WH, Shaw JE. Diabetes: a
21st century challenge. Lancet Diabetes Endocrinol 2014;2
(1):56-64. https://doi.org/10.1016/S2213-8587(13)70112-8.

[2] Bommer C, Heesemann E, Sagalova V, Manne-Goehler J, Atun
R, Barnighausen T, et al. The global economic burden of
diabetes in adults aged 20-79 years: a cost-of-illness study.



https://doi.org/10.1016/S2213-8587(13)70112-8

12 DIABETES RESEARCH AND CLINICAL PRACTICE I55 (2OI9) 107786

Lancet Diabetes Endocrinol 2017;5(6):423-30. https://doi.org/
10.1016/52213-8587(17)30097-9.

[3] Wong E, Backholer K, Gearon E, Harding J, Freak-Poli R,
Stevenson C, et al. Diabetes and risk of physical disability in
adults: a systematic review and meta-analysis. Lancet
Diabetes Endocrinol 2013;1(2):106-14. https://doi.org/10.1016/
S$2213-8587(13)70046-9.

[4] IDE. IDF diabetes atlas — Across the globe. 2017; Available at:
http://www.diabetesatlas.org/across-the-globe.html.
Accessed Nov 9, 2018.

[5] ADA. Standards of medical care in diabetes—2018. Diabetes
Care 2018;41:S20.

[6] CDC. Prediabetes — Your Chance to Prevent Type 2 Diabetes.

2018; Available at: http://bit.ly/2hMpYrt. Accessed Nov 9,

2018.

Knowler WC et al. Reduction in the incidence of type 2

diabetes with lifestyle intervention or metformin. N Engl J

Med 2002;346(6):393-403. https://doi.org/10.1056/

NE]Mo0a012512.

[8] Popkin BM, Hawkes C. Sweetening of the global diet,

particularly beverages: patterns, trends, and policy

responses. Lancet Diabetes Endocrinol 2016;4(2):174-86.
https://doi.org/10.1016/S2213-8587(15)00419-2.

Carocho M, Morales P, Ferreira Isabel CFR. Sweeteners as food

additives in the XXI century: a review of what is known, and

what is to come. Food Chem Toxicol 2017;107:302-17. https://
doi.org/10.1016/j.fct.2017.06.046.

[10] European Parliament, Council of the European Union.
Regulation (EC) No 1333/2008 of the European Parliament and
of the Council of 16 December 2008 on food additives (Text
with EEA relevance). 2008; Available at: http://data.europa.eu/
eli/reg/2008/1333/0j/eng. Accessed Dec 21, 2018.

[11] FDA. Food Additives & Ingredients — Additional Information
about High-Intensity Sweeteners Permitted for Use in Food in
the United States. 2014; Available at: https://www.fda.gov/
Food/IngredientsPackagingLabeling/
FoodAdditivesIngredients/ucm397725.htm. Accessed Dec 21,
2018.

[12] Gil-Campos M, SanjoséGonzdalez MA, DiazMartin JJ. Use of
sugars and sweeteners in children’s diets. Recommendations
of the Nutrition Committee of the Spanish Association of
Paediatrics 353.e7. Anales de Pediatria (English Edition)
2015;83(5). https://doi.org/10.1016/j.anpede.2015.10.002.

[13] Garcia-Almeida JM, Casado Fdez GM, Garcia Aleman J. A
current and global review of sweeteners. Regulatory aspects.
Nutr Hosp 2013;28(Suppl 4):17-31. https://doi.org/10.3305/
nh.2013.28.sup4.6793.

[14] Joint Research Center. Sugars and Sweeteners — EU Science
Hub - European Commission. 2017; Available at: https://ec.
europa.eu/jrc/en/health-knowledge-gateway/promotion-
prevention/nutrition/sugars-sweeteners. Accessed Dec 21,
2018.

[15] Fitch C, Keim KS. Position of the Academy of Nutrition and
Dietetics: use of nutritive and nonnutritive sweeteners. J
Acad Nutr Diet 2012;112(5):739-58. https://doi.org/10.1016/
j.jand.2012.03.009.

[16] Zygler A, Wasik A, Kot-Wasik A, Namiesnik J. Determination
of nine high-intensity sweeteners in various foods by high-
performance liquid chromatography with mass
spectrometric detection. Anal Bioanal Chem 2011;400
(7):2159-72. https://doi.org/10.1007/s00216-011-4937-z.

[17] Nettleton JE, Reimer RA, Shearer J. Reshaping the gut
microbiota: Impact of low calorie sweeteners and the link to
insulin resistance? Physiol Behav 2016;164(Pt B):488-93.
S0031-9384(16)30164-0.

[18] Leahy M, Ratliff JC, Riedt CS, Fulgoni VL. Consumption of low-
calorie sweetened beverages compared to water is associated
with reduced intake of carbohydrates and sugar, with no

[7

[9

adverse relationships to glycemic responses: results from the
2001-2012 National Health and Nutrition Examination
Surveys. Nutrients 2017;9(9):928. https://doi.org/10.3390/
nu9090928.

[19] Kuk JL, Brown RE. Aspartame intake is associated with
greater glucose intolerance in individuals with obesity. Appl
Physiol Nutr Metab 2016;41(7):795-8. https://doi.org/10.1139/
apnm-2015-0675.

[20] Yarmolinsky J, Duncan BB, Chambless LE, et al. Artificially
sweetened beverage consumption is positively associated
with newly diagnosed diabetes in normal-weight but not in
overweight or obese brazilian adults. ] Nutr 2016;146(2):290-7.
https://doi.org/10.3945/jn.115.220194.

[21] Romaguera D, Norat T, Wark PA, et al. Consumption of sweet
beverages and type 2 diabetes incidence in European adults:
results from EPIC-InterAct. Diabetologia 2013;56(7):1520-30.
https://doi.org/10.1007/s00125-013-2899-8.

[22] Palmer JR, Boggs DA, Krishnan S, Hu FB, Singer M, Rosenberg
L. Sugar-sweetened beverages and incidence of type 2
diabetes mellitus in African American women. Arch Intern
Med 2008;168(14):1487-92. https://doi.org/10.1001/
archinte.168.14.1487.

[23] Schulze MB, Manson JE, Ludwig DS, Colditz GA, Stampfer MJ,
Willett WC, et al. Sugar-sweetened beverages, weight gain,
and incidence of type 2 diabetes in young and middle-aged
women. JAMA 2004;292(8):927-34. https://doi.org/
10.1001/jama.292.8.927.

[24] Bhupathiraju SN, Pan A, Malik VS, Manson JE, Willett WC,
van Dam R, et al. Caffeinated and caffeine-free beverages and
risk of type 2 diabetes. Am J Clin Nutr 2013;97(1):155-66.
https://doi.org/10.3945/ajcn.112.048603.

[25] Ma ], Jacques PF, Meigs JB, et al. Sugar-sweetened beverage
but not diet soda consumption is positively associated with
progression of insulin resistance and prediabetes. ] Nutr
2016;146(12):2544-50. https://doi.org/10.3945/jn.116.234047.

[26] de Koning L, Malik VS, Rimm EB, Willett WC, Hu FB. Sugar-
sweetened and artificially sweetened beverage consumption
and risk of type 2 diabetes in men. Am J Clin Nutr 2011;93
(6):1321-7. https://doi.org/10.3945/ajcn.110.007922.

[27] O’Connor L, Imamura F, Lentjes MAH, Khaw K, Wareham NJ,
Forouhi NG. Prospective associations and population impact
of sweet beverage intake and type 2 diabetes, and effects of
substitutions with alternative beverages. Diabetologia
2015;58(7):1474-83. https://doi.org/10.1007/s00125-015-3572-
1.

[28] Nettleton JA, Lutsey PL, Wang Y, Lima JA, Michos ED, Jacobs Jr
DR. Diet soda intake and risk of incident metabolic syndrome
and type 2 diabetes in the multi-ethnic study of
atherosclerosis (MESA). Diabetes Care 2009;32(4):688-94.
https://doi.org/10.2337/dc08-1799.

[29] Sakurai M, Nakamura K, Miura K, et al. Sugar-sweetened
beverage and diet soda consumption and the 7-year risk for
type 2 diabetes mellitus in middle-aged Japanese men. Eur ]
Nutr 2014;53(1):251-8. https://doi.org/10.1007/s00394-013-
0523-9.

[30] Fagherazzi G, Vilier A, Saes Sartorelli D, Lajous M, Balkau B,
Clavel-Chapelon F. Consumption of artificially and sugar-
sweetened beverages and incident type 2 diabetes in the
Etude Epidemiologique aupres des femmes de la Mutuelle
Generale de 'Education Nationale-European Prospective
Investigation into Cancer and Nutrition cohort. Am J Clin
Nutr 2013;97(3):517-23. https://doi.org/10.3945/
ajcn.112.050997.

[31] Fagherazzi G, Gusto G, Affret A, et al. Chronic consumption of
artificial sweetener in packets or tablets and type 2 diabetes
risk: evidence from the E3N-European prospective
investigation into cancer and nutrition study. Ann Nutr
Metab 2017;70(1):51-8. https://doi.org/10.1159/000458769.



https://doi.org/10.1016/S2213-8587(17)30097-9
https://doi.org/10.1016/S2213-8587(17)30097-9
https://doi.org/10.1016/S2213-8587(13)70046-9
https://doi.org/10.1016/S2213-8587(13)70046-9
http://www.diabetesatlas.org/across-the-globe.html
http://refhub.elsevier.com/S0168-8227(19)30736-3/h0025
http://refhub.elsevier.com/S0168-8227(19)30736-3/h0025
http://bit.ly/2hMpYrt
https://doi.org/10.1056/NEJMoa012512
https://doi.org/10.1056/NEJMoa012512
https://doi.org/10.1016/S2213-8587(15)00419-2
https://doi.org/10.1016/j.fct.2017.06.046
https://doi.org/10.1016/j.fct.2017.06.046
http://data.europa.eu/eli/reg/2008/1333/oj/eng
http://data.europa.eu/eli/reg/2008/1333/oj/eng
https://www.fda.gov/Food/IngredientsPackagingLabeling/FoodAdditivesIngredients/ucm397725.htm
https://www.fda.gov/Food/IngredientsPackagingLabeling/FoodAdditivesIngredients/ucm397725.htm
https://www.fda.gov/Food/IngredientsPackagingLabeling/FoodAdditivesIngredients/ucm397725.htm
https://doi.org/10.1016/j.anpede.2015.10.002
https://doi.org/10.3305/nh.2013.28.sup4.6793
https://doi.org/10.3305/nh.2013.28.sup4.6793
https://ec.europa.eu/jrc/en/health-knowledge-gateway/promotion-prevention/nutrition/sugars-sweeteners
https://ec.europa.eu/jrc/en/health-knowledge-gateway/promotion-prevention/nutrition/sugars-sweeteners
https://ec.europa.eu/jrc/en/health-knowledge-gateway/promotion-prevention/nutrition/sugars-sweeteners
https://doi.org/10.1016/j.jand.2012.03.009
https://doi.org/10.1016/j.jand.2012.03.009
https://doi.org/10.1007/s00216-011-4937-z
http://refhub.elsevier.com/S0168-8227(19)30736-3/h0085
http://refhub.elsevier.com/S0168-8227(19)30736-3/h0085
http://refhub.elsevier.com/S0168-8227(19)30736-3/h0085
http://refhub.elsevier.com/S0168-8227(19)30736-3/h0085
https://doi.org/10.3390/nu9090928
https://doi.org/10.3390/nu9090928
https://doi.org/10.1139/apnm-2015-0675
https://doi.org/10.1139/apnm-2015-0675
https://doi.org/10.3945/jn.115.220194
https://doi.org/10.1007/s00125-013-2899-8
https://doi.org/10.1001/archinte.168.14.1487
https://doi.org/10.1001/archinte.168.14.1487
https://doi.org/10.1001/jama.292.8.927
https://doi.org/10.1001/jama.292.8.927
https://doi.org/10.3945/ajcn.112.048603
https://doi.org/10.3945/jn.116.234047
https://doi.org/10.3945/ajcn.110.007922
https://doi.org/10.1007/s00125-015-3572-1
https://doi.org/10.1007/s00125-015-3572-1
https://doi.org/10.2337/dc08-1799
https://doi.org/10.1007/s00394-013-0523-9
https://doi.org/10.1007/s00394-013-0523-9
https://doi.org/10.3945/ajcn.112.050997
https://doi.org/10.3945/ajcn.112.050997
https://doi.org/10.1159/000458769

DIABETES RESEARCH AND CLINICAL PRACTICE I5§5 (2019) 107786 13

[32] Tey SL, Salleh NB, Henry J, Forde CG. Effects of aspartame-,
monk fruit-, stevia- and sucrose-sweetened beverages on
postprandial glucose, insulin and energy intake. Int ] Obes
(Lond) 2017;41(3):450-7. https://doi.org/10.1038/ij0.2016.225.

[33] Tey SL, Salleh NB, Henry CJ, Forde CG. Effects of non-nutritive
(artificial vs natural) sweeteners on 24-h glucose profiles. Eur
J Clin Nutr 2017;71(9):1129-32. https://doi.org/10.1038/
ejcn.2017.37.

[34] Raben A, Mgller BK, Flint A, Vasilaris TH, Christina Mgller A,
Juul Holst ], et al. Increased postprandial glycaemia,
insulinemia, and lipidemia after 10 weeks’ sucrose-rich diet
compared to an artificially sweetened diet: a randomised
controlled trial. Food Nutr Res 2011;55. https://doi.org/
10.3402/fnr.v55i0.5961.

[35] Lertrit A, Srimachai S, Saetung S, et al. Effects of sucralose on
insulin and glucagon-like peptide-1 secretion in healthy
subjects: a randomized, double-blind, placebo-controlled
trial. Nutrition 2018;55-56:125-30. https://doi.org/10.1016/].
nut.2018.04.001.

[36] Ma ], Bellon M, Wishart JM, et al. Effect of the artificial
sweetener, sucralose, on gastric emptying and incretin
hormone release in healthy subjects. Am ] Physiol
Gastrointest Liver Physiol 2009;296(4):G739. https://doi.org/
10.1152/ajpgi.90708.2008.

[37] Grotz VL, Pi-Sunyer X, Porte D, Roberts A, Richard Trout J. A
12-week randomized clinical trial investigating the potential
for sucralose to affect glucose homeostasis. Regul Toxicol
Pharmacol 2017;88:22-33. https://doi.org/10.1016/].
yrtph.2017.05.011.

[38] Lohner S, Toews I, Meerpohl JJ. Health outcomes of non-
nutritive sweeteners: analysis of the research landscape.
Nutr J 2017;16(1). https://doi.org/10.1186/512937-017-0278-x.

[39] Bruyere O, Ahmed HS, Atlan C, et al. Review of the nutritional
benefits and risks related to intense sweeteners. Arch Public
Health 2015;73:41. https://doi.org/10.1186/s13690-015-0092-x.

[40] Romo-Romo A, Aguilar-Salinas CA, Brito-Cordova GX, Gomez
Diaz RA, Vilchis Valentin D, Almeda-Valdes P. Effects of the
non-nutritive sweeteners on glucose metabolism and

[41]

[42]

[43]

[44]

[45]

[46]

[47]

appetite regulating hormones: systematic review of
observational prospective studies and clinical trials. PLoS
ONE 2016;11(8):e0161264. https://doi.org/10.1371/journal.
pone.0161264.

Wiebe N, Padwal R, Field C, Marks S, Jacobs R, Tonelli M. A
systematic review on the effect of sweeteners on glycemic
response and clinically relevant outcomes. BMC Med
2011;9:123. https://doi.org/10.1186/1741-7015-9-123.

Tucker RM, Tan S. Do non-nutritive sweeteners influence
acute glucose homeostasis in humans? A systematic review.
Physiol Behav 2017;182:17-26. https://doi.org/10.1016/
j.physbeh.2017.09.016.

Greenwood DC, Threapleton DE, Evans CEL, Cleghorn CL,
Nykjaer C, Woodhead C, et al. Association between sugar-
sweetened and artificially sweetened soft drinks and type 2
diabetes: systematic review and dose-response meta-
analysis of prospective studies. Br ] Nutr 2014;112(5):725-34.
https://doi.org/10.1017/S0007114514001329.

Imamura F, O’Connor L, Ye Z, Mursu J, Hayashino Y,
Bhupathiraju SN, et al. Consumption of sugar sweetened
beverages, artificially sweetened beverages, and fruit juice
and incidence of type 2 diabetes: systematic review, meta-
analysis, and estimation of population attributable fraction.
BMJ 2015;351:h3576. https://doi.org/10.1136/bmj.h3576.
Weyer C, Tataranni PA, Bogardus C, Pratley RE. Insulin
resistance and insulin secretory dysfunction are independent
predictors of worsening of glucose tolerance during each
stage of type 2 diabetes development. Diabetes Care 2001;24
(1):89-94.

Pereira MA. Diet beverages and the risk of obesity, diabetes,
and cardiovascular disease: a review of the evidence. Nutr
Rev 2013;71(7):433-40. https://doi.org/10.1111/nure.12038.
Dietary Guidelines Advisory Committee. Scientific Report of
the 2015 Dietary Guidelines Advisory Committee: Advisory
Report to the Secretary of Health and Human Services and
the Secretary of Agriculture. U.S. Department of Agriculture;
2015.



https://doi.org/10.1038/ijo.2016.225
https://doi.org/10.1038/ejcn.2017.37
https://doi.org/10.1038/ejcn.2017.37
https://doi.org/10.3402/fnr.v55i0.5961
https://doi.org/10.3402/fnr.v55i0.5961
https://doi.org/10.1016/j.nut.2018.04.001
https://doi.org/10.1016/j.nut.2018.04.001
https://doi.org/10.1152/ajpgi.90708.2008
https://doi.org/10.1152/ajpgi.90708.2008
https://doi.org/10.1016/j.yrtph.2017.05.011
https://doi.org/10.1016/j.yrtph.2017.05.011
https://doi.org/10.1186/s12937-017-0278-x
https://doi.org/10.1186/s13690-015-0092-x
https://doi.org/10.1371/journal.pone.0161264
https://doi.org/10.1371/journal.pone.0161264
https://doi.org/10.1186/1741-7015-9-123
https://doi.org/10.1016/j.physbeh.2017.09.016
https://doi.org/10.1016/j.physbeh.2017.09.016
https://doi.org/10.1017/S0007114514001329
https://doi.org/10.1136/bmj.h3576
http://refhub.elsevier.com/S0168-8227(19)30736-3/h0225
http://refhub.elsevier.com/S0168-8227(19)30736-3/h0225
http://refhub.elsevier.com/S0168-8227(19)30736-3/h0225
http://refhub.elsevier.com/S0168-8227(19)30736-3/h0225
http://refhub.elsevier.com/S0168-8227(19)30736-3/h0225
https://doi.org/10.1111/nure.12038

	Non-nutritive sweeteners and type 2 diabetes: Should we ring the bell?
	1 Introduction
	2 Methods
	2.1 Search strategy and selection criteria

	3 Results
	4 Discussion
	Role of the funding source
	ack8
	Acknowledgements
	Authors contribution
	Declaration of Competing Interest
	References


