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ABSTRACT
Objective: Sweeteners, a category of food additives are increasingly being incorporated into foods, yet thei i i issues
remain underexplored. This study investigated the possible link between the european food s EFS d sweeteners and

depression by integrating network toxicology, molecular docking, and experimental validation,

Methods: Sweeteners collected from EFSA were initially screened using SwissADME and AD @
protein-protein interactions (PPI), molecular pathways, and binding affinities of the scr e further analyzed using
varioussuitable in silico tools (including SwissTargetPrediction, PharmMapper, STR ubba, molecular docking) and in
vitro studies.

Results: A total of 31 sweeteners were retrieved from the EFSA database and e for their ADMET characteristics. Among them, 14

using ShinyGO revealed significant associations
with neuroactive ligand-receptor interactions, oxidative stress pathways, anc ing processes. Molecular docking analysis of the
top five sweeteners indicated that steviol glycoside displayed th&hi t 2 and selectivity toward ESR1. Supporting these, differential
scanning calorimetry (DSC) and Fourier transform infrared (FT-IR) i d steviol-induced conformational alterations in bovine
serum albumin. Additionally, biochemical assays demonstrated i i ylation (p<0.05), elevated amadori product formation,
reduced thiol content, and dose-dependent modulation of monoa

Conclusion: These findings suggest that certain EFSA-appro
pathways through modulation of key molecular targets.

,“especially steviol glycoside, may influence depression-related
ive stress and altered activity of monoamine oxidases. These results

underscore the need for further mechanistic and in vive : potential neurobiological risks associated with increased sweetener
exposure.
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INTRODUCTION

Food additives are substanc oods or beverages for various purposes, including enhancing safety, freshness, flavor, texture, or
appearance, as defined by the\@uropean foo ety authority (EFSA). Artificial sweeteners are essential additives in contemporary diets, valued for
providing sweetness i@lintake and managing diseases like diabetes and obesity [1, 2]. Globally, sweeteners have become central
to the foo expanding market in regions like North America, Europe, China, and India. Projections estimate the

The e rs reflects a history of technological innovation and regulatory challenges. The first artificial sweetener, saccharin,
was synthesi i , followed by others like cyclamate, aspartame, and sucralose. Safety concerns led to cycles of approval, ban, and re-
evaluation. saccharin was temporarily banned due to toxicity reports but was later reintroduced. These early discoveries laid the

foundation for idespread use and monitoring of both natural and synthetic sweeteners in food processing [4, 5].

Natural and synthetic sweeteners are employed for distinct purposes, from calorie reduction and metabolic control to product formulation and
shelf-life extension. Natural sweeteners, such as stevia, honey, and maple syrup, are often favored for perceived health benefits and antioxidant
content, though they still showing memory, cognitive impairment and neurological impacts. Synthetic sweeteners, including aspartame and
sucralose, are preferred for their high sweetness potency and utility in weight management and specialized diets, but can sometimes cause side
effects like headaches or digestive concerns in sensitive individuals [4, 6].

The joint food and agriculture organization of the united nations (FAO)/WHO expert committee on food additives (JECFA) sets acceptable daily
intake (ADI) values based on extensive toxicological reviews, including studies on toxicity, carcinogenicity, metabolism, primarily on systemic
toxicity and overt adverse outcomes. However, ADI assessments are not designed to capture subtle, long-term neurobiological effects or redox-
sensitive molecular alterations that may arise under habitual, lifelong exposure conditions. Given that mood regulation involves finely tuned
signaling pathways highly sensitive to oxidative and thiol-mediated modifications, depression-related mechanisms represent a biologically
plausible endpoint for exploratory evaluation. Accordingly, the present study adopts a hypothesis-generating approach to examine whether
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exposure levels within regulatory safety margins may intersect with molecular pathways relevant to mood regulation, without implying exceedance
of ADI or direct neurotoxicity.

Although commonly used sweeteners comply with JECFA-defined ADI thresholds, growing scientific evidence indicates the possibility of toxicities,
that are not fully addressed in existing regulatory frameworks, underscoring the need for mechanistic and systems-level investigations. However,
some products have already been reported to be consumed beyond the ADI limits. Recent studies also suggested a relationship between excessive
sweetener usage and harmful neurological, metabolic, and cardiovascular effects [7-9]. But studies are lacking to explain the mechanisms of
toxicities, targets and biological pathways involved in such toxicities. Among the spectrum of reported toxicities, the current investigation
prioritized neurological effects, especially depression, given the consistently reported rise in its incidence [10].

In this context, the present research aimed to explore the association between the use of sweeteners and their potential effects on the depression.
Network toxicology assessment was included to understand probable pathways responsible for toxicity. Based on the results of network analysis,
further validation was done using in vitro models where, bovine serum albumin was used as test system.

MATERIALS AND METHODS

Chemicals and reagents

Bovine serum albumin (BSA),2,4-dinitrophenylhydrazine (DNPH), guanidine hydrochloride (GdnHCI), ascorbic acid, ni
5,5’-dithiobis2-nitrobenzoic acid (DTNB), Reduced glutathione (GSH) was purchased from Sigma Aldrich Pvt Ltd, Ind imation kit
was obtained from Erba diagnostics private limited, India. All other chemicals and reagents used in the stud f ade and
purchased from sisco research laboratories (SRL)/Hi Media/Merck Pvt Ltd, India. The steviol glycoside (SG) used in t de and
obtained from commercial suppliers.

EFSA approved sweeteners

The sweeteners authorized by the EFSA (https://www.efsa.europa.eu/en) with regulatory
collected. PubChem ID (PCID) and recognized simplified molecular input line entry system (SMI eetener was systematically
retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) to enabl

Prediction of pharmacokinetic and toxicity parameters

Pharmacokinetic and toxicological characteristics of the sweeteners were a e sing their canonical SMILES in ADMETIlab3.0
(https://admetlab3.schdd.com/) to predict absorption, distribution, metabolism, and ADME) parameters including Lipinski’s rule, log P,
Caco-2 permeability, blood brain barrier (BBB) penetration, and CYP enzymeginte CYR2C9 substrate, CYP2C19, CYP3A4 inhibitors).
Toxicity predictions included assessments of hERG blockade, carcinogenic agenicity, hepatotoxicity, and the risks of drug-
induced nephrotoxicity and neurotoxicity [13].

Target fishing and mapping

Sweeteners-related targets library was performed using swiss
PharmMapper (version 2017; https://www.lilab-ecust.cn) with
UniProt IDs, chembl identifiers, and gene types [14-16].

Genes associated with depression were collected fro
https://disgenet.com/). From GeneCards the targ
collection from DisGeNET includes gene name, ore gdapuniprot, gene type, elgda and N chemlcals After mergmg and refmecl by
removing duplicates, isoforms, and uncharacteri 7
predicted targets of sweeteners and
(https://bioinformatics.psb.ugent.be /webto
research.

depression were identified by an online blomformatlc venn diagram tool
ese overlapped gene clusters were employed as the basis for subsequent network

Network construction and analysi

The network was construct
analysed using cytoscape (v
targets. Later on top 5 hub ge

ID vs PCID-target genes vs disease-target genes. The resulting networks were visualized and
/cytoscape.org/) for all the overlapping genes, but network was constructed for the top 30 gene
e top five sweeteners were identified based on network connectivity through the degree technique
od (degree centrality) was applied to evaluate the topological importance of nodes within the interaction
umber of direct connections (edges) associated with a node, reflecting its level of interaction with other

kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analyses were performed using ShinyGO version
tics.sdstate.edu/go/) to determine the biological relevance of the overlapping genes. The analysis was carried out using
homo sapiens as erence species with an FDR cut off of 0.05. Pathways containing 2-5000 genes were filtered based on fold enrichment, and
the top ten enriched pathways were highlighted. GO analysis categorized target genes into biological processes, cellular components, and molecular
functions, while KEGG analysis identified the associated signalling pathways. Bubble plots generated from both enrichment analyses were exported
for further interpretation.

Molecular docking studies

Molecular docking was performed to validate the network toxicology predictions and to characterize the interactions between selected sweeteners
and key depression-related proteins. Based on the degree centrality analysis, five sweeteners thaumatin (CAS: 53850-34-3), isomalt (CAS: 64519-
82-0), steviol glycosides (CAS: 57817-89-7), lactitol (CAS: 585-86-4), and steviol (CAS: 471-80-7) were identified as the top candidates for further in
silico evaluation. Similarly, the top five hub targets identified from the PPI network were selected for docking: AKT1 (PDB ID: 8UW?7), SRC (PDB ID:
1Y57), TP53 (PDB ID: 8SW]J), ALB (PDB ID: 9IK6), and ESR1 (PDB ID: 6VPF). Protein structures in their highest-resolution forms were retrieved
from the research collaboratory for structural bioinformatics (RCSB) protein data bank. These ligand-protein pairs were then used to perform
molecular docking to assess binding affinity and interaction profiles.
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Docking was performed using the SwissDock (2024; https://www.swissdock.ch/) integrated with the AutoDock vina algorithm by uploading the
ligand and receptor files and setting the binding site grid parameters to efficiently predict the interactions. SwissDock generated multiple binding
conformations and calculated affinities.

The results of docking were viewed and analyzed with PyMOL (version 3.1.4.1) (https://www.pymol.org/) to identify ligand binding to the protein
active  site  [18, 19].  Further interaction  profiling was carried out wusing BIOVIA discovery studio 2025
(https://www.3ds.com/products/biovia/discovery-studio), focusing on stabilization interactions such as hydrogen bonds, hydrophobic
interactions, and van der waals forces [20].

In vitro studies using BSA as model protein
Differential scanning calorimetry (DSC)

DSC experiments were carried out for BSA and physical mixture of BSA with equimolar ratio of steviol glycoside. The study was conducted using a
Mettler-Toledo calorimeter (DSC 1/500), with 4-4.5 mg of each sample sealed in aluminium pans and heated between 20-100 °C to measure their
melting and thermal properties [21].

Fourier transform infrared (FT-IR) analysis

BSA and physical mixture of BSA with equimolar ratio of steviol glycoside (10 uM each) were precisely blended with
100:1 ratio, thereafter subjected to vacuum pressing to produce translucent pellets. Subsequently, these sa
(Bruker, Alpha-T model) over a wavenumber range of 400-4000 cm-'to assess their changes in secondary structure

(KBr) in a
ans to FT-IR

Effect of steviol glycoside on protein carbonyl content

Protein carbonylation was quantified using a standard 2,4-dinitrophenylhydrazine (DNPH)
from Colombo et al. (2016) and Yan et al. (2009). Briefly, BSA (100 uM), either alone or in co
incubated with 10 mmol DNPH prepared in 2 N HCI to obtain derivatized protein carbonyl grou . t itive control, BSA was treated

minor modifications

r he pellet was then washed three
times with a chilled ethanol: ethyl acetate (1:1, v/v) mixture to remove excess DNPH a pounds. The final pellet was then
dissolved in 6 M guanidine hydrochloride (prepared in 20 mmol phosphate buffer,

solubilised

Absorbance of the DNPH-derivatized samples was measured at 360 nm usin, idine oride as the reference blank. Protein carbonyl
content was calculated using the DNPH molar extinction coefficient, € = 22,00 ex sed as nM carbonyls/mg protein.

Advanced glycation end-product assay

buffer solution (PBS 50 mmol, pH 7.4). Three reaction mixtures
incubated with both glucose (100 mg/ml) and steviol glycosid
growth. The samples were incubated at 37 °C for 3 w in a biochem

ed BSA, BSA incubated with glucose (100 mg/ml), and BSA
ixtures contained sodium azide (0.02%) to prevent microbial

Spectrophotometric analysis of absorbance changes

Following the incubation period, the UV-visible abs io ra of BSA, BSA incubated with glucose, and BSA exposed to both glucose and steviol
glycoside were recorded using a UV-Vis spectro mete im. UV-1900i). Spectra were collected in the wavelength range of 200-400 nm
to assess glycation-induced structural alterati

Determination of amadori products

At the end of the incubation period i t formation was quantified based on the reaction between nitroblue tetrazolium (NBT) and
ketoamines. Briefly, 100 pl** of eac
incubated at 37 °C for 45 mj
described by Emami et al. (2

of the resulting chromophore was measured at 525 nm. The procedure followed the method
ere given as % fructosamine content compared to control.

Total thiol content as

In this ass was reacted with 200 pl** of freshly prepared DTNB solution in PBS (pH 8.5). Reduced glutathione was
used to gen bration curve. Absorbance was recorded at 420 nm, following the protocol reported by Emami et al. (2024) [25].
The results we ontent in nM/mg protein

Monoamin i 0) was isolated from rat liver tissues obtained from a committee for control and supervision of experiments on animals
er, and all experimental procedures were conducted with prior approval from the institutional animal ethics committee
(IAEC) of Sri Pa hi Mahila Visvavidyalayam (Approval No. CCSEA/1677/SPMVV/IAEC/VI-15). MAO activity was evaluated using rat liver
homogenate as the enzyme source, following the protocol described by Guili Huang et al. (2016) [26]. The modulatory effect of steviol glycoside at
different concentrations (10 to 160pg/ml) on MAO enzyme activity was subsequently assessed, with selegiline (10 to 160 pg/ml) serving as the
reference standard. Protein concentrations in the homogenates were quantified using the erba total protein estimation kit and the results were
given as % inhibition of enzyme activity compared to control.

Statistical analysis

Statistical analysis was carried out using GraphPad prism 10.6.1 and the results were expressed as meantstandard deviation (SD). All statistical
analyses were carried out using either one-way or two-way ANOVA followed by post-hoc tukey’s multiple comparison test with a significance level
set at p<0.05. As the in vitro experiments were conducted in triplicate, given the low sample size, normality testing was not informative; thus, one-
way or two-way ANOVA was applied based on the need, due to its robustness to minor deviations from normality.
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RESULTS
Screening of approved sweeteners

Initially, 31 sweeteners approved by the EFSA were collected and screened for the essential physicochemical properties and were compiled
(supplementary table1).

Computational assessment of ADMET properties

Using ADMETlab 3.0, the toxicity profiles of the shortlisted sweeteners were predicted using a green-yellow-red risk scale. Compounds exhibiting
moderate to high toxicity were retained, while sweeteners identified as salts and showing no toxicity were excluded from further analysis. This
refinement resulted in a final panel of 14 sweeteners. Detailed profiling data for these selected sweeteners were provided in supplementary tables 2
and 3.

Network analysis

genes were then evaluated using the STRING database to construct a protein-protein interacti
identified and ranked (fig. 1c and fig. 1d).

I

2 SRC ]
3 TP n
4 ALB 2]
5 ESRI 66
6 CASP3 63
i LB o4
8 STAT3 L
g PPARG 35
10 MTOR 3t

lhleen sweeteners and targets of depression. a. Indicates venn diagram for overlapping
ssion (red), b. Represents an interaction network of sweeteners-top 30 targets related to
lue shows sweetener list, pink presents PubChem ID, and associated targets in light blue, c.
ression related targets, d. Summarizes the top 10 targets with their respective ranks and degree
centrality scores

targets between sweeten
depression. Orange repres
Depicts the PPI ne

GO enri 25 intersecting genes revealed that sweeteners may primarily influence pathways related to responses to oxygen-
iological processes), intrinsic components of the plasma membrane (cellular components), and signalling receptor and
ivities (molecular functions) (fig. 2a-c). KEGG pathway analysis further indicated that these targets are predominantly
associated with t roactive ligand-receptor interaction pathway, highlighting a potential connection to neurological and behavioural processes
and may the major reason for causing depression (fig. 2d).
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Fig. 2: GO/KEGG enrichment analysis of sweeteners-depression: shows the
through ShinyGO. Panels (2a, 2b, 2c) represent the leading pathways in the b
function categories respectively in GO analysis, while panel (2d) dis

Molecular docking analysis

eners with predicted toxicity and top 5 targets
ith top 5 sweeteners with interaction score, interacting
s it was clear that steviol glycoside recorded the best
udied targets, by forming Conventional H bonds and Pi-

The network analysis was validated using molecular docking anal
involved in the disease depression were selected. The docking res
amino acids were mentioned in the supplementary data table 4. F
binding score of-8.159 towards oestrogen receptor ESR1 (PDB I
Alkyl interactions. The docking poses were exhibited in detail in fig/ 3a-e.
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Fig. 3: Molecular docking outlines of steviol glycoside with various core proteins. Panel 3(a). Shows the 2D interaction profile for AKT1
(PDB: 8UW7 /interaction score: -6.460 kcal/mol.), 3(b). Represents the 2D binding interactions with SRC (PDB: 1Y57 /interaction score: -
7.949 kcal/mol.), 3(c). Depicts the 2D interaction map within the TP53 active site (PDB: 8SW]J/interaction score:-6.294 kcal/mol.), 3(d).

Displays the 2D interaction pattern for ALB (PDB: IK6/interaction score:-4.373 kcal/mol.), 3(e). Illustrates the 2D binding interactions

observed with ESR1 (PDB: 6VPF/interaction score:-8.159 kcal/mol.)

In vitro studies using BSA as model protein
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DSC results revealed that BSA undergoes an exothermic transition, marked by a higher negative enthalpy change (-215.25 m]) and a major
transition peak at 84.47 °C. In the presence of steviol glycoside, BSA still displayed an exothermic event. The enthalpy of unfolding (AH) of BSA was

19.09 ] g™*, which increased to 21.53 ] g™* in the presence of steviol glycoside, indicating a ligand-induced stabilization effect as shown by DSC. The
corresponding DSC profiles were shown in fig. 4(a).
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FT-IR analysis revealed distinct peaks for BSA confirming their c i nal groups. BSA exhibited prominent Amide I and II bands
indicating peptide structures, while in presence of steviol glycoside, -H, C-0-C, and C=0 bands confirming the presence of
sugar and diterpenoid functional groups of the glycoside. However, lack of physical interaction between BSA and steviol
glycoside. The FT-IR overlay spectra was mentioned in fig. 4(b).
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Fig. 4b: Overlay of FT-IR spectra of BSA (black) and BSA in presence of steviol glycoside (red). FT-IR spectra were recorded using a Bruker
FT-IR spectrometer in ATR mode over 400-4000 cm™* at 4 cm™* resolution with 32 scans

The effect of steviol glycoside on protein carbonyl contents

The addition of hydrogen peroxide markedly increased protein carbonyls, confirming oxidative stress to BSA. However, steviol glycoside (10-160
ug/ml) caused a dose-dependent decrease in carbonyl content compared to control BSA. These levels remained slightly lower than the BSA control
group, indicating milder oxidative modification. The results were tabulated in table 1.
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Table 1: The effect of steviol glycoside on protein carbonyl contents

S. No. Compound nM carbonyl content/mg protein
1 BSA 0

2 BSA+H:0: 14.54+0.3256"

3 BSA+SG (10 pg/ml) 1.18+0.0057#

4 BSA+SG (20 pg/ml) 0+0.0015#

5 BSA+SG (40 pg/ml) 0.56+0.0039*

6 BSA+SG (80 pg/ml) 0.47+0.0018#

7 BSA+SG (160 pg/ml) 0.35+0.0020#

All the values were given as mean+SD of multiple observations (n=3). BSA-bovine serum albumin; SG-steviol glycoside. The carbonyl content below
detectable levels were given as “0”;* p<0.05 on comparison between BSA Vs BSA+Hz02; #p<0.05 on comparison between BSA+H202Vs BSA+SG (One
way ANOVA followed by tukey’s multiple comparison test)

Effect of steviol glycoside on advanced glycation end-product assay

The UV absorbance spectra exhibited a marked increase in intensity (hyperchromic effect) upon the addition of glucos
indicating potential structural perturbations. A slight blue shift (hypsochromic shift) in the absorption maximum
alone, suggesting alterations in the protein’s microenvironment. These spectral deviations, collectively, reflect intera
modifications in the BSA structure, as illustrated in fig. 4C.
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Fig. 4c: UV-Vis absorption specfra“weke ob ed using a Shimadzu UV-Vis spectrophotometer in the range of 200-400 nm at room
temperature. Overla of alone (black) and presence of glucose (red) and steviol glycoside (blue)

owed that BSA generated negligible fructosamine levels. However, in the presence of glucose and
endent increase in fructosamine content was observed. Notably, steviol glycoside induced a higher
SA incubated with glucose alone (table 2).

steviol glycoside, a
formation

ructosamine content Thiol content (nmol/mg protein)

7t d 14t d 21std ot d 7t d 14t d 21std
0 0 0 0.0083+0.00  0.0083+0.00 0.0083+0.00  0.0083+0.00
04 04 04 04
2 BSA+ 65.57+% 71.93+ 75.53+% 93.66+0.001  85.54+0.000 94.69+0.004 95.18+0.000 96.50%
GLU 0.0038" 0.0004" 0.0010" 3 1 7" 1 0.0009"
3 BSA+G 48.96+0.002 54.36+.000  69.25+#0.000 96.12+0.001  92.77£0.000  95.68+0.001  96.38+0.000  97.66+0.001
LU+SG 2ns 8ns 2ns Qns Ins Sns Ins 2ns

All the values were given as mean+SD of multiple observations (n=3). BSA-bovine serum albumin; GLU-glucose; SG-steviol glycoside. The
fructosamine content below detectable levels were represented as “0”; The thiol content was absolute measurement of thiol group using DTNB
reagent. * p<0.05 on comparison between BSA Vs BSA+GLU; »p = 0.05 on comparison between BSA+GLU Vs BSA+GLU+SG (Two-way ANOVA
followed by tukey’s multiple comparison test).
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Table 2 also summarizes the effects of steviol glycoside on BSA thiol groups. While only BSA displayed minimal free thiol content, glucose exposure
resulted in a slight, time-dependent increase. In contrast, steviol glycoside treatment led to a significantly higher percentage of free thiol groups
compared with the glucose-treated BSA sample, indicating a pronounced influence on protein thiol status.

Determination of MAO enzyme activity

Steviol glycoside demonstrated a concentration-dependent reduction in measured MAO content, which contrasted with the expected inhibitory
effect produced by the reference MAO inhibitor, selegiline. This opposing trend suggests that steviol glycoside may exert a stimulatory influence on
MAO activity or promote conditions that enhance MAO-mediated oxidative turnover. These findings imply that, unlike selegiline, steviol glycoside
does not suppress MAO and may instead facilitate pathways that elevate oxidative stress (table 3).

Table 3: The effect of steviol glycoside on MAO enzyme activity

Concentrations % Inhibition of MAO enzyme activity

Steviol glycoside Selegiline
10 pg/ml -404.74+0.0001 47.96 +3.18
20 pg/ml -484.72+0.0003 63.68+0.62
40 pg/ml -516.94+0.0003 64.94+0.56
80 pug/ml -611.94+0.0003 71.02+4.18
160 pg/ml -614.16+0.0001 73.36%5.77

All the values were given as mean*SD of multiple observations (n=3). Enzyme activity was expr: 0 the control, with

negative values indicating the absence of enzyme inhibition (Two-way ANOVA followed by tuke

DISCUSSION
This study was conducted to address growing concerns regarding the excessive const i ifi and natural sweeteners and their
potential neurological and behavioral effects, particularly depression. Many health repestsindi sweetener intake, especially among

children and vulnerable populations, often surpass acceptable daily intake limits, raisi ant safety concerns.

By focusing on EFSA-approved sweeteners, the study ensured the inclusion of established regulatory profiles and comprehensive
toxicological documentation. Global agencies such as EFSA (2023) and WHO nderscored the possible neurobehavioral effects of
dietary additives, thereby reinforcing the relevance of this investigation.

Advances in computational toxicology now facilitate comprehensive, i y chemical risks, supporting the integrated approach
employed in this study, which combined network toxicology, mo i chemical validation. Similar methodologies have been
widely applied in food additive research, but such studies are ge jons and used primarily for generation of hypothesis [19]. Recently,
bioinformatic tools such as SwissTargetPrediction, GeneCards, toscape, ADMETIab 3.0, and KEGG have become essential for
predicting molecular targets, analyzing toxicity profiles, ideatifyi isease-associated networks, and modeling protein interactions. Their extensive
validation in nutraceutical and food toxicology research fj se in this context.

Network toxicology analysis revealed that sweeten ciated with depression, exhibiting overlapping gene targets, making it the central
focus of this study. The shared molecular nod proteins such as AKT1, SRC, TP53, ALB, and ESR1—proteins frequently
implicated in neuroplasticity, inflammatory si tion, and stress response [26]. To improve robustness, we incorporated two
target screening tools such as SwissTarg icti d PharmMapper, then prioritized the overlapping targets. This comparative approach

Gene Ontology enrichment also va
responses, chemical stimulus perce
and mood-related mechanism:

KEGG pathway analysis reve
neurotransmission, neuronal
alteration [27].

metab ns [28]. In the molecular docking studies, it was interesting to observe that steviol glycosides exhibited better
docking s sweeteners (isomalt-E953, thaumatin-E957, lactitol-E966 etc.,) which can be because of the flexible, large, complex, polar
structure wi rogen bonding sites as donors/acceptors. It was quite interesting to observe better docking scores for steviol glycoside
(E960A) than 960D) which justifies that the glycosidic moiety was responsible for better docking score. But the docking model may
introduce some kind of bias in favor of large molecules with many hydroxyl groups, even though they may not bind so specifically to the target or be
relevant in vivo. This indicates need for further studies using suitable in vitro or in vivo studies.

Emami et al reported that sodium benzoate, potassium sorbate, and sodium dihydrogen citrate, whether individually or in combination, exhibit
strong interactions with BSA, resulting in enhanced glycation, structural alterations, and oxidative damage [25]. These interactions may exacerbate
their detrimental effects on protein conformation and cellular function. To ascertain whether steviol glycoside induces similar effects, bovine serum
albumin (BSA) was employed as the model protein due to its structural stability and relevance to human serum albumin.

Amyloid-p (AB) is transported in blood and CSF predominantly as an AB-albumin complex. Albumin, the most abundant protein in plasma and CSF,
actively interacts with neurons and astrocytes, regulates brain metabolism, and supports neuronal survival. Its central role in CNS protein binding,
transport, and peripheral clearance justifies the use of BSA as a relevant in vitro model [29].

BSA as test system has limitations, but it is worth noting that albumin plays a key role in redox homeostasis and xenobiotic transport, and oxidative
modified albumin has been shown to influence endothelial function and BBB integrity, thereby indirectly contributing to neuroinflammatory and
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neurotoxic outcomes [30, 31]. Protein glycation occurs through a non-enzymatic process whereby reducing sugars react with free amino groups of
proteins, resulting in permanent changes to the protein structure. The initially formed, unstable Schiff bases subsequently undergo rearrangement
to generate more stable amadori products (APs), which serve as early intermediates in glycation and contribute to progressive protein damage.

Dankowska et al. used bovine serum albumin (BSA) model to study the antiglycation properties of various substances, BSA in the presence of
reducing sugars undergoes protein oxidation and protein glycation products resulting in alteration of thiol and protein carbonyl content followed
by production advanced oxidation protein products (AOPPs), amadori products, advanced glycation end products (AGEs), and B-amyloid (BA) [32].
Thus, though simplified, the BSA model provides initial mechanistically relevant insight into systemic protein damage associated with potential CNS
vulnerability.

Differential scanning calorimetry (DSC) thermograms demonstrated a reduction in transition temperature and enthalpy, suggesting increased
thermal stability and stabilisation of BSA in presence of steviol glycoside. The FT-IR spectra confirmed the expected amide bands for BSA and
characteristic functional groups of steviol glycoside, with no significant peak overlap, indicating primarily non-covalent interactions. However,
broadening of peaks, new peaks at 1700 cm-1 indicates the decreased structural order and carbonyl formation in BSA due to steviol glycoside,
respectively as per the earlier reports [33].

have been shown to occur due to oxidative stress- mduced protein dysfunction, Wthh has recently emerged a
depression pathophysiology. These data thus suggest that prolonged exposure to steviol glycosides could alter
modulation of protein structure and redox-sensitive mechanisms. These results were further validated by the p
amadori product formation and thiol content assay.

Biochemical assays showed that steviol glycoside reduced protein carbonyl content, indicatin,
damage. However, in the glycation model, steviol glycoside did not exhibited any significant
increased the amadori product formation and elevated free thiol levels, implying enhanced ea
on BSA.

Several studies in major depressive disorder have reported increased monoamine“Qxi of affected individuals [34, 35].
Beyond its role in reducing catecholamine availability, recent evidence suggests th i i contributes to the initiation and
progression of several chronic conditions by triggering mitochondrial damage-associa
gen species hydrogen peroxide (H,0), thereby
enhancing inflammatory responses [36]. Moreover, converging clinical and preclinical indicate that neuroinflammation is a pivotal mechanism
in depression, interacting with key neurobiological abnormalities such as dimi
pituitary-adrenal (HPA) axis [37].

Based on existing literature, an MAO inhibition assay was conducted
MAO. The use of liver MAO was intended to provide an initial, mecha
model region-specific neuronal processes. The current study findi
whether steviol glycoside upregulates MAO activity or expressio
suggest that steviol glycoside can induce measurable structural

ssess the potential interaction of steviol glycoside with
interaction under controlled conditions rather than to
e with MAO enzymatic activity; however, confirmation of
A expression studies in animal models. Overall, these findings
teins, reduce oxidative protein damage, but enhance glycation
etwork analysis indicated potential interactions with signalling and
stress-response pathways, the absence of MAO inhibitio minergic catabolism is not a direct mechanism linking the additive to
neurobehavioral outcomes.

CONCLUSION

In conclusion, the integrated computationa

further highlighted the AKT1 signali y hway of interest; however, these results do not imply direct modulation of central signaling
cascades. Rather, they identi at warrant further investigation. Future studies employing physiologically relevant models, well-
defined dose-response desig systems are required to validate these associations, examine targets such as ESR and TP53, and
assess whether long-term swi
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