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Introduction

Artificial sweeteners (ASwt) have become ubiquitous in our diet, 
offering a sugar-free alternative for weight management, diabetes 
control, and/or simply satisfying calorie conscious sweet tooth [1]. 
However, their safety and potential health concerns remain a topic of 
ongoing research. The increased use of ASwt as alternatives to sugar 
can be attributed to the extensive marketing efforts by manufacturers, 
and the increased prevalence of metabolic syndrome, diabetes, 
obesity, as well as other metabolic disorders, wherein ASwt are 
perceived as safer substitutes [2]. ASwt are also often recommended 
for individuals who are diabetic, obese/overweight or those who are 
trying to manage their weight, as they seek healthier alternatives to 
regular sugar. However, there is little evidence defending this claim 
that ASwt consumption has a beneficial effect on these patients [3]. 
Regulatory bodies like the FDA and EFSA have deemed commonly 
used ASwt as safe for human consumption at recommended intake 
levels [4]. These levels are established through rigorous evaluations 
considering factors like metabolism, absorption, and potential 
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toxicity. Despite safety evaluations, several studies suggest potential 
health risks associated with chronic consumption of ASwt. A WHO 
systematic review3 revealed that replacement of ASwt with sugar 
does not provide a means for weight management in the long-term, 
and several studies have discovered a positive correlation between 
long term ASwt consumption and risk of developing cardiovascular 
disease [5,8], type 2 diabetes mellitus [6,8,11], and mortality in adults 
[6,8,9,12]. Current literature also reveals other concerning associations 
between ASwt consumption and various routinely observed clinical 
conditions, including heightened risks of developing cancer [13,15], 
chronic kidney disease [16,17], adiposity related diseases [8,9,18,19], 
as well as non-alcoholic fatty liver disease [20]. The adverse effects 
following chronic intake of ASwt can be consequence to disruptions 
to insulin signalling and gut microbiota, potentially influencing blood 
sugar control, impacting digestion, nutrient absorption, overall gut 
health and increasing the risk of metabolic syndrome [21,22]. Despite 
these reported clinical associations, there is substantial research 
gap regarding the pharmacodynamic effects of these sweeteners in 
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homo sapiens, leading to lack of insights into their mechanisms of 
actions. Although ASwt offer the so-called “sugar-free option”, their 
long-term health effects require exploration of the pharmacological 
mechanisms of actions. Hence, research into the pharmacodynamics 
of ASwt can provide a foundation for establishing a mechanistic 
basis for highlighting safe consumption practices and mitigating 
potential health risks associated with their unaccounted consumption, 
perceiving them to the safe. A literature search revealed that the 
following were the top 5 most consumed ASwt in sugar-free food 
and beverages, Acesulfame K (Ac), Aspartame (As), Saccharin (Sa), 
Steviol (St), and Sucralose (Su), all of which are approved by the US-
FDA, EFSA, and various other global food safety organisations for 
use as sweetening agents [4,23-27]. The current literature gap on the 
pharmacodynamics properties of these ASwt, led us to plan this study 
to address the gap using a network pharmacology approach. Which 
will help us understand the receptor binding profiles of the different 
ASwt and therefore establish a foundational understanding of how they 
interact with the human body, potentially uncovering mechanisms 
behind currently observed health associations. This perspective offers 
insights into the molecular mechanisms that are underlying currently 
observed adverse health effects, as well as a possibility to highlight 
potential health risks associated with the consumption of ASwt.

Materials and Methods

The isomeric SMILES sequence of each sweetener 
(Ac=“CC1=CC(=O)

[N-]S(=O)(=O)O1”, As=“COC(=O)[C@H](CC1=CC=CC=C1)
NC(=O)

[C@H](CC(=O)O)N”, Sa=”C1=CC=C2C(=C1)
C(=O)NS2(=O)=O”, St =“C[C@@]12CCC[C@@]
([C@H]1CC[C@]34[C@H]2CC[C@](C3)(C(=C)C4)O)(C)C(=O)O”, 
Su=“C([C@@H]1[C@@H]([C@@H]([C@H]([C@H](O1)O[C@]2

([C@H]([C@@H]([C@H](O2)CCl)O)O)CCl)O)O)Cl)O”) was 
acquired from the PubChem database, which was then inputted into 
Swiss Target Prediction software (http: //www.swisstargetprediction.
ch/) to predict and identify the targets of each sweetener, specific to 
homo sapiens. The 2D structure of the ASwt in the output files of Swiss 
Target Prediction software were used in this study to compare their 
structures. The commonalty of the targets and target classes between 
the ASwt were assessed using Venn Diagrams [28]. The Uniprot 
database (https: //www.uniprot.org/) was used to obtain the protein 
sequence of each individual target of the ASwt, and Yuel tool (https: 
//dokhlab.med.psu.edu/cpi/#/YueL) and Autodock Vina 1.2.0 were 
used to predict the affinity between the sweeteners and each of their 
potential targets as described before [29,33]. The targets were then 
classified into various functional groups, to assess the selectivity of 
each ASwt to any specific functional group(s).The pharmacokinetic 
properties of the sweeteners were assessed using data reported in 
current literature. The volume of distribution (Vd) obtained from 
current literature, and the dosage values (DV) which were obtained 
by evaluating current average daily intake (ADI) recommendations 
by the US-FDA, and EFSA, as well as current data regarding their 
consumption [23-27,34] were trichotomized into low, medium, high 

ranges. The Vd and DV were used to calculate the effective plasma 
concentration (µM) achieved at the three different DV for each 
individual sweetener. The Concentration/Affinity (C/A) ratio was 
calculated for each of the ASwt target, as a ratio of plasma concentration 
of the ASwt and its affinity value to its specific target. The C/A values 
obtained were used to generate a heatmap of each of the ASwt and 
their targets using the conditional formatting tool in Microsoft Excel 
software. C/A ratio ≥ 1.9 was used as a threshold to investigate the 
targets that are most likely to have an acute pharmacodynamic impact. 
This threshold was considered based on C/A ratio ≥ 1.9 accounting 
to an ASwt plasma concentration ~ twice the value of its affinity to 
its target and hence most likely to have a pharmacodynamic effect. 
Following identification of high affinity targets, the tissue specific 
expression of high affinity targets (based on C/A ratio ≥ 1.9) was 
individually assessed using the ProteinAtlas database (https: //www.
proteinatlas.org/), and classified protein expression into the following 
three categories; “Not detected, Low, Medium, High”. If the protein 
expression was unavailable, the RNA expression was assessed and the 
following ranges were used; High=70-100% nTPM, Medium=40-69% 
nTPM, Low=≤ 39% nTPM. If the target’s tissue specific expression was 
classified as either “Not Detected” or “Low”, they were excluded from 
our further analysis.

Results

The 2D structures of all the five ASwt are presented in Figure 
1. The defined dosage values (DV; mg/day) were calculated to be as 
follows in the order of low, medium, and high; [Ac (450, 900, 2000), 
As (1000, 2500, 5000), Sa (150, 300, 600), St (100, 240, 500), Su (150, 
300, 600)] (Figure 1). The following Vd (L) values of each sweetener 
was estimated using data reported in literature; Ac (110), As (109), Sa 
(264), St (100), Su (100), and was used to predict the effective plasma 
concentration (mg/L) achievable in humans at each DV and were 
calculated to be as follows in the order of low, medium and high; [Ac 
(4.09, 8.18, 18.18), As (9.17, 22.94, 45.87), Sa (0.57, 1.14, 2.27), St (1, 
2.4, 5), Su (1.5, 3, 6)] (Figure 1). These values were then converted into 
µM by using the molecular weight (Daltons) of each sweetener; Ac 
(163.15), As (294.31), Sa (183.19), St (318.4), Su (397.63), and were 
calculated to be as follows in the order low, medium and high; [Ac 
(25.1, 50.2, 111.54), As (31.21, 78.01, 156.03), Sa (3.1, 6.21, 12.42), St 
(3.14, 7.55, 15.72), Su (3.77, 7.54, 15.08)].

Collectively the ASwt were observed to target 23 different 
functional groups. To evaluate if the sweeteners had any selectivity 
to specific functional groups, the mean affinity of each sweetener to 
their respective functional groups were assessed (Figure 2). Most of 
the functional groups were targeted by ASwt at physiologically feasible 
affinities (<1000 µM). The highest affinity of Ac was discovered 
to be towards erasers and enzymes, whilst the least affinity was 
towards proteases and lyases. As had the greatest affinity towards 
electrochemical transporters, oxidoreductases, writers, and erasers 
whilst the least affinity was discovered to be towards surface antigens, 
proteases, and enzymes. Sa showed selectivity towards transporters, 
kinases, cytosolic proteins, and ion channels whilst they showed 
the least affinity towards lyases, nuclear receptors, and family A 
G-Protein Coupled Receptors (GPCR). St had the greatest affinity 
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towards kinases, proteases, secreted proteins, oxidoreductases, and 
membrane receptors, whilst it was revealed that they showed the least 
affinity towards fatty acid binding proteins, cytosolic proteins, and 
phosphatases. The highest affinity of Su was revealed to be towards 
membrane receptors, kinases, family A GPCR, erasers, hydrolases, 
and phosphatases, whilst they showed the least affinity towards 
secreted proteins, transferases, and ion channels.

Venn Diagrams [28] were used to examine if different ASwt shared 
common functional groups as their targets (Figure 2). Enzymes, and 
proteases were common targets of all 5 ASwt. Ac, Sa, St and Su had 
cytosolic proteins as their common targets. As, Sa, St and Su shared 
Family A GPCR, and kinases as common targets. Membrane receptors 
were common targets among Ac, As, St and Su. Oxidoreductases were 
common targets of As, St, Su, while erasers were common targets of 
Ac, As and Su. Lyases were common targets of Ac, Sa and Su. Ion 
channels were common targets of Sa, St and Su. Nuclear receptors 

were common targets of Sa and St. Phosphatases, and secreted 
proteins were common targets of St and Su. Hydrolases were common 
targets of Ac and Su. The exclusive functional groups of As were 
electrochemical transporters, surface antigens, and writers. Sa had one 
exclusive functional group i.e., transporters. St had following three 
exclusive functional groups i.e., cytochrome P450, fatty acid binding 
protein family, and isomerases. The exclusive functional group of Su 
was transferase. Except for Ac, all other ASwt exclusively targeted 1-3 
different functional groups.

The network analysis identified potential targets of all the 
different ASwt i.e., Ac (43), As (109), Sa (106), St (109), Su (111). 
Venn Diagrams were again used to examine if different ASwt shared 
their targets (Figure 2). Notably, 8 targets were shared by As, Sa, St 
and Su, i.e., PSENEN, PTGS2, ACE, PSEN1, PSEN2, APH1B, NCTSN, 
APH1A. Ac, Sa, St and Su shared 1 target; MCL1, whilst Sa, St and 
Su shared PTGES. Ac, Sa and Su shared CA9, CA2, and ELANE. Ac, 

Figure 1: Pharmacological Properties of the different artificial sweeteners (ASwt). Chemical Structures of the different Artificial Sweeteners (ASwt). The middle graphs show the trichotomized 
(low, medium, high) data of ASwt doses (mg/day) and predicted plasma concentration (µM), in humans. The bottom graph shows the molecular weight (Daltons), and the volume of distribution 
(L), of each ASwt.
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St and Su shared GSK3B. Ac, Sa and St shared CES2, and BCHE. Ac, 
As and Sa shared MMP2, whilst Ac, As and Su shared CASP3. As, 
Sa and St shared NOS2, OPRD1 and OPRM1, whilst As, Sa and Su 
shared PIM1 and F2. As, Su and St shared EDNRA, and Sa, St and 
Su shared PTGES. Ac and Su shared IDO1, TYMP, CDC25B, TYMS, 
CASP6, and CASP7, whilst Ac and St shared SIGMAR1. Ac and Sa 
shared STAT3, CES1, AOC3, CA12, and CA1 whilst Ac and As 
shared NAAA, KDM5C, KDM5B, KDM4A, KDM4C and KDM4B. 
As and Sa shared HDAC1 and OPRK1. As and Su shared KDM5A, 
CDK2, CSNK2A1, ITGAL, ITGB2, ICAM1, and DPP4. As and St 
shared AURKA, ITGA4, ITGB1, HMGCR, MME, BACE1, CPA1. 
Sa and St shared HSD11B2, HSD11B1, HTR2A, PTGER2, DRD5, 
AGTR1, PTGDR2, BCL2, PPARG, NR1H3, RORC, and F10. Sa and 
Su shared HSP90AA1, GBA, AKR1C3, FBP1, AKR1B1, P4HTM, 

MMP1, MMP3 and MMP9, whilst Su and St shared ADORA3, 
P2RX3, CDC25A, PTPN2, and PTPN1. The exclusive targets of Ac 
were CYP2A6, PADI2, PADI1, PADI3, PARP1, PADI4, DPYD, XDH, 
KAT2B, SIRT2, SIRT3, GDA, ACHE, TLR9, CASP9 and CASP4. The 
exclusive targets of As were SLC1A2, SLC5A1, SLC1A3, SLC15A1, 
SLC6A3, PAM FNTA, TDP1, NOS3, BIRC3, BIRC2, YARS, FNTB, 
CBX4, PPIA, HDAC8, NTSR1, TACR2, GHSR, TACR1, AGTR2, 
OXTR, TACR3, S1PR5, GALR1, FPR1, CALCRL, ROCK2,, PIM2, 
MKNK2, ILK, EPHA2, MAPKAPK2, ITGA5, ITGA2, ITGA2B, 
ITGAV, IL2RA, ITGB3, RXRA, XIAP, PDYN, IL1B, TUBB1, RRM1, 
CAPN1, LTA4H, RNPEP, DPP8, REN, BACE2, CASP1, PGC, CTSE, 
ANPEP, CTSD, LAP3, CELA1, CPB1, TPSAB1, KLK5, CTRB1, 
CTRC, CBX7, HLA-A, HLA-DRB3, HLA-DRB1, SETD2, PRMT1, 
CARM1 and SETD7. The exclusive targets of Sa were discovered to be 

Figure 2: Affinity of artificial sweeteners (ASwt) to functional groups. The graph shows the affinity (µM, mean ± SD) of all 5 ASwt to various functional groups; Steviol = □, 
Sucralose = △, Saccharin = ◇, Aspartame = ▽, Acesulfame K = ◯. The 1st Venn Diagram is comparison of the different ASwt targeting their different functional groups, and the 2nd Venn 
Diagram is comparing the different ASwt and their predicted targets.
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SOAT1, DAGLA, PTPRC, NAMPT, HSD17B2, HSD17B1, AKR1C1, 
SERPINE1, ADRA1A, UTS2R, HTR2C, ADRA1D, CCR8, ADRA1B, 
CNR1, LPAR2, GPR55, CHRM1, CNR2,, CHRM3, HTR1B, HRH3, 
HTR1A, DRD3, DRD4, DRD2, GRIN2B, GRIN1, BCL2L1, SCN9A, 
TRPV4, KCNA5, TRPA1, KCNH2, ABL1, LIMK1, ERBB2, IKBKB, 
LIMK2, CA5A, CA13, CA5B, CA4, CA6, CA14, CA7, NR3C2, 
NR1H2, BMP1, MMP8, ADAMTS4, MMP13, EPHX1, PLAU, PRSS1, 
SLC6A4 and SLC22A6. The exclusive targets of St were revealed to 
be CYP17A1, CYP51A1, CYP26A1, CYP26B1, KIF11, BCL2L2, 

TP53, BCL2A1, SCD, UGT2B7, G6PD, AMPD2, TERT, PLA2G4A, 
HSD17B3, AMPD3, CPT2, FAAH, AMPD1, UBA2, POLB, SAE1, 
AKR1B10, PLA2G1B, CPT1B, HCAR2, GPBAR1, PTGFR, EDNRB, 
CCKBR, GABBR1, FABP2, FABP4, FABP1, GABRB2, GABRG2, 
GABRA2, TOP2A, TOP1, PRKCH, FLT1, GSK3A, FGFR1, NPC1L1, 
CD81, MDM2, THRA, AR, ESR2, THRB, PPARD, RARA, NR1H4, 
PPARA, RARG, VDR, IMPDH2, CDC25C, PTPN6, ACP1, PREP, 
CTSA, EPHX2, ECE1, SERPINA6 and SHBG. The exclusive targets 
of Su were found to be HSPA8, LGALS9, LGALS8, LGALS4, HSPA5, 

Figure 3: Concentration/Affinity (C/A) Ratio of the 5 artificial sweeteners (ASwt) to their respective predicted targets. The heat maps represent the C/A Ratio of the ASwt against all of its 
identified targets from the SwissTargetPrediction database, at each trichotomized dosage value (low, medium, high) (Scale: Red to Green = High to Low C/A ratio values).
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PDCD4, HEXA, AHCY, PYGL, TREH, HEXB,, HK2, PYGB, PYGM, 
OGA, FUCA1, HK1, AMD1, ADK, HPRT1, DAO, PNP, HPSE, 
AKR1C2, CDA, PIN1, JMJD1C, KDM4E, ADORA1, ADORA2A, 
ADORA2B, GAA, AMY2A, ADA, TRPV1, CDK9, CCNA2, CCNT1, 
CCNB1, CDK4, CDK1, EGFR, GRK1, LCK, FYN, MAPK1, CCND1, 
CCNA1, SLC5A2, GAPDH, TYR, KMO, PTPRB, PTPN11, FOLH1, 
CASP2, NAALAD2, ADAM17, CASP8, GGH, FGF1, VEGFA, FGF2, 
DTYMK and TK1.

The affinity of Ac to its targets ranged from 4364.28 µM to 83111.14 
µM, of which the high affinity targets were PADI2 (4364 µM), KAT2B 
(8305.64 µM), and KDM5C (9032.40 µM) (Figure 3). However, none 
of these potential targets had a significant C/A ratio (≤ 0.026). Our 
analysis revealed As to have 58 potential targets with a significant C/A 
ratio (≥ 1.9), of which the following 8 targets had an alarming C/A 
ratio ≥ 20; ROCK2, ACE, ITGA5, PIM2, KDM5C, PIM1, SLC1A2, 
SETD2. The highest affinity recorded was for ROCK2 (0.1806 µM) 
which had a C/A ratio of 838.577 for the high dose value (Figure 3). 
The affinity of Sa to its targets ranged from 3361.6 µM to 69202.9 
µM, of which the highest C/A ratio was determined to be 0.004 and 
all its targets were therefore deemed insignificant as it is unlikely to 
achieve concentrations sufficient to activate these targets (Figure 3). 
The affinity of St to its targets ranged from 52.5 µM to 8910.5 µM, of 
which the high affinity targets were GSK3B (52.5 µM), ACE (52.7 µM), 
PRKCH (54.6 µM) (Figure 3). However, none of these potential targets 
had a significant C/A ratio (≤ 0.299). Su was found to have 5 potential 
targets with a significant C/A ratio (≥ 1.9); CDK4, CDK9, SLC5A2, 
CDK1, EGFR (Figure 3). CDK4 had the highest affinity (0.60 µM) and 
a C/A ratio of 24.999 at the high dose value.

To assess the organ specific impact of ASwt, we examined an organ 
specific expression pattern of the high affinity targets with a focus on 
the significant targets of As (58) and Su (5), whilst the targets of Ac, 
Sa, St were excluded from this part of the study based on the low C/A 
ratio (Figure 4). In the human Protein Atlas database, we identified 56 
different organ types expressing targets of As and Su. The expression 
of the targets was classified as either high (green), medium (red), or 
low/none (blank) (Figure 4). We further defined these targets as highly 
significant if the target was highly expressed in > 15 organs, and the 
resultant highly significant targets identified were as follows: CAPN1 
(30), LTA4H (16), MKNK2 (25), ITGA2 (17), HDAC1 (19), CDK9 
(25). Of these targets CAPN1, LTA4H, MKNK2, ITGA2, HDAC1 are 
targets of As, and CDK9 is the only one that’s a target of Su. To define 
which organs were most likely to be pharmacodynamically affected, 
we focused on the organs that highly expressed the high affinity targets 
we had initially defined as significant (C/A ≥ 1.9). Forty-four organs 
were identified to express high affinity targets of As and Su (Figure 
4). If a tissue highly expressed the target ≥ 10 times, we defined it as 
pharmacodynamically significant, and the organs we discovered to fit 
these criteria were colon, duodenum, kidney, placenta, rectum, small 
intestine, stomach, testis, cerebral cortex, cerebellum, bone marrow, 
appendix and tonsil. The expression of various high affinity targets of 
As and Su in various organs is also summarised in the bottom panel of 
figure 4. While 30 tissues had high expression for high affinity targets 
of both As and Su, and 14 tissues exclusively expressed high affinity 
targets of As (Venn diagram Figure 4). The organ systems which can 

be preferentially targeted by ASwt were endocrine, respiratory, renal, 
reproductive, central nervous, digestive, and musculoskeletal systems.

Discussion

This in silico study is the first of its kind which investigated the 
potential interactions between five common artificial sweeteners 
(ASwt) and various biological targets. Our findings shed light on 
potential mechanisms by which ASwt may exert pharmacodynamic 
effects in humans. The network pharmacology approach has 
revealed several potential mechanistic insights that may explain 
currently observed associations between ASwt consumption and the 
development of various clinical conditions including cardiovascular 
disease, lipid disorders, endocrine disorders, type 2 diabetes mellitus, 
chronic kidney disease, and cancer. This wide range of disease risks 
associated with ASwt consumption are consistent with the diverse 
organ systems (endocrine, respiratory, renal, reproductive, central 
nervous, digestive, and musculoskeletal systems) targeted with high 
affinity by ASwt. Our study also highlights the dissimilarity between 
different ASwt examined in this study regarding their safety and 
pharmacodynamic effects, which in our view should influence safe 
consumption practises. Specifically, As and Su were identified to be 
least safe ASwt, based on their target profile and associated C/A ratios. 
While Sa was identified to be most safe ASwt followed by Ac and St 
based on their target profile and associated C/A ratios.

The famous quote by Paracelsus “only the dose makes a thing a 
poison” [35] becomes very relevant to specifying safe consumption 
levels of ASwt. This principle is the foundation of safety, recognizing 
that any substance, even water or oxygen, can be harmful at high 
enough concentrations. While regulatory bodies have established 
safe intake levels for each ASwt, our findings suggest potential 
reasons for re-evaluation, particularly for As and Su. Our analysis 
revealed that As and Su will interact with cellular targets at achievable 
doses, raising concerns about potential health consequences. This is 
especially relevant considering the high C/A ratios observed for some 
of its targets. Therefore, it is crucial to emphasize the importance of 
adhering to recommended intake levels and to consider the potential 
cumulative effects when consuming ASwt products. Long-term 
studies are necessary to definitively determine the safety of chronic 
ASwt consumption at these recommended doses. Nevertheless, based 
on our observations in this study, we suggest limiting daily intake 
levels of As and Su under 400 mg/day and 100 mg/day respectively or 
alternatively considering using Sa, Ac and St with daily intake limited 
to 150 mg/day, 400 mg/day and 80 mg/day respectively. These revised 
daily intake suggestions should be considered while designing long-
term randomised clinical trials. A considerable structural difference 
is also evident between different ASwt. Ac is a sulfamate ester that 
is 1,2,3-oxathiazin-4(3H)-one 2,2-dioxide substituted by a methyl 
group at position 6 [36]. As is the methyl ester of the aspartic acid 
and phenylalanine dipeptide. Sa is a 1,2 benzisothiazole with a keto 
group at position 3 and two oxo substituents at position 1. St is the 
basic backbone of steviol glycosides such as stevioside, rebaudioside A 
which are extracted from the stevia plant, it is a diterpene compound 
that consists of a tetracyclic diterpene structure featuring a lactone 
ring, with a hydroxyl group located at position 13. Su is a disaccharide 
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Figure 4: Organ specific expression analysis of significant artificial sweeteners’ (ASwt) targets. The upper graph shows the significant ASwt targets being graphed against different tissues. (Red 
= High Expression, Green = Medium Expression, Blank = Low/No Expression). The bottom graph summarises the organs highly expressing the significant targets of aspartame (blue) and 
sucralose (green), showing the different organs and the high affinity targets. (Blue = Aspartame Targets, Green = Sucralose Targets). The Venn diagram compares the organs expressing high 
affinity targets between aspartame (light blue) and sucralose (Yellow).
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derivative composed of 1,6-dichloro-1,6 dideoxyfructose and 
4-chloro-4-deoxygalactose, produced by the chlorination of sucrose 
which results in three chlorine atoms replacing three hydroxyl 
groups, thereby preventing it from being broken down. These 
structural differences may account for the considerable variations in 
their targets/ target groups observed in this study. The comparative 
analysis of the various functional groups of the targets impacted by 
ASwt allows us to assess how the most used combinations of ASwt can 
influence systemic physiology. The most used combinations of ASwt 
in artificially sweetened beverages are as follows; Ac and As (Coke 
Zero, 7up Zero), As and Sa (Fountain Diet Coke) [37], Ac and Su 
(Red Bull Sugar Free). The Ac and As combination binds with 13/28 
functional groups (Cytosolic Protein, Electrochemical Transporter, 
Enzyme, Eraser, Family A GPCR, Hydrolase, Kinase, Lyase, 
Membrane Receptor, Oxidoreductase, Protease, Surface Antigen 
and Writer). The As and Sa combination binds with 15/28 functional 
groups (Cytosolic Protein, Electrochemical Transporter, Enzyme, 
Eraser, Family A GPCR, Ion Channel, Kinase, Lyase, Membrane 
Receptor, Nuclear Receptor, Oxidoreductase, Protease, Surface 
Antigen, Transporter, and Writer). The Ac and Su combination binds 
with 14/28 functional groups (Cytosolic Protein, Enzyme, Eraser, 
Family A GPCR, Hydrolase, Ion Channel, Kinase, Lyase, Membrane 
Receptor, Oxidoreductase, Phosphatase, Protease, Secreted Protein 
and Transferase). In our opinion considering the potential synergistic 
effects associated with use of ASwt in combinations, this should be 
avoided as it is likely to potentiate adverse effects.

A recent prospective cohort study revealed a positive association 
between ASwt consumption and atrial fibrillation (AF) rates, [27] 
our study revealed potential mechanisms that may explain this 
association. We found that the targets of the ASwt we studied included 
several important proteins that have been found to be implicated in 
AF; KCNA5, KCNH2, TRPV4, BCL2, GSK3B. Although none of these 
targets were significant (C/A ratio ≤ 1.9), the chronic consumption of 
ASwt can lead to its accumulation in tissues niches, eventually raising 
to concentrations sufficient to activate these targets responsible for 
inducing AF. Also, the following high affinity targets of ASwt, CAPN1, 
LTA4H, MKNK2, ITGA2 and HDAC1 can indirectly regulate factors 
which can predispose to AF. These findings merit further studies, 
particularly ones that involve taking a chrono-pharmacological 
approach,28 to assess rates of AF events in relation to chronic ASwt 
consumption. We have previously examined chrono-pharmacology 
of other chronically used therapeutic and have demonstrated the 
association of periodic tissue accumulation and clinical presentation 
of adverse events [38]. Such a chrono-pharmacological profile, merit 
following a dosing approach that allows for a washout phase to clear 
the active drug from the system to prevent adverse events occurring, 
consequence to the drug accumulating and building in tissue specific 
niche. Hence, based on this prior chrono-pharmacology knowledge 
we propose all chronic users of ASwt to allow for a few weeks (ideally 
1-2 weeks) of washout phase every 6 months or alternatively to try a 
rotational use approach between Sa, Ac and St, with each ASwt being 
used for a few weeks sequentially.

The link between ASwt and cancer risk remains a subject of 
ongoing investigations. While some major regulatory bodies have 

deemed no convincing evidence for a direct cause-and-effect 
relationship, some studies suggest a possibility of associations between 
ASwt consumption and increased risk of developing cancer although 
without much insights into the mechanisms responsible [13,15]. Our 
study addresses this gap in the literature by potentially identifying 
several ASwt targets, such as MCL1, ROCK2, BCL2L1, BCL2, MDM2, 
TP53, CDK proteins, HDAC1, ITGA2 and caspases which are widely 
reported to be associated with cancer development and/or progression 
[39]. Incidentally high affinity targets of ASwt were highly expressed 
in endocrine systems, which again may highlight the increased risk of 
developing cancer. These ASwt targets are widely reported to influence 
a variety of oncogenes, tumour suppressor genes, extracellular matrix, 
apoptosis regulation proteins, and cell cycle regulating proteins. 
ASwt consumption has been specifically linked to increased risk 
of developing pancreatic cancer [40] whilst other studies have 
found pancreatic adenocarcinoma development to involve ROCK2 
pathways [41] which we found to be a significant target of As, 
possibly underlining a mechanism through which As can lead to the 
development of pancreatic cancer. However, the potential interaction 
of ASwt, particularly As, with cellular targets identified in this study 
warrants further exploration to understand if these interactions could 
play a role in cancer development or progression. Long-term, well-
designed epidemiological studies are crucial to definitively assess the 
potential association between chronic ASwt consumption and cancer 
incidence. In the meantime, adhering to the revised intake levels 
suggested in this study will be prudent. A preclinical study has shown 
negative effects of ASwt on sperm quality. Studies on mice exposed 
to high doses of As observed reduced sperm parameters like motility, 
viability, and normal morphology. Additionally, these studies reported 
DNA fragmentation and decreased sex hormone binding globulin 
(SHBG) and testosterone levels [29,30]. It’s important to note that 
these were animal studies with high doses, and it’s unclear if similar 
effects translate to humans at recommended intake levels. However, the 
findings raise concerns and warrant further investigation. While some 
studies have suggested a potential link between ASwt consumption 
and reduced fertility, particularly in women undergoing IVF (In Vitro 
Fertilization). Studies [42,43] have shown that high intake of regular 
or diet soft drinks, containing ASwt, may be associated with decreased 
egg quality, embryo quality, and reduced implantation and pregnancy 
rates. The potential antifertility mechanisms could involve altered gut 
microbiome, disruption of hormonal pathways or directly targeting 
reproductive organs, all of which are crucial for sperm production 
and optimal functioning of gonads. In addition, this study highlights 
the potential role of SHBG in infertility associated with chronic 
consumption of ASwt, as SHBG was identified as a high affinity target of 
Su and both testis and ovary were observed to be pharmacodynamically 
significant tissue as these organs highly expressed significant targets ≥ 
10 times of ASwt. The potential link between ASwt and cardiovascular 
disease (CVD) is a topic of growing interest, with our findings adding 
a layer of complexity to this topic. While regulatory bodies generally 
consider ASwt safe at recommended intake levels, some observational 
studies suggest an association between high ASwt consumption and 
an increased risk of CVD. Study [5,8] did reveal potential interactions 
between ASwt, particularly As and Su, with cellular targets (CAPN1, 
LTA4H, MKNK2, ITGA2, and HDAC1) involved in various 
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physiological processes. Notably, some of these targets are linked to 
functions relevant to CVD development. For instance, the high C/A 
ratios observed for As with targets like ACE (Angiotensin Converting 
Enzyme) suggest a potential for influencing blood pressure regulation. 
Additionally, interactions with targets related to inflammation and cell 
death could also be relevant to CVD pathogenesis. The associations 
between ASwt and cardiovascular diseases may also be mechanistically 
explained by interactions with several targets, particularly: ACE, REN, 
AGTR1, HMGCR and NPC1L1. Influence of ASwt consumption on 
Hypertension [6,9,38] can be explained by ASwt interactions with 
ACE, REN, AGTR1. Increased cholesterol uptake is a predisposing 
factor for many cardiovascular diseases, and this may be accounted 
for by interactions with HMGCR, and NPC1L1. Increased cholesterol 
uptake is associated with coronary artery disease, increased 
myocardial infarction risk, stroke, and atherosclerosis. The prevalence 
of these diseases has been correlated with consumption of ASwt. 
Future research [44-46] should focus on randomised clinical trials 
with long-term follow-up to definitively determine if chronic ASwt 
consumption at recommended doses causally increases the risk of 
cardiovascular disease.This study revealed potential interactions 
between ASwt, particularly As and Su, with various cellular targets 
at achievable doses. These interactions raise concerns about potential 
adverse health effects, especially in the gastrointestinal tract and 
closely associated organs, where some targets linked to inflammation 
(LTA4H) [47] and cell death (CAPN1) [48] were highly expressed. 
Furthermore, the high C/A ratios observed for some As and Su 
targets and their organ specific expression patterns suggest a possible 
increased risk of functional modulation in not only gastrointestinal 
tract but also endocrine, respiratory, renal, reproductive, central 
nervous, and musculoskeletal systems. We also observed colon to be 
a pharmacodynamically significant tissue impacted by ASwt, which 
may possibly explain observations regarding ASwt consumption 
and impacts on the gut micriobiota [49]. ASwt interactions with the 
kidneys, which we also discovered to be a pharmacodynamically 
significant tissue, may explain associations with nephrotoxicity [50] 
and chronic kidney disease. Despite some interesting insights [16] 
into the pharmacodynamic effects of ASwt highlighted in this study, 
it does have some limitations. This study exclusively relied on in 
silico analysis, and hence in vivo trials are essential to validate these 
findings. Additionally, the long-term consequences of ASwt exposure 
require dedicated chrono-pharmacology focused research to establish 
a definitive link between consumption and potential health risks. In 
conclusion, ASwt are widely used as sugar substitutes, but their impact 
on health remains a topic of concern. While considered generally safe 
at recommended doses by regulatory bodies, our findings suggest 
a need to exercise caution. Our study highlights the potential for 
ASwt to interact with various biological targets and induce adverse 
effects, particularly As and Su. The high C/A ratios of some As and 
Su targets and the tissue-specific expression patterns suggest potential 
safety concerns that require further investigation under long-term 
randomised settings.
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