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Introduction: Sugar-sweetened beverage (SSB) intake is associated with an
increased risk of cardiometabolic diseases. However, evidence regarding
associations of artificially sweetened beverages (ASBs) and fruit juices with
cardiometabolic diseases is mixed. In this study, we aimed to investigate the
association between the SSB, ASB and fruit juice consumption with the incidence
of cardiometabolic conditions and mortality.

Methods: Relevant prospective studies were identified by searching PubMed,
Web of Science, Embase, and Cochrane Library until December 2022 without
language restrictions. The pooled relative risk (RR) and 95% confidence intervals
(Cls) were estimated for the association of SSBs, ASBs, and fruit juices with the
risk of type 2 diabetes (T2D), cardiovascular disease (CVD), and mortality by using
random-effect models.

Results: A total of 72 articles were included in this meta-analysis study. Significantly
positive associations were observed between the consumption of individual
beverages and T2D risk (RR: 1.27; 95% CI: 1.17, 1.38 for SSBs; RR: 1.32; 95% ClI:
1.11, 1.56 for ASBs; and RR:0.98; 95% CI: 0.93, 1.03 for fruit juices). Moreover,
our findings showed that intakes of SSBs and ASBs were significantly associated
with risk of hypertension, stroke, and all-cause mortality (RR ranging from 1.08 to
1.54; all p<0.05). A dose-response meta-analysis showed monotonic associations
between SSB intake and hypertension, T2D, coronary heart disease (CHD),
stroke and mortality, and the linear association was only significant between
ASB consumption and hypertension risk. Higher SSB and ASB consumptions
were associated with a greater risk of developing cardiometabolic diseases and
mortality. Fruit juice intake was associated with a higher risk of T2D.

Conclusion: Therefore, our findings suggest that neither ASBs nor fruit juices
could be considered as healthier beverages alternative to SSBs for achieving
improved health.

Systematic Review Registration: [PROSPERO], identifier [No. CRD42022307003].
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Introduction

The health effects of beverages especially sugar sweetened
beverages (SSBs), have received widespread attention from the
scientific community and general public over the past decades. Despite
public health measures to limit and reduce the consumption of added
sugars by introducing sugar tax on SSBs in several countries, SSBs still
remain a major source of added sugars (1-6). The most recent 2020-
2025 dietary guidelines for Americans carried further forward a
recommendation from the 2015 that intake of SSB should be limited
(7, 8). SSBs have high carbohydrate content, but poor energy
compensation, and induce low satiety effects (9). Evidence from
experimental studies have demonstrated that high intake of SSBs has
detrimental effect on health benefits, including accelerating chronic
inflammation, disordering lipid metabolism, and promoting oxidative
stress (10, 11). Therefore, it is important to identify alternatives to SSBs
with less adverse health effects.

According to Dietary Guidelines for Americans 2020-2025, everyone
can benefit from shifting food and beverage choices to better support
healthy dietary patterns (7). Some types of artificially sweetened beverages
(ASBs), such as low-and no-calorie sweetened beverages, are considered
as the potential replacement of SSBs to displace calories from such
beverage by several obesity and T2D organizations (12-18). As another
potential alternative to SSBs, fruit juices contain various nutritious
vitamins, minerals, and other bioactive phytochemicals such as
polyphenols and carotenoid, however, they tend to be rich in naturally
occurring sugars. Furthermore, compared with whole fruits, fruit juices
contain fewer dietary fibers (19). Although several epidemiological
studies have reported that consumption of SSBs was positively associated
with cardiometabolic diseases, the associations of ASBs and fruit juices
with cardiometabolic disease risk have been less consistent. Some studies
found that intake of ASBs was associated with a lower diabetes risk,
though some randomized controlled trials have suggested that artificial
sweeteners might actually increase glucose intolerance (9, 20, 21).
Compared with the literature on T2D, results on the association of ASBs
and fruit juice consumption with cardiometabolic diseases (such as
hypertension, CHD) or mortality were mixed. In addition, the dose-
response relationship between beverage intakes and risk of these diseases
or mortality has not been well established. Some studies have
demonstrated a monotonic increasing risk with increasing intake of some
beverage subtypes, while others have indicated a J-shaped relationship.

Thus, to better illustrate the conflicting results of the previous
studies, a dose-response meta-analysis of prospective cohort studies
was conducted to comprehensively evaluate the association between
the consumption of SSBs, ASBs as well as fruit juices and the risk of
cardiometabolic diseases and mortality.

Materials and methods

The present study followed the Preferred Reporting Items
for Systematic Reviews and Meta-analyses (PRISMA) guidelines
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(22) and recorded in the PROSPERO

Supplementary Table 1).

(CRD42022307003;

Literature search strategy and selection
Criteria

A systematic search of PubMed, EMBASE, Web of Science, and
Cochrane Library was performed to identify relevant articles up to
December 2022 without language restriction by using MeSH terms
and free-text terms (Supplementary Table 2). Reference lists of
included studies and relevant articles were also manually searched for
potential eligible studies.

Studies meeting the following criteria were eligible for inclusion:
(1) the study design was prospective cohort studies in adults aged
> 18 years with follow-up of at least 2 years (2) the exposures of interest
were consumption of SSBs (beverages containing added caloric
sweeteners such as sucrose or high-fructose corn syrup, including soft
drinks, fruit-flavored drinks, cola-type beverages, sugar-added fruit
juices, sweetened coffees and teas, and other sweetened drinks, not
presented as diet or non-caloric beverages), ASBs (beverages
sweetened with non-nutritive (noncaloric) sweeteners such as
sucralose or aspartame, including diet/sugar-free soft drinks,
low-calorie beverages, non-calorie carbonated soft drinks, sports or
energy drinks), and fruit juices (including apple, orange, grapefruit,
and other 100% or pure fruit juices without added sugars or artificial
sweeteners) (8, 3) the endpoints of interest were incidence of T2D
(one or more classic symptoms [excessive thirst, polyuria, weight loss,
or hunger], or fasting glucose of > 126 mg/dl, or nonfasting glucose of
>200mg/dl or current use of hypoglycemic medication or self-
reported T2D), hypertension (any use of antihypertensive medication
taking or systolic or diastolic blood pressures greater than 140 or
90 mmHg or self-reported hypertension), CHD (nonfatal myocardial
infarction or fatal CHD), stroke (rapid onset of focal neurological
symptoms of presumed vascular origin or lasting > 24 h or resulting
in death), and mortality (death from all the cause or CVD; more
detailed definitions of diseases are shown in Supplementary Tables 3-8);
(4) relative risks (RRs) with 95% confidence intervals (CIs) were
available. The data with the longest follow-up period were selected
when outcome data were presented at multiple time points. Literature
search and further eligibility assessment was conducted by three
authors (BL, NY, and LW) independently, with discrepancies resolved
by discussion with another reviewer (LM).

Data extraction and quality assessment

The following information was extracted from each study by three
independent authors (BL, NY, and HJ): the first author, year of
publication, geographical location, duration of the follow-up, cohort
name, number of participants and cases, age, gender, beverage intake
categories, method of dietary assessment, methods of outcome
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ascertainment, type and number of cases or deaths, covariates adjusted
in the multivariable analysis, and the RRs with 95% CIs for each
category of beverage. If studies provided more than one estimate, the
RRs fully adjusted for confounding factors were extracted for analysis.

Study quality was assessed by the same three authors according to
the Newcastle-Ottawa quality assessment scale (23). Studies scored
0-3, 4-6, and 7-9 were defined as low, moderate, and high quality,
respectively.

To estimate the credibility of evidence for the association between
drinks and risk of cardiometabolic diseases, the NutriGrade scoring
system was used (24). The calculated score was grouped into four
categorizations to interpret the certainty of evidence: very low (0- <4
points), low (4-<6 points), moderate (6-<8 points) and high
(> 8 points).

Data synthesis and statistical analysis

The combined risk estimates across studies were calculated by
using random-effect models for the associations of SSBs, ASBs, and
fruit juices with hypertension, T2D, CVD and mortality (25). The
statistic (with I’<50% being low and I*>50% being apparent
heterogeneity) was used to measure the magnitude of between-study
heterogeneity. Meta-regression and subgroup analyses were conducted
according to sex (men, women, or both), geographical locations (the
United States, Europe, or Asia), follow-up year (<10years or
> 10vyears), assessment method (FFQ, dietary history, or diet record),
body mass index (BMI; adjusted or unadjusted) as well as the study
quality (high or medium). There were relatively too few studies on the
associations of fruit juice and hypertension/CHD/stroke/mortality
and the association of ASBs and CHD/stroke to conduct meaningful
subgroup analyses, thus, no further stratified analyses were conducted.

We assessed the potential dose-response meta-analyses between
the categories of beverage consumption and the chronic diseases
mentioned above by using restricted cubic splines with three knots
located at 10, 50, and 90th percentiles of the distribution, which was
proposed by Greenland and Longnecker (26) and Orsini et al. (27).

If the extreme category of one study was open-ended, it is assumed
that its width was the same as that of the adjacent category (28, 29).
For better comparison, different SSB, ASB, and fruit juice intakes like
per drink, per day/per week or servings/cups were converted into
ml/d according to the definition of the serving/cup in each study, or
using estimates from studies in the same country if not specified in
the article.

Sensitivity analyses in which one study at a time was excluded
were performed to assess the robustness of the results and the
influence of individual studies on heterogeneity. The significance or
direction of the association did not significantly change when omitting
one study at a time or excluding a category of studies, indicating the
robustness of the results. Further sensitivity analyses were conducted
for studies that controlled for important confounders including age,
smoking, alcohol drinking, BMI, and physical activity. Potential
publication bias was assessed by the application of funnel plots, Egger’
test, and Begg’s test at the p<0.10 level of significance (30, 31). If
potential publication bias was indicated, a trim and fill analysis was
applied to evaluate the number of missing studies, and recalculation
of the pooled relative risk was done after addition of those missing
hypothetical studies. Statistical analyses were performed using Stata
version 14.0 software (StataCorp, College Station, TX, United States).
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Results
Literature search and study characteristics

A total of 12,910 records were retrieved from databases and
manual searches after the removal of duplicates, of which 170 were
identified for full-text review after preliminarily screening the
abstracts and titles. After evaluating the full texts, 98 publications
were excluded for the following reasons: (1) 24 records were
excluded because they were meta-analyses or systematic reviews;
(2) 16 records were excluded because they were case-cohort studies
or case control studies; (3) 13 records were excluded because they
were cross-sectional studies; (4) 45 records were excluded because
the endpoint or exposure was not relevant to the purpose of the
present study. Finally, 72 records (71 published original articles and
one conference abstract) were included in the final analysis
(Figure 1) (32-82).

The main characteristics of the selected studies are presented in
Supplementary Tables 3-8. Eleven studies were conducted in Asia,
11 in Europe, and 46 in the United States. The follow-up period ranged
from 4.0 to 38.0 years. Dietary assessment of 64 studies was performed
using validated FFQs, and 8 studies used diet records. All the studies
were adjusted with multivariable models. Most studies controlled for
smoking (n=70), physical activity (n="70), age (n=68), body mass
index (n=64), and alcohol drinking (1 =58). The quality scores of the
studies were shown in Supplementary Tables 9-14, with 63 studies
rated as high quality, and 9 studies as medium quality. According to
the NutriGrade scoring system (Supplementary Tables 15-17), the
credibility of evidence on the associations of SSB intake with T2D,
CHD, stroke, and all-cause mortality was rated high. The same was
true for the association between ASB intake and T2D. Evidence for
other associations was of low to moderate quality.

Association between beverages and T2D

A total of 20 studies with a total of 70,674 T2D cases in
1,246,307 participants investigated the associations between
beverage consumption and T2D risk, including 17 studies of SSBs,
10 studies of ASBs, and 6 studies of fruit juices (32-51). The overall
effect estimates of T2D comparing the highest to lowest categories
were 1.27 for SSBs (95% CI: 1.17, 1.38; Pheterogeneity < 0.001; I* = 69.2%;
n=17; Figure 2; Supplementary Figure 1), 1.32 for ASBs (95% CI:
1.11, 1.56, Preterogeneiy <0.001; P =92.7%; n=10; Figure 2;
Supplementary Figure 2), and 0.98 for fruit juices (95% CI: 0.93,
103 Procrogeney =059 P =0.0%;
Supplementary Figure 3). For the association between SSB and fruit

n==6; Figure 2;
juice intake and T2D, the pooled risk estimates were similar to
those from the full analyses when study results were stratified by
prespecified characteristics. In the analysis of ASB intake and T2D,
when stratified by sex, the association was stronger among women
than men. In the analysis stratified by the adjustment for BMI, a
weaker but still significant association was detected among studies
with adjustment for BMI (Supplementary Table 18). The dose-
response meta-analyses found a linear association between SSB and
ASB consumption and T2D risk (RRgsp: 1.20, 95% CI: 1.15, 1.25;
Prontinearity = 0.06; RRys: 1.1, 95% CI: 1.05, 1.18; Pyopinearsy = 0.09;
Figure 3). Indication for a nonlinear relationship between fruit juice
intake and T2D was detected (Pyoniinearity = 0.001; Figure 3).
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Records identified through electronic database searching in MEDLINE, EMBASE, ISI Web of
Science, and Cochrane Library (n=16,794)

»| Duplicates removed (n=3,899)

Y

’ Records after duplicates were removed (n=12,895)

\ 4

Records excluded based on titles or abstracts (n=12,740)

\ 4

Retrieved for evaluation (n=155)

¥ Additional recordeds identified through manual search (n=15)

\ 4

Full-text articles assessed for eligibility (n=170)

Excluded (n=98):
Meta-analysis/Systematic review (n=24)
Case-cohort/control study (n=16)
Cross-sectional study (n=13)
No relevant exposure or outcome of interest (n=45)

Articles included in the meta-analysis (n=72)

20 reported on SSB (n=17), ASB (n=10), and fruit juice (n=6) consumption and T2D

10 reported on SSB (n=8), ASB (n=4), and fruit juice (n=2) consumption and hypertension

8 reported on SSB (n=7) and ASB (n=3) consumption and CHD

9 reported on SSB (n=7), ASB (n=2), and fruit juice (n=2) consumption and stroke

15 reported on SSB (n=14), ASB (n=7), and fruit juice (n=2) consumption and all-cause mortality
10 reported on SSB (n=9), ASB (n=4), and fruit juice (n=2) consumption and CVD mortality

*Note: Serval articles contributed to more than one exposure of interest in this study.

FIGURE 1

Screening and selection process of studies of SSB, ASB and fruit juice consumption and T2D, hypertension, CHD, stroke, and mortality risk. ASB,
artificially sweetened beverage; CHD, coronary heart disease; SSB, sugar-sweetened beverage; T2D, type 2 diabetes.

Association between beverages and CVD

Twenty-seven studies were included in the analyses of beverage
consumption and CVD risk. A total of 207,460 cases of hypertension
(n=10), 23,757 cases of CHD (n =8), and 15,830 cases due to stroke
(n=9) in 1,395,468 participants were included in the present study
(32, 33, 52-68). Compared with participants in the bottom category
of SSBs, those in the top category had a 12% higher risk of
hypertension (RR: 1.12; 95% CI: 1.08, 1.17; Preerogeneity = 0.05; I* = 50.3%;
n=_8; Figure 2; Supplementary Figure 4). Similarly, higher ASB
consumption was associated with a 14% increase in hypertension risk
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(RR: 1.14; 95% CI: 1.10, 1.18; Pyeierogencity =0.06; I =60.0%; n=4;
Figure 2; Supplementary Figure 5). A significant association was not
detected between fruit juice consumption and hypertension risk (RR:
1.01; 95% CI: 0.97, 1.04; Pyererogeneity = 0.69; P =0.0%; n=2; Figure 2;
Supplementary Figure 6).

When comparing the highest category with the lowest one, the risk
of CHD was significantly higher by 17% for SSBs (RR: 1.17, 95% CI:
109, 125, Procogenciy=0.8% I =0.0%;
Supplementary Figure 7). However, ASB consumption was not
significantly associated with CHD (RR: 1.11, 95% CI: 0.91, 1.35,
Preterogeneity = 0.055 P =65.6%; n=3; Figure 2; Supplementary Figure 8).

n=6; Figure 2;
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No of No of N9 Pf Relatiove risk
Stuidies events participants (95%Cl)
SSB
T2D 17 30,666 566,178 - 1.27 (1.17,1.38)
Hypertension 8 82,418 258,721 . 1.12 (1.08,1.17)
CHD 7 16,814 590,466 - 1.17 (1.09,1.25)
Stroke 7 13,793 302,669 - 1.09 (1.00,1.17)
All-cause mortality 14 121,488 1,131,605 o~ 1.11 (1.05,1.16)
CVD mortality 9 18,846 729,644 - 1.13 (1.05,1.20)
ASB
T2D 10 21,290 367,447 —— 1.32 (1.11, 1.56)
Hypertension 4 78,225 227,254 . 1.14 (1.10, 1.18)
CHD 3 6,943 133,967 —— 1.11 (0.91, 1.35)
Stroke 2 332 5,452 e — 1.54 (1.05, 2.26)
All-cause mortality 7 95,704 836,161 - 1.12 (1.04, 1.21)
CVD mortality 4 8,572 209,379 e 1.08 (1.00, 1.16)
Fruit juice
T2D 6 18,718 312,682 - 0.98 (0.93, 1.03)
Hypertension 2 46,817 86,663 + 1.01 (0.97, 1.04)
Stroke 2 1,705 148,939 —_— 0.84 (0.51, 1.37)
All-cause mortality 2 5,904 53,514 - 1.26 (1.14, 1.40)
CVD mortality 2 1,197 53,514 — 1.32 (1.03, 1.67)
T
0.80 1.5
FIGURE 2
Pooled relative risks of type 2 diabetes, hypertension, coronary heart disease, stroke and mortality comparing the highest with the lowest categories of
sugar-sweetened beverage, artificially sweetened beverage and fruit juice consumption. ASB, artificially sweetened beverage; CHD, coronary heart
disease; CVD, cardiovascular disease; SSB, sugar-sweetened beverage; T2D, type 2 diabetes.

For stroke, both SSBs and ASBs showed positive associations, with the
pooled effect estimates of 1.09 (95% CI: 1.00, 1.17, Ppeerogencity = 0.38;
I =6.9%; n=7; Figure 2; Supplementary Figure 9) and 1.54 (95% CI:
105, 226, Procrogeneiy=028 P =16.0%;
Supplementary Figure 10), respectively. Fruit juice consumption was
not significantly associated with stroke (RR: 0.84, 95% CI: 0.51, 1.37,
Preterogeneity =0.007; IP=86.1%; n=2; Figure 2; Supplementary Figure 11).
The result of stratified analyses showed that the association between
SSB consumption and hypertension incidence was more pronounced

n=2; Figure 2;

in cohort studies following up less than 10years than in studies with a
longer follow-up. Subgroup analyses stratified by sex showed that the
association between ASBs and hypertension appeared to be stronger in
women than in men (Supplementary Table 19). No source of
heterogeneity was found in the subgroup analyses of the associations
between SSB intake and CHD and stroke (Supplementary Table 20).
The dose-response analyses indicated that the risk of
hypertension increased linearly with the increasing consumption of
SSBs and ASBs; and per serving/d higher consumption of these
beverages was associated with a 10% higher risk of hypertension
(RR: 1.10, 95% CI: 1.08, 1.13, Pyopjineariy = 0.57; RR: 1.10, 95% CI:
1.08, 1.12, Poniinearity=0.18; respectively; Figure 3). The dose-
response analysis also found that the multivariate RR for one
serving/d increment in SSB consumption was 1.20 (Pnonlinearity: 0.74;
RR: 1.20; 95% CI: 1.12, 1.28; Figure 3) for CHD and 1.16 for stroke
(RR: 1.163 95% CI: 1.08, 1.26; Pyoppinearity = 0.64; Figure 3). Due to the
limited numbers of included studies, evaluation for association or
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dose-response analysis between fruit juices as well as ASBs and risk
of CHD or stroke was not performed.

Association between beverages and
mortality

Fifteen studies with 223,096 cases of all-cause mortality (n=15) and
28,615 cases of mortality from CVD (n=10) in 3,013,817 participants
were included in the analyses of beverages and mortality (64, 69-82).
The pooled RRs for the comparison of the highest to the lowest
consumption category for all-cause mortality were 1.11 for SSBs (95%
CL 1.05, 1.16; Preerogeneity <0.001; P =748%; n=14; Figure 2;
Supplementary Figure 12), 1.12 for ASBs (95% CIL: 1.04, 1.21;
Preterogeneity <0.001; 2 =81.9%; n=7; Figure 2; Supplementary Figure 13)
and 1.26 for fruit juices (95% CI: 1.14, 1.40; Pheerogencity = 0.65; I* =0.0%;
n=2; Figure 2; Supplementary Figure 14). Evidence of statistically
significant heterogeneity was observed in subgroups stratified for
geographic locations for the association between consumption of SSBs,
ASBs, and all-cause mortality, showing stronger associations in
European studies compared with studies in the United States
(Supplementary Table 21). Moreover, SSB, ASB, and fruit juice intake
were positively associated with the risk of CVD mortality (RR gs:1.13,
95% CI: 1.05, 1.20, Preierogencity=0.32; P =14.0%; n=9; Figure 2
Supplementary Figure 15; RR ¢ 1.08, 95% CI: 1.00, 1.16,
Prcierogenciy =0.15; PP =43.8%; n=4; Figure 2; Supplementary Figure 16; RR
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FIGURE 3

Dose-response analysis for curvilinear association of sugar-sweetened beverages, artificially sweetened beverages, and fruit juices with type 2 diabetes
(A—C), hypertension (D,E), coronary heart disease (F), stroke (G) and mortality (H,1). Circles represent point estimates plotted over precision measures.
The solid line and the dotted lines represent the estimated relative risks and their 95% confidence intervals.

i 1.32, 95% CI: 1.03, 1.67, Presgrogenety =0.77; P =0.0%; n=2; Figure 2;
Supplementary Figure 17). No source of heterogeneity was identified in
prespecified stratified analysis for the associations between consumption
of SSBs, ASBs, and CVD mortality (Supplementary Table 22). The test
for linear dose-response analysis revealed that all-cause mortality
increased by 8% for each serving/d increase in SSB intake (RR: 1.08; 95%
CI, 1.06, 1.09; Pyontinearity =0.98; Figure 3).

Sensitivity analyses and publication bias

The sensitivity analyses did not materially alter the statistical
significance or direction of the overall results, suggesting that the
summary estimates were not strongly influenced by a specific study in
the present study. In the sensitivity analysis restricted to studies that
adjusted for the important factors associated with beverage intake
and/or cardiometabolic disease, a weaker but still significant
association was observed in general for these outcomes, except for the
associations of SSB intake with hypertension and mortality risk, which
showed stronger associations (Supplementary Tables 18-22). No
significant publication bias was detected by Egger’s test (all p>0.10),
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Begg’s test (all p>0.10), or the visual inspection of the funnel plot
(Supplementary Figure 18), except for the association of SSB intake
and risk of T2D (Egger’s test p=0.001). Six missing studies were
imputed by using the trim-and-fill method and the magnitude of the
pooled effect size incorporating these hypothetical studies was weaker
than the original risk estimate, however, remained to be statistically
significant (RR, 1.19; 95% CI: 1.10, 1.29; Supplementary Figure 19).

Discussion

In the present study, increasing SSB and ASB intake was associated
with a higher risk of cardiometabolic diseases and mortality.
Furthermore, the increased risk was more pronounced for T2D
compared with other cardiometabolic diseases. The results largely
persisted in dose-response meta-analyses or subgroup analyses.

Results from the current study reinforce previous concerns regarding
the adverse health effects of beverages and support the hypothesis that
high dietary intake of SSBs and ASBs increase the risk of several major
chronic diseases, which are compatible with and further extend the
evidence from previous meta-analyses of prospective observational
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studies that also found positive associations (83-86). This study
reinforces earlier evidence by including the data from several newly
published large scale prospective epidemiological studies. For example,
for the association between SSBs and CVD mortality, the present study
involved approximately twice as many participants as the previous study
(87). Similarly, analysis on SSBs and CHD relied on data from seven
cohort studies that had about twice as many studies as the recent meta-
analysis (88). Moreover, a wide range of subgroup and sensitivity analyses
were carried out to assess the robustness of the associations between
beverage exposures and cardiometabolic diseases and mortality.

Numbers of possible biological mechanisms might explain the
positive associations between the consumption of SSBs and ASBs and
risk of T2D and cardiometabolic disease. Consumption of SSBs and
ASBs is associated with the risk of obesity, which is an independent risk
factor for cardiometabolic disease (84, 89-92). For SSBs, another
independent factor may arise from the large amount of rapidly
absorbable carbohydrates, such as fructose added to SSBs. The biological
mechanisms have been proposed by which large amounts of fructose in
SSBs can increase biological pathways related to the occurrence of these
diseases, including accelerating inflammation and promoting oxidative
stress. In an animal model of fructose administration, Roglans et al. (93)
demonstrated that fructose could reduce the activity of hepatic
peroxisome proliferator-activated receptor o, which has been implicated
in the pathogenesis of obesity and metabolic syndrome. A high-fructose
diet in mice conducted in 2019 provoked detrimental effects in
mitochondrial function including enhanced ROS production, the partial
inhibition of oxidative phosphorylation, decreased complex I activity,
and peroxidation of lipids (94). Fructose is also the only sugar that can
increase blood uric acid concentrations. High serum uric acid levels may
induce vascular oxidative stress, endothelial dysfunction, and reduction
of nitric oxide production (95), which may partly explain the association
between SSB consumption and cardiometabolic disease risk. Besides,
some studies have found that liquid calories from SSBs elicited a weaker
satiety response than solid calories, potentially leading to decreases in
the compensation for liquid calories and increases in the participants’
dietary consumption of sugars and energy, which inhibits the activity of
leptin and thus lead to subsequent energy intake, weight gain, and
cardiometabolic morbidity (96, 97).

Although ASBs contain much fewer calories and sugars than SSBs,
artificial sweeteners in ASBs are not necessarily biologically inert and
may provoke inflammation, insulin resistance (98, 99), appetite
dysregulation (100), and disruption of gut microbiota (20). Kim et al.
(101) found infiltration of inflammatory cells and production of ROS
in the liver and brain were increased in zebrafish fed with aspartame
or saccharin. In vivo, 6-month saccharin administration in drinking
water conducted in 2017 drove the development of liver inflammation
in mice by altering the intestinal flora and its metabolic capacity (102).
Additionally, the findings for ASBs need to be interpreted more
cautiously due to reverse causation or residual confounding since for
example, obesity, hypertension, and hypercholesterolemia preceded
ASB intake in several studies or participants on these trajectories may
choose to drink ASBs aiming at minimizing further weight gain and
reducing blood pressure and blood fat levels (72, 74, 77, 103).

In the present study, fruit juice intake was not associated with T2D
and hypertension risk. However, it should be noted that a significant
association was observed between fruit juice intake and mortality risk,
though there were only two studies included to analysis the association
of fruit juice intake and mortality. Some cohort studies also have
shown that 100% fruit juice, compared with fruit drinks, has neutral
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(104, 105) or protective (105, 106) associations with incident
cardiometabolic disease. The protective association of fruit juices may
be due to the vitamins and bioactive phytochemicals within the juices
(107). Fruit juices contain fewer dietary fibers which reduce satiety
and increase hunger, thereby resulting in increasing food intake (107,
108). Krishnasamy et al. (109) found processing apples to puree or
juice reduced the sensation of fullness and satiety by speeding gastric
emptying and decreasing postprandial intestinal volumes.
Furthermore, 100% fruit juices contain free sugars that are quite
similar to that of SSBs leading to the relatively high glycemic load
values of fruit juices (110, 111). However, the nutrient content and
composition in juices, such as vitamins, minerals, and phytochemicals,
are related to components of the raw material and could be affected by
the freshness of fruits and processing (112). Therefore, more research
is needed to assess the effects of fruit juices on health outcomes.

The results should be interpreted in the context of several potential
limitations. First, the definitions of SSBs, ASBs, and fruit juices varied
across different studies, which could have resulted in misclassification bias
of the exposure variable. However, because of the prospective design for
included studies, any misclassification was likely to be nondifferential,
which might tend to bias results toward the null. Second, participants with
higher levels of beverage intake tended to have other unhealthy lifestyle
habits that may increase the risk of cardiometabolic diseases and mortality
(52). Although most included studies have adjusted for potential
confounding factors, we cannot entirely rule out the possibility of
unmeasured confounding or residual confounding that might affect the
observed associations. Third, other foods in the diet might interact with
the beverage, although we were unable to assess any additive or synergistic
effects between beverage consumption and dietary factors in relation to
chronic disorder in the present meta-analysis. Further studies are required
to examine the potential interactions. Finally, some evidence of possible
publication bias was detected between SSB intake and the risk of
T2D. Although trim and fill analysis yielded a similar magnitude of effect
estimates, the possibility of such bias cannot be completely ruled out.

Conclusion

Our meta-analysis of existing prospective evidence indicated that
consumption of SSBs and ASBs was associated with a higher risk of
cardiometabolic diseases and mortality. Our findings support the
current recommendations of limiting the intake of SSBs to facilitate
the prevention of cardiometabolic diseases, and also add further
evidence that suggests ASBs and fruit juices are not necessarily
healthier alternatives to SSBs.
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