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ARTICLE HIGHLIGHTS

* Added sugars are risk factors for chronic diseases, including type 2 diabetes (T2D), leading manufacturers
toward using artificial sweeteners in thousands of foods/beverages consumed by millions daily.

» Deleterious effect of artificially sweetened beverages on T2D is suspected, but the level of evidence remains low.

* We observed higher T2D risk with total artificial sweeteners, aspartame, acesulfame-K, and sucralose.

« In the context of on-going reevaluation of artificial sweeteners by health authorities worldwide, our findings
provide important information to strengthen the evidence.
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OBJECTIVE

To study the relationships between artificial sweeteners, accounting for all dietary
sources (total and by type of artificial sweetener) and risk of type 2 diabetes (T2D),
in a large-scale prospective cohort.

RESEARCH DESIGN AND METHODS

The analyses included 105,588 participants from the web-based NutriNet-Santé study
(France, 2009-2022; mean age 42.5 + 14.6 years, 79.2% women). Repeated 24-h die-
tary records, including brands and commercial names of industrial products, merged
with qualitative and quantitative food additive composition data, enabled artificial
sweetener intakes to be accurately assessed from all dietary sources. Associations be-
tween artificial sweeteners (total, aspartame, acesulfame potassium [K], and sucra-
lose) and T2D were investigated using Cox proportional hazard models adjusted for
potential confounders, including weight variation during follow-up.

RESULTS

During a median follow-up of 9.1 years (946,650 person-years, 972 incident T2D),
compared with nonconsumers, higher consumers of artificial sweeteners (i.e., above
the sex-specific medians of 16.4 mg/day in men and 18.5 mg/day in women) had
higher risks of developing T2D (hazard ratio [HR] 1.69; 95% CI 1.45-1.97; P-trend
<0.001). Positive associations were also observed for individual artificial sweeteners:
aspartame (HR 1.63 [95% ClI 1.38-1.93], P-trend <0.001), acesulfame-K (HR 1.70
[1.42-2.04], P-trend <0.001), and sucralose (HR 1.34 [1.07-1.69], P-trend = 0.013).

CONCLUSIONS

Potential for reverse causality cannot be eliminated; however, many sensitivity
analyses were computed to limit this and other potential biases. These findings
of positive associations between artificial sweetener intakes and increased T2D
risk strengthen the evidence that these additives may not be safe sugar alterna-
tives. This study provides important insights in the context of on-going reevalua-
tion of artificial sweeteners by health authorities worldwide.

Dietary sugars are associated with various health issues, including overweight, obesity,
cardiovascular diseases (CVDs), and type 2 diabetes (T2D) (1). Manufacturers have pro-
posed alternatives to reduce added sugars, notably by substituting artificial sweeteners
(e.g., aspartame, acesulfame potassium [K], and sucralose) for them. Health-conscious
consumers might also shift to artificial sweeteners (1). Those food additives have high
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sweetening power and low/zero calorie
content. They are used in ultraprocessed
foods (UPFs), such as artificially sweet-
ened beverages (ASBs) or table-top sweet-
eners directly added by consumers. One
standard can of an ASB (330 mL) con-
tains ~130 mg of artificial sweeteners (2)
and provides 4.3 kcal/standard can versus
138 kcal for a sugar-sweetened version (3).

Artificial sweeteners are present in
thousands of products and consumed by
millions of individuals. Nonetheless, a
growing body of experimental and epide-
miological literature suggests they might
not be as harmless as expected. Previous
findings from the NutriNet-Santé cohort
identified positive associations between
artificial sweeteners and risk of breast-/
obesity-related cancers and CVD (4). The
World Health Organization (WHO) recently
published a systematic review and meta-
analysis of artificial sweeteners-health
relationships, based on randomized con-
trolled trials (RCT), prospective, and case-
control studies (5). They suggested associ-
ations with obesity, CVD, and mortality
and identified positive associations with
T2D; however, the level of certainty was
considered low (5).

T2D represents a major public health
issue: 6.3% of the world’s adult popula-
tion was affected in 2017, and numbers
are expected to rise to 7.4% by 2040 (6).
T2D is frequently associated with comor-
bidities of high blood pressure, dyslipide-
mia, and incidence of cardiovascular events,
among others, for which diet is a recognized
prevention tool. Artificial sweeteners are no-
tably a marker of UPFs, which have been
shown to be associated with T2D (7).

To our knowledge, in previous prospec-
tive studies, detailed information on com-
mercial brands and product names was
lacking; thus, overall quantitative evalua-
tion of artificial sweetener intakes was
not possible. Some studies have nonethe-
less examined the relationship between
ASBs and T2D, and two have investigated
the associations with table-top sweet-
eners (5). Several RCTs have explored the
impact of artificial sweeteners versus sug-
ars, sugar-sweetened foods/beverages, or
water, on intermediate markers such as
blood glucose, glycated hemoglobin, insu-
lin levels, and insulin resistance, with in-
conclusive results (5), but none have
directly investigated T2D risk.

In this context, our objective was to
study the associations between artificial
sweeteners (i.e., aspartame, acesulfame-K,

and sucralose), accounting for all dietary
sources for the first time (total and by mol-
ecules) and T2D risk, within the NutriNet-
Santé cohort.

RESEARCH DESIGN AND METHODS

Study Population and Data Collection
This study was based on the French
large-scale population-based NutriNet-
Santé prospective cohort, launched in 2009
with the aim of investigating nutrition-
health relationships (8). Participants are
recruited from the general adult popu-
lation with Internet access. They are
followed using a personal account on
the study website (https://etude-nutrinet-
sante.fr/), through which they provide de-
tailed information by answering multiple
questionnaires. A five-questionnaire inclu-
sion kit collects sociodemographic/life-
style data (e.g., sex, birthdate, education,
and smoking) (9), anthropometry (height
and weight) (10,11), health status (e.g.,
personal and family medical history, prev-
alence and incidence of diseases, and
medical treatments), physical activity level
(7-day assessment via the validated Inter-
national Physical Activity Questionnaire
[IPAQ]) (12), and dietary habits (three
nonconsecutive 24-h dietary records).

Ethical considerations and authoriza-
tions are presented in Supplementary
Method 1.

Dietary Assessment

At inclusion and every 6 months thereaf-
ter, participants fill out three nonconsec-
utive 24-h dietary records, randomly
assigned over a 2-week period, including
2 weekdays and 1 weekend day (to ac-
count for variability in the diet across the
week). During those recording days, par-
ticipants use a dedicated interactive web
interface to declare all foods and bever-
ages consumed during the three main
meals and any other eating occasion. Us-
ing validated portion size photographs
and standard containers (13), partici-
pants declare quantities consumed for
each food/beverage; they can also di-
rectly enter the amount (g or mL). For in-
dustrial products, participants provide
the commercial name and brand. Energy
and nutrient intakes are computed using
the NutriNet-Santé composition table
containing ~3,500 generic food/beverage
items and mixed dishes for which stan-
dard French recipes have been defined by
nutrition professionals (14). These 24-h
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web-based dietary records have been vali-
dated against interview by a trained dieti-
tian (15) and blood/urinary biomarkers
(16,17). Energy underreporters were iden-
tified using the basal metabolic rate and
the Goldberg cutoff method (18,19) and
were excluded from the analyses (additional
information available in Supplementary
Method 2). Baseline individual dietary in-
takes were averaged from all 24-h re-
cords completed during the first 2 years of
follow-up. This represents a reliable esti-
mate of consumption habits, while respec-
tive prospective design and guaranteeing
sufficient delay between consumption and
T2D diagnosis.

Artificial Sweetener Intakes
Detailed estimation of food additive expo-
sure, including artificial sweeteners, was
obtained through qualitative and quanti-
tative data collection and analyses. Evalu-
ation of food additive exposure has been
extensively described elsewhere (20). For
each product declared through 24-h die-
tary records, qualitative composition of
the food additives was determined, using
three large-scale prospective databases:
French food safety agency database Oqali
(https://www.oqali.fr/oqali_eng/) (21), Open
Food Facts (https://world.openfoodfacts
.org/) (22), and Mintel’s Global New Prod-
ucts Database (GNPD) (23). Food additive
guantities were then determined by dos-
ages (~2,700 assays) performed by ac-
credited laboratories and completed with
average doses provided by international
health authorities: the European Food
Safety Authority (EFSA) (24) and the Joint
Food and Agriculture Organization (FAO)/
WHO Expert Committee on Food Addi-
tives (JECFA) (25). Additional information
on the evaluation of food additive exposure
is available in Supplementary Method 3.
This methodology enabled the assess-
ment of intakes of the following food ad-
ditive sweeteners: aspartame (European
Union food additive identification num-
ber: E951), acesulfame-K (E950), sucralose
(E955), cyclamates (E952), saccharin (E954),
thaumatin (E957), neohesperidine dihydro-
chalcone (E959), steviol glycosides (E960),
and salt of aspartame-acesulfame-K (E962).
A “total artificial sweeteners (mg/day)” vari-
able was computed by summing all intakes.

T2D Ascertainment
T2D was assessed using a multisource
approach (Supplementary Method 4).
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Throughout follow-up, participants could
report health events, medical treatments,
and examinations via biannual health ques-
tionnaires or at any time directly via their
personal health interface. Besides, linkage
of the NutriNet-Santé cohort with the na-
tional health insurance system database
(Systeme National d’Information Inter
Régimes de I'’Assurance Maladie [SNIIRAM])
was performed to collect supplemental in-
formation regarding medical treatments/
consultations. Linkage to the French na-
tional mortality registry (CépiDC) was per-
formed to identify mortality cases.

Statistical Analyses

NutriNet-Santé participants selected for
the analyses were those with at least two
valid 24-h dietary records at baseline, not
underenergy reporters, and with no prev-
alent type 2 or type 1 diabetes (flowchart
of participant selection is presented in
Supplementary Fig. 1).

For each artificial sweetener, partici-
pants were categorized into three groups:
nonconsumers, lower consumers, and higher
consumers (sex-specific medians separat-
ing the latter two categories). Baseline
characteristics were assessed for the over-
all population and by category of total ar-
tificial sweetener intake and compared
using xz and ANOVA tests for categorical
and continuous variables, respectively.

Cox proportional hazard models were
computed to study the associations of
T2D with total artificial sweeteners and
specific artificial sweetener molecules
consumed by at least 10% of the study
population to ensure sufficient statistical
power (i.e., aspartame, acesulfame-K, and
sucralose; all others were consumed by
<3.5%). Participants contributed person-
time until T2D diagnosis, last completed
questionnaire, death, or 26 April 2022,
whichever occurred first. The three-category
model (nonconsumers, lower consumers,
and higher consumers, separated by sex-
specific medians) was used as the primary
analysis to obtain hazard ratios (HRs) and
95% Cls for lower consumers and higher
consumers compared with nonconsum-
ers. P for trend was obtained using the or-
dinal score across each category. Dose-
response analyses were also plotted using
the restricted cubic spline function with
the SAS macro developed by Desquilbet
and Mariotti (26), and associations of T2D
risk with artificial sweeteners coded as
continuous variables were computed. The

Cox proportional hazard assumption was
verified using the rescaled Schoenfeld-
type residual method.

The main model was adjusted for varia-
bles suspected or known to be associated
with diet and with T2D. These variables
pertained to the following domains: socio-
demographic (age, sex, and education),
lifestyle (baseline physical activity, smok-
ing status, and number of smoked ciga-
rettes), health (family history of diabetes
in first-degree relatives and prevalence of
CVD, hypertension, or dyslipidemia), num-
ber of 24-h dietary records, and weight
status (baseline BMI and mean percent-
age of weight change per year of follow-
up [calculated as the difference between
end of follow-up weight and baseline-
weight divided by baseline-weight, multi-
plied by 100 and divided by follow-up
time]). This variable was chosen for adjust-
ment in the main models since it provided
an overview of the weight trajectory across
follow-up, to limit potential confounding or
reverse causality associated with this key
factor. The main model was also adjusted
for food groups and nutrients for which a
role in T2D etiology has been strongly sug-
gested (27): energy intake without alcohol
and daily intakes of alcohol, sugar, sodium,
saturated fatty acids, fiber, fruit, vegetables,
red/processed meat, and dairy products.
Analyses by specific artificial sweeteners
(i.e., aspartame, acesulfame-K, and sucra-
lose) were additionally adjusted for other
artificial sweetener intakes. Unless stated
otherwise, covariables were measured at
baseline. Coding for covariates is provided
in Supplementary Method 5.

Two additional models were computed
to challenge reverse causality, which may
be particularly sensitive in this type of
study: first, by excluding participants with
T2D incidence occurring during the first
6 years of follow-up (subpopulation 1),
and second, by further excluding partici-
pants with family history of diabetes or
prevalence of hypertension, dyslipidemia,
or CVD (subpopulation 2) to account for
early signs of T2D risk that could have led
individuals to replace added sugars with
artificial sweeteners. On this latter model,
substitution analyses were performed be-
tween artificial sweetener and sugar in-
takes to test whether there could be a
benefit of replacing sugars with artificial
sweeteners to lower T2D risk. Substitu-
tion analyses were performed by includ-
ing artificial sweetener (converted to a
sugar equivalent using sweetening power,

Debras and Associates

ensuring similar order of magnitude) and
sugar intakes in the same model. HRs and
95% Cls were estimated using the differ-
ence in coefficients obtained from this
model. Formal interactions between artifi-
cial sweeteners and added sugar intake
(by tertile), weight status (BMI <25 or
=25 kg/m?), and sex (men/women) were
tested by entering the product of the two
variables into Cox models. Associations be-
tween artificial sweeteners and T2D were
then computed in each tertile of added
sugar intake among nonoverweight and
overweight participants and among fe-
male and male participants, distinctively.

Other supplementary models tested fur-
ther adjustments for weight-loss dieting
during first 2 years of follow-up, propor-
tion of UPFs, “healthy”/“Western” dietary
patterns (derived by principal components
analysis, accounting for overall diet qual-
ity), a priori dietary score reflecting the
level of compliance with the French nutri-
tional recommendations (modified Pro-
gram National Nutrition Santé Guidelines
Score [mMPNNS-GS]) (28), total energy in-
take instead of energy without alcohol,
and caffeine intake. Models excluding par-
ticipants with less than four 24-h dietary
records, not adjusting for BMI, additionally
adjusting for absolute weight change
during follow-up, and adjusting for time-
dependent BMI instead of baseline BMI
were tested. Analyses based on time-
dependent artificial sweetener intakes
across the whole follow-up period were
also tested. In these models, artificial
sweetener intake was estimated for each
participant for each year of follow-up so
that the exposure variable was updated
yearly in Cox models to account for all
data collected during follow-up.

Missing values were handled with the
multiple imputation by chained equations
method (15 imputed data sets) (29) for
the following covariates: smoking status
(0.07% of missing data), level of educa-
tion (0.85%), physical activity (13.9%),
BMI (1.94%), and family history of diabe-
tes (1.13%).

All tests were two-sided, and P < 0.05
was considered statistically significant.
The statistical analysis software SAS 9.4
was used for analyses.

Patient Involvement

The research question developed in this
article corresponds to a concern expressed
by some participants involved in the
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NutriNet-Santé cohort and of the public
in general. Participants in the study are
thanked in the Acknowledgments sec-
tion. The results of the present study will
be disseminated to the NutriNet-Santé
participants through the cohort website,
public seminars, and a press release.

Data and Resource Availability
Researchers from public institutions can
submit a collaboration request including in-
formation about the institution and a brief
description of the project to collaboration@
etude-nutrinet-sante.fr. All requests will be
reviewed by the steering committee of the
NutriNet-Santé study. If the collaboration
is accepted, a data access agreement will
be necessary, and appropriate authorizations
from the competent administrative authorities
may be needed. In accordance with existing
regulations, no personal data will be
accessible.

RESULTS

Descriptive Characteristics

The study sample included 105,588 par-
ticipants (79.2% women) from the Nutri-
Net-Santé cohort (Supplementary Fig. 1),
among which 37.1% were artificial sweet-
ener consumers. Mean intake of artificial
sweeteners among consumers was 42.3 +
72.1 mg/day. This is roughly equivalent to
consuming 100 mL/day of an ASB (i.e.,
approximately one-third of a 330 mL can
of soda) (2). Intakes among lower and
higher consumers, separated by sex-
specific medians among consumers, were
7.40 + 490 and 77.2 + 88.9 mg/day, re-
spectively. Aspartame, acesulfame-K, and
sucralose were consumed by 28.1, 34.5,
and 13.9% of the study population, respec-
tively (coconsumption of each artificial
sweetener presented in Supplementary
Fig. 2). Compared with nonconsumers,
higher consumers were more likely to be
women, younger, current/former smok-
ers, with higher BMI, and lower physical
activity level. They had lower intakes of
energy, alcohol, saturated fatty acids, and
fiber-containing foods, and consumed
more sodium, sugary drinks, unsweet-
ened nonalcoholic drinks, red/processed
meats, dairy products, and UPFs. They
were also more likely to follow a weight-
loss diet (Table 1). Aspartame, acesulfame-K,
and sucralose contributed to 97.2% of total
artificial sweeteners (58.0, 29.1, and 10.1%,
respectively). ASBs, table-top sweeteners,
and artificially sweetened dairy products

contributed to 52.8, 29.0, and 7.96% of arti-
ficial sweetener intakes, respectively. Table-
top sweeteners were the main aspartame
contributor, whereas ASBs were the main
contributors to acesulfame-K and sucralose
at baseline (Supplementary Fig. 3). Relative
contribution of food groups over time is pre-
sented in the Supplementary Results and
Supplementary Table 1.

Associations Between Artificial
Sweetener Intakes and T2D

Median follow-up time was 9.13 years (in-
terquartile range 7.63-10.63), for a total
follow-up of 946,650 person-years. There
were 972 participants diagnosed with T2D
after their inclusion in the cohort, at the
average age of 59.2 + 11.4 years. Com-
pared with nonconsumers, higher con-
sumers of artificial sweeteners had higher
T2D risk (HR 1.69 [95% ClI 1.45-1.97]
P-trend <0.001) (Fig. 1). Similarly, positive
associations were found for aspartame
(HR 1.63 [1.38-1.93] P-trend <0.001),
acesulfame-K (HR 1.70 [1.42-2.04],
P-trend <0.001), and sucralose (HR 1.34
[1.07-1.69], P-trend = 0.013). Results
were similar when artificial sweetener ex-
posures were coded as continuous varia-
bles (Table 2), except for sucralose, for
which the association was weakened
(HRfor 100 mg/day increase 1.06 [0'78_1-43])-

The comparison of the model with three
categories versus the model with a linear
trend across categories did not provide evi-
dence of nonlinearity (total artificial sweet-
eners, P = 0.975; aspartame, P = 0.086;
acesulfame-K, P = 0.389; and sucralose, P =
0.577). Assumptions of the Cox models
were met: dose-response analyses were
plotted (Fig. 2), and the proportional hazard
assumption was verified (Supplementary
Fig. 4).

Exclusion of participants with T2D inci-
dence occurring during the first 6 years
of follow-up (104,906 participants and
290 cases) or excluding participants with
cardiometabolic T2D risk factors (78,455
participants and 109 cases) to challenge
reverse causality bias did not substantially
modify the findings (Supplementary Table
2), although associations became nonsig-
nificant for acesulfame-K and sucralose.
However, in the later model, the statistical
power was strongly reduced (e.g., only
nine cases in the higher-consumers cate-
gory for sucralose). Substitution analyses
suggest no beneficial effect of replacing
sugars by artificial sweeteners regarding
T2D risk (HRfor substitution 1-13 [95% CI
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0.98-1.29]). No interaction on the multipli-
cative scale was detected between artifi-
cial sweetener intake and weight status
(P =0.943) or sex (P = 0.145), showing sim-
ilar associations with T2D risk in each sub-
group (Supplementary Table 3). Although
significant interaction was observed be-
tween artificial sweetener and added sugar
intakes (P < 0.001), positive associations
between artificial sweetener and T2D risk
were consistently observed in each tertile
of added sugar (Supplementary Table 3).
Lastly, further adjustments for weight-loss
dieting, UPFs, dietary patterns, modified Pro-
gramme National Nutrition Santé Guidelines
Score (mMPPNS-GS), absolute weight change,
time-dependent BMI, total energy in-
take, and with time-dependent artificial
sweeteners provided similar associations,
showing the robustness of the results
(Supplementary Table 4).

CONCLUSIONS

Main Findings

In this large-scale population-based co-
hort of 105,588 French adults, artificial
sweetener intakes were associated with
higher risk of T2D. More specifically, pos-
itive associations were observed for total
sweeteners, aspartame, acesulfame-K,
and sucralose. Sensitivity analyses (chal-
lenging reverse causality, stratifying by
added sugar intake and overweight sta-
tus, and testing further adjustments)
provided similar results, although with a
loss of significance for sucralose in some
subgroups.

Comparison With Epidemiological
Literature

To the best of our knowledge, our cohort
studly is the first to have quantified artificial
sweetener intake from the overall diet. So
far, cohort studies investigating incident
T2D in relation to artificial sweetener expo-
sure only used proxies, which were either
ASBs or table-top sweeteners considered
separately as presented in the recent WHO
systematic review and meta-analysis (5).
The detailed list of references included in
this report and discussed thereafter regard-
ing ASBs/artificial sweeteners and T2D risk
is provided in Supplementary Table 5. Re-
sults from these studies were contrasted. A
study based on the European Prospective
Investigation into Cancer and Nutrition
(EPIC) cohort suggested that a one-can in-
crease of an ASB per day was associated
with higher T2D risk; however, after
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Table 1—Baseline characteristics of the study population, NutriNet-Santé cohort, France, 2009-2022

Categories of artificial sweetener intakes*

All participants Nonconsumers Lower consumers Higher consumers P value?

Characteristics N = 105,588 n = 66,376 n = 19,569 n = 19,643 <0.001
Age, years (mean [SD]) 42.5 (14.6) 43.3 (14.8) 42.3 (14.6) 40.3 (13.6) <0.001
Female sex 83,628 (79.2) 50,826 (76.6) 16,367 (83.6) 16,435 (83.7) <0.001
Follow-up time, years (mean [SD]) 8.97 (2.33) 8.84 (2.35) 9.30 (2.31) 9.04 (2.23) <0.001
Number of 24-h dietary records (mean [SD]) 5.61 (3.06) 5.33 (3.02) 6.84 (3.10) 5.30 (2.84) <0.001
BMI, kg/m? (mean [SD]) 23.6 (4.33) 23.3 (4.06) 23.7 (4.29) 24.8 (4.97) <0.001
Weight gain during follow-up, % by year (mean [SD]) 0.15 (2.87) 0.11 (2.23) 0.21 (3.11) 0.22 (4.22) <0.001
Family history of diabetes 14,567 (13.8) 8,800 (13.3) 2,689 (13.7) 3,078 (15.7) <0.001
Prevalent dyslipidemia 8,976 (8.50) 5,261 (7.93) 1,900 (9.71) 1,815 (9.24) <0.001
Prevalent hypertension 7,974 (7.55) 4,802 (7.23) 1,597 (8.16) 1,575 (8.02) <0.001
Educational level <0.001

No higher education 17,311 (16.4) 11,214 (16.9) 3,055 (15.6) 3,042 (15.5)

Higher education, <2 years 16,615 (15.7) 10,521 (15.9) 2,954 (15.1) 3,140 (16.0)

Higher education, =2 years 71,662 (67.9) 44,641 (67.3) 13,560 (69.3) 13,461 (68.5)
Smoking status <0.001

Current 15,148 (14.4) 9,549 (14.4) 2,310 (11.8) 3,289 (16.7)

Former 42,606 (40.4) 26,322 (39.7) 8,127 (41.5) 8,157 (41.5)

Never 47,834 (45.3) 30,505 (46.0) 9,132 (46.7) 8,197 (41.7)
Number of smoked cigarettes, pack-years (mean [SD])* 5.26 (11.0) 5.16 (10.9) 4.82 (10.3) 6.06 (12.0) <0.001
Physical activity level* <0.001

Low 22,229 (21.1) 13,614 (20.5) 4,225 (21.6) 4,390 (22.4)

Moderate 39,119 (37.1) 24,366 (36.7) 7,557 (38.6) 7,196 (36.6)

High 29,656 (28.1) 19,322 (29.1) 5,192 (26.5) 5,142 (26.2)
Energy intake without alcohol, kcal/day (mean [SD]) 1,900 (470) 1,910 (478) 1,890 (433) 1,860 (478) <0.001
Alcohol intake, g/day (mean [SD]) 7.80 (11.8) 8.13 (12.3) 7.61 (10.9) 6.85 (10.9) <0.001
Saturated fatty acid intakes, g/day (mean [SD]) 33.2 (12.1) 33.6 (12.3) 33.1 (11.2) 31.8 (12.4) <0.001
Sodium intake, mg/day (mean [SD]) 2,710 (883) 2,700 (899) 2,720 (815) 2,730 (894) <0.001
Dietary fiber intake, g/day (mean [SD]) 19.4 (7.20) 19.8 (7.48) 19.0 (6.28) 18.7 (7.01) <0.001
Total sugar intake, g/day (mean [SD]) 92.6 (33.1) 92.1 (33.5) 94.6 (30.6) 92.7 (34.2) <0.001
Added sugar intake, g/day (mean [SD]) 38.7 (23.7) 38.4 (23.5) 40.2 (22.5) 38.0 (25.5) <0.001
Energy from added sugar, % (mean [SD]) 7.98 (4.15) 7.90 (4.12) 8.34 (3.93) 7.91 (4.41) <0.001
Sugary drinks, mL/day (mean [SD]) 47.5 (106) 42.4 (103) 54.8 (97.6) 57.5 (123) <0.001
Unsweetened nonalcoholic drinks, mL/day (mean [SD]) 1,090 (536) 1,060 (529) 1,090 (517) 1,170 (571) <0.001
Fruit and vegetable intake, g/day (mean [SD]) 406 (220) 410 (223) 399 (197) 398 (232) <0.001
Whole-grain food intake, g/day (mean [SD]) 34.3 (46.1) 35.8 (49.3) 31.5 (38.7) 31.7 (41.5) <0.001
Red and processed meat intake, g/day (mean [SD]) 76.6 (52.7) 74.7 (53.3) 76.2 (46.8) 83.3 (55.9) <0.001
Dairy product intake, g/day (mean [SD]) 197 (148) 185 (145) 203 (138) 234 (163) <0.001
UPF intake, % of the diet in g/day (mean [SD]) 17.4 (9.89) 15.9 (9.11) 17.4 (8.59) 22.2 (11.9) <0.001
Weight-loss diet during the first 2 years of follow-up 18,002 (17.1) 7,939 (12.0) 3,710 (19.0) 6,353 (32.3) <0.001
Artificial sweetener intake, mg/day (mean [SD]) 15.7 (48.4) 0 (0) 7.40 (4.90) 77.2 (88.9) <0.001
Aspartame (E 951) intake, mg/day (mean [SD]) 9.11 (30.9) 0 (0) 3.13 (3.94) 45.9 (58.6) <0.001
Acesulfame-K (E 950) intake, mg/day (mean [SD]) 4.58 (14.9) 0 (0) 2.68 (2.76) 22.0 (28.4) <0.001
Sucralose (E 955) intake, mg/day (mean [SD]) 1.59 (16.1) 0 (0) 1.08 (1.95) 7.44 (36.7) <0.001

Values are n (%) unless stated otherwise. 1 kcal = 4.18 kJ = 0.00418 MJ. *Categories of consumption were defined as nonconsumers, lower con-
sumers, and higher consumers separated by the sex-specific median among consumers of 16.4 mg/day in men and 18.5 mg/day in women.
2p values for crude comparison between the three categories of sweetener intake by ANOVA or x* test where appropriate. In current or
former smokers. *Available for 91,004 participants, categorized into high, moderate, and low categories according to IPAQ guidelines.
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Total artificial sweeteners
Non-consumers

Participants / Incident cases: 66,376 / 469
Lower consumers

Participants / Incident cases: 19,565 / 226
Median intake: 6.38 mg/day

Higher consumers

Participants / Incident cases: 19,643 / 277
Median intake: 48.0 mg/day

Aspartame

Non-consumers

Participants / Incident cases: 75,966 / 545
Lower consumers

Participants / Incident cases: 14,805 / 211
Median intake: 5.32 mg/day

Higher consumers

Participants / Incident cases: 14,817 / 216
Median intake: 38.8 mg/day

Acesulfame-K

Non-consumers

Participants / Incident cases: 69,117 / 486
Lower consumers

Participants / Incident cases: 18,237 / 262
Median intake: 1.53 mg/day

Higher consumers

Participants / Incident cases: 18,234 / 224
Median intake: 15.0 mg/day

Exposure

Sucralose

Non-consumers

Participants / Incident cases: 90,876 / 793
Lower consumers

Participants / Incident cases: 7,368 / 90
Median intake: 1.67 mg/day

Higher consumers

Participants / Incident cases: 7,344 / 89

Ref. @
Ref. ®
Ref. @
Ref. @

1.30 (1.10-1.53)
——

1.48 (1.25-1.74)
———

1.09 (0.87-1.36)

Pyreny < 0.001

1.69 (1.45-1.97)
——i

1.63 (1.38-1.93)
——i

} Pyrena < 0.001

1.39 (1.18-1.62)
e

Pireng < 0.001
1.70 (1.42-2.04)
i

P, 0.013

trend =

1.34 (1.07-1.69)

Median intake: 7.15 mg/day r
0.50

adjustment for BMI, the association be-
came nonsignificant. Similarly, in the EPIC-
Norfolk, Health Professionals Follow-Up
Study (HPFS), and Black Women’s Health
Study (BWHS) cohorts, nonsignificant associ-
ations were found between ASBs and T2D
after adjusting for BMLI. In contrast, later
studies identified positive associations
among women in the Nurses’ Health
Study (NHS) and NHS Il between ASB in-
take and higher T2D risk when analyses
were adjusted for BMI. Results from
another American cohort suggested a
significant association between daily
consumption of ASBs and a higher risk of in-
cident T2D compared with nonconsumers,
independent of adiposity. Associations be-
tween ASBs and T2D risk were also found
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in a cohort of Japanese men, after adjust-
ment for BMI. In the Women'’s Health Ini-
tiative (WHI), the associations were also
positive for higher consumers (=2 servings/
day) compared with lower consumers (never
or <3 servings/month). Similarly, the French
E3N (Etude Epidémiologique aupres de
femmes de la Mutuelle Générale de 'Educa-
tion Nationale) study (>66,000 women) sug-
gested an association between ASBs and risk
of diabetes for higher consumers (>603 mL/
week) compared with nonconsumers, and
the associations, although slightly attenu-
ated, remained significant after adjustment
for BMI. In the same cohort, it was also sug-
gested that usual sweetener intake in the
form of table-top sweeteners (sachets or
tablets) was also associated with T2D risk.

Figure 1—Association between total artificial sweeteners, aspartame, acesulfame-K, and sucralose intakes and T2D risk, NutriNet-Santé cohort, France,
2009-2022 (N = 105,588). Median follow-up time was 9.13 years (946,650 person-years). Multivariable Cox proportional hazard models were adjusted for
(main model) age (time scale), sex, BMI (continuous, kg/m?), mean percentage of weight change per year of follow-up (continuous), physical activity (cate-
gorical IPAQ variable: high, moderate, low, missing value), smoking status (categorical: never, former, current smokers), number of smoked cigarettes in pack-
years (continuous), educational level (categorical: less than high school degree, <2 years after high school degree, =2 years after high school degree), family
history of diabetes in first-degree relatives (categorical: yes, no), prevalence of cardiovascular disease (categorical: yes, no), prevalence of hypertension (cate-
gorical: yes, no), prevalence of dyslipidemia (categorical: yes, no), number of 24-h dietary records (continuous), energy intake without alcohol (continuous
variable: kcal/day), daily intakes (continuous, g/day) of alcohol, sodium, saturated fatty acids, fiber, sugar, fruit and vegetables, red and processed meat, and
dairy products. In addition, all models were mutually adjusted for artificial sweetener intake other than the one studied. Sex specific cutoffs among consum-
ers were 16.4 mg/day in men and 18.5 mg/day in women for total artificial sweeteners, 13.3 mg/day in men and 15.0 mg/day in women for aspartame,
5.05 mg/day in men and 5.40 mg/day in women for acesulfame-K, and 3.44 mg/day in men and 3.30 mg/day in women for sucralose.

Jensen et al. (30) tested a research question
very similar to the present study. The au-
thors considered intakes of both table-top
sweeteners and ASBs and investigated their
associations with incident diabetes and early
markers of insulin and glucose homeostasis.
No significant associations were observed
for fasting insulin and glucose analyses.
However, in line with results from the pre-
sent study, consumers of ASBs and table-
top sweeteners had higher risks of diabetes
compared with nonconsumers.

Findings from these prospective studies
have been subjected to several reviews
and meta-analyses (5,31,32). The meta-
analysis by Azad et al. (31), involving nine
cohorts and >400,000 participants,
showed a positive association (risk ratio
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Strengths and Limitations

Strengths of this study rely on its prospec-
tive design, large sample size, and detailed
assessment of artificial sweetener expo-
sure. In fact, if several studies have investi-

Table 2—Association between total artificial sweeteners, aspartame,
acesulfame-K, and sucralose intakes coded as continuous variables and T2D,
NutriNet-Santé cohort, France, 2009-2022 (N = 105,588 participants;

972 incident cases)!

HR for an increase of 100 mg/day

Exposure (95% Cl) P value gated the associations between ASB and
Total artificial sweeteners 1.18 (1.09-1.29) <0001 12D, none had previously considered arti-
pE— T 0.003 ﬁqal swgetener ex.posure from the ove.raII

diet. Using 24-h dietary records collecting
Acesulfame-K 1.62 (1.12-2.33) 0.010 names and brands of commercial prod-
SuErElese 1.06 (0.78-1.43) 0.713 ucts, allowing for date-to-date dynamic

matching with composition data, this
study was the first to precisely assess ar-
tificial sweetener intakes overall and by
molecules, accounting for all dietary sour-
ces. In addition, models were adjusted for
a wide range of dietary, lifestyle, anthropo-
metric, and sociodemographic confound-
ing variables, which considerably limited
residual confounding, although causality
cannot be established from one observa-
tional study.

IMedian follow-up time was 9.13 years (946,650 person-years). Multivariable Cox proportional
hazard models were adjusted for (main model) age (time scale), sex, BMI (continuous, kg/m?),
mean percentage of weight change per year of follow-up (continuous), physical activity (categor-
ical IPAQ variable: high, moderate, low, missing value), smoking status (categorical: never, for-
mer, current smokers), number of smoked cigarettes in pack-years (continuous), educational
level (categorical: less than high school degree, <2 years after high school degree, =2 years af-
ter high school degree), family history of diabetes in first-degree relatives (categorical: yes, no),
prevalence of cardiovascular disease (categorical: yes, no), prevalence of hypertension (categori-
cal: yes, no), prevalence of dyslipidemia (categorical: yes, no), number of 24-h dietary records
(continuous), energy intake without alcohol (continuous variable: kcal/day), daily intakes (contin-
uous, g/day) of alcohol, sodium, saturated fatty acids, fiber, sugar, fruit and vegetables, red and
processed meat, and dairy products. In addition, all models were mutually adjusted for artificial

sweetener intake other than the one studied.

1.14 [95% Cl 1.05-1.25]) for highest ver-
sus lowest ASB intake. Qin et al. (32)
also identified a direct association be-
tween ASBs and T2D (relative risk 1.15
[1.05-1.26]). The latest was the system-
atic review and meta-analysis from the
WHO (5) in 2022, which identified higher
T2D incidence in relation with ASB (HR
1.23 [1.14-1.32]) and table-top sweet-
ener (HR 1.34 [1.21-1.48]) consumption.
Overall, results from prospective studies
observed higher risk of T2D, even after ad-
justing for BMI status in most cohorts, but
associations were lost in models addition-
ally adjusted for BMI in some studies (5).
Lastly, regarding RCTs, according to the re-
cent WHO review (5), 21 have studied in-
termediate factors, such as fasting glucose
(16 RCTs), fasting insulin (10 RCTs), gly-
cated hemoglobin (6 RCTs), and insulin
resistance (11 RCTs), with inconsistent find-
ings. Results of a recent meta-analysis re-
vealed no significant associations (5). To
our knowledge, no RCT has previously
specifically investigated the impact on
T2D risk (hard end point), probably due
to ethical reasons since potential adverse
effects are suspected.

Mechanistic Plausibility

Results from the cross-sectional Maas-
tricht Study, including 2,240 participants,
suggested that ASB consumption could be
associated with disturbances in glucose
metabolism, with decreased 3-cell sensitivity

and lower insulin secretion (33). Artificial
sweeteners, including acesulfame-K and
sucralose, may also be involved in in-
creased adipogenesis and reduced lipoly-
sis, as suggested by experimental studies
in vitro (34). In fact, artificial sweetener
consumption could promote a pro-oxidant
environment and influence fat-based stem
cells differentiation (35). Additionally, Suez
et al. (35) suggested that disturbances
from artificial sweeteners could include al-
terations in the gut microbiota, in mice and
healthy human subjects, which could then
be involved in the etiology of T2D (36). In
fact, a recent RCT in healthy adults sug-
gested person-specific effects of artificial
sweeteners on the microbiome inducing
elevated glycemic responses (35). The au-
thors notably observed specific microbial
features in relation with artificial sweet-
ener intake, such as increased levels ky-
nurenine, a diabetes-specific metabolite,
during aspartame consumption or overrep-
resentation of biosynthetic pathways asso-
ciated with T2D (35). Additionally, the WHO
identified positive associations in three co-
hort studies between artificial sweeteners
and high fasting blood glucose, which con-
tributes to metabolic syndrome and, as a
prediabetes condition, can translate to T2D
(5). Nonetheless, the effects of artificial
sweeteners on glucose metabolism remain
unclear (37), and further experimental stud-
ies are needed to clarify the underlying
mechanisms.

It has been suggested that positive as-
sociations observed in previous studies
may be due to reverse causality, i.e., peo-
ple at higher risk of T2D, such as partici-
pants with overweight/obesity, might be
more likely to consume ASBs instead of
sugar-sweetened beverages, for instance
(38). In fact, results from several prospec-
tive studies were nonsignificant after ad-
justment for BMI (5). Nonetheless, other
studies showed significant associations,
independently of body weight (5). Thus,
we extensively challenged potential re-
verse causality bias in sensitivity analyses
by excluding cases occurring during the
first 6 years of follow-up, and results re-
mained similar in this restricted study
sample. Additionally, observing the asso-
ciations among individuals with no early
sign of prediabetes (i.e., normal weight
status and no prevalence of cardiometa-
bolic disorders, hypertension, or dyslipi-
demia) further supported the fact that
reverse causality is not likely to entirely
explain the observed findings.

Next, extrapolating the results should
be done cautiously since women and
participants with higher educational level
were overrepresented in the cohort (39).
NutriNet-Santé participants had lower
artificial sweetener intakes than the amounts
estimated for the French general popula-
tion (0.51/0.38 mg/kg of body wt/day for
aspartame among women/men in NutriNet
vs. 0.81/1.08 mg/kg/day in France) (40).
This might be because participants who
voluntarily enrolled in this cohort were
more health conscious (41) and tend to
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Total artificial sweeteners and type 2 diabetes
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consume less artificially sweetened foods
and beverages. This would suggest that as-
sociations could be underestimated in the
present study compared with what would
be observed in a more representative
sample of the French population due to
reduced contrast between compared
categories of sweetener intakes.

In addition, popularity and consump-
tion trends of artificial sweeteners differ
among other countries (41); for exam-
ple, in North America, sucralose is the
most important artificial sweetener (by
volume), and the highest increase in de-
mand for artificially sweetened products
is expected in Latin America and China
(41). There are also various assessment
methods of artificial sweetener exposure,
which makes it difficult to compare in-
takes between countries (41). Thus, results

® e e Knots

Estimation

from the present study should be inter-
preted and extrapolated cautiously. Studies
in other population settings are needed to
adequately identify region-specific con-
sumption, trends, and risks associated
with artificial sweeteners.

Last, residual confounding cannot be ex-
cluded. However, a large range of potential
confounding factors were accounted for in
main models and sensitivity analyses.

Conclusions, Perspectives, and Policy
Implications

This large-scale prospective cohort with
detailed dietary data investigated, for
the first time, the relationships between
artificial sweetener exposure, account-
ing for all food/beverage sources and risk
of T2D. Results suggest positive associa-
tions between total artificial sweeteners

-eene Lower_CL
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Figure 2—Dose-response associations between artificial sweetener intakes and T2D, NutriNet-Santé, France, 2009-2022 (N =105,588). Median follow-up time
was 9.13 years (946,650 person-years). Multivariable Cox proportional hazard models were adjusted for (main model) age (time scale), sex, BMI (continuous,
kg/m?), mean percentage of weight-change per year of follow-up (continuous), physical activity (categorical IPAQ variable: high, moderate, low, missing value),
smoking status (categorical: never, former, current smokers), number of smoked cigarettes in pack-years (continuous), educational level (categorical: less than
high school degree, <2 years after high school degree, =2 years after high school degree), family history of diabetes in first-degree relatives (categorical: yes,
no), prevalence of cardiovascular disease (categorical: yes, no), prevalence of hypertension (categorical: yes, no), prevalence of dyslipidemia (categorical: yes,
no), number of 24h dietary records (continuous), energy intake without alcohol (continuous variable: kcal/day), daily intakes (continuous, g/day) of alcohol,
sodium, saturated fatty acids, fiber, sugar, fruits and vegetables, red and processed meat, and dairy products. In addition, all models were mutually adjusted for
artificial sweetener intake other than the one studied. Restricted cubic splines functions with the SAS macro were developed by Desquilbet and Mariotti (1).

and main types (aspartame and acesul-
fame-K, in particular) and higher T2D
risk. Of note, results for sucralose ap-
peared to be less robust to sensitivity
analyses and warrant further investiga-
tion. Although they will benefit from rep-
lication in future epidemiological studies,
these findings are consistent with those
of previous prospective cohorts that used
ASBs as a proxy and with experimental
evidence regarding plausible mechanisms.
They provide key insights in the context of
ongoing reevaluation by public health au-
thorities of these substances found in
many foods/beverages and ingested daily
by millions of individuals worldwide. This
new piece of evidence complements recent
mounting scientific literature suggesting po-
tential adverse effects of artificial sweet-
eners on several other chronic diseases
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(4,5). Altogether, this suggests that artifi-
cial sweeteners should not be recom-
mended for a massive consumption as safe
alternatives to sugar and that an overall re-
duction of sugary taste in occidental diets
should rather be targeted.
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