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Abstract

Non-nutritive artificial sweeteners (NASs) are xenobiotics widely used in the food industry
as sugar substitutes, since they provide few to no calories compared to sucrose. While NASs
are considered safe at the acceptable daily intake (ADI) established by regulatory agencies,
there is increasing controversy regarding their potential ability to promote metabolic
derangements, especially to disrupt the gut microbiome balance. In this study, we analyzed
a large cohort of the most commonly consumed beverages in Spain, categorizing them by
the type of soda to determine the composition and content of the most frequently used
NASs in the food industry. All commercial NAS formulations analyzed contained mixtures
of different NASs. The NAS contents were always within regulated limits, although some
samples yielded values close to these thresholds. Most soda samples analyzed contained

v

NASs, even though the majority were not labeled as “zero sugars”, “no sugar added”, or
“reduced calories”, which may mislead consumers. A preliminary statistical evaluation of
the obtained results (cluster analysis) suggests that beverages can be grouped into three
distinct clusters based on the total amount of NAS present in the samples. Differences in
the total NAS content were significant among the three groups, with one cluster showing

two- and four-fold higher levels than the others.

Keywords: sweeteners; beverages; acesulfame K; aspartame; saccharin

1. Introduction

Total sugars in foods include naturally occurring sugars, such as those present in fruits;
vegetables; and dairy products, as well as added sugars, such as sucrose or dextrose, and
sugars present in syrups and honey. These are often added during food preparation or
processing to enhance sweetness, flavor, texture, color, and preservation.

Added sugars are only caloric sweeteners with minimal nutritional value beyond
energy and may have deleterious health consequences, as a high intake of free sugars is
associated with poor dietary quality and obesity (1 g of carbohydrates is considered to
provide 4 kcal). The American Heart Association recommends limiting added sugars to
no more than 6% of the daily caloric intake [1]. Based on the recommended daily caloric
intake, ranging from 2000 to 3000 kcal for men, 1600 to 2400 kcal for women, and 1000 to
2400 kcal for children (depending on age, sex, and activity level), the suggested limits for
added sugars are around 150 kcal (no more than 37 g) for men, 100 kcal (25 g) for women,
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and 60 to 144 kcal (15-36 g) for children. The World Health Organization has also issued
guidance on reducing free sugar consumption [2]. For these reasons, the food industry
has increasingly turned to non-nutritive artificial sweeteners (NASs) as alternatives to
added sugars, aiming to lower calorie and sugar contents in foods and beverages without
compromising sweetness.

Non-nutritive artificial sweeteners are xenobiotics with a high sweetening power (often
hundreds of times greater than sucrose), so small amounts are sufficient to achieve the same
sweet taste [3]. They elicit sweetness by binding to and activating sweet taste receptors in
the oral cavity [4]. Although no clinical evidence indicates differential metabolic effects
among NASs, their biological fates in the body differ [5,6]. For example, aspartame is
rapidly broken down in the small intestine to aspartic acid (Asp), phenylalanine (Phe), and
methanol, whereas other NASs, such as acesulfame K, remain intact, are absorbed across
the gut, and are excreted unchanged from the mammalian body [6,7]. For this reason, most
NASs are generally considered metabolically inert. However, this assumption remains
debated [5], as growing evidence suggests their potential to promote metabolic disturbances,
particularly through the disruption of the mammalian gut microbiome [8-11]. Furthermore,
recent studies have reported associations between the consumption of NAS-containing
soft drinks and increased risks of stroke and dementia [12-14]. It is also important to
note that NASs constitute a heterogeneous group of compounds with distinct chemical
structures, sweetness intensities, and metabolic pathways [15], which may result in different
physiological effects in humans [16].

At present, NAS intake within the acceptable daily intake (ADI) established by reg-
ulatory agencies is considered safe. The ADI is defined as “an estimate of the amount of
a food additive that can be ingested on a daily bases over a lifetime without appreciable
risk to heath” [17]. The U.S. Food and Drug Administration (US-FDA) has approved six
NASs as food additives: acesulfame K, aspartame, sucralose, saccharin, advantame, and
neotame [18]. Neotame and advantame are chemically modified forms of aspartame with
greater stability and heat resistance [19]. The European Union (EU) has approved nine
NASs: the six authorized by the US-FDA plus cyclamates, neohesperidin dihydrochalcone
(NHDC), and aspartame-acesulfame salt [20]. The EU list also includes steviol glycosides
and thaumatin, which are classified as natural sweeteners.

Among these compounds, aspartame has generated the most recent controversy, as
it was classified as a “possible carcinogenic to humans” (Group 2B) by the International
Agency for Research on Cancer (IARC) [21]. Notably, despite being the only sweetener clas-
sified as a possible carcinogenic by IARC, aspartame has the highest ADI value (40 mg/kg
body weight), whereas ADI values for the other NASs range from 2 mg/kg for neotame
to 20 mg/kg for NHDC [22]. Another concern associated with aspartame is that it is
metabolized in the gastrointestinal tract into methanol, Asp, and Phe. Phenylalanine can
be harmful for individuals with phenylketonuria (PKU), a rare genetic metabolic disor-
der characterized by the inability to metabolize Phe, leading to its accumulation in the
blood and brain, where it causes toxicity [23]. For this reason, all foods and beverages
containing aspartame must clearly identify its presence on product labels. Additionally,
some studies have linked aspartame consumption to headaches in a small proportion of
individuals [24,25]. More recently a high intake of NASs has also been associated with
faster cognitive decline and increased risks of health issues such as blood clots [26].

Other sweeteners that are controversial include saccharin, cyclamates, and sucralose.
In the 1970s, some studies reported that saccharin, at high doses, was carcinogenic to the
urinary bladder in rats and mice, suggesting it might also be carcinogenic in humans [27-29].
As a result, saccharin was banned in Canada, and in the United States products containing
saccharin were required to carry a warning label stating that it could cause cancer in
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laboratory animals. In 1979, the IARC classified saccharin as “possibly carcinogenic to
humans” (Group 2B) [30]. However, subsequent studies demonstrated that the cancer-
inducing mechanism observed in rats is not relevant to humans [31]. Consequently, since
1990 saccharin has been reclassified by the IARC as “not classifiable as to its carcinogenicity
to humans” (Group 3) and is now permitted in most countries [32]. In the case of cyclamate,
this sweetener remains approved in the EU but was banned in the United States in the
1970s, where its use in food products continues to be prohibited [33]. For sucralose, recent
studies involving pregnant women have reported that sucralose can reach breast milk,
with evidence suggesting “irreversible disruptions to the development of the fetal gut
microbiota during late pregnancy, as well as in neonates and infants” [34].

Non-nutritive sweeteners can be used individually or in combination with other NASs
(blends). In the food industry, blends are commonly preferred [35,36] because some NASs
produce undesirable side tastes (e.g., bitterness or metallic notes) at high concentrations,
which can be masked by mixing different NASs [37]. Moreover, sweetener blends often
have a synergistic effect, with the mixture providing greater sweetening power compared
to each NAS alone [36,37]. Among these, the combination of aspartame and acesulfame
K is one of the most widely used blends [5,36]. In this formulation, aspartame masks the
bitter aftertaste of acesulfame K [35] and helps to better replicate the taste and texture of
sucrose-sweetened products [38]. Ratios of aspartame to acesulfame K ranging from 1:1 to
4:1 are commonly used to achieve an optimal flavor profile [39].

Despite the importance of knowing the quantitative composition of NASs in foods
and beverages, current regulations only require manufacturers to report the qualitative
composition on product labels, with no information on the actual amounts present. Regula-
tions generally specify only the maximum allowable levels of NAS for different categories
of foods and beverages, such as Regulation No. 1333/2008 in the EU [20]. Unfortunately,
most studies on sweeteners have focused primarily on developing and validating analytical
methods [40—42], providing limited information about the concentrations of NASs in com-
monly consumed beverages. Moreover, some of these studies have reported that certain
samples contain NAS levels exceeding regulatory limits [40]. Therefore, it is important
to conduct studies that inform consumers about both the individual and total contents
of NASs in commercial products. The present study evaluated a large cohort of soda
beverages commonly consumed in Spain to assess the quantitative content of NASs and to
identify potential trends in their use.

2. Materials and Methods
2.1. Chemicals, Reagents, and Solutions

In this study, only three NASs were quantitatively determined: acesulfame K, aspar-
tame, and saccharin. Sucralose and cyclamate are also commonly added to soft drinks;
however, these compounds lack chromophores and show poor sensitivity in the detection
methods used (UV and fluorescence, FL) [43]. For cyclamate specifically, the HPLC method
employed enabled qualitative detection at concentrations above 50 mg-L~! but did not
allow accurate quantification in most samples. Of the seventeen samples that declared
cyclamate on their labels, its presence was detected in eight, but it was quantified in only
two. Therefore, neither sucralose nor cyclamate were included in the statistical analyses.

Acesulfame K, aspartame, saccharin, and cyclamate (>99.0% purity, food analysis-
grade) were purchased from Sigma-Aldrich (Steinheim, Germany). Phosphoric acid (85%),
potassium dihydrogen phosphate, and HPLC-grade acetonitrile (gradient grade, >99.9%)
were also obtained from Sigma-Aldrich.

Individual stock standard solutions were prepared in ultrapure milli-Q water (Mil-
lipore Ibérica, Barcelona, Spain) and stored at 4 °C. Working solutions were prepared by
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appropriate dilution with Milli-Q water. The HPLC mobile phase consisted of a binary
mixture of acetonitrile and 10 mM phosphate buffer (pH 2.4) [43]. The solutions of the
mobile phase were degassed and filtered with 0.45 pm filters before use.

2.2. Samples

Forty-three types of beverages were purchased from various local stores. A preliminary
study estimated the volume of refreshing beverages consumed in Spain in 2024 and found
that, from a total of 1701.16 million liters consumed, 43% corresponded to cola sodas, 9% to
orange sodas, 8% to Spanish “gaseosa” (a colorless, sweetened carbonated drink without
added flavor), 8% to isotonic beverages, 8% to lemon sodas, 5% to tea- or coffee-based
beverages, 2% to tonic waters, and the remainder to other types of refreshing beverages [44].
To reflect similar consumption percentages in the beverages analyzed, the 43 commercial
products were classified as follows: 12 (27.9%) cola sodas (type A, Table 1), 8 (18.6%) orange
sodas (type B), 2 (4.7%) Spanish “gaseosa” (type C), 2 (4.7%) isotonic beverages (type D), 9
(20.9%) lemon sodas (type E), 4 (9.3%) tea-based beverages (type F), 4 (9.3%) tonic waters
(type G), and 2 (4.7%) energy drinks (type H).

Table 1. Descriptive statistics for the sweeteners analyzed in this study. Samples are grouped by
beverage type: A: cola sodas; B: orange sodas; C: Spanish “gaseosa”; D: isotonic drinks; E: lemon
sodas; F: tea beverages; G: tonic waters; and H: energy drinks. Values are reported in mg-L~!. For
calculations, a value of 0 was assigned when the analyte was not detected in a sample (nd). Q1:
25% percentile, Q2: 50% percentile (median), and Q3: 75% percentile.

Sweetener Drink Type (n, m) 1 Mean SD Q1 Median (Q2) Q3 Min Max
Acesulfame K A (12,10) 94 62 28 115 145 nd 168
B(8,7) 144 78 85 162 211 nd 228
C(2,0) - - - - - - -
D (2,2) 44 37 - 44 - 18 70
E9,9) 128 76 70 120 120 21 235
F (4,3) 49 38 12 51 83 nd 93
G4,2 33 52 nd 12 88 nd 110
H(@2,1) 83 117 - 83 - nd 166
Aspartame A (12, 8) 118 151 nd 93 109 nd 514
B (8,5) 85 87 nd 71 171 nd 223
C(2,0) - - - - - - -
D(2,1) 16 23 - 16 - nd 33
E(9,6) 70 94 nd 45 100 nd 297
F@4,1) 15 29 nd nd 44 nd 59
G40 - - - - - - -
H(2,0) - - - - - - -
Saccharin A (12,0) - - - - - - -
B (8,2) 9 17 nd nd nd nd 37
C(2,2 80 5 - 80 - 76 83
D (2,0) - - - - - - -
E@91) 6 17 nd nd nd nd 51
F@4,1) 20 39 nd nd 59 nd 78
G40 25 30 nd 23 53 nd 56
H(2,0) - - - - - - -

! n is the number of samples analyzed from the assessed type, and m is the number of samples of this type where
the sweetener was detected.

For each beverage type, samples from different commercial brands (including store
brands) were analyzed, totaling nine distinct brands. Both regular and sugar-free variants
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of each brand and beverage were included. For cola sodas, this included regular, non-sugar
(zero), non-sugar/non-caffeine (zero zero), non-caffeine, and light versions.

To assess variability between production lots of the same beverage type, independent
samples of the same product were purchased from stores in different locations, ensuring
that the production lots differed.

All samples were degassed using an ultrasonic bath to remove carbon dioxide, fol-
lowed by 1:2 dilution with Milli-Q water [43]. All solutions, including samples and stan-
dards, were filtered through 0.45 um cellulose acetate syringe filters prior to HPLC analysis.
For all beverages, independent duplicates were analyzed to assess reproducibility, with
relative standard deviation (RSD) values below 4% in all cases.

2.3. Instrumentation

Chromatographic determinations were performed using an Agilent 1260 Infinity
II HPLC system (Agilent Technologies, Santa Clara, CA, USA), equipped with a UV
diode array detector (1260 DAD HS, Agilent Technoloogies) and a fluorescence detec-
tor (1260 FLD, Agilent Technologies). A 20 pL injection volume was delivered via an
autosampler (1260 Vialsampler, Agilent Technologies).

Separations were carried out using a binary gradient elution system (Table 2) [43] on a
20 cm x 0.46 cm i.d. column, packed with 5 um Kromasil 100-5-C18 silica (Teknokroma,
Barcelona, Spain). The mobile phase flow rate was set at 1.0 mL-min~!, and all chromato-
graphic runs were conducted at 25 £+ 0.5 °C.

Table 2. HPLC binary gradient applied 1

Time (min) 10 mM Phosphate Buffer pH = 2.4, % Acetonitrile, %
0 90 10
5 90 10
15 60 40
19 25 75
30 25 75
33 90 10
37 90 10

1 Separation of NAS was achieved within 14 min (retention times: acesulfame K = 4.51 4+ 0.09 min,
saccharin =7.24 £ 0.17 min, cyclamate = 11.10 £ 0.07 min, and aspartame = 12.59 & 0.05 min). However, the
total analysis exceeded 14 min because (i) the applied method also enabled baseline separation and identifica-
tion of caffeine (10.65 £ 0.02 min, present in cola samples and energy drinks) and sorbate (16.6 £ 0.10 min, a
common preservative [E-202] used in many soft drinks to inhibit the growth of molds, yeasts, and bacteria) and
(ii) additional time was required for proper cleaning and conditioning of the column between runs.

UV detection wavelengths were set as follows: 227 nm for acesulfame K, 205 nm for
saccharin and aspartame, and 195 nm for cyclamate. Additionally, saccharin was also
monitored by FL detection, with an excitation wavelength of 250 nm and an emission
wavelength of 440 nm.

2.4. Statistical Analysis

Statistical analyses were performed using SPSS for Windows, version 29.0.1.0 (SPSS
Inc., Chicago, IL, USA). A significance level of p < 0.05 was considered statistically signifi-
cant. Preliminary assessment of data distribution using the Shapiro-Wilk test indicated
non-normal distributions for all sweeteners (p < 0.007). When samples were categorized
as added sugar versus non-added sugar, non-normal distributions were observed for all
analytes (p < 0.003), except for acesulfame K in the non-added sugar group (p = 0.320).
Therefore, non-parametric statistic tests were applied for comparisons where appropriate.
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For assessment of differences between beverage types, a parametric ANOVA test
was applied because some sample types had n = 2, which precluded the use of
non-parametric tests.

3. Results

A total of 43 commercial beverages were analyzed (Table S1 in the Supplementary
Materials presents the results obtained for each sample and all target analytes). Of these,
24 beverages (56%) were labeled as “no added sugars”, while 19 (44%) were labeled as
“added sugars”. Overall, at least one of the targeted NASs was detected in 39 samples
(91%). This indicates that many beverages labeled as “added sugars” also contained NAS.
Only four samples (9%), all labeled as “added sugars”, showed no presence of NAS. These
findings are consistent with the qualitative information reported on their labels. Table 1
presents the descriptive statistics obtained for each of the three quantified sweeteners, with
results separated by beverage type.

The ANOVA of the results showed no significant differences in the acesulfame K
(p =0.062) or aspartame (p = 0.368) content between beverage types. Only saccharin
showed a significant difference (p < 0.001) (Figure 1). The Tukey post hoc test revealed that
only Spanish “gaseosa” exhibited significant differences in saccharin contents.
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Figure 1. Box plots of acesulfame K, aspartame, and saccharin concentrations. An ANOVA parametric

test was applied, with n = 2 for Spanish “gaseosas”, isotonic beverages, and energy drinks (see
Table 1).
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A blend of NASs was used in the 39 samples where sweeteners were detected. The
most common combination was aspartame/acesulfame K, found in 8 samples (18.6%).
This mixture also appeared in 14 additional samples that contained three or four NASs in
their blends. The second most frequent combinations were acesulfame K/sucralose and
acesulfame K/aspartame/cyclamate, each found in seven samples (16.3%).

When the distribution of each analyte was compared between the group of “added
sugars” and “no added sugars” (Figure 2), significant differences were observed for acesul-
fame K (p = 0.011) and aspartame (p = 0.008). Saccharin did not show a significant difference
(p = 0.052); however, it was detected in only one of the nineteen “added sugars” samples (a
tonic water, 5%).

250 600
p=0.011 p=0.008
200

150

100

Aspartame (mg-L~")

Acesulfame K (mg-L™")

No (n=24) Yes (n=19) No (n=24) Yes (n=19)
Sugars added Sugars added

Figure 2. Box plots of acesulfame K and aspartame concentrations comparing “no sugars added”
and “sugars added” beverages. Statistical analysis was performed using the non-parametric
Mann-Whitney U test.

All beverages labeled as “no added sugars” (n = 24) were found to contain NAS. In 20
of these samples (83%), a mixture of NASs was detected, with the aspartame/acesulfame
K combination being the most common (Table S1 in the Supplementary Materials). In the
remaining four samples (17%), only one of the targeted sweeteners was detected; however,
their labels also declared the presence of other non-analyzed sweeteners, such as sucralose,
stevia glycosides, and NDHC. Thus, all beverages labeled as “no added sugars” contained
a mixture of at least two different NASs.

Of the 19 beverages labeled as “added sugars”, NASs were detected in 15 samples
(79%), with acesulfame K being the most prevalent (n = 13). Only four “added sugar”
samples (21%) contained no NAS: two cola sodas (including one store brand), one tonic
water, and one energy drink.

As shown in Figure 2, three of the “no added sugars” samples exhibited aspartame
levels that appeared as extreme values in the box plot. To determine whether these results
were outliers due to systematic analytical errors or valid measurements, five independent
samples of different commercial sodas (including the three identified as extreme values in
Figure 2) were analyzed. Samples were obtained from different stores, and care was taken
to ensure that production lots differed to guarantee independence. The results confirmed
that these extreme values were neither outliers nor analytical errors (Table 3). Furthermore,
the precision achieved in all analyses (RSD < 5%) suggests that the amounts of NAS added
by producers are fairly consistent across production lots.

A hierarchical cluster analysis (Ward’s method) was performed to investigate potential
structures within the dataset (Figure S1 in the Supplementary Materials). This analysis
revealed three distinct clusters. Subsequently, a factorial analysis was conducted (Figure 3),
yielding statistically significant results (p < 0.05) and a Kaiser-Meyer-Olkin (KMO) value
of 0.57.
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Table 3. Concentrations of sweeteners (mg-L~!) in beverages analyzed to assess the lot-to-lot
variability (four independent samples per beverage). All samples were labeled as “zero” or “light”,
with no sugars added (nd: not detected).

Sample Acesulfame K Aspartame Saccharin
Cola soda #1 Mean (SD) 38.8 (0.4) 546.2 (23.0) nd
RSD, % 1.1 43
Cola soda #2 Mean (SD) 140.8 (2.1) 99.9 (4.6) nd
RSD, % 1.5 4.6
Cola soda #3 Mean (SD) 61.9 (1.9) 307.3 (6.2) nd
RSD, % 3.1 2.0
Flavored soda #1 Mean (SD) 88.2 (2.4) 297.3 (4.8) nd
RSD, % 2.7 1.6
Flavored soda #2 Mean (SD) 226.6 (1.2) 219.3 (8.6) 36.8 (0.3)
RSD, % 0.6 39 0.7
T
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Factor 1

Figure 3. Factor analysis of mixed data. Samples in cluster 1 are shown in red, those in cluster 2 are
shown in brown, and those in cluster 3 are shown in blue. Numbers correspond to sample numbers
in Table S1 (Supplementary Materials).

4. Discussion

In this study, NASs were analyzed in 43 different commercial beverages: 44% of the
samples were labeled as containing added sugars, whereas 56% were beverages without
added sugars. Despite the fact that 44% of the analyzed beverages contained added sugars,
NASs were detected in 91% of all samples. Among the nineteen samples with added sugars,
NASs were absent in only four beverages (21%) and detected in the remaining fifteen
(79%). Some of the beverages with added sugars (n = 8, 42%) were explicitly labeled as
“reduced-calorie” or “low-calorie”. The use of NAS in these reduced-calorie beverages has
also been reported in recent studies analyzing sodas in other European countries [45—47].
This practice reflects the food industry’s commitment to reducing sugar and caloric contents
in soft drinks while preserving sweetness. Accordingly, the term “reduced sugar” typically
refers to foods containing at least 25% less sugar than the reference amount [48].

Seven of the analyzed beverages with added sugars, in which NASs were detected,
did not provide any specific information about calorie reduction on the principal field of
their labels, as required by EU regulations. In these samples, the presence of the NAS
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was only disclosed in the list of ingredients on the back part of the packaging. Similar
labeling inconsistences have been reported by Knezovic et al. [47]. These seven beverages
included products from an international company and a store brand. A decade ago the
international company announced that by 2025 at least two-thirds of its drinks would have
reduced calorie contents in response to consumer preferences [49]. NASs were detected in
all beverages analyzed from this company, both with and without added sugars, and the
caloric content of sugar-containing beverages was reduced through the use of NASs. For
example, its regular cola did not contain NAS in Spain until 2023, when it was labeled with
a caloric content of 43 kcal /100 mL. The reformulated version now contains acesulfame
K (97 mg-L_1 detected) and sucralose, reducing its caloric content to 18 kcal/100 mL
(58% reduction).

Overall, NASs were detected in 39 of the beverages analyzed (91%), consistent with
findings from other studies on soft drinks (e.g., Silva et al. [45] reported NAS in 85% of
samples and Knezovic et al. [47] in 76%). The most frequently quantified sweetener was
acesulfame K, detected in 33 samples (79%), followed by aspartame in 22 beverages (51%)
and saccharin in 8 samples (19%). Cyclamate was detected but not quantified in 8 samples,
although label information indicated its presence in 17 samples (40%). Sucralose was not
determined analytically in this study, but the label information showed it was present in
13 samples (30%).

The proportion of beverages containing acesulfame K in this study (79%) was compa-
rable to values reported elsewhere (76% in [46], 74% in [50], 62% in [47], and 60% in [40]).
Sezgin et al. [41] reported a higher proportion (90%), but their study involved only a small
number of beverages, all formulated with NAS, to validate a new analytical method.

In contrast, the proportion of beverages containing aspartame (51%) was lower than
in some previous reports (73% in [46] and 82% in [50]), though it was closer to the results
of a study on Spanish beverages (32% [40]). These discrepancies may be partly explained
by the timing of the sample collection: earlier studies analyzed beverages produced before
2023, the year in which the IARC classified aspartame as “possibly carcinogenic”, whereas
all samples in the present study were manufactured in 2024 or 2025. This interpretation
is supported by a recent study from Croatia, which found aspartame in only 32% of
analyzed beverages [47].

It is noteworthy that among the seven sugar-containing samples that did not report any
calorie reduction information on their labels but contained NAS aspartame was detected
in only two samples (both from a store brand). Aspartame was absent in the five samples
from the international company that introduced sweeteners into these products in Spain in
2023. In contrast, acesulfame K was detected in all seven samples.

A preliminary hypothesis in our study was that smaller amounts of NAS might be
present in fruit-flavored sodas due to the natural presence of fructose in these beverages
(juice contents ranged from 1 to 10% in these flavored sodas, types B and E in Table 1). This
hypothesis appeared to be supported by two studies analyzing sodas in Portugal, which
found that cola sodas had the highest contents of aspartame and acesulfame K [45,50].
However, when all analyzed samples were compared by beverage type, no significant
differences were observed for acesulfame K and aspartame (Figure 1). On the contrary, the
highest concentrations of acesulfame K were consistently found in flavored sodas.

The use of saccharin has declined in recent years. This sweetener was detected
in only 19% of the samples, consistent with other recent studies reporting its presence at
<20% [40,41]. The saccharin content was significantly higher in Spanish “gaseosa” compared
with other beverage types (Figure 1). Notably, the maximum permitted concentration
of saccharin in sodas in the EU is 80 mg-L~!, except for Spanish “gaseosa”, where the
limit is set at 100 mg-L~! [20]. The two “gaseosa” samples analyzed contained 76 and
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83 mg-L !, concentrations that comply with the legal limit for this beverage but would
exceed, or be at, the limit for other sodas. It should also be noted that all commercial
Spanish “gaseosa” currently on the market are sugar-free; therefore, NASs are added to
reproduce the sweetness of the original versions, with saccharin and cyclamate being the
most commonly used NASs in this beverage type.

It is also important to note that all samples in which NASs were detected contained a
blend of sweeteners. Although only one NAS was quantified in 15 samples, their labels
indicated the presence of additional NASs that were not analyzed in this study, such as
sucralose, steviol glicosides, NHDC, and cyclamate. As reported in the Section 3, the most
commonly found mixture was aspartame/acesulfame K (in 8 samples, 18.6%), with this
combination also present in more complex blends in 14 additional samples. This mixture
has also been reported as the most common blend found in other studies from Spain [40]
and Germany [46]. However, blends appear to vary by country; for example, a recent
study in Croatia found sucralose/acesulfame K to be the most prominent combination [47].
Interestingly, although aspartame/acesulfame K ratios ranging from 1:1 to 4:1 have been
reported as optimal for flavor profiles [39], only 3 of the 22 samples containing this mixture
fell within this range (1:1, 3.4:1, and 3.5:1). Two samples exhibited much higher ratios
(13.1:1 and 14.4:1), while seventeen samples (77.3%) had ratios below 1:1 (ranging from 0.2:1
to 0.8:1). This suggests a trend of using higher levels of acesulfame K relative to aspartame,
which may be associated with the recent classification of aspartame as a possible carcinogen.

When the samples were grouped into sugar-containing and sugar-free categories,
significant differences were observed for aspartame and acesulfame K (Figure 2). For
saccharin, most samples showed no detectable levels, rendering the statistical analysis
inconclusive. These results support the hypothesis that in “reduced-calorie” beverages with
added sugars, smaller amounts of NAS are required to achieve an equivalent sweetness
compared to sugar-free beverages, as a significant portion of the sweetness is still provided
by the added sugars.

Only four samples (two cola sodas, one tonic water, and one energy drink) classified
as sugar-containing beverages did not include NAS. The amount of added sugars in these
samples ranged from 7.8 to 11 g/100 mL (mean = 9.9, SD = 1.5). The remaining 15 samples
in the sugar-containing group were reduced-calorie beverages, in which added sugars
had been partially replaced with NAS. According to their labels, the sugar content in this
subgroup ranged from 2.4 to 7 g/100 mL (mean = 4.6, SD = 0.9). This difference in the
added sugar content between the two subgroups was statistically significant (p < 0.001),
corresponding to a mean reduction of 54%.

The most interesting trend emerged from the hierarchical cluster analysis (Figure S1 in
the Supplementary Materials), which showed that the samples can be grouped into three
clusters according to their total NAS content. Figure 3 presents the distribution diagram of
the samples after applying the factor analysis.

Cluster 1 included samples with the highest concentrations of aspartame (mean = 305 mg-L.~1),
intermediate levels of acesulfame K (mean = 131 mg-L.~!), detectable saccharin (mean = 15 mg-L 1),
and no added sugar. The mean total NAS concentration in cluster 1 was the highest,
reaching 451 mg-L~!. This cluster contained only five samples, all labeled as “zero”
or “light” sodas. Notably, although this study analyzed beverages from nine different
international, national, and store brands, all five samples in cluster 1 belonged to just two
of the most prominent international soda companies.

Cluster 2 included 14 samples, characterized by the highest concentrations of ace-
sulfame K (mean = 168 mg-L~!), intermediate levels of aspartame (mean = 83 mg-L. 1),
the absence of saccharin, and reduced amounts of added sugars (mean = 1.4 g/100 mL).
Notably, 10 of the samples in this cluster (71%) contained no added sugars. The mean total
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NAS concentration in cluster 2 was 251 mg-L~!, approximately half of that observed in
cluster 1.

Cluster 3 grouped 24 samples with the lowest concentrations of acesulfame K
(mean =42 mg-L~!) and aspartame (mean = 5 mg-L~!) but detectable levels of saccha-
rin (mean = 16 mg-L~1). The mean total NAS concentration in this cluster was 63 mg-L~!,
corresponding to about 25% of the mean in cluster 2 and 14% of that in cluster 1. Although
cluster 3 included most of the sugar-containing sodas (mean = 4 g), eight samples (33%) in
this cluster had no added sugars.

Finally, it should be noted that all analyzed samples contained individual NAS levels
below the maximum limits established by the European legislation for sodas. However, the
results obtained suggest that those sodas in cluster 1, with a mean total NAS concentration
of 451 mg-L~!, may be of the greatest concern due to their high overall NAS content,
despite containing no added sugars.

5. Conclusions

Consumers often presume that sweeteners are only used as substitutes for added
sugars in beverages marketed as sugar-free. The results of this study, however, show
that 91% of the beverages analyzed contained NAS, even though 44% of the samples also
included added sugars. In fact, 79% of the sugar-containing beverages also contained NAS.

The most significant finding of this study is that the analyzed sodas can be grouped
into three distinct clusters, differentiated by their total NAS content. Large differences were
observed between clusters: cluster 1 had the highest mean NAS concentration (451 mg-L™1),
cluster 2 contained approximately half that amount (251 mg-L~!), and cluster 3 showed
the lowest levels (63 mg-L~1). These results suggest that beverages in cluster 1 may pose
the greatest concern due to their elevated NAS content. It should be noted that a recent
study [26] associated a higher total NAS intake with faster cognitive decline, defining
high consumption as >191 mg NAS/day. In an eight-year prospective study, the authors
concluded that the memory and thinking decline was 62% faster, and verbal frequency
decline was 173% faster, among individuals consuming high amounts of NAS. Moreover,
there was little difference among individual NAS types, providing no evidence that one
NAS was more detrimental than another. This suggests that total NAS intake contributes
cumulatively to the risk. Therefore, the extended use of NAS blends by the beverage
industry may further increase potential health risks. As found in another study [47],
although the use of blends can enhance flavor and produce synergistic effects, it also
allows for the inclusion of higher total amounts of NAS in food products, since current
legislation sets maximum limits for each individual NAS but does not regulate their
combined concentration.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jox15050164/s1: Table S1: Results obtained in the quantification
of acesulfame K, aspartame, and saccharin in the beverages analyzed; Figure S1: Dendrogram
illustrating the clustering of the beverages analyzed.
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ADI Acceptable Daily Intake
Asp Aspartic Acid

EU European Union
FDA Food and Drug Administration
FL Fluorescence

HPLC  High-Performance Liquid Chromatography
IARC International Agency for Research on Cancer
NAS Non-Nutritive Artificial Sweetener

NHDC  Neohesperidin Dihydrochalcone

Phe Phenylalanine

PKU Phenylketonuria

RSD Relative Standard Deviation

SD Standard Deviation

uv Ultraviolet
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