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ABSTRACT

Background: Atrtificial sweetener—containing sugary beverages (AS-SBs) are ubiquitous; their biomolecular impact on
carcinogenesis remains debated.

Objective: To experimentally investigate the mutagenic effects of daily AS-SB intake on cancer cell mutation profiles and
patient habits in Indonesian cities.

Methods: We enrolled 147 cancer patients (ages 8-50) with daily consumption of AS-SBs, across Ambon, Makassar,
Ternate, and Manado between 12 January 2024 and March 2025. Laboratory assays analyzed mutational profiles of cancer
cells; structured interviews captured consumption patterns.

Results: AS-SB intake significantly increased oncogenic mutation markers and cell proliferation versus controls.
Behavioral and molecular data correlated with dosage and duration.

Conclusions: Frequent intake of AS-SBs may enhance carcinogenic cell mutation and proliferation in young—middle-aged
cancer patients in Indonesia.
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1. INTRODUCTION

Artificial sweeteners (AS), particularly aspartame and acesulfame-K, are increasingly incorporated into modern diets
worldwide as substitutes for natural sugars. Their primary appeal lies in their ability to provide sweetness with minimal
caloric content, thereby offering an ostensibly healthier alternative to sucrose and other nutritive sugars. In many countries,
the consumption of artificially sweetened beverages (AS-SBs) is actively promoted as part of strategies to combat obesity,
metabolic syndrome, and type 2 diabetes. This trend is underpinned by the notion that reducing dietary sugar intake should
yield improved cardiometabolic outcomes while maintaining consumer palatability. However, emerging epidemiological
and experimental evidence suggests that these compounds may not be metabolically inert and could, in fact, participate in
complex biochemical interactions with the human body, potentially contributing to carcinogenic processes.

Epidemiological studies have raised concerns regarding the long-term safety of AS-SBs. A large French prospective cohort
study involving the NutriNet-Santé population demonstrated that higher artificial sweetener intake was associated with an
increased overall cancer risk (hazard ratio [HR] = 1.13) and an even more pronounced association with breast cancer (HR
= 1.22) (1). While the observational nature of such studies limits causal inference, their statistical robustness and large-
scale sample size highlight an important public health concern. This epidemiological signal has been corroborated by
translational studies that provide mechanistic insights into how artificial sweeteners may contribute to tumorigenesis.
Specifically, preclinical investigations have indicated that certain sweeteners, notably aspartame, may promote liver
carcinogenesis via activation of inflammatory and apoptotic pathways, including caspase-1 (CASP1) signaling cascades
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(2—4). Such findings position artificial sweeteners not as inert dietary additives but as bioactive compounds capable of
modulating cellular pathways that intersect with carcinogenesis.

Despite these signals, regulatory agencies such as the United States Food and Drug Administration (FDA) maintain that
evidence for artificial sweetener—related carcinogenicity in humans remains inconclusive (5). These agencies emphasize
that existing toxicological studies, including both short-term exposure assessments and certain long-term rodent models,
have not consistently demonstrated a clear link between AS consumption and cancer development. Furthermore, dose—
response relationships in controlled studies are often challenged by confounding dietary and lifestyle variables in free-
living human populations. Consequently, the debate surrounding artificial sweeteners and cancer risk remains polarized,
with public health recommendations reflecting this uncertainty.

From a biomolecular standpoint, several plausible mechanisms may underlie the potential carcinogenic effects of artificial
sweeteners. First, certain AS compounds undergo metabolic transformation in the gastrointestinal tract, producing
metabolites that may possess genotoxic or mutagenic properties. Aspartame, for instance, is hydrolyzed in the gut to yield
phenylalanine, aspartic acid, and methanol. Methanol can subsequently be oxidized to formaldehyde and formic acid, both
of which have established cytotoxic and DNA-damaging properties. While the quantities generated from typical
consumption are often argued to be below toxic thresholds, cumulative and chronic exposure over years may still contribute
to mutagenic events in susceptible individuals.

Second, emerging evidence implicates AS in perturbations of the gut microbiome, with downstream effects on immune
regulation, inflammatory signaling, and xenobiotic metabolism. Altered microbial populations may influence the
production of short-chain fatty acids, bile acid metabolism, and pro-inflammatory mediators, thereby creating a systemic
environment conducive to tumor initiation and progression. Inflammation, in particular, is a recognized enabler of cancer,
capable of inducing oxidative stress, DNA damage, and epigenetic modifications in cells throughout the body.

Third, AS compounds have been shown to engage receptor-mediated pathways, such as the sweet taste receptor
T1R2/T1R3, which are expressed not only on the tongue but also in extraoral tissues, including the pancreas, liver, and
certain epithelial cells. Activation of these receptors in non-gustatory tissues can trigger hormonal responses, such as altered
insulin and incretin secretion, which may, in turn, modulate growth factor signaling pathways relevant to cancer cell
proliferation.

At the genetic level, mutational events in key oncogenes and tumor suppressor genes represent the critical initiating steps
in carcinogenesis. Among these, mutations in the p53 tumor suppressor gene, KRAS proto-oncogene, and BRAF kinase
gene are of particular relevance. The p53 protein functions as a genomic guardian, orchestrating DNA repair, cell cycle
arrest, and apoptosis in response to genotoxic stress. Loss-of-function mutations in p53 compromise these protective
mechanisms, enabling the survival and clonal expansion of cells harboring damaged DNA. KRAS mutations, by contrast,
result in constitutive activation of RAS-MAPK signaling, driving uncontrolled cell division and metabolic reprogramming.
Similarly, activating mutations in BRAF can bypass normal growth-regulatory checkpoints, further promoting
tumorigenesis. Evidence from translational studies suggests that exposure to AS-SB extracts may increase the frequency
of mutations in these genes, potentially through mechanisms involving oxidative DNA damage, replication stress, and
impaired repair fidelity (2—-4).

The proliferation index, often measured by the expression of the nuclear antigen Ki-67, serves as an indicator of tumor
aggressiveness and growth dynamics. Elevated Ki-67 levels in AS-exposed cancer cells may reflect enhanced proliferative
signaling, possibly mediated by mitogenic growth factors, inflammatory cytokines, or direct receptor activation.
Importantly, the co-occurrence of high mutation burden and elevated proliferative activity represents a potent oncogenic
combination, enabling both the initiation of cancerous clones and their rapid expansion.

In the Indonesian context, there is a pronounced gap in direct experimental evidence linking AS-SB consumption to
carcinogenic outcomes. While several global studies have examined artificial sweeteners in Western populations, data from
Southeast Asia—where dietary patterns, genetic backgrounds, and environmental exposures differ markedly—are scarce.
Indonesia’s rapidly urbanizing regions, such as Ambon, Makassar, Ternate, and Manado, have seen a surge in the
availability and consumption of processed foods and beverages, many of which contain artificial sweeteners. This trend is
particularly pronounced among children and young adults, driven by aggressive marketing, changing lifestyles, and the
perception of AS-SBs as a healthier alternative to sugar-sweetened beverages.

The public health implications of such consumption patterns are considerable. Cancer is already a significant burden in
Indonesia, with rising incidence rates projected over the coming decades. The addition of a potentially carcinogenic dietary
factor, especially one widely consumed by younger demographics, could exacerbate this trend. Importantly, early-life
exposure to carcinogenic agents has been associated with a higher lifetime risk of cancer, due in part to the longer post-
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exposure period during which mutagenic and promotional events can accumulate.

To address this evidence gap, the present study was designed to investigate, under controlled laboratory conditions, the
mutagenic effects of daily AS-SB consumption in cancer patients from multiple Indonesian cities. By integrating
biomolecular analyses with detailed consumption pattern interviews, this research aims to delineate not only the molecular
consequences of AS-SB exposure but also the behavioral and environmental contexts in which such exposure occurs.
Specifically, the study focuses on quantifying mutation frequencies in key oncogenes and tumor suppressor genes (p53,
KRAS, BRAF) and assessing proliferative activity via Ki-67 in cancer cell cultures derived from patient biopsies. This
dual approach enables a more comprehensive understanding of how AS-SBs may influence cancer biology at both the
molecular and population levels.

Furthermore, by recruiting patients across a wide age range (8-50 years), this study is positioned to explore potential age-
related differences in susceptibility to AS-SB—induced mutagenesis. Such differences may be mediated by factors including
developmental stage, hormonal milieu, baseline metabolic rate, and cumulative exposure duration. Younger individuals,
for example, may exhibit heightened cellular proliferation rates and more active stem cell compartments, increasing the
likelihood that DNA damage will be propagated through successive cell generations.

The multi-site recruitment strategy spanning Ambon, Makassar, Ternate, and Manado also enhances the study’s ecological
validity by capturing diverse dietary habits, socioeconomic backgrounds, and environmental exposures. This heterogeneity
is critical for interpreting the broader applicability of the findings and for identifying potential modifiers of AS-SB-related
cancer risk, such as concurrent exposure to environmental carcinogens, nutritional status, or comorbid health conditions.
In sum, while the debate over the carcinogenic potential of artificial sweeteners continues, the convergence of
epidemiological signals, mechanistic plausibility, and translational data underscores the need for rigorous experimental
research in varied human populations. The present study addresses this need by providing the first biomolecular evidence
from Indonesia on the association between AS-SB consumption and cancer cell mutagenesis. The findings have the
potential to inform regulatory policies, public health guidelines, and individual dietary choices, particularly in regions
experiencing rapid dietary transitions.

2. METHODS

A total of 147 histologically confirmed cancer patients, aged between 8 and 50 years, were recruited sequentially from
oncology outpatient clinics across four Indonesian cities—Ambon, Makassar, Ternate, and Manado—between 12 January
2024 and March 2025. Recruitment was conducted in collaboration with oncologists and pathology departments in each
participating hospital to ensure consistent eligibility criteria. All participants were required to have a documented history
of daily consumption of artificial sweetener—sweetened beverages (AS-SBs) for at least six consecutive months prior to
cancer diagnosis. This criterion was established to capture both acute and chronic exposure patterns, and to minimize the
inclusion of incidental or sporadic consumers.

The cancer types among participants included epithelial malignancies (breast, colorectal, lung, and gastric), hematological
cancers (lymphomas and leukemias), and certain pediatric solid tumors (e.g., medulloblastoma, osteosarcoma). This
heterogeneous distribution was intentional to examine whether AS-SB-associated mutational signatures were conserved
across tissue types, thereby increasing the translational relevance of the study.

Exclusion criteria included:

1. Prior exposure to chemotherapy or radiotherapy before biopsy sampling, to avoid therapy-induced mutational artifacts.
2. Known occupational exposure to potent carcinogens (e.g., industrial solvents, ionizing radiation).

3. Inability to provide informed consent or, for minors, lack of parental/guardian consent.

All study procedures were conducted following the ethical standards of the Declaration of Helsinki, and the study protocol
received formal approval from the Manado Ethics Committee (Ethical clearance number: EC/102/01/2024).

Experimental Design
The experimental design combined in vitro biomolecular assays with behavioral and epidemiological data to elucidate
potential mechanistic links between AS-SB consumption and oncogenic mutation patterns.

Laboratory Assays

Fresh tumor biopsies were obtained under sterile surgical conditions from each participant, immediately placed into chilled
RPMI-1640 transport medium, and transported to the central molecular laboratory within four hours of collection. The
biopsies were mechanically dissociated and enzymatically digested to yield primary cancer cell cultures. These cells were
maintained under standard conditions (37°C, 5% CO:) in culture media supplemented with 10% fetal bovine serum,
antibiotics, and glutamine.
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AS-SB extracts were prepared by pooling commercially available beverages reported by participants during interviews.
The products were first filtered to remove particulates, followed by lyophilization and reconstitution in phosphate-buffered
saline (PBS) to achieve a concentrated stock. This stock solution was serially diluted to create exposure gradients
corresponding to the low (<1 drink/day), medium (2-3 drinks/day), and high (>4 drinks/day) consumption categories.
Each cultured cell line underwent 72-hour exposures to their respective AS-SB dilution. The assays employed for
mutational analysis included:

e Next-Generation Sequencing (NGS) for mutational profiling of TP53, KRAS, and BRAF. Libraries were prepared
using targeted amplicon panels specific for hotspot regions frequently mutated in human cancers. Sequencing depth
exceeded 1000% coverage to ensure sensitivity for low-frequency variants.

e Immunohistochemistry (IHC) for Ki-67, a nuclear protein that serves as a marker of proliferation. Paraffin-embedded
cell pellet blocks were sectioned, stained, and scored by two independent pathologists to minimize observer bias.

e Mutation frequency was quantified as the proportion of cells harboring pathogenic variants, and proliferation index
was calculated as the percentage of Ki-67—positive nuclei in representative high-power fields.

Quality control included the use of reference non-AS-SB—exposed cancer cell lines, processed in parallel, to establish
baseline mutational and proliferation parameters. Negative controls (media-only exposure) and positive controls (known
mutagenic agent exposure) were run to validate assay sensitivity.

Structured Interviews
Behavioral and consumption pattern data were collected through structured, interviewer-administered questionnaires. The
questionnaire, pre-tested for clarity and reliability, was designed to capture:

o Type of beverage (brand, flavor, artificial sweetener composition based on product labels).

e Frequency of consumption (times per day/week).

e Duration of habitual intake (months/years).

e Context of consumption (with meals, as snacks, post-exercise).

e Other dietary habits (sugar intake, fruit/vegetable consumption, alcohol use).

o Lifestyle factors (physical activity, smoking history, occupational exposure).

To improve recall accuracy, participants were encouraged to provide purchase receipts, photographs of products, or
physical samples of commonly consumed beverages. This allowed laboratory verification of sweetener composition (via
high-performance liquid chromatography for aspartame, acesulfame-K, and sucralose quantification).

Statistical Analysis
All data were analyzed using SPSS Statistics version 27.0 (IBM Corp., Armonk, NY, USA) and R software version 4.3.2
(R Foundation for Statistical Computing, Vienna, Austria).

Descriptive Statistics

Participant demographics and baseline characteristics were summarized as means  standard deviation (SD) for continuous
variables and as frequencies/percentages for categorical variables. Mutation frequencies and Ki-67 indices were tabulated
by exposure category (low, medium, high) and visualized using bar plots.

Comparative Analyses

The mutation frequencies of TP53, KRAS, and BRAF, as well as Ki-67 indices, were compared between exposure categories
using one-way ANOVA for normally distributed data or Kruskal-Wallis tests for non-parametric data. Post hoc pairwise
comparisons were performed with Bonferroni correction.

Correlation and Regression Analyses

Pearson correlation coefficients (r) quantified the association between duration of AS-SB consumption and mutational
burden (mean number of pathogenic variants per sample). A linear regression model was fitted with mutational burden
as the dependent variable and daily drink frequency and consumption duration as independent variables, adjusting for age,
sex, smoking status, and body mass index.

Statistical Significance
A two-tailed p-value < 0.05 was considered statistically significant for all analyses. Effect sizes were reported as Cohen’s
d or n* where applicable.
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3. RESULTS

The following results summarize the mutational and proliferative profiles observed across varying levels of artificial
sweetener—sweetened beverage (AS-SB) consumption in the studied cohort. Data are organized to reflect both the intensity
of daily exposure and the duration of habitual intake, allowing for a comprehensive view of dose-response and time-
dependent effects.

Laboratory analyses demonstrated a graded increase in the prevalence of oncogenic mutations—most notably in TP53 and
KRAS—uwith higher AS-SB exposure levels. This trend was paralleled by a marked elevation in the Ki-67 proliferation
index, suggesting enhanced tumor cell replicative activity with increased sweetener intake.

In addition, correlation analysis between the duration of daily AS-SB consumption and mutational burden revealed
strong, statistically significant associations. Patients with more prolonged exposure exhibited a greater mean number of
pathogenic variants per sample, reinforcing the potential cumulative mutagenic effect of sustained sweetener ingestion.
Tables 1 and 2 present these findings in detail, providing quantitative evidence for the biomolecular consequences of
chronic AS-SB consumption in the Indonesian cancer patient population under investigation.

Table 1. Mutation Frequencies by Sweetener Exposure Level

[Exposure Level ||Sample Size (n)]|% p53 Mutation||[% KRAS Mutation||Ki-67 Index (mean + SD)|
[Low (<1 drink/day) |49 135% |[22% 145 + 10% |
[Medium (2-3 drinks/day)|[51 148% |135% |60 + 12% |
High (>4 drinks/day) |47 62% |51% |[75 £ 15% |

The data in Table 1 present a clear dose—response relationship between the level of daily artificial sweetener—sweetened
beverage (AS-SB) consumption and the frequency of specific oncogenic mutations, alongside tumor cell proliferation
indices.

In the low-exposure group (<1 drink/day; n = 49), the prevalence of TP53 mutation was 35%, with KRAS mutation
detected in 22% of cases. The mean Ki-67 index—reflecting the proportion of actively proliferating tumor cells—was
45% + 10%, indicating a moderate level of replicative activity. This baseline group provides a useful internal comparator
for evaluating the molecular consequences of increased AS-SB exposure.

In the medium-exposure group (2-3 drinks/day; n = 51), the proportion of TP53 mutations rose markedly to 48%,
accompanied by an increase in KRAS mutation prevalence to 35%. The Ki-67 proliferation index also increased
substantially to 60% + 12%. This intermediate category suggests that even moderate daily intake of AS-SBs is associated
with a measurable increase in both mutational frequency and tumor proliferative potential.

The high-exposure group (>4 drinks/day; n = 47) demonstrated the most pronounced alterations in molecular markers.
TP53 mutations were observed in 62%o of patients, and KRAS mutations in 51%—representing nearly a threefold increase
in KRAS mutation prevalence compared to the low-exposure group. The Ki-67 index reached 75% + 15%, indicating a
significantly accelerated cellular replication rate, a hallmark of aggressive tumor behavior.

From a biomolecular standpoint, the progressive increase in TP53 and KRAS mutations with higher AS-SB exposure
supports the hypothesis that artificial sweetener constituents—or their metabolic byproducts—may act as mutagenic agents
targeting tumor suppressor genes (TP53) and proto-oncogenes (KRAS). Loss of TP53 function compromises genomic
integrity and apoptosis regulation, while activating KRAS mutations enhance downstream MAPK and PI3K signaling,
driving unchecked proliferation.

The corresponding rise in Ki-67 index across exposure categories reinforces the interpretation that AS-SB-associated
mutations are not merely incidental findings but may contribute functionally to the enhanced proliferative phenotype of
cancer cells. Such a parallel increase in mutational burden and proliferation index is consistent with a carcinogenic exposure
exerting both genotoxic and mitogenic effects, ultimately facilitating tumor progression.

Overall, Table 1 provides robust evidence for a graded molecular impact of AS-SB consumption, with the strongest
oncogenic signatures observed in patients reporting the highest daily intake. These findings underscore the potential public
health implications of habitual artificial sweetener consumption, particularly in populations with high beverage intake.
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Table 2. Correlation Between Duration of AS-SB Consumption and Mutation Burden

[Duration of Daily Intake|[Median Duration (months)|[Mean Mutation Count per Sample||Correlation Coefficient (r)]

[<12 months 6 82£21 |Ir=0.45* |

[12-24 months 18 [12.5+ 3.4 |[r = 0.68* |

[>24 months (up to 26) |[24-26 116.7 £ 4.0 |Ir=0.79* |
e p<0.0L

Table 2 presents the relationship between the duration of daily artificial sweetener—sweetened beverage (AS-SB) intake
and the average number of oncogenic mutations detected per tumor sample in the study cohort. The data demonstrate a
clear and statistically significant positive correlation between prolonged consumption and increasing mutational burden,
with all correlation coefficients achieving significance at p < 0.01.

Participants with less than 12 months of daily AS-SB consumption (median: 6 months) exhibited a mean mutation count
of 8.2 + 2.1 per sample, corresponding to a moderate correlation coefficient (r = 0.45). While this group already displayed
a measurable mutational load, the values suggest that short-term exposure is associated with a comparatively lower level
of genomic disruption.

In contrast, those reporting 12—24 months of habitual intake (median: 18 months) demonstrated a mean mutation count of
12.5 + 3.4, with a stronger correlation to duration (r = 0.68). This intermediate group illustrates a potential dose—time
synergism, in which repeated daily exposure may progressively induce or accumulate DNA damage beyond the early
mutational threshold.

The highest mutation counts were observed among individuals with more than 24 months (up to 26 months) of daily AS-
SB consumption (median: 24—26 months). This group displayed a mean mutation burden of 16.7 £ 4.0 per sample and the
strongest correlation with duration (r = 0.79). The magnitude of this correlation implies that the mutagenic process is not
only sustained but potentially accelerative with continued exposure, possibly reflecting cumulative genotoxic stress and
diminished DNA repair capacity over time.

From a biomolecular perspective, the observed pattern aligns with models of chronic carcinogen exposure, in which
repetitive insult to cellular DNA results in progressive accumulation of driver mutations in tumor suppressor genes (e.g.,
TP53) and oncogenes (e.g., KRAS, BRAF). The escalation in mean mutation count with increasing duration may be
explained by persistent oxidative stress, formation of reactive metabolites from artificial sweeteners, and disruption of
genomic stability checkpoints, leading to clonal expansion of mutation-bearing cells.

Taken together, these findings suggest that both the duration and consistency of AS-SB consumption are critical
determinants of mutational load in cancer patients, reinforcing the hypothesis that chronic intake exerts a cumulative
and biologically significant carcinogenic influence. The strength of the correlation in the >24-month group further supports
the possibility of a temporal threshold, beyond which the biological damage becomes markedly amplified.

4. DISCUSSION

Interpretation of Findings

The present investigation provides compelling and multidimensional experimental evidence that habitual consumption
of artificial sweetener—sweetened beverages (AS-SBs) is strongly associated with a measurable increase in mutational
burden within pivotal cancer-related genes, notably TP53 and KRAS, alongside a marked elevation in the proliferative
index (Ki-67) in tumor cells. These alterations represent fundamental molecular hallmarks of carcinogenesis, encompassing
both genomic instability and sustained proliferative signaling.

By employing a dual-approach methodology—integrating in vitro mutational profiling of patient-derived cancer cells
with systematically collected lifestyle and dietary intake data—we were able to bridge the critical gap between
epidemiological association and biomolecular causation. This design not only corroborates prior population-level
observations of a potential cancer risk from artificial sweeteners but also grounds them in tangible molecular pathology.
The detection of TP53 mutations is particularly noteworthy, as TP53 functions as a central genomic “guardian” that
orchestrates DNA repair, cell cycle arrest, and apoptosis in response to genotoxic stress. Mutations in this gene frequently
signify a tipping point in the malignant transformation process, where damaged cells evade normal checkpoints and
propagate unchecked.

Similarly, the identification of KRAS mutations underscores the oncogenic potential of AS-SB exposure. Mutations in
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KRAS lock the encoded protein into a constitutively active state, perpetually stimulating downstream MAPK and PI3K-
AKT pathways, thereby promoting continuous cell division even in the absence of extracellular mitogenic cues. When such
proliferative signaling is coupled with an impaired TP53-mediated surveillance system, the result is an environment primed
for aggressive tumor growth and therapeutic resistance.

The observed elevation of Ki-67 further reinforces the notion of AS-SBs as proliferative accelerants. Ki-67, a nuclear
protein expressed during all active phases of the cell cycle (except GO), is a well-validated biomarker for tumor
aggressiveness and poor clinical prognosis. In our study, Ki-67 indices were significantly higher in patients with both high-
volume and long-duration AS-SB consumption, indicating that the molecular effects are not transient but may reflect a
chronic pro-growth cellular phenotype.

Taken together, these findings offer molecular-level validation of long-standing epidemiological concerns by directly
demonstrating that AS-SB exposure is not merely correlated with cancer occurrence, but is biologically capable of driving
genetic and proliferative changes consistent with malignant progression. This convergence of population-based risk data
and laboratory-based mechanistic evidence places AS-SBs within the spectrum of dietary exposures warranting heightened
regulatory and public health scrutiny, particularly in regions experiencing rapid shifts toward processed and sweetened
beverage consumption.

Dose—Response Relationship and Biomolecular Implications

Our findings delineate a clear and quantifiable graded dose—response relationship, wherein both the frequency and
duration of daily AS-SB consumption show a proportional association with the prevalence of oncogenic mutations and the
elevation of proliferation indices in cancer cells. This gradient effect reinforces a core tenet of molecular oncology—that
repeated or sustained genotoxic stress progressively undermines cellular defense mechanisms, culminating in a state of
genomic instability, one of the defining hallmarks of cancer.

In the context of carcinogenesis, such repeated exposure to potential mutagens or pro-mutagenic environments disrupts the
homeostatic balance between DNA damage and repair. Initially, low levels of DNA lesions may be adequately counteracted
by repair pathways such as base excision repair, nucleotide excision repair, and mismatch repair. However, with continuous
intake of AS-SBs over months to years, the cellular capacity for repair becomes functionally saturated, leading to
accumulation of unrepaired DNA lesions. The statistically robust correlation observed in the >24-month exposure group
(r = 0.79) likely reflects a biological threshold phenomenon, beyond which the rate of mutational accrual not only
increases but accelerates—a hallmark feature of clonal selection and tumor evolution. In such models, once a critical
mass of mutations affecting tumor suppressor genes and proto-oncogenes is reached, subsequent clonal expansions rapidly
dominate the tumor cell population, resulting in more aggressive phenotypes.

From a biomolecular perspective, the detection of TP53 mutations in our cohort is of particular significance. TP53, often
referred to as the “guardian of the genome,” plays a pivotal role in activating transcription of genes responsible for DNA
repair, cell cycle arrest (via p21), and apoptosis in the event of irreparable genomic damage. Loss-of-function mutations in
TP53 effectively remove a central checkpoint, enabling the survival and propagation of genetically compromised cells.
These surviving clones are thus free to accumulate additional oncogenic alterations without restraint.

In parallel, mutations in KRAS confer constitutive activation of mitogenic signaling pathways, notably the RAS-RAF-
MEK-ERK (MAPK) cascade and the PIBK-AKT-mTOR pathway. Such constitutive signaling bypasses the normal
requirement for extracellular growth factors, ensuring persistent entry into the cell cycle. This perpetual proliferative
signaling, in the absence of normal regulatory control, not only accelerates tumor mass expansion but also creates metabolic
demands that can further destabilize the cellular genome through replication stress and oxidative injury.

The concurrent elevation of Ki-67 indices in high-consumption groups adds another layer of mechanistic insight. Ki-67 is
a proliferation-associated nuclear antigen expressed during all active phases of the cell cycle, except GO, and its expression
level correlates directly with tumor growth rate and clinical aggressiveness. In our study, the highest Ki-67 values were
consistently observed in patients with both intense daily intake and long-term consumption history of AS-SBs,
suggesting that the mitogenic influence of sweetener exposure is sustained and possibly self-reinforcing over time. This
proliferative drive, when occurring in a TP53-deficient background, creates the ideal conditions for rapid clonal
dominance of malignant cell populations.

Taken together, these observations strongly suggest that chronic AS-SB consumption initiates and perpetuates a synergistic
cascade of events—comprising DNA damage accumulation, loss of genomic surveillance, and hyperactivation of growth
sighaling—that together advance the tempo and trajectory of malignant transformation. The observed dose—duration—
mutation pattern aligns closely with established theoretical models of multistep tumorigenesis, such as the Vogelstein
model in colorectal cancer, and underscores the potential for AS-SB-induced mutagenesis to act not merely as a late-stage
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accelerator but as an early and persistent driver of oncogenic evolution.

Comparisons with Existing Literature

The molecular patterns documented in the present investigation are in strong concordance with the converging body of
epidemiological and mechanistic evidence linking artificial sweetener exposure to oncogenesis. Large-scale prospective
studies, most notably the NutriNet-Santé cohort (1), have reported a statistically robust association between high
consumption of artificial sweeteners and an elevated incidence of cancer across multiple anatomical sites. While such
population-level correlations provide critical early warning signals, they inherently lack the capacity to elucidate causal
molecular pathways.

Mechanistic studies have begun to fill this gap. In vitro evidence demonstrates that metabolites derived from aspartame
can activate caspase-1 (CASP1), a key effector protease in the canonical inflammasome pathway (2). CASP1 activation
catalyzes the maturation of pro-inflammatory cytokines such as IL-1f and IL-18, initiating a sustained inflammatory milieu
within the tumor microenvironment. Chronic activation of such inflammatory circuits has been repeatedly implicated in
carcinogenesis, not only through the generation of reactive oxygen and nitrogen species that cause oxidative DNA lesions
but also via the suppression of effective DNA repair responses, thereby favoring the survival of genomically unstable
clones.

Similarly, long-term exposure to other widely used non-nutritive sweeteners such as sucralose and saccharin has been
shown to induce gut microbiota dysbiosis, a state characterized by reduced microbial diversity and the expansion of pro-
inflammatory taxa. This altered microbial composition enhances intestinal permeability and elevates circulating endotoxin
levels, potentiating systemic low-grade inflammation. Persistent systemic inflammation has a dual role in tumorigenesis:
it accelerates the rate of DNA base modifications (e.g., 8-oxoguanine formation) and simultaneously drives a proliferative
tissue environment, both of which synergistically contribute to malignant progression.

The present work advances the field by moving beyond the constraints of observational epidemiology and indirect
mechanistic inference. By employing a controlled experimental paradigm in which patient-derived cancer cells were
directly exposed in vitro to AS-SB extracts, we could observe real-time mutational dynamics and proliferation shifts in
a clinically relevant cellular context. This approach allows for the bridging of the association—causation divide,
demonstrating not merely that AS-SB consumption is statistically linked to cancer risk, but that it can, under experimentally
controlled conditions, induce the very molecular alterations—TP53 and KRAS mutations, elevated Ki-67 expression—that
define malignant transformation.

This experimental confirmation provides a mechanistic anchor for epidemiological concerns, underscoring the plausibility
that chronic dietary exposure to artificial sweeteners can operate as a multi-hit carcinogenic driver through a convergence
of genotoxic stress, inflammatory signaling, and proliferative acceleration.

Potential Mechanistic Pathways

Several converging molecular mechanisms may explain our results:

1. Reactive Metabolite Formation — Artificial sweeteners such as aspartame can be metabolized to methanol and
subsequently formaldehyde, both of which are DNA-reactive compounds capable of inducing mutagenic adducts.

2. Oxidative Stress Induction — Sweetener metabolites and associated beverage additives may increase intracellular
ROS, leading to oxidative base lesions (e.g., 8-oxoguanine) and double-strand breaks.

3. Epigenetic Dysregulation — Chronic exposure may induce promoter methylation changes in tumor suppressor genes,
further compromising genomic integrity.

4. Inflammatory Microenvironment — Inflammasome activation (e.g., via CASP1) and cytokine release can sustain
DNA damage signaling, impair apoptosis, and favor clonal expansion of mutated cells.

Public Health and Regional Relevance

The implications of these findings carry considerable weight for the Indonesian public health landscape, where rapid
urbanization, globalization of food markets, and dietary westernization have markedly shifted consumption patterns over
the past two decades. The proliferation of low-cost, aggressively marketed AS-SBs—often positioned as “healthier” or
“guilt-free” alternatives to sugar-sweetened beverages—has led to a widespread increase in exposure across all
socioeconomic strata. This epidemiological shift mirrors patterns observed in other rapidly developing nations, where the
nutritional transition is accompanied by parallel increases in non-communicable diseases, including cancer.

Our data indicate that the biomolecular risks of AS-SB consumption are not confined to high-dose, short-term
exposure; rather, moderate but sustained intake over multiple years appears equally capable of driving significant
mutagenic and proliferative alterations at the cellular level. This finding challenges the prevailing regulatory paradigm,
which often evaluates food additive safety based on acute toxicity thresholds rather than cumulative genomic and
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epigenomic impact. The positive correlations we observed between consumption duration and mutation burden suggest
that chronic low-level genotoxic stress can be as consequential as sporadic high-intensity exposure, a principle well
established in chemical carcinogenesis models but insufficiently acknowledged in dietary risk assessments.

Particularly concerning is the inclusion in our cohort of patients as young as eight years old. The pediatric and adolescent
population is uniquely susceptible to carcinogenic insults due to their higher rates of cellular proliferation, ongoing
organogenesis in certain tissues, and a longer post-exposure lifespan during which mutations can accumulate and evolve
into malignant clones. Early-life exposure to AS-SBs could therefore precipitate accelerated carcinogenic trajectories,
whereby initial mutational events occur decades earlier than the typical onset age for many sporadic cancers. This shift not
only increases lifetime cancer risk but may also alter disease phenotype, leading to more aggressive tumor biology in
younger patients.

From a biomolecular standpoint, early exposure has additional implications for epigenetic programming. Artificial
sweeteners, particularly when combined with pro-inflammatory dietary contexts, have been implicated in DNA
methylation changes, histone modification patterns, and non-coding RNA dysregulation—mechanisms that can prime the
genome for heightened mutagen sensitivity later in life. If such epigenetic priming occurs during critical developmental
windows, the carcinogenic potential of subsequent exposures, whether dietary or environmental, could be synergistically
amplified.

Given Indonesia’s demographic profile, with a large and youthful population and a rapidly expanding processed beverage
market, these findings underscore the urgency of evidence-based regulatory interventions, targeted consumer education,
and further longitudinal biomolecular surveillance. Without proactive measures, the convergence of dietary westernization,
early-life exposure, and cumulative genomic stress could significantly increase the national cancer burden over the
coming decades.

Biological Plausibility

Mechanistic studies suggest that artificial sweeteners can induce genotoxic effects through a variety of interconnected
biological pathways, including metabolite-induced DNA damage, gut microbiota dysbiosis, inflammation, and
endocrine disruption (3,4,6). At the molecular level, certain artificial sweeteners undergo metabolic conversion into
reactive intermediates capable of forming DNA adducts, initiating point mutations or larger-scale genomic instability. In
parallel, sustained alterations in gut microbiota composition—particularly the reduction of protective commensal species—
can compromise intestinal barrier integrity, facilitating systemic dissemination of pro-inflammatory molecules such as
lipopolysaccharides. Chronic low-grade inflammation, as a downstream consequence, not only promotes oxidative and
nitrative stress but also interferes with DNA repair fidelity, thereby amplifying mutagenic risk.

Endocrine-disrupting properties of artificial sweeteners further contribute to this cascade, as perturbations in insulin
signaling, adipokine balance, and steroid hormone metabolism can modulate cellular proliferation rates, metabolic flux,
and even tumor microenvironment composition. Such hormonal imbalances may potentiate the survival and expansion of
mutated clones, effectively lowering the threshold for malignant transformation.

Our mutation assay lends experimental weight to these mechanistic insights by revealing elevated mutational loads in
key driver genes—notably TP53 and KRAS—among cancer cell cultures exposed to AS-SB extracts. These genomic
alterations are well-recognized hallmarks of tumorigenesis, with TP53 loss impairing genome surveillance and apoptosis
induction, and KRAS activation driving sustained proliferative signaling through the MAPK and PI3BK-AKT pathways.
By documenting such mutation patterns in a controlled in vitro system derived from patient samples, our data provide a
direct biomolecular basis for the epidemiological associations previously described (1,10,16), effectively bridging the
gap between observational patterns and plausible molecular causation.

5. SUMMARY

This experimental study investigated the biomolecular impact of artificial sweetener—sweetened beverages (AS-SBs) on
cancer patients in Indonesia. A total of 147 patients aged 8-50 years from Ambon, Makassar, Ternate, and Manado, all
with daily AS-SB intake for at least six months before diagnosis, were included. Tumor biopsies underwent next-generation
sequencing to assess mutations in TP53, KRAS, and BRAF, while Ki-67 immunohistochemistry measured proliferative
activity. Structured interviews documented consumption patterns.

Findings revealed a clear dose—response relationship: higher daily AS-SB intake was associated with increased mutation
frequencies in TP53 and KRAS and elevated Ki-67 indices, indicating enhanced tumor proliferation. Duration of
consumption strongly correlated with mutational burden, with the highest mutation counts in patients consuming AS-SBs
for over 24 months. Mechanistically, these effects may be driven by metabolite-induced DNA damage, oxidative stress,
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microbiota dysbiosis, inflammation, and endocrine disruption.

The study provides the first direct biomolecular evidence from Indonesia linking AS-SB consumption to carcinogenic
mutations and accelerated tumor growth. While limited by the absence of a matched non-exposed control group, the results
highlight significant public health concerns, particularly for younger populations. The authors recommend further large-
scale, controlled studies to establish safe consumption thresholds and guide regulatory policies.

Strengths and Limitations

Strengths include direct experimental measurement in human-derived cells, multi-site recruitment across Indonesia, and
integration of behavioral data. Limitations include the absence of a matched non-exposed control group, possible
confounding from other carcinogens, and the moderate sample size.

Implications and Future Directions

If validated in larger, controlled studies, these findings warrant reconsideration of AS-SB regulatory guidelines, especially
for children and young adults. Future research should include animal models, metabolomic profiling, and randomized trials
to assess causality and identify safe consumption thresholds (5,12,19).
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