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ABSTRACT

The global rise in obesity, diabetes, and other metabolic disorders has accelerated the adoption of natural and
artificial sweeteners as alternatives to traditional sugars. Promoted for their low or zero-caloric value, these
sweeteners are now ubiquitous in processed foods, beverages, and pharmaceutical products. While generally
recognized as safe (GRAS) by regulatory authorities, growing scientific evidence raises concerns about their long-
term safety, particularly in relation to liver and kidney function. This review presents a comprehensive comparative
toxicological evaluation of widely consumed natural sweeteners such as steviol glycosides and monk fruit extract
and synthetic sweeteners including aspartame, sucralose, saccharin, and acesulfame potassium. It examines their
metabolic fate, mechanisms of toxicity, dose-dependent effects, and histopathological outcomes in preclinical and
clinical studies. Special attention is given to the roles of oxidative stress, inflammation, mitochondrial dysfunction,
and alterations in gut microbiota, which collectively contribute to hepatotoxic and nephrotoxic manifestations.
Furthermore, the review highlights discrepancies between current regulatory guidelines and emerging toxicological
data, calling for updated risk assessments that consider chronic exposure, cumulative intake, and vulnerable
populations. By synthesizing current evidence, this review aims to guide health-conscious consumption, inform
clinical recommendations, and support regulatory frameworks for safer use of sweeteners in food and medicine.
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INTRODUCTION

The increasing global burden of metabolic disorders such as obesity, type 2 diabetes mellitus, and cardiovascular
disease has prompted widespread efforts to reduce dietary sugar intake [17]. As a result, both natural and artificial
sweeteners have gained significant popularity as sugar substitutes. Natural sweeteners, such as steviol glycosides
derived from the Stevia rebaudiana plant and mogrosides from monk fruit (Siraitia grosvenorii), are often perceived
as healthier alternatives due to their plant-based origin [27]. Artificial sweeteners, including aspartame, sucralose,
saccharin, and acesulfame potassium, are synthetically produced compounds designed to mimic the taste of sugar
without the associated caloric value [37. These sweeteners are commonly added to beverages, baked goods, dairy
products, and even pharmaceutical formulations. Although they provide sweetness without significantly impacting
blood glucose levels, concerns have been raised about their long-term safety [47]. Regulatory agencies such as the
U.S. Food and Drug Administration (FDA), European Food Safety Authority (EFSA), and the Joint FAO/WHO
Expert Committee on Food Additives (JECFA) have classified most of these compounds as generally recognized as
safe (GRAS) when consumed within established acceptable daily intake (ADI) levels [5,67]. However, recent studies
suggest that even within these limits, chronic exposure may exert adverse effects, particularly on the liver and
kidneys [7]. The liver and kidneys play crucial roles in the metabolism, detoxification, and elimination of
xenobiotics, including sweeteners and their metabolites [87]. Toxicological studies have reported histopathological,
biochemical, and functional alterations in these organs following prolonged sweetener exposure [97. These effects
are often mediated through oxidative stress, inflammation, mitochondrial dysfunction, and disruption of gut
microbiota [107]. Given the increasing consumption of these compounds across all age groups, a deeper
understanding of their toxicological profiles is essential. This review provides a comprehensive comparison of the
hepatotoxic and nephrotoxic effects of both natural and artificial sweeteners, aiming to inform safer dietary choices,
guide clinical practices, and support regulatory policy development.
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Classification of Sweeteners
Sweeteners can be broadly categorized into two main groups: natural and artificial sweeteners [117]. This
classification is primarily based on their origin and method of production. Natural sweeteners are derived from plant
sources and typically undergo minimal processing before being incorporated into food and beverage products [127].
Common examples include steviol glycosides, extracted from the leaves of the Stevia rebaudiana plant, and
mogrosides, which are the active sweet components found in monk fruit, also known as Siraitia grosvenorii [127].
Another notable natural sweetener is thaumatin, a sweet-tasting protein obtained from the katemfe fruit [1387. These
sweeteners are often favored in health-conscious markets for their plant-based origins and low impact on blood
glucose levels [127. In contrast, artificial sweeteners are synthetically produced chemical compounds designed to
replicate the sweetness of sugar without contributing significant calories [37]. Widely used examples include
aspartame, a dipeptide composed of phenylalanine and aspartic acid; sucralose, a chlorinated derivative of sucrose
[67; saccharin, one of the earliest synthetic sweeteners; and acesulfame potassium, also known as Ace-K, which is
frequently used in combination with other sweeteners to enhance flavor profiles [147]. Cyclamate, though banned in
some countries due to safety concerns, continues to be used in others [157. The primary distinction between natural
and artificial sweeteners lies in their chemical structure and metabolic fate. While natural sweeteners are generally
perceived as safer, both categories have been associated with potential health concerns. This review explores their
comparative toxicological profiles with a specific focus on liver and kidney health outcomes.
Metabolism and Biological Fate
The metabolism and biological fate of sweeteners vary significantly depending on their chemical structure and
origin. These differences influence not only their sweetness profile and caloric contribution but also their potential
to induce toxicological effects in key organs such as the liver and kidneys [167]. Understanding how sweeteners are
processed in the body is essential to assess their safety, especially under conditions of chronic exposure. Natural
sweeteners, including steviol glycosides and mogrosides, generally follow metabolic pathways that involve the gut
microbiota [17]. Steviol glycosides, the active compounds in Stevia, are not absorbed in their intact form. Instead,
they reach the colon where they are hydrolyzed by intestinal microbiota into steviol [187. This metabolite is then
absorbed into the bloodstream, transported to the liver, conjugated with glucuronic acid, and subsequently excreted
via the urine [18,197. This pathway suggests a relatively low systemic burden from the parent compound, although
the effects of its metabolite steviol have drawn increasing interest in toxicological studies. Mogrosides, derived from
monk fruit, undergo hydrolysis in the gastrointestinal tract to yield mogrol and glucose [207]. These compounds
show minimal systemic absorption, and the bulk of the sweetener is eliminated without entering systemic circulation
in significant amounts [207]. Consequently, their toxicity potential is believed to be lower than that of synthetic
compounds, although long-term safety data remain limited. Artificial sweeteners, in contrast, often have more direct
systemic exposure and elimination routes. Aspartame, a widely used artificial sweetener, is rapidly hydrolyzed in the
gastrointestinal tract to produce phenylalanine, aspartic acid, and methanol [217]. While these are naturally
occurring metabolites, elevated levels—particularly of methanol—can be problematic in susceptible individuals or
under high intake conditions [227]. Sucralose is only partially absorbed in the gastrointestinal tract, with the
majority excreted unchanged in feces [237]. A smaller proportion is absorbed and ultimately eliminated via the urine
[237. However, some evidence suggests that sucralose can accumulate in the liver and kidneys, contributing to
potential cytotoxicity [24]. Saccharin and acesulfame potassium are both absorbed efficiently and excreted largely
unchanged through the kidneys [257. Their persistent presence in renal excretion raises concerns about cumulative
exposure, particularly in individuals with compromised renal function or high sweetener intake [257. Overall, the
metabolic fate of sweeteners plays a pivotal role in shaping their toxicological profile and warrants thorough
investigation in both experimental and clinical contexts.
Nephrotoxicity of Sweeteners
The potential nephrotoxic effects of sweeteners have been a growing concern, with evidence emerging from both
preclinical studies and human observations.
Evidence from Preclinical Studies
Animal studies have demonstrated that certain artificial sweeteners may contribute to kidney damage. Saccharin has
been linked to bladder carcinogenesis in rodents, with recent findings also reporting tubular necrosis and glomerular
damage at high concentrations [267]. Acesulfame K has been associated with renal oxidative stress and impaired
glomerular filtration in animal models, indicating potential nephrotoxicity [27]. Similarly, chronic exposure to
sucralose has been shown to alter renal function, promote inflammation, and accumulate in renal tissue [287. In
contrast, natural sweeteners such as stevia and monk fruit appear to exert nephroprotective effects, likely due to
their antioxidant properties, when consumed in low to moderate doses [297.
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Human Observations
Epidemiological studies suggest a potential association between high artificial sweetener intake and reduced renal
function, particularly in older adults [307. Additionally, diabetic patients who consume large amounts of artificial
sweeteners tend to exhibit higher levels of urinary protein excretion, a marker of kidney dysfunction [287. While
more research is needed, these findings raise concerns about the long-term impact of artificial sweeteners on kidney
health, highlighting the importance of moderation and further investigation into their effects.
Role of Oxidative Stress and Inflammation
Oxidative stress and inflammation play a crucial role in toxicological effects on the liver and kidneys [317. One
major mechanism involves the excessive generation of reactive oxygen species (ROS), which can lead to cellular
damage [327]. Additionally, oxidative stress contributes to the upregulation of pro-inflammatory cytokines, such as
TNF-a and IL-6, further exacerbating tissue injury [337]. Chronic inflammation and oxidative damage can impair
mitochondrial function, leading to energy depletion and an increased rate of cellular apoptosis [347]. This cascade of
events compromises organ function and may contribute to the progression of diseases affecting the liver and kidneys.
Artificial sweeteners have been shown to exhibit higher pro-oxidative and pro-inflammatory potential compared to
natural sweeteners [35_]. Their prolonged consumption may heighten oxidative stress and inflammation, increasing
the risk of metabolic and organ-related disorders [287. Understanding these mechanisms is essential in evaluating
the long-term safety of artificial sweeteners and their potential impact on overall health.
Impact on Gut Microbiota and Metabolite Production; Dose, Duration, and Combined Exposure
The gut microbiota plays a vital role in maintaining host metabolic, immune, and detoxification functions [367.
Increasing evidence suggests that the consumption of sweeteners, particularly artificial ones, can significantly alter
gut microbial composition and function [37]. Artificial sweeteners such as sucralose, saccharin, and acesulfame
potassium have been shown to disrupt microbial diversity and promote the overgrowth of pro-inflammatory
bacterial taxa, notably members of the phylum Proteobacteria [387. These microbial imbalances, often referred to
as dysbiosis, can increase gut permeability, stimulate systemic inflammation, and contribute to the indirect
hepatotoxic and nephrotoxic effects observed in both preclinical and clinical studies [397. In contrast, natural
sweeteners like Stevia appear to have a neutral or even beneficial impact on the gut microbiome. Some studies
indicate that Stevia may support the growth of beneficial bacteria such as Bifidobacterium species, which are
associated with anti-inflammatory effects and improved gut barrier integrity [407]. However, long-term human
studies remain limited, and further research is necessary to validate these findings. Beyond composition, the
toxicological outcomes of sweeteners are closely influenced by the dose, duration of exposure, and combination with
other substances [417]. While most regulatory agencies set acceptable daily intake limits, chronic exposure—even
within these limits—may lead to bioaccumulation and subclinical organ stress. This is particularly relevant in
individuals consuming multiple types of sweeteners concurrently, a common practice in processed food consumption
[427]. Moreover, co-exposure to other hepatotoxic or nephrotoxic agents, such as alcohol, nonsteroidal anti-
inflammatory drugs (NSAIDs), or environmental toxins, may exacerbate organ injury and accelerate disease
progression [437. A comprehensive understanding of these interactions is essential for developing informed dietary
guidelines and mitigating long-term health risks.
Regulatory Perspectives
The regulation of sweeteners is overseen by national and international agencies that aim to ensure consumer safety
through evidence-based guidelines. Prominent among these are the United States Food and Drug Administration
(FDA), the European Food Safety Authority (EFSA), and the Joint FAO/WHO Expert Committee on Food
Additives (JECFA). These bodies conduct toxicological evaluations using data from long-term animal studies, in
vitro assessments, and available clinical research to determine the safety profiles of sweeteners. A central outcome
of these evaluations is the establishment of an Acceptable Daily Intake (ADI), which represents the maximum
amount of a substance that can be consumed daily over a lifetime without posing significant health risks [44]. For
example, EFSA has set the ADI for aspartame at 40 milligrams per kilogram of body weight per day, while the FDA
has established a 15 milligrams per kilogram per day limit for sucralose [45,467. JECFA has approved steviol
glycosides, the active components in Stevia, at an ADI of 4 milligrams per kilogram per day [47]. Acesulfame
potassium, another commonly used synthetic sweetener, shares an ADI of 15 milligrams per kilogram per day with
sucralose [487. These values are derived with considerable safety margins and are designed to protect consumers
across various age groups and health statuses. Despite these regulatory safeguards, there is growing scientific
concern that chronic consumption of sweeteners, even within these established limits, may lead to adverse health
effects. Studies have begun to highlight subtle but potentially significant hepatic and renal outcomes, particularly
among individuals with pre-existing conditions or higher-than-average sweetener intake [497]. Moreover, current
ADI determinations typically focus on individual sweeteners in isolation and do not consider the cumulative or
synergistic effects that may arise from consuming multiple sweeteners simultaneously—a common scenario in
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modern diets rich in processed foods [507. Additionally, real-world consumption patterns often deviate from the
controlled conditions under which ADIs are calculated [517. Individuals with diabetes, obesity, or those adhering
to calorie-restricted diets frequently consume sweeteners in large quantities across multiple products. This has
prompted public health advocates and researchers to call for a more dynamic and updated regulatory approach that
takes into account contemporary dietary behaviors, vulnerable population groups, and emerging scientific data. The
role of gut microbiota, metabolic by-products, and chronic low-dose exposure is still underexplored in regulatory
assessments. These factors can influence systemic inflammation, organ stress, and the long-term safety of both
artificial and natural sweeteners. As such, there is a growing need for regulatory frameworks to incorporate findings
from microbiome science, systems toxicology, and longitudinal human studies. While existing regulations have been
instrumental in guiding the safe use of sweeteners, the evolving scientific landscape demands a more integrative and
precautionary approach. Periodic re-evaluation of ADIs, enhanced post-market surveillance, and stricter assessment
of cumulative exposure are essential steps toward ensuring consumer safety and maintaining public trust [527].
CONCLUSION

Natural and artificial sweeteners show divergent toxicological profiles, with artificial sweeteners exhibiting greater
potential for hepatic and renal damage, particularly under chronic and high-dose exposure. Natural sweeteners,
while safer, may still cause adverse effects at excessive levels. A balanced consumption, informed by ongoing research
and individual health contexts, remains essential. Policymakers should consider updating intake guidelines and
encouraging research into safer alternatives.
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