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Context: Several effects of non-sugar-sweetened beverage (NSSBs) intake on
health outcomes have been reported; however, the evidence on the association
between NSSBs intake and chronic diseases and mortality risk is still inconclusive.
Objective: This umbrella review aimed to summarize the evidence on the associa-
tion between NSSBs intake and the risk of chronic diseases and mortality. Data
Sources: Embase, ISI Web of Science, Cochrane Central, and PubMed were
searched up to September 2023 for relevant meta-analyses of observational pro-
spective cohort studies. Data Extraction: Two groups of researchers independently
extracted study data and assessed the risk of bias for meta-analyses and primary
studies. Data Analysis: Six meta-analyses, reporting 74 summary hazard ratios
(HRs) for different outcomes obtained from 50 primary studies, were included. The
summary HRs, 95% Cls, and certainty of evidence on the association of NSSBs
intake with risk of chronic diseases and mortality were as follows: all-cause mortal-
ity (per 355mL/d: 1.06 [1.01 to 1.10]; moderate certainty); stroke (per 250 mL/d:
1.09 [1.04 to 1.13]; high certainty); coronary heart disease (CHD) (per 250 mL/d:
1.06 [1.02 to 1.11]; high certainty); hypertension (HTN) (high vs low intake: 1.14
[1.09 to 1.18]; moderate certainty); type 2 diabetes (T2D) (high vs low intake: 1.16
[1.08 to 1.26]; low certainty); metabolic syndrome (MetS) (high vs low intake: 1.32
[1.22 to 1.43]; low certainty); colorectal cancer (high vs low intake: 0.78 [0.62 to
0.99]; moderate certainty); and leukemia (high vs low intake: 1.35 [1.03 to 1.77];
moderate certainty). For other outcomes, including the risk of cardiovascular and
cancer mortality, chronic kidney diseases, breast cancer, prostate cancer,
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endometrial cancer, pancreatic cancer, multiple myeloma, and non-Hodgkin lym-
phoma, no association was found. Conclusion: This study provides further evi-
dence that NSSBs are associated with increased risk of all-cause mortality, stroke,
CHD, HTN, T2D, MetS, and leukemia. Moreover, a higher intake of NSSBs was asso-
ciated with a lower risk of colorectal cancer. However, it should be noted that the
magnitudes of the associations are not large. Further studies are needed to clarify
the long-term effects of different NSSBs intakes on health.

Systematic Review Registration: PROSPERO no. CRD42023429981.

Key words: artificially sweetened beverages, low-calorie sweeteners, no-calorie sweeteners,
chronic disease, mortality, cardiovascular disease, type 2 diabetes, cancer, umbrella review.

INTRODUCTION

Non-sugar-sweetened beverages (NSSBs) have been
used widely as a replacement to reduce sugar-sweetened
beverages (SSBs) given that substituting SSBs with
NSSBs might reduce energy intake.' Non-sugar-sweet-
ened beverages contain low- or no-calorie sweeteners,
artificially produced (eg, aspartame and saccharin) or
naturally present in plants (eg, steviol glycoside).®

A large number of meta-analyses have investigated
the association of NSSBs with the risk of chronic dis-
eases, including cardiovascular diseases (CVDs),?
hypertension (HTN),* chronic kidney disease (CKD),”
type 2 diabetes (T2D),° cancers,” and all-cause and
cause-specific mortality.® Despite a large body of litera-
ture on the health aspects of NSSBs, there is still a need
for a comprehensive overview. While NSSBs intake has
been associated with the increased risk of all-cause mor-
tality,” CVD incidence,” and metabolic syndrome,
(MetS),” other studies have found no association
between NSSBs intake and cancer mortality® or even a
lower risk of specific cancers with higher NSSBs intake.”
In addition, the strength of evidence presented by the
published meta-analyses has not been addressed and
some of the studies have methodological issues—for
instance, including case-control studies,™'® which are
more prone to biases; pooling results of studies with dif-
ferent health characteristics; and including studies on
both adolescents and adults'' or studies performed on
both the general population and patients with chronic
conditions may limit the interpretations of the find-
ings.>® While a 2023 umbrella review has been pub-
lished on the association of NSSBs and health outcomes,
there is still a need for a comprehensive appraisal of
uncertainty and risk of biases in the observed associa-
tions'> since the recent review followed the same
approach as previous meta-analyses and did not
account for the previously mentioned methodological
issues, mainly including inappropriate primary studies
and ignoring some important health outcomes, such as
MetS, and site-specific cancer outcomes.
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Umbrella reviews have been used to understand the
epidemiological credibility of health aspects and summa-
rize the evidence presented by published meta-analy-
ses.>'* Using this approach, the methodological quality of
published meta-analyses, the certainty of evidence, and the
strengths of the claimed associations can be assessed,
resulting in a comprehensive overview on a specific topic.
Thus, we aimed to perform an umbrella review of the pub-
lished meta-analyses of prospective cohort studies evaluat-
ing the association of NSSBs and risk of chronic diseases
with at least 1 published meta-analysis on the topic, and to
evaluate the strength and certainty of evidence.

METHODS

The systematic literature search was designed and reported
in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines."> The protocol for the study has been registered in
the International Prospective Register of Systematic
Reviews (PROSPERO, CRD42023429981).

Literature search

The systematic search was performed in Embase.com,
Web of Science Core Collection, Cochrane Central, and
PubMed until September 4, 2023, for potential relevant
meta-analyses of prospective cohort studies evaluating the
association of NSSBs with the risk of any chronic diseases
and mortality. A combination set of key words was used
to find potentially relevant meta-analyses: [(“Sweeteners”
OR “sugar free” OR “artificially”) AND (“review” OR
“systematic review” OR “meta-analysis”)]. The literature
search was supplemented by screening the reference lists
of all relevant reviews and meta-analyses. No language,
publication date, or other restrictions were applied. With
the help of librarians, the literature search was performed
by 2 authors (SB. and H.R.-D.). The complete search
strategy is provided in Table S1.
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Table 1. PICOS Criteria for Inclusion of Studies
Parameter Criterion

Population General population aged 18 years and
older

Interventions/ Dietary intake of NSSBs

exposure

Comparator Highest versus lowest intake of NSSBs, per
serving or dose-response relation
between NSSBs intake and outcomes

Outcome Incidence of chronic diseases and all-cause
or specific cause of mortality

Study design Meta-analyses of observational

prospective cohort studies (cohort,
case-cohort, nested case-control)
Abbreviation: NSSBs, non-sugar-sweetened beverages.

Selection of meta-analyses

Studies with the following criteria, according to the
PICOS (Population, Intervention, Comparison, Outcome,
Study design) criteria (Table 1), were included in the
present umbrella review: meta-analyses of observational
prospective cohort studies (also nested case-control and
case-cohort studies) that (1) assessed dietary intakes by a
standard dietary assessment tool (eg, food-frequency ques-
tionnaires [FFQs], diet history, 24-hour dietary recalls,
and dietary records); (2) reported NSSBs as the exposure;
(3) assessed the association of NSSBs with risk of chronic
diseases (incidence of CVD [stroke and coronary heart
disease (CHD)], T2D, HTN, MetS, CKD, site-specific can-
cers, and all-cause or specific cause of mortality as the out-
come) in the general population aged 18 years and older;
(4) provided the effect estimates (hazard ratio [HR], risk
ratio [RR], and odds ratio [OR]) for the highest versus
lowest intake of NSSBs, per serving or dose-response rela-
tion between exposure and outcomes; and (5) reported
multivariable adjusted summary risk estimates and corre-
sponding 95% Cls.

Primary studies and studies with no summary risk
estimate (eg, systematic reviews without meta-analysis or
narrative reviews) were excluded. Studies that did not
specifically include NSSBs as an independent exposure
and provided a combination of NSSBs and SSBs were
also excluded. If more than 1 published meta-analysis
was available per each specific outcome, the one with the
largest number of primary prospective studies was
selected to avoid the inclusion of duplicate studies. If
effect estimates were available for both the highest versus
lowest approach and per linear term, the linear effect
estimates were checked for accurate calculation, with pri-
ority given to those that were correctly calculated.

Data extraction. Two researchers (S.B. and H.R.-D.)
independently screened and cross-checked the titles and
abstracts, as well as a final full-text screening to find the
relevant studies based on the inclusion and exclusion
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criteria. Two groups of researchers independently
extracted the following information from eligible meta-
analyses: first author’s name, publication year, outcome
(s) of interest, exposure (dose of exposure), study design
of the primary studies, number of primary prospective
cohort studies, number of participants/cases, type of
comparison (high vs low meta-analysis, or dose-
response meta-analysis), publication bias, type of out-
come metric (hazard ratio [HR], risk ratio [RR], odds
ratio [OR]), and effect size and its 95% CI.

For each primary study included in the meta-
analysis, the following information was also extracted:
first author’s name, study name, publication year, num-
ber of participants/cases, follow-up duration, covariates
adjusted in the models, and maximally adjusted HRs,
RRs, and ORs and their 95% Cls. Extracted data were
double-checked by 2 independent researchers.

Assessment of methodological quality

The risk of bias was assessed with the A MeaSurement
Tool to Assess Systematic Reviews, version 2 (AMSTAR-
2), tool.'® It includes 16 items about the conduct of the
meta-analysis, including components of PICOS, protocol
registry, literature search, study selection, data extraction,
reporting of included and excluded studies, risk-of-bias
assessment in the primary studies, statistical methods for
the analysis, heterogeneity, publication bias, and conflict
of interest. Each question can be answered as “no,” “not
applicable,” “partially yes,” and “yes.”

Risk-of-bias assessment of individual studies and
certainty of evidence

The risk-of-bias assessment of the cohort studies was done
with the recent version of the Risk Of Bias In Non-
randomized Studies-of Exposures (ROBINS-E) tool.!”
Certainty of evidence was assessed for all associations with
the updated Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) tool."® Quality
assessment of individual studies and certainty of evidence
was done by 2 investigators independently.

Statistical analysis

For each outcome, the effect estimates were recalculated
from selected meta-analyses using multivariable-adjusted
HRs of the primary studies included in the published
meta-analysis. The adjusted summary HRs and their 95%
ClIs were recalculated using the DerSimonian and Laird
random-effects model, which takes the between-study het-
erogeneity into account."

Relative risks were treated equally as HRs. When
the published meta-analysis presented HRs from the
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same cohort separately (eg, categorized by sex), first a
fixed-effects model was performed to combine the HRs
and the combined effect size was used for the analysis.
If the published meta-analysis included case-control,
retrospective cohort, and cross-sectional studies in addi-
tion to the prospective cohort studies, only the results of
prospective studies were included. If the published
meta-analysis included primary studies on patients with
chronic diseases (eg, patients with stage 3 cancer)
together with studies on the general population, only
primary studies conducted in the general population
were included. Also, if the published meta-analysis
included primary studies that reported combined results
for children with adults, only the primary studies on
adults were included. If the published meta-analysis
included primary studies with unadjusted effect esti-
mates, this study was excluded from the reanalysis. For
meta-analysis that reported a dose-response meta-
analysis as a summary effect estimate, we recalculated
the dose-response meta-analyses if the dose-response
estimates for individual primary studies were provided
separately. For each meta-analysis, between-study heter-
ogeneity was evaluated using the I statistic. The I° sta-
tistic may vary from 0% to 100% and represents the
percentage of overall variation across studies that is
explained by heterogeneity.”” However, as I is depend-
ent on the sample size, we also calculated 7%, which is
independent of study size and describes variation
between studies in relation to the effect estimates.”’ In
addition, we calculated 95% prediction intervals, which
account for heterogeneity and show the range in which
the underlying true effect size of future studies will lie
with 95% certainty.”!

Publication bias was assessed by graphical (funnel
plots) and statistical tests (Egger’s test) for each meta-
analysis with at least 10 primary studies.”"** Sensitivity
analyses were also performed to explore if the results
were robust using a leave-one-out analysis, excluding
each study at a time from the analysis. Statistical analy-
ses were performed in R (version 4.0.5; R Foundation
for Statistical Computing, Vienna, Austria) using meta,
dmetar packages. P < .05 was considered significant.

RESULTS

Figure 1 shows the flowchart of the literature search and
screening procedure. A total of 4206 articles were ini-
tially identified by searching the databases. Based on the
title and abstract screening, 46 publications were
selected for full-text screening. After the application of
the inclusion criteria, 6 meta-analyses were included in
the final analysis. Table S2 provides a list of excluded
studies.

666

Characteristics of included meta-analyses

For most outcomes, we identified more than 1 meta-
analysis in our search and excluded 29 duplicate meta-
analyses. Of those, the meta-analyses with the largest num-
ber of primary prospective cohort studies were selected for
this umbrella review. All included meta-analyses were
published between 2020 and 2022. In addition, we identi-
fied meta-analyses for specific outcomes, including obe-
sity,’ gastric cancer,” liver and biliary cancer,” thyroid
cancer,’” obesity-related/not-related cancers,” and glioma,”
which had only 1 eligible prospective cohort study based
on our eligibility criteria; thus, they were not included in
this review (Table S2).

Of the 6 identified meta-analyses of prospective
cohort studies, we included 74 summary HRs/RRs
obtained from 50 primary prospective cohort studies on
all-cause mortality,® cardiovascular mortality,® cancer
mortality,® T2D,° stroke,” CHD,> MetS,” HTN,® CKD,’
breast cancer,” prostate cancer,’ pancreatic cancer,’ col-
orectal cancer,” endometrial cancer,’” multiple mye-
loma,” non-Hodgkin lymphoma,” and leukemia.”

Fifty included primary studies performed multi-
variable adjustment using Cox proportional hazard
regression models, while 2 primary studies only
reported unadjusted effect estimates and were therefore
excluded from the meta-analyses on T2D** and all-
cause mortality.”” Two primary studies with a cross-
sectional design were excluded from the meta-analysis
on MetS.*® Similarly, we excluded a primary case-
control study from the meta-analysis on CKD.”” We
found duplicate primary publications of the same popu-
lation with longer follow-up periods for obesity-related
cancer outcome; thus, the study with the smaller sample
size was excluded®; finally, 1 primary cohort study
remained.”” One primary cohort study considered com-
posite CVD outcomes; therefore, we could not include
this study in the meta-analyses on either stroke or
CHD.” We excluded 5 primary cohort studies for
meta-analysis on T2D because of the following reasons:
were conducted on women with gestational diabetes
mellitus (GDM)?'; considered only 1 MetS component,
high fasting glucose levels as T2D incidence®?; consid-
ered prediabetes as the outcome of interest instead of
T2D% and were duplicate studies within the same pop-
ulation with a shorter follow-up period.**> In addition,
3 primary studies provided data for 1 of the components
of MetS (high blood pressure) as HTN incidence and
were included in the published meta-analyses®>**"7;
therefore, these 3 studies were excluded from our meta-
analysis. One primary cohort study reported a linear
effect estimate for breast cancer and endometrial
cancer, so we could not include this study in our meta-
analyses.’® In addition, we could not perform the
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Figure 1. Flowchart of Systematic Search and Selection Process. *When more than 1 published meta-analysis was available per each specific
outcome, we included the study with the higher number of primary prospective studies to prevent duplicates

meta-analysis for 2 study outcomes (kidney cancer and
ovarian cancer) because 1 of the included studies

3839 and another

reported linear effect estimates
reported effect estimates for high versus low values of
exposure levels.”®

Of the 50 primary studies, 98% (n=49) were
adjusted for age, 52% (n =26) for sex, 40% (n=20) for
total energy intake, 82% (n=41) for body mass index
(BMI), 82% (n=41) for physical activity, 90% (n = 45)
for smoking status, and 76% (n = 38) for alcohol intake.

Methodological quality of evidence

The overall and item-specific AMSTAR-2 ratings for each
included systematic review and meta-analysis are presented
in Table S3. Of the 6 included systematic reviews and meta-
analyses, the methodological quality was high in 1 study®

Nutrition Reviews® Vol. 83(4):663-674

and critically low in the remaining 5 meta-analyses.™ "’

The most common critical weaknesses not addressed in the
meta-analyses were the absence of protocol registered
before the commencement of the meta-analysis (item
2),>%7? the lack of a comprehensive literature search strat-
egy (item 4),” the missing justification for exclusion of stud-
ies (item 7),>*° the inappropriate meta-analytic methods
(item 11),” the mostly inadequate assessment of the risk of
bias in interpreting/discussing the findings (item 13),>”°
and the lack of assessment of the presence and likely effect
of publication bias (item 15).°

Associations and quality of evidence between NSSBs
and mortality

For a meta-analysis on all-cause mortality, each 355 mL
per day increase of NSSBs was associated with a higher
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risk of all-cause mortality (HR: 1.06; 95% CI: 1.01 to
1.10; I’: 87.25%) and the quality of the evidence was
rated as high. However, we observed high quality of evi-
dence for a nonsignificant association between NSSBs
intake and cardiovascular mortality risk (HR for each
355-mL/d increment: 1.07; 95% CL 1.00 to 1.15; I*:
79.28%). In addition, NSSBs consumption was not asso-
ciated with the risk of cancer mortality (HR for each
355-mL/d increment: 1.01; 95% CI: 0.98 to 1.03; I
:0.00%; GRADE: high) (Table 2, Figure S1).

Associations and quality of evidence between NSSBs
and stroke, CHD, and HTN

Each 250-mL/d increase of NSSBs was associated with
an increased risk of stroke (HR: 1.09; 95% CI: 1.04 to
1.13; I: 0.00%; GRADE: high). Moreover, there was
high quality of evidence for a linear association between
NSSBs intake and CHD risk (HR for each 250-mL/d
increment: 1.06; 95% CIL: 1.02 to 1.11; I: 31.12%). A
higher intake of NSSBs was also associated with a higher
HTN risk (HR: 1.14; 95% CI: 1.09 to 1.18; I 72.88%;
GRADE: moderate) (Table 2, Figure S2).

Associations and quality of evidence between NSSBs
and T2D, MetS, and CKD

We found that higher intakes of NSSBs were associated
with a higher risk of T2D (HR: 1.16; 95% CI: 1.08 to
1.26; I’: 52.3%; GRADE: low). Evidence from our analy-
sis showed a linear association between NSSBs con-
sumption and the risk of MetS (HR: 1.32; 95% CI: 1.22
to 1.43; I’: 12.3%; GRADE: moderate). However, no sig-
nificant association was observed for the highest versus
lowest intake of NSSBs and the risk of CKD (HR: 1.25;
95% CI: 0.51 to 3.10; I: 93.74%; GRADE: low) (Table 2,
Figure S3).

Associations and quality of evidence between NSSBs
and site-specific cancers

There was a moderate quality of evidence that individu-
als with a higher intake of NSSBs had a higher risk of
leukemia (HR: 1.35; 95% CI: 1.03 to 1.77; I’: 0.00%).
However, a higher versus lower intake of NSSBs was
associated with a reduced risk of colorectal cancer, with
a moderate quality of evidence (HR: 0.78; 95% CI: 0.62
to 0.99; I*: 0.00%). A nonsignificant association was
found between NSSBs intake and risk of breast cancer
(HR: 0.99; 95% CI: 0.90-1.08; I*: 50.26%; GRADE: mod-
erate), prostate cancer (HR: 1.06; 95% CI: 0.70-1.62; I*:
55.5%; GRADE: very low), endometrial cancer (HR:
0.82; 95% CI: 0.59-1.15; I’: 0.00%; GRADE: low),
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pancreatic cancer (HR: 1.05; 95% CI: 0.89-125; I*:
0.00%; GRADE: high), multiple myeloma (HR: 1.04;
95% CI: 0.66-1.64; I’: 68.4%; GRADE: very low), and
non-Hodgkin lymphoma (HR: 1.05; 95% CI: 0.91-1.22;
I?: 16.4%; GRADE: moderate) (Table 3, Figure S4).

Sensitivity analysis and publication bias

Findings of leave-one-out analyses are shown in Figure
S5. The association between NSSBs and the risk of car-
diovascular mortality was not robust in the leave-one-
out analysis.*>*' However, the link between NSSBs and
risk of all-cause mortality, stroke, T2D, and MetS was
robust in the leave-one-out analysis (Figure S5).

Type 2 diabetes was the only outcome with 10 or
more prospective cohort comparisons available, for which
Egger’s tests were significant (Egger’s test, P=.002) using
statistical asymmetry tests (Figure S6).

DISCUSSION

The present umbrella review provides a comprehensive
overview and appraisal of the currently available meta-
analyses evaluating the associations between NSSBs and
multiple health outcomes. We provided meta-analyses
of prospective cohort studies and assessed the methodo-
logical quality of the included meta-analyses and the
quality of evidence for all these associations. Our
umbrella review notably included health outcomes that
have never been meta-analyzed before, such as MetS
and site-specific cancer outcomes, including breast can-
cer, prostate cancer, endometrial cancer, non-Hodgkin
lymphoma, multiple myeloma, and leukemia. Our find-
ings showed that higher consumption of NSSBs is asso-
ciated with increased risk of T2D, stroke, CHD, HTN,
MetS, leukemia, and all-cause mortality. However, there
was an inverse association between NSSBs consumption
and colorectal cancer risk. No association was found
between NSSBs and incidence of cardiovascular mortal-
ity, cancer mortality, CKD, and site-specific cancers,
including breast cancer, prostate cancer, pancreatic can-
cer, endometrial cancer, non-Hodgkin lymphoma, and
multiple myeloma.

Comparison with other studies

This umbrella review supports the findings of the recent
comprehensive review by the World Health
Organization (WHO) on the health aspects of NSSBs
(published in 2023).** According to the WHO report,
high NSSBs intake was associated with an increased risk
of all-cause mortality, stroke, HTN, and T2D. The null
associations of NSSBs intake and risk of CKD, cancer
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mortality, and a large number of cancer-specific out-
comes found by WHO were also consistent with our
findings.*> A network meta-analysis by Yang et al*’
showed that consuming 1 or more serving of NSSBs per
day is associated with a higher risk of stroke and cardio-
vascular mortality; however, no significant association
was observed with CHD risk. In line with our findings,
a previous meta-analysis revealed that long-term con-
sumption of NSSBs increased the risk of CVD including
stroke and CHD.** The results of another meta-analysis
found that 1 serving per day of NSSBs was associated
with a 25% higher risk of T2D, which was attenuated to
8% after adjustment for adiposity.*” Findings of 2 meta-
analyses indicated a higher risk of MetS and HTN with
a higher intake of NSSBs, which is consistent with our
observations.”** Previous studies mostly agree with our
findings on the risk of mortality. The results of a meta-
analysis of prospective cohort studies indicated that
each additional serving per day of NSSBs is associated
with a 7% increased risk for all-cause mortality.*® In
addition, Zhang et al® found a J-shaped association
between NSSBs and risk of all-cause and cardiovascular
mortality, while no association was found for cancer
mortality. The controversies between our findings and
those of Zhang et al® might arise from 2 points. First,
we excluded 1 of the included studies in the mentioned
meta-analysis that was performed on patients with stage
IIT colon cancer, as they are not representative of the
general population and are at higher risk of mortality.*
Second, by reviewing the reference lists of other meta-
analyses, we found and included another relevant study
from the National Health and Nutrition Examination
Survey with a relatively high sample size (n = 31402).*'
With regard to site-specific cancers, we found a
moderate quality of evidence that higher consumption of
NSSBs was related to a lower risk of colorectal cancer. By
contrast, there was a direct association between NSSBs
and leukemia with a moderate quality of the evidence.
For cancers at the other sites, we did not observe signifi-
cant associations, and the quality of the evidence was
rated from high to very low. A meta-analysis on the asso-
ciation of NSSBs and overall cancer incidence failed to
find a relationship between NSSBs and the risk of overall
cancer, whereas in Europe, NSSB consumption might
increase cancer incidence.”” Evidence regarding the asso-
ciation between NSSBs and site-specific cancer risk is
limited. For breast cancer incidence, our findings are
completely in agreement with the most recent meta-
analysis by Ye et al.*’ This study on 5 case-control and
cohort studies revealed no significant association
between NSSBs and breast cancer. Moreover, the results
of the subgroup analysis showed no link between the
NSSBs dose and the risk of breast cancer. In addition,
Tepler et al*® in a meta-analysis of 8 case-control and
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cohort studies showed that the consumption of NSSBs
was associated with modestly lower odds of luminal gas-
trointestinal (GI) tract cancer; however, no association
was found for pancreatic cancer, as a non-luminal GI
cancer.*® Moreover, in the meta-analysis of observational
studies by Jatho et al,* the consumption of NSSBs was
not significantly related to the risk of overall GI cancer.

In the present umbrella review, we found that some
meta-analyses had some flaws in the selection of eligible
primary studies. For example, Qin et al® performed a
meta-analysis on the association of NSSBs and the risk
of obesity based on 5 cohort studies; however, none of
these primary studies were eligible to be included in our
meta-analysis. For instance, 1 of the cohort studies was
performed on women with GDM at enrollment, which
is not representative of the general population.’!
Another included study provided the risk of obesity for
the substitution analysis of water with NSSBs, but not
for NSSBs and risk of obesity.”® Moreover, the 3
remaining cohort studies investigated the association
between NSSBs and the risk of MetS and also presented
the HRs per specific components of MetS.>*>***! Qin
et al® considered the HRs provided in these 3 studies for
high waist circumference (WC) as the incidence of obe-
sity, which is an erroneous approach, since WC shows
abdominal obesity, while the incidence of obesity is
defined based on BMI. As explained in the Results sec-
tion, our meta-analyses of the risk of T2D, MetS, and
HTN were corrected for the methodological issues.

In a recent umbrella review published in 2023, Diaz
and colleagues'” summarized findings from systematic
reviews and meta-analyses on NSSBs and health out-
comes. However, our study has several strengths com-
pared with the previous umbrella review. The present
study not only summarized the recently published
meta-analyses but also conducted the most updated
meta-analyses with primary studies. The study by Diaz
et al'” included prospective cohort and case-control
studies, whereas our review was conducted only on pro-
spective cohort studies. Diaz et al'* searched for system-
atic reviews published up to May 25, 2022, although
they missed a systematic review and meta-analysis (con-
ducted in 2021) on all-cause and cause-specific mortal-
ity (cardiovascular and cancer mortality), which had the
largest number of primary studies and was selected as a
reference study in our umbrella review. In addition,
Diaz et al'® did not correct all of the methodological
issues for the meta-analysis on the risk of obesity, as
explained in details above.

Possible explanations

Beyond the present findings, associations between the
consumption of NSSBs, chronic diseases, and mortality
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might be attributed to reverse causality. For example,
individuals with obesity, T2D, or HTN might choose
NSSBs to reduce their weight or blood pressure.*
Certain studies suggest that the relationship between
weight gain and NSSBs consumption precedes the meta-
bolic dysregulation induced by NSSBs, and individuals
with obesity tend to consume a higher quantity of
NSSBs to manage their weight.”> Mechanisms that
might explain the association between NSSBs and the
risk of chronic diseases are less well identified. There
have been several plausible mechanisms explaining the
potential role of NSSBs in appetite dysregulation and
regulation of hormones.”>** Non-sugar-sweetened bev-
erages are generally consumed alone, causing a dissocia-
tion between calorie intake and sweet taste. It has been
hypothesized that the dissociation of these physiological
events may disrupt the neurobehavioral and hormonal
pathways regulating satiety and hunger.”> Moreover,
increased NSSBs consumption can enhance sweet pref-
erence and appetite, which leads to increased calorie
intake.” The caramel content of diet beverages produ-
ces advanced glycation end-products, which can
enhance insulin resistance and act as a proinflammatory
factor.”® In addition, previous evidence showed that the
consumption of NSSBs in both mice and humans
increases the risk of glucose intolerance; they suggest
that these adverse metabolic effects of artificial sweet-
eners are mediated by modulation of the gut microbiota
composition and also its function.”” It is proposed that
artificial sweetener consumption can lead to adverse gut
immunologic responses through increasing lipopolysac-
charide (LPS) levels.”® LPS is known as an endotoxin
that can enhance intestinal permeability and also stimu-
late monocyte and macrophage production of inflam-
matory mediators.”®

Strengths and limitations

To our knowledge, this is the most comprehensive
umbrella review summarizing and evaluating the cer-
tainty of evidence on NSSBs consumption and its asso-
ciation with chronic diseases and mortality outcomes.
Retrospective cohort, case-control, and cross-sectional
studies conducted specifically in patients with chronic
diseases, and also studies with unadjusted risk estimates,
were excluded. We recalculated risk estimates using a
random-effects model to find comparable results across
different health outcomes. In addition, we graded the
quality of the evidence presented in meta-analyses to
make a more realistic judgment about the link between
NSSBs and health outcomes.

However, several limitations to this study should be
considered. We were not able to study the associations
in different subgroups of relevant factors for the
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incidence of chronic diseases and mortality—for
instance, in each gender group or BMI category. Except
for 2 primary studies, all of the included prospective
cohort studies had been conducted in the United States
or Europe; thus, potential regional differences related to
NSSBs intake and the risk of chronic diseases and mor-
tality could not be assessed. Of the 17 risk estimates pre-
sented in the current umbrella review, 5.9% of the
associations (n = 1) were found with more than 10 pri-
mary prospective cohort studies; therefore, the interpre-
tation of these findings should be made with caution.
The quality of the evidence was rated as low or very low
for 17.6% (n=23) and 11.7% (n=2) of the associations,
respectively. Hence, further high-quality research is
needed for outcomes with low- or very-low-quality evi-
dence, including endometrial cancer, multiple mye-
loma, and prostate cancer. Only 1 prospective cohort
study was found for some outcomes, including obesity,
liver diseases and ovarian, kidney, liver, and obesity-
related cancers. Therefore, further prospective cohort
studies are needed to assess the association between
NSSBs consumption and these health outcomes.
Primary studies included in our analyses used different
food-intake assessment methods, including FFQs, food
records, and 24-hour dietary recall, which are associated
with measurement bias (underestimated or overesti-
mated effect sizes). In addition, despite the inclusion of
several high-quality cohort studies with large sample
sizes, the inability to rule out residual confounding is
known to be an inherent limitation of these observatio-
nal studies. It is worth mentioning that almost all of the
included primary studies evaluated the overall intake of
NSSBs and none of them specified the types of the
NSSBs, although findings of randomized controlled tri-
als have shown that health effects of different NSSBs
may vary.¥%

We also evaluated the quality of the evidence using
GRADE. The results indicated that the evidence for
prostate cancer and multiple myeloma was rated as very
low. For T2D, CKD, and endometrial cancer, the evi-
dence was rated as low. The evidence for MetS, HTN,
breast cancer, colorectal cancer, leukemia, and non-
Hodgkin lymphoma was rated as moderate certainty.
Moreover, the certainty of the evidence was high for all-
cause mortality, cardiovascular mortality, cancer mor-
tality, stroke, and CHD.

Clinical and public health implications

Currently, there is a lack of consensus among health
authorities regarding recommendations for the con-
sumption of NSSBs. For example, the recent guideline
released by the WHO advises against using NSSBs for
controlling weight and reducing the risk of
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cardiometabolic diseases.*” However, this guideline has
faced criticism and calls for re-evaluation.®>®!
Conversely, the advisory paper by the American Heart
Association suggests that NSSBs intake could be a viable
alternative to reducing sugar consumption for adults
with high intake levels and may aid individuals with
diabetes in managing blood glucose levels." To gain a
clearer understanding of the clinical recommendations
regarding NSSBs intake, further research is necessary,
particularly focusing on the toxicological assessment
and safety of each specific type of NSSBs while noting
that the safety of all types of sweeteners is currently
under re-evaluation by some safety authorities such as
the European Food Safety Authority.”> This approach
will help to have fewer contradictory recommendations
by health authorities. For instance, the Joint Food and
Agriculture  Organization  (FAO)/WHO  Expert
Committee on Food Additives has reaffirmed the safety
of aspartame within the Acceptable Daily Intake of
40 mg/kg body weight.

Future research should also focus on outcomes for
which the quality of the evidence was rated low or very
low, especially site-specific cancers. It is worth mention-
ing that, in the current study, the baseline exposure lev-
els of NSSBs intake were considered although multiple
dietary assessments can provide more information on
NSSBs intake, thereby more robust results on the long-
term effect of NSSBs intake can be achieved.
Additionally, interactions between NSSBs and dietary
factors and the impact of mediating/confounding fac-
tors such as BMI, gene variations, geographical regions,
ethnicity, and various lifestyles/environments were also
missing in the current evidence. Thus, daily consump-
tion of NSSBs should be considered with caution until
further sound research is established. To achieve a more
accurate assessment of NSSBs intake, future research
could focus on measuring the urinary excretion of
metabolites such as saccharin, acesulfame-K, sucralose,
cyclamate, and steviol glycosides, which can serve as
potential biomarkers for these specific NSSBs®’; how-
ever, these novel metabolites need validation and fur-
ther investigation.

CONCLUSION

While the methodological quality of most meta-analyses
was critically low, the quality of evidence was only high
for associations for the risk of all-cause, cardiovascular,
and cancer mortality, stroke, and CHD. Given the
growing increase in NSSBs consumption worldwide,**
the current study has provided substantial information
for developing strategies and recommendations for pub-
lic health policies. We also recommend future epide-
miological research to investigate the association of
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NSSBs consumption by considering the potential influ-
ence of possible reverse causation.

To provide clear insight into the possible mecha-
nisms of the effects of NSSBs and health-related out-
comes, more well-designed clinical trials with longer
follow-up times focusing on particular types of NSSBs
are needed. Furthermore, the sex-specific associations
of various NSSBs intakes with health outcomes are still
unclear.
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