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Abstract
The toxic effects of environmental contaminants, such as furan, are a public health issue, prompting research into
affordable, accessible treatments. Drosophila melanogaster is an arthropod that has been utilised as a model for
human disease, as it harbours approximately 75% of human disease-related genes. Antioxidant-rich nutraceuticals
may be beneficial. Lutein (L) and zeaxanthin (Z) are natural carotenoids with notable pharmacological and
antioxidant effects. Network pharmacology (NP) analysis provides insight into the cellular and molecular
mechanisms underlying biomolecular interactions in toxicity and chemoprevention, underscoring the importance of
further in vivo studies. In silico NP exploration found 47 shared gene targets between lutein-zeaxanthin-induced
protection and furan toxicity. Protein–protein interaction analysis identified ALB, APOE, IL-6, TNF, and IL-1 as central
hub genes regulating gene expression and inflammation. Gene Ontology and KEGG pathway enrichment analyses
revealed significant enrichment for pathways involved in cholesterol metabolism, inflammatory and immune
responses, lipid transport, and protein binding. Additionally, we evaluated the protective effects of lutein-zeaxanthin
(LZ) supplementation against furan-induced toxicity in Drosophila melanogaster in vivo by assessing oxidative
imbalance in the flies' fat bodies (liver) and brains. D. melanogaster were exposed to Furan (100 µM) alone or
supplemented with lutein-zeaxanthin combination (88µM + 18µM or 44µM + 9µM) via diet for seven consecutive
days. Antioxidant enzyme activity, non-enzymatic antioxidant levels, and oxidative stress biomarkers were
spectrophotometrically determined. LZ combined supplementation significantly (p < 0.05) restored furan-induced
oxidative stress by reversing the activity of antioxidant enzymes (glutathione-s-transferases) and non-enzymic
antioxidants (non-protein thiols) and reducing other markers of oxidative stress (total hydroperoxide) in D.
melanogaster. Additionally, supplementation with a lutein-zeaxanthin combination increases nitric oxide and total
thiol levels. Furthermore, supplementation with the lutein-zeaxanthin combination ameliorated the histopathological
alterations in the fat body (liver) and brain tissues of flies caused by furan exposure. This study indicates that lutein-
zeaxanthin may help prevent furan- and related chemical-induced toxicity, acting as an antioxidant-rich nutraceutical
with specific pathways identified by NP as therapeutic targets. Furthermore, molecular docking simulations
indicated that lutein, particularly in combination with zeaxanthin, exhibits strong binding affinity (including binding
scores) to target proteins, suggesting the potential to attenuate the toxic effects of furan.

1.0 Introduction
Oxidative/nitrosative stress, the result of an imbalance between reactive oxygen/nitrogen species (RONS) and the
body’s antioxidant defences, has emerged as a significant factor in the molecular pathogenesis of various chronic
diseases, including cancer, neurodegenerative disorders, and other age-associated conditions, mainly through
cellular and organ damage(Ibrahim & Muhammad, 2023). Recent literature has shown that diet-derived carotenoids,
specifically zeaxanthin and lutein, have protective effects against RONS(Kohlstadt, 2016). These pigments, well-
known for their roles in ocular health, have garnered attention for their broader implications in cellular protection,
anti-inflammatory effects, and longevity (Stringham et al., 2024).

Furan (C4H4O) is a naturally occurring volatile (boiling point: 31°C), colourless, heterocyclic and carcinogenic organic

compound (Batool et al., 2021) that is found in a variety of heat-processed foods (Arvid Fromberg, 2009) and
beverages, including canned and jarred foods such as coffee, canned meats, and baby foods (Arisseto). Multiple
mechanisms have been proposed for the formation of furan. These include: (i) the thermal decomposition of
carbohydrates, either independently or in the presence of amino acids such as serine and cysteine; (ii) the high-
temperature oxidation of ascorbic acid; and (iii) the oxidative degradation of polyunsaturated fatty acids and
carotenoids. (Seok et al., 2015). Furan is known to mediate its toxicity via the functional ortholog Cyp6g1, the
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Drosophila equivalent of mammalian CYP2E1, an isoform of cytochrome P450 that generates a reactive
intermediate, cis-2-butene-1,4-dial (BDA) (Chung et al., 2009; Ikeno et al., 2011). This intermediate contributes to the
toxicity of Furan by reacting with various biologically essential macromolecules, such as proteins and DNA, via
nucleophilic reactions. Thus, the birth of chronic health conditions such as cancer and neurodegeneration via
oxidative and nitrosative stress (Owumi et al., 2022). In vivo and in vitro studies have shown that furan disrupts the
normal function of the epididymis, prostate gland, and testis, leading to reduced sperm production and quality, as
well as reduced hormonal levels (Owumi et al., 2020; Rehman et al., 2019). Increased expression of pro-apoptotic
genes, such as Caspase-3 and Caspase-9, can also be traced to furan exposure in male rats (Owumi et al., 2020). In
this study, the cost-effective Drosophila melanogaster serves as a prominent model to investigate the protective
effects of dietary antioxidants against furan-induced oxidative damage, given its established molecular, anatomical,
and physiological similarities with humans (Olalekan Abolaji et al., 2014a).

As antioxidants, lutein (L) and zeaxanthin (Z) are two naturally occurring carotenoids belonging to the xanthophyll
family, which are oxygenated derivatives of carotenes(Mein et al., 2011). They are structural isomers, differing only
in the position of a double bond in one of the end rings (Demmig-Adams et al., 2022). Key sources of these lipophilic
carotenoids include kale, savoy cabbage, spinach, broccoli, peas, parsley, corn, and egg yolks (Perry et al., 2009).
Kale contains the highest amount, with about 39 mg per 100 g, followed by spinach, which provides roughly 11.9 mg
per 100 g (Mrowicka et al., 2022). The recommended daily intake of lutein is approximately 10.0 mg, and that of
zeaxanthin is 2 mg (Ranard et al., 2017). The defensive effects of these carotenoids are mainly related to their
defence against oxidative stress and blue light damage, as well as their ability to scavenge free radicals (Abdel-Aal
el et al., 2013). Lutein and zeaxanthin are the only dietary carotenoids that accumulate in the retina, specifically the
macula, and are called macular pigments (Landrum & Bone, 2001). An increased level of macular pigment has been
associated with a reduced risk of developing age-related macular degeneration (AMD). This inverse relationship
suggests that higher concentrations of lutein and zeaxanthin in the macula may offer protective effects by filtering
harmful blue light and mitigating oxidative damage to retinal cells (Mrowicka et al., 2022). The antioxidant activity of
zeaxanthin and lutein is attributed to their ability to quench singlet oxygen and neutralise reactive oxygen species
(ROS) (Widomska & Subczynski, 2014), thereby protecting cellular structures from oxidative stress. L/Z have been
shown to exert protective effects against toxin-induced hormonal and testicular dysfunction/cell death (Owumi,
Ishaya, et al., 2025), and have also been reported to enhance cognitive performance and neural function by
improving insulin signalling pathways, alleviating neuroinflammation and oxidative stress, and maintaining glucose
homeostasis (Kim et al., 2024).

To this end, the present study investigated the protective effect of the lutein-zeaxanthin combination against furan-
induced oxidative imbalance in D. melanogaster. The study elucidated, for the first time, the biochemical mechanism
by which diet-derived carotenoids protect the biological system against furan-induced oxidative stress and maintain
organ architecture.

2.0 Materials and Methods

2.1 Stock and culture of Drosophila melanogaster
The Harwich strain of D. melanogaster was used in this study. The flies were maintained at the Fly-Hub-1, Drosophila
Laboratory, Department of Biochemistry, University of Ibadan, Nigeria. The fly cultures were reared on a cornmeal-
based diet containing 1% weight/volume brewer's yeast, 2% weight/volume sucrose, 1% weight/volume powdered
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milk, 1% weight/volume agar, and 0.08% volume/weight nipagin, at a temperature of 25 ± 1°C with 60% relative
humidity under a 12-hour light/dark cycle.

2.2 Chemicals
All chemicals used in this study were of analytical grade. Furan (99%) was purchased from Hopkin and Williams
Limited, Chadwell Heath, Essex, England. Hesperidin (95%). Trunature™ Vision Complex (83.33% lutein & 16.67%
zeaxanthin) was purchased from Costco.

2.3 Survival Study
A survival study was conducted to determine the optimal exposure duration and concentrations of Furan and the
lutein-zeaxanthin combination. The flies' diet was mixed with Furan and lutein-zeaxanthin combination at different
concentrations for each group. D. melanogaster of the Harwich strain of both sexes aged 1–3 days were sectioned
into groups of 30 flies per replicate. This was done in 5 replicates and two independent studies.

2.3.1 Determination of Study Period and Treatment Concentration
To determine the most effective days of furan exposure for this study, the flies were housed in a vial and were
dispensed into six groups (n = 30 flies) as follows: Control (2% ethanol), exposed to 10 µM, 50 µM, 100 µM, 200 µM,
and 500 µM furan for 7 days. To establish the optimal days for lutein-zeaxanthin combination exposure, they were
dispensed into two groups (n = 30 flies) as follows: Control (2% ethanol), exposed to 88µM + 18µM and 44µM + 9µM
lutein-zeaxanthin combination for 7 days. The result of dead flies was recorded for each vial daily to calculate the
percentage survival per day, and the percentage rate of survival of flies in each group was plotted against the days
of exposure and the concentration of furan and lutein-zeaxanthin combination, respectively (Olalekan Abolaji et al.,
2014b). Thereafter, biomarkers of toxicity, including nitric oxide (NO), total hydroperoxide, non-protein thiols (NPSH)
and total thiols (TSH), were measured to determine the appropriate concentration of furan and lutein-zeaxanthin
combination in this study.

2.3.2 Furan exposure and lutein-zeaxanthin combination
treatment
Regarding the survival studies, wild-type D. melanogaster of both sexes were assigned to six groups, with 50 flies
per group (n = 50). Furan and lutein-zeaxanthin combinations were carefully mixed with the flies' feed at different
concentrations for individual groups. The groups are as follows: Group 1 was the control (2% ethanol), Group 2 was
100 µM concentration of Furan, Group 3 and 4 were administered 88 µM + 18 µM and 44 µM + 9 µM lutein-
zeaxanthin combination, respectively, Group 5 and 6 were administered a combined concentration of 100 µM of
Furan and 88 µM + 18 µM and 44 µM + 9 µM lutein-zeaxanthin combination, respectively. After a 7-day exposure
period, each replicate of the groups was anaesthetised using the Ice-cold method. Subsequently, the weight of flies
in each replicate group was measured and homogenised in 0.1 M phosphate buffer at pH 7.0 (1mg: 10 µL). The
homogenised fly replicate was then subjected to 4000g centrifugation for 10min at 4°C. The supernatants obtained
from this process were then separated from the homogenate and transferred into separately labelled microtubes for
biochemical analysis, including total hydroperoxide, nitric oxide (NO), total thiols (TSH), non-protein thiols (NPSH),
glutathione-s-transferase (GST)

2.5 Biochemical Examinations

2.5.1 Determination of Total Hydroperoxide Level
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The total hydroperoxide level was determined according to the Wolff method (Wolff, 1994). The assay mixture was
prepared by mixing 590 µL of FOX-1 reagent (Ferrous Oxidation-Xylenol orange, 10 ml of 100 mM xylenol orange, 50
ml of 250 mM ammonium ferrous sulphate, 10 mL of 100 mM sorbitol, 5 mL of 25 mM H2SO4 and 30 mL of distilled
water) with 10 µL of the sample. A 30-minute incubation at room temperature was performed, followed by
absorbance measurement at 560 nm. The concentration of the hydrogen peroxide generated was determined by
extrapolating sample absorbance values from the standard curve.

2.5.2 Determination of Nitric Oxide Level
By incubating 250 µL of sample with 250 µL of Griess reagent [0.1% N-(1-naphthyl) ethylenediamine dihydrochloride;
1% sulfanilamide in 5% phosphoric acid; 1:1 ratio] at room temperature for 20 minutes, the level of nitric oxide (NO)
was ascertained using the Griess reaction method. At 550 nm, the absorbance was then measured. The standard
calibration curve of NaNO2 was used to calculate the NO concentration in the sample (Green LC, 1982).

2.5.3 Determination of Non-protein Thiols Level
Ellman's reagent (DTNB) was used to estimate the non-protein thiol content by the colourimetric method described
by Jollow et al. (Jollow DJ, 1974). The supernatant was treated with a 1:1 solution of 4% Sulphosalicylic acid after
extraction. After being kept at 4°C for an hour, the samples were centrifuged for 10 minutes at 4°C at 5000 rpm. 550
µL of 0.1 M phosphate buffer, 100 µL of supernatant, and 100 µL of DTNB were included in the assay mixture. The
results were expressed as moles of GSH per gram of protein, after measuring the optical density (OD) at 412 nm.

2.5.4 Determination of Total Thiols Level
The Ellman method was used to calculate the total thiol content. The reaction mixture contained 20 µL of the
sample, 10 µL of DTNB, and 170 µL of 0.1 M potassium phosphate buffer (pH 7.4). After a 30-minute incubation at
room temperature, absorbance was measured at 412 nm. GSH was used as the standard for each measurement,
and the results were reported as µmole/mg of protein (GL, 1959 ).

2.5.5 Determination of Glutathione-s-transferase Activity
Using the technique developed by Habig and Jakoby, the activity of glutathione-S-transferase (GST; EC 2.5.1.18) was
assessed. For this measurement, 1-chloro-2,4-dinitrobenzene (CDNB) served as the substrate. A solution consisting
of 20 µL of 0.25 M potassium phosphate buffer, pH 7.0, with 2.5 mM EDTA, 10.5 µL of distilled water, and 500 µL of
0.1 M GSH at 25°C, 10 µL of 25 mM CDNB, and 20 µL of sample (1:5 dilution) comprised the reaction mixture, which
had 270 µL. A specific volume of CDNB is also added, along with a small diluted sample. All of these ingredients
were combined at 25°C. The reaction mixture was monitored at 340 nm for 5 minutes, with measurements taken
every 10 seconds. Using the GST molar extinction coefficient (ε) of 9.6 mM−1cm − 1, the measurements were
expressed as µmol of CDNB/min/mg protein based on the data gathered (Habig & Jakoby, 1981).

2.5.6 Protein Concentration
The protein concentration in this study was determined according to the method described by Lowry (Lowry OH,
1951).

2.5.7 Histopathological Analysis of the Brain and Fat Body
Brain and fat body samples were preserved in 10% formalin for three days. After the samples were dehydrated, they
were embedded in paraffin and subsequently stained with haematoxylin and eosin (H & E) stain. Pathologists,
blinded to the treatment groups, evaluated and scored histopathological aberrations after viewing the tissue under a
light microscope.
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2.5.8 Statistical Analysis
The findings are presented as the standard error of the mean (SEM) ± the mean. Tukey's post hoc test was
performed after a one-way analysis of variance (ANOVA) was used to analyse the data. Statistically significant
differences were set at p < 0.05.

Molecular docking

After the in vivo studies, an in silico analysis, including molecular docking, was performed to investigate the
interactions of furan, lutein, and zeaxanthin with GST and ACHE. Additionally, molecular docking of furan with
Cytochrome P450 2E1 (CYP2E1) was performed, as CYP2E1 is the key enzyme responsible for the metabolic
activation of furan into its reactive intermediate, cis-2-butene-1,4-dial. The three-dimensional structure of CYP2E1
(PDB ID: 3E6I) was retrieved from the Protein Data Bank (https://www.rcsb.org) on 16 October 2025 and cleaned
using the Protein Repair and Analysis Server (http://protein-science.com/) by removing native ligands, inhibitors and
crystallographic water molecules to ensure optimal docking accuracy (Nnyigide et al., 2022). Molecular structures
of furan, lutein and zeaxanthin were extracted from the PubChem compound database
(www.pubchem.ncbi.nlm.nih.gov) accessed on 9 September 2025) in SDF format and optimised. Open Babel was
used to convert the ligand SDF files to the mol2 chemical format (O'Boyle et al., 2011). Open Babel was used for
ligand optimisation, which involved minimising the ligands and converting them to PDBQT format.

The crystal structure of D. melanogaster GST domain in Complex with Glutathione (PDBID: 1M0U) and ACHE
phosphorylated by sarin (PDBID: 5fpq) was retrieved from the Protein Data Bank (https://www.rcsb.org) on 16
September 2025. The downloaded crystal structure was cleaned using the Protein Repair & Analysis Server
(http://protein-science.com/) to handle missing residues, refine side-chain orientations, and ensure structural
integrity before molecular docking simulations (Nnyigide et al., 2022). Molecular docking was performed using
PyRx. PyRx is a popular virtual screening technique that has been used to find several possible therapy candidates.
PyRx uses AutoDock and AutoDock Vina, two score-based Lamarckian Genetic Algorithms (LGAs). AutoDock Vina
was utilised to carry out autonomous docking with each of the compounds after accessing the PDB files of the
target protein that was created. To explore potential binding sites on the protein, a blind docking approach was
employed, maximising the search space. The search space was defined using a three-dimensional grid box with the
following parameters: Centre Coordinates: X = 0.4749, Y = -9.2957, Z = 25.4424; dimensions (Å): 101.27 × 58.79 ×
55.84, with a default grid spacing of 0.375Å maintained for the calculation of the grid maps.

After the compounds were eventually docked, the target protein macromolecule was visualised using the BIOVIA
Discovery Studio Visualizer Software, revealing the binding interactions with specific ligands.

Using Discovery Studio software, two-dimensional (2D) interaction diagrams were generated to examine ligand-
target macromolecular interactions. The protein-ligand docked first.

BIOVIA Discovery Studio Visualizer software was used to generate complexes of ligands with high binding affinities
in Protein Data Bank (PDB) format. The ligand-protein interactions were then displayed in Discovery Studio after
each PDB format file was opened independently.

Gene mining, target prediction and network construction

The GeneCards database (https://www.genecards.org/, accessed on September 19, 2025) was used to predict
potential L/Z targets. The related targets were collected using the keywords “lutein and zeaxanthin combination

https://www.rcsb.org/
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induced protection (LZP)” and the Homo sapiens species. Possible targets for furan were extracted on September
19, 2025, from CTG (Comparative Toxicogenomic Database). The goals of these datasets were combined, and
target repeats were removed. Using the Bioinformatics tool Venny 2.1.0
(https://bioinfogp.cnb.csic.es/tools/venny/), accessed on September 19 2025, the mutual targets of the compounds
were identified by intersecting the gene sets (Tabassum et al., 2022). Protein-protein interaction (PPI) networks
were constructed using STRING (https://string-db.org/cgi/network) (Szklarczyk et al., 2023). The PPI networks were
imported into Cytoscape 3.10.3 (Shannon et al., 2003). The CytoHubba plugin was used to calculate the top 10 hub
nodes based on degree (k). The Analyze Network tool was used for topological analyses of the network, including
the Maximal Clique Centrality (MCC) method, degree (k), betweenness centrality (BC), clustering coefficient,
closeness centrality (CC), The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses of overlapping genes were further explored through using the STRING (https://string-
db.org/cgi/network accessed on 20 September 2025) and Shiny GO 0.77 tool
(http://bioinformatics.sdstate.edu/go/, accessed on 20 September 2025) (Ge et al., 2020), with an FDR of < 0.05 and
p of < 0.05 as cut-off values, displaying the top ten results.

3.0 Result

3.1 Molecular interactions of furan, lutein and zeaxanthin with GST
and ACHE
Molecular docking techniques were utilised to clarify molecular interactions between GST and the compounds furan,
lutein, and zeaxanthin. The docking simulations were executed with an exhaustiveness value of 8. For each docking
run, a maximum of 9 binding poses were generated. The best-docked pose was selected based on the lowest
binding affinity (kcal/mol) and root-mean-square deviation (RMSD) values. The docking results revealed that furan
binds to the active site of GST (PDB: 1M0U), with a binding energy of − 3.1 kcal/mol, and shows a significant
intermolecular interaction with Histidine (His108), indicating a moderate binding affinity (Figs. 4A-C). Lutein
exhibited a stronger interaction with the GST active site, showing a binding energy of -5.2 kcal/mol and forming a
significant hydrogen bond with Glutamine at position 96 (Gln96) (Figs. 4D-F). Zeaxanthin binds to the GST active
site, with a binding energy of − 3.6 kcal/mol, having a significant intermolecular interaction with Tyrosine (at Tyr54),
indicating a lower binding affinity than lutein (Figs. 4G-I). Collectively, these findings suggest that lutein, with a
higher binding score, may competitively displace furan from the GST active site, indicating the potential of lutein,
especially in combination with zeaxanthin, as an antioxidant and ROS scavenger.

Further molecular docking simulations of acetylcholinesterase (AChE; PDB ID: 5FPQ) with furan, lutein, and
zeaxanthin. Among the three, lutein showed the strongest affinity for the AChE binding pocket, with a binding energy
of − 7.6 kcal·mol⁻¹ and notable interactions at Leu213 and Arg90 (Fig. 5D). Zeaxanthin also demonstrated
appreciable binding, with a binding energy of − 4.9 kcal·mol⁻¹ (Fig. 5E). In contrast, furan exhibited the weakest
interaction, with a binding energy of − 3.1 kcal·mol⁻¹ (Fig. 5A-C).

In addition, molecular docking results showed that furan binds within the active site pocket of CYP2E1 with a
binding energy of − 2.8 kcal/mol (Fig. 6), suggesting a relatively weak but specific interaction. The docking pose
showed key hydrophobic interactions between the furan and Leu133 and Leu442, located near the heme catalytic
centre. These interactions indicate that although furan exhibits limited binding affinity, its orientation toward the
heme moiety supports its potential as a substrate for CYP2E1-mediated oxidation.

3.2 Targets network and protein-protein interactions
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As shown in Fig. 1A, target prediction identified 88 genes associated with lutein-zeaxanthin combination-induced
protection (LZP) and 3864 genes linked to furan-associated toxicity. The Venn diagram indicates that, while each
compound primarily acts through distinct biochemical pathways, there is a notable overlap of 47 genes. This
suggests potential molecular interaction sites where the protective actions of lutein and zeaxanthin may help
mitigate furan's toxic effects. Further analysis of the protein-protein interaction network revealed the top 10 hub
genes as Albumin (ALB), Apolipoprotein E (APOE), Interleukin-6 (IL6), Tumor Necrosis Factor (TNF), Interleukin-1
beta (IL1B), Hypoxia Inducible Factor 1, Alpha Subunit (HIF1A), C-reactive protein (CRP), Glutathione Peroxidase 3
(GPX3), Jun Proto-Oncogene (JUN) and Glutamate Pyruvate Transaminase (GPT) as illustrated in Fig. 1B and
summarised in Table 1.

 
Table 1

Topological algorithms of the extracted hub genes
Hub genes symbol Degree MCC Closeness EPC Bottle

Neck
EcCentricity Betweenness

Albumin ALB 32 21083928 37.67 20.3 2 0.312 250

Apolipoprotein
E

APOE 27 13774920 35.16 19.7 21 0.312 135.4

Interleukin-6 IL6  
26

21078840 34.66 19.3 4 0.239 89.5

Tumor
Necrosis
Factor

TNF 25 19774320 34.16 19.1 1 0.312 113.6

Interleukin-1
beta

IL1B 23 20473920 33.16 19.5 2 0.312 59.6

Hypoxia
Inducible
Factor 1,
Alpha Subunit

HIF1A 22 18618013 32.66 17.8 4 0.312 190.1

C-reactive
protein

CRP 22 6129600 32.25 18.2 1 0.312 63.75

Glutathione
Peroxidase 3

GPX3 22 18665064 32.25 17.8 5 0.312 74

Jun Proto-
Oncogene

JUN 19 18557412 30.83 17.8 2 0.312 81.9

Glutamate
Pyruvate
Transaminase

GPT 19 14567280 30.75 18.1 1 0.239 29.9

Topological metrics for the retrieved hub genes in the PPI network are shown in Table 1, highlighting the basic,
appropriate connections that specify their functions and significance in the network.

3.3 Gene ontology and pathway enrichment of overlapping genes
Gene Ontology (GO) and pathway enrichment analysis of the identified hub genes are depicted in Fig. 2. Also, Fig. 2A
shows the GO enrichment analysis, ranking the biological processes in which the hub genes identified from the PPI
network are significantly involved by −log10(FDR) score, with higher scores indicating greater statistical
significance. Figure 2B illustrates the GO enrichment analysis of cellular components. Figure 2C shows the
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enrichment of various molecular functions among the hub genes. Figure 2D shows the pathway enrichment of the
hub genes, highlighting the key signalling and metabolic pathways to which they are associated. Furthermore, Fig. 3
illustrates the cholesterol metabolic pathway from the KEGG database, with hub genes highlighted in red to indicate
their positions and potential interactions within this metabolic network.

3.4 Examination of Survival Rate and Certain Biochemical
Parameters
Figure 7A shows the survival rate of the flies when exposed to various concentrations of Furan, while Fig. 7B shows
that of the lutein-zeaxanthin combination. The results indicated that Furan at various concentrations (10 µM, 50 µM,
100 µM, 200 µM, and 500 µM) decreased Drosophila survival rate compared with the control (2% ethanol). In
contrast, no apparent decline was observed in the survival rate of flies exposed to lutein-zeaxanthin combination at
88µM + 18µM and 44µM + 9µM when compared with the control, respectively, at 7 days of exposure. Groups
exposed to 10 µM and 100 µM concentrations of Furan show pronounced effects on survival, while groups exposed
to 50 µM, 200 µM, and 500 µM show similar effects in the flies. In Fig. 7B, the 44µM + 9µM lutein-zeaxanthin
combination had a higher survival rate than the concentration at 88µM + 18µM when compared.

3.5 Furan-Induced Toxicity in Drosophila
The effects of Furan at various concentrations on selected oxidative stress and antioxidant biomarkers in
Drosophila melanogaster are presented in Fig. 8. There is a significant increase in total hydroperoxide levels at 10
µM, 100 µM, and 500 µM (Fig. 8AA), indicating elevated oxidative stress. Similarly, a significant increase in nitric
oxide (Fig. 8B) and non-protein thiols (Fig. 8C) levels at 500µM and 100µM, respectively. In contrast, a significant
increase in total thiol levels was observed across concentrations (Fig. 8D). Given the result above, the 100 µM
survival concentration was adopted as the optimal exposure concentration for this study.

3.6 Effect of Lutein-zeaxanthin Combination on Selected
Biomarkers
The effects of the lutein-zeaxanthin combination on selected oxidative stress and antioxidant biomarkers are shown
in Fig. 9. There was no significant alteration in the level of total hydroperoxide (9A), nitric oxide (B) and total thiols
(D) in the flies exposed to lutein-zeaxanthin combination at 88µM + 18µM and 44µM + 9µM concentration,
respectively, when compared with the control group. However, a significant increase in the level of non-protein thiols
(9C) was observed in the group exposed to a 44 µM + 9 µM concentration of the lutein-zeaxanthin combination
compared with the control group.

3.7 Preventive effect of lutein-zeaxanthin combination on Furan-
induced Oxidative Stress and Antioxidant Biomarkers
Figures 10 and 11 illustrate the impact of the lutein-zeaxanthin combination and furan on Drosophila after 7 days of
exposure. Furan at 100µM significantly increases the level of total hydroperoxide (Fig. 10A). In contrast, the lutein-
zeaxanthin combination at 44 µM + 9 µM significantly increases nitric oxide levels compared with the control
(Fig. 10B). However, a non-significant alteration was observed in the nitric oxide level in the furan-exposed group. In
Fig. 11, furan at a 100 µM concentration significantly increased the levels of non-protein thiols (Fig. 11A) and the
activity of glutathione-S–transferase (Fig. 11C). In contrast, exposure to the lutein-zeaxanthin combination at 88 µM 
+ 18 µM and 44 µM + 9 µM reverses these effects. However, Furan had no significant impact on total thiols
(Fig. 11B) compared with the control.
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3.8 Lutein-zeaxanthin Combination Improve Furan-induced
Histological Injury
Histological characteristics of the fly’s fat body and brain are presented in Figs. 12 and 13, respectively. The
histology of the control and lutein-zeaxanthin combination at 44µM + 9µM shows no visible lesion in the fat body.
Flies exposed to furan alone showed adipocyte atrophy and degeneration (arrows). Lutein-zeaxanthin combination
at 88µM + 18µM concentration, co-exposure of furan and lutein-zeaxanthin combination at 88µM + 18µM and 44µM 
+ 9µM showed mild atrophy of adipocytes (HE x400). The brain histology of the control and the lutein-zeaxanthin
combination at 44 µM + 9 µM appeared typical. Flies exposed to furan alone showed generalised atrophy of the
white matter (asterisk) and segmental neuronal loss in the grey matter (arrows). Lutein-zeaxanthin combination at
88µM + 18µM concentration shows moderate segmental atrophy of neurons in the grey matter (arrows). In contrast,
co-exposure of furan and lutein-zeaxanthin combination at 88µM + 18µM and 44µM + 9µM shows atypical
histological architecture similar to that of the control (HE x400).

4.0 Discussion
Drosophila melanogaster, commonly known as the fruit fly, is one of the most widely used model organisms in
biological research. Its short lifespan, rapid reproduction, genetic tractability and well-mapped genome make it an
ideal model for studying genetics, development, neuroscience, cancer, and toxicity (Yamaguchi & Yoshida, 2018).
Drosophila has been an important model organism for studying the genetic foundations of diseases such as central
nervous system disorders, cardiovascular disease, cancer, diabetes, and inflammatory diseases, as it has functional
homologs of about 75% of the genes that cause human diseases.

Furan is a potential health risk compound that may develop in foods during cooking or heating. It is a poisonous
product that has been associated with animal liver damage and cancer presence (Gruczynska, 2018). Therefore, the
estimated furan intakes from the European intake definition indicate that mean dietary Furan exposures can occur in
humans and infants aged 3 to 12 months at doses of 1.23 and 1.01 µg/kg bw/day, respectively (Gruczynska, 2018).
Research has also shown that Furan, at a dose of 2 mg/kg body weight, can induce carcinogenic effects on rodents
(Kabir & Uzzaman, 2022; Moro et al., 2012). However, the mechanism of furan-induced toxicity in D. melanogaster is
yet to be explored.

This current study has investigated the protective effect of a lutein-zeaxanthin combination against furan-induced
toxicity and multi-organ damage in Drosophila melanogaster. Results from this study revealed an increase in the
mortality rate of exposed flies to Furan at varied concentrations (10, 50, 100, 200 and 500 µM), with a more
pronounced effect at 10 and 100 µM concentrations. This can be explained by studies demonstrating the harmful
effects of environmental toxins, including heavy metals and furan, on cellular composition by generating reactive
species that induce oxidative stress and damage biologically essential macromolecules (such as proteins, DNA,
lipids, and organs) (Alizadeh et al., 2018). Thus, the observed decline in the survival rate of flies exposed in this
study indicates that Furan is detrimental and toxic to their survival and lifespan. On the contrary, previous literature
has shown that supplementing flies' diet with antioxidants-nutraceuticals enhances Drosophila's survival rate (Nisha
Sharma, 2024). However, in the current research, both lutein-zeaxanthin combinations demonstrate a
moderate/negligible effect on survival.

Additionally, we assess the impact of Furan on the levels of antioxidant molecules, such as total thiol (TSH), non-
protein thiols (NPSH), glutathione-s-transferase (GST) activity, and other markers of oxidative stress, including total
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hydroperoxide and nitric oxide (NO). Zeaxanthin and lutein are carotenoids present in a wide variety of fruits and
vegetables and have possible anticarcinogenic properties (M.G. Sajilata, 2008). They are well-known for their anti-
inflammatory and antioxidant properties, which help prevent cancer (Ribaya-Mercado & Blumberg, 2004). The
results regarding GST activity during fly exposure to furan indicate that lutein-zeaxanthin combination
supplementation mitigates furan-induced activation of the antioxidant enzyme. The observed increase in the activity
of the GST enzyme due to furan exposure is an indicator of an adaption response, protective response of the
antioxidant defence system and cellular detoxification, which might soon cause oxidative damage and toxicity once
overwhelmed (Birben et al., 2012), while both concentration of the lutein-zeaxanthin combination supplementation
of flies diet significantly restored the activity of the GST enzyme. This study found that supplementing the diet with a
combination of lutein and zeaxanthin enhances protective effects on the antioxidant defence system and
detoxification processes in Drosophila melanogaster. The significant decrease in GST indicates protection against
oxidative damage and enhanced cellular resilience. The result provides a more detailed description of the protective
action of the lutein-zeaxanthin combination on antioxidant enzyme activity during the furan-induced adaptive
response in this enzyme, thus highlighting the beneficial effect of the lutein-zeaxanthin combination as a therapeutic
agent to promote health conditions linked to oxidative stress(Johra et al., 2020).

Antioxidant enzymes exert their protective role by cleansing the cell of cellular reactive oxygen and nitrogen species
and free radicals. Thus, the results suggest that the lutein-zeaxanthin combination may have a protective role
against the harmful effects of Furan, including inhibition of enzymatic antioxidant activity. It has been demonstrated
that thiols are natural antioxidants capable of providing antioxidant defence by neutralising free radicals and
reactive species, thereby ameliorating their damaging oxidant reactions(Noguchi et al., 2023). Through their
sulfhydryl (SH) groups, thiols form intra- and intermolecular interactions and are complexed with reactive species.
This scavenging mechanism is obtained using non-protein and total thiols during oxidative damage. This
scavenging mechanism is acquired through the utilisation of non-protein and total thiols during oxidative damage. In
this study, levels of non-protein thiols rise dramatically with furan exposure. Still, they are maintained at an optimum
level by inclusion through feeding the flies a lutein-zeaxanthin combination into the flies’ diet. This study
demonstrates that non-protein thiols counteract the formation of free radicals induced by Furan and that the lutein-
zeaxanthin combination can provide antioxidant action by scavenging reactive species and restoring the use of non-
protein thiols. This is consistent with a study demonstrating that lutein and zeaxanthin scavenge reactive oxygen
species, such as lipid peroxyl radicals and singlet oxygen (Roberts & Dennison, 2015).

Many physiological functions, including immunological responses, neurotransmission, and vasodilation, involve an
intermediary nitric oxide. However, tissue damage and inflammation can be exacerbated by excess NO production,
which often occurs under oxidative stress or inflammation. In the current study, dietary supplementation with the
lutein-zeaxanthin combination significantly increased the observed slight furan-induced increase in NO. We
hypothesised that the activity of Inducible Nitric Oxide Synthase (iNOS) may be associated with the effect of the
lutein-zeaxanthin combination on NO production. Other researchers have demonstrated that lutein-zeaxanthin
treatment enhances dose-dependent iNOS expression triggered by the toxicant(Abdel-Salam et al., 2017). These
findings indicate that the Lutein-zeaxanthin combination specifically targets and attenuates the oxidative burden
without disrupting baseline signalling (Birben et al., 2012). This demonstrates the potential therapeutic advantage of
lutein-zeaxanthin in reducing inflammation-related pathology and nitrosative stress.

Total hydroperoxide refers to a group of reactive oxygen species, including hydrogen peroxide, which can trigger
oxidative stress on many cellular components, including proteins, lipids and DNA. In addition, total thiols are a group
of antioxidant compounds, present in both protein and non-protein molecules, that can protect cells from oxidative
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stress by scavenging free radicals and other reactive species. The data from this study are consistent with previous
studies showing that Furan induces oxidative stress in rodent models (Owumi et al., 2020). In our study, exposure of
flies to Furan significantly increased total hydroperoxide levels, and total thiols showed a non-significant change.
This oxidative stress is likely to cause the observed alterations in the histological architecture of the flies’ brains and
fat bodies (livers), highlighting the need for antioxidative therapy to control oxidative damage and re-establish redox
homeostasis. However, supplementing the diet with a lutein-zeaxanthin combination also markedly reconstitutes
brain histological architecture to normal, but with some percentage in the fat body (liver).

A molecular docking simulation showing the interaction between furan, lutein, zeaxanthin, and Glutathione-S-
transferase (GST) supports our findings from in vivo studies that Drosophila melanogaster can increase the
expression of oxidative-stress response markers as one of its mechanisms of adaptive response. Persistent
exposure to toxicants like furan can lead to gene duplication and overexpression of GST genes (Dong et al., 2016).
This adaptive mechanism is key to survival upon exposure to toxicants, as GST expression can help maintain a
proper GSH/GSSG balance, which is critical for redox signalling and cellular survival under stress.

Lutein and Zeaxanthin (L/Z) synergistically enhance the Glutathione system (GSH) and increase GST activity when
exposed to oxidative stress. Various mechanisms of L/Z's antioxidative and protective role include the activation of
nuclear factor erythroid 2-related factor 2 (Nrf2) (Frede et al., 2017). Activation of Nrf2 stimulates the expression of
endogenous antioxidants, such as GST. It may help scavenge reactive oxygen species, serving as a unique adaptive
and tolerance response to toxin-induced oxidative stress (Owumi, Chimezie, et al., 2025).

Comparing increases in expression of the GstD1 and GstE1 genes, which encode GST, in response to L/Z and furan
could help us understand the complex mechanisms underlying Drosophila melanogaster's tolerance to toxicants
and its cellular adjustments to antioxidants. Temporary spikes in GST levels on furan exposure as a result of
adaptive response to toxicant may lead to a measurable increase in death rate, as observed in the survival studies.
Experimental studies on comprehensive datasets from molecular docking simulations emphasise the ability of
lutein, with a docking score of about − 5.2 kcal/mol, to competitively bind and displace furan (docking score of -3.1
kcal/mol) at the ninaD receptor in the midgut of Drosophila melanogaster. (Voolstra et al., 2006).

The findings from molecular interactions on GSH with furan, lutein and zeaxanthin are consistent with further
molecular docking interactions on Acetylcholinesterase (ACHE) with furan, lutein and zeaxanthin. Disrupted
neuronal and motor functions resulting from elevated furan levels, which may lead to reduced exploratory activity
and poor climbing performance in Drosophila melanogaster, could be mitigated by the combined effects of lutein
and zeaxanthin (Mrowicka et al., 2022). Although L/Z can minimise the deleterious effects of chemically induced
toxicity, their precise function within the broader "adaptive response" in insects is less clear than their well-
established roles in mammals. Further studies should be conducted to elucidate a broader adaptive response
involving L/Z in transgenic Drosophila melanogaster.

The application of Network pharmacology in this study provides a better understanding of the role of the lutein-
zeaxanthin combination in the adaptive response to furan. The network analysis revealed 47 hub genes that may be
associated with the lutein-zeaxanthin combination's preventive action against furan-induced toxicity. Ten hub genes
(ALB, APOE, IL6, TNF, IL1B, HIF1A, CRP, GPX3, JUN, and GPT) were identified by analysing the protein-protein
interactions of these genes. They were discovered to have the most involvement in the network. These genes
participate in various life processes, including biological processes, cellular and metabolic functions, and in
oxidative stress responses. The ALB and GPX3 genes are involved in the oxidative stress response and antioxidant
defence. GPX3 is an extracellular (plasma) glutathione peroxidase that scavenges hydrogen peroxide and other
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reactive oxygen species, thus protecting tissues from oxidative damage(Shi et al., 2022). It has been reported that
reduced GPX3 expression leads to upregulation of NOX4 and enhanced oxidative stress in kidney disease models.
Also, GPX3 knockdown has been reported to increase mitochondrial dysfunction and oxidative stress, linking it to
tissue senescence (Song et al., 2024; Zhang et al., 2024). ALB exerts antioxidant effects in plasma by binding free
radicals and transition metals, acting as a buffer against oxidative stress via its thiol groups. Low albumin levels
correlate with increased oxidative stress markers in patients with malnutrition and liver disease (Arques, 2018).
(JUN and HIF1A) are signal transduction and transcription factors. JUN is a core component of the AP-1
transcription factor complex, which integrates extracellular signals growth factors, stress, cytokines) into
transcriptional responses (Meng & Xia, 2011). HIF1A plays a role in cellular redox status, signalling, and can
modulate inflammatory genes. HIF-1α may induce inflammation by downregulating PPARG (Ajoolabady et al., 2024).
(APOE, IL6, TNF, IL1B and CRP) They are involved in inflammation and inflammatory signalling in humans. They play
key roles in inflammation, immune responses, and acute-phase signalling (Cacabelos et al., 2018; Zhao et al., 2023).
(GPT and APOE) They are involved in various metabolic processes, including lipid metabolism and energy
metabolism. The high network connectivity of genes such as IL6, TNF, IL1B, and CRP suggests their central role in
furan-induced oxidative stress and inflammatory responses, and the potential of lutein-zeaxanthin to reverse and
mediate these responses. ALB and GPX3 are crucial in redox balance, cell survival, and recovery from oxidative
stress, supporting the idea that lutein-zeaxanthin enhances these protective mechanisms. The Topological
algorithms' results for the hub genes indicate that ALB and APOE consistently have higher values across all the
metrics analysed (Degree, MCC, Closeness, EPC, Bottleneck, EcCentricity, and Betweenness), highlighting their
significance within the PPI network in relation to lutein-zeaxanthin combination-induced protection and furan-
induced toxicity.

The ALB and APOE genes have the highest degrees, showing that they are the most influential and strongly
connected nodes. ALB and IL6 genes have the highest MCC values. Maximal Clique Centrality (MCC) is a metric that
identifies the most critical and central nodes within multiple cliques. The high MCC values for ALB and IL6 suggest
their participation in critical, cohesive functional modules. Closeness centrality is defined as the reciprocal of the
average shortest-path distance from a node to all other nodes in the network. ALB and APOE have the highest
closeness values, indicating that the signal propagates faster from one node to others and that these genes can
swiftly affect other nodes, highlighting their possible role in rapid cellular responses. A node's influence is measured
by the Edge Percolation Centrality (EPC) analysis, which accounts for biological signals or information percolating
down its edges. ALB and APOE have the highest EPC values, suggesting that they are highly involved in mediating
biological processes through the network. Betweenness is one of the most important topological properties of a
network. It measures the number of shortest paths that pass through a specific node; hence, it is similar to the
bottleneck. Nodes with the highest betweenness and bottleneck values control most of the network's information
flow, representing its critical points. The ALB and APOE genes have the highest betweenness and bottleneck values,
indicating that they play essential roles in maintaining network integrity.

The enrichment analysis of the hub genes suggests pivotal roles in various biological processes, including lipid
metabolism and transport, glutathione metabolism, cellular detoxification, and cellular oxidant detoxification. Top
hub genes such as ALB and APOE are involved in lipid metabolism, particularly cholesterol and triglyceride
transport. Furan exposure can increase blood lipid levels, including cholesterol, triglycerides, and LDL (low-density
lipoprotein) cholesterol (Zhao et al., 2023), implicating genes such as ALB and APOE and strengthening our
hypothesis that a Lutein-zeaxanthin combination may improve lipoprotein profiles and reduce inflammation.
Moreover, APOE protects neurons indirectly by stabilising membranes and reducing lipid peroxidation. The
identification of IL6, TNF, IL1B, and CRP as hub genes in the present network pharmacology analysis highlights their



Page 15/32

central role in mediating the interplay between oxidative stress and inflammation. These genes represent critical
nodes in the ROS–cytokine axis, where excessive generation of reactive oxygen species (ROS) triggers inflammatory
cascades, further amplifying oxidative damage. The identification of IL6, TNF, IL1B, and CRP as hub genes in the
present network pharmacology analysis highlights their central role in mediating the interplay between oxidative
stress and inflammation. Although Drosophila melanogaster lacks canonical mammalian cytokines like IL-6 and
TNF-α, it possesses highly conserved functional orthologs that drive analogous inflammatory and immune
responses (Lemaitre & Hoffmann, 2007).

Specifically, the mammalian TNF signalling axis is represented in Drosophila by the ligand Eiger (egr) and its
receptor Wengen (wgn), which are primary mediators of JNK-dependent apoptosis and stress responses following
xenobiotic insult (Igaki et al., 2002). Similarly, while a direct structural ortholog for IL-6 is absent, the fly utilises the
Unpaired (upd1, upd2, upd3) ligands. These ligands activate the JAK/STAT pathway, performing the same roles as
IL-6 in regulating systemic energy metabolism, growth, and the 'acute phase' response to chemical (Jiang et al.,
2009). Furthermore, the vertebrate IL-1β signalling pathway is functionally mirrored by the Drosophila Toll and IMD
pathways, where the activation of NF-κB-like transcription factors (Dorsal and Relish) governs the production of
antimicrobial peptides and pro-inflammatory mediators (Ganesan et al., 2011). The inclusion of CRP as a hub gene
further underscores the systemic nature of the inflammatory insult; in flies, this is reflected by the upregulation of
opsonin-like molecules and thioester-containing proteins (TEPs), which serve as primitive acute-phase reactants. By
relating these human hub genes to their fly orthologs (egr, upd, and Relish), our network pharmacology findings
provide a robust translational framework, suggesting that furan-induced oxidative stress in Drosophila operates
through conserved pathways highly relevant to human inflammatory pathology. Finally, network pharmacology
typically relies on databases derived from human clinical data, which may not capture the unique tissue-specific
expression patterns found in the fly, such as those in the specialised fat body or Malpighian tubules. Lutein and
zeaxanthin may counteract the pathological effects mediated by these hub genes through both antioxidant and anti-
inflammatory mechanisms. As potent scavengers of ROS, these carotenoids directly mitigate oxidative burden and
prevent lipid peroxidation. By lowering ROS levels, lutein and zeaxanthin can suppress NF-κB activation and
inflammasome signalling, thereby reducing the expression of IL6, TNF, and IL1B.

In this way, lutein and zeaxanthin not only restore redox balance but also attenuate downstream inflammatory
responses, disrupting the vicious cycle of oxidative stress and inflammation.

5.0 Conclusion
In conclusion, this study indicates that lutein-zeaxanthin combination supplementation remarkably restored the
biochemical alterations induced by Furan in Drosophila melanogaster. A key piece of evidence supporting these
findings is that the lutein-zeaxanthin combination demonstrates a protective effect against furan-induced oxidative
stress by inhibiting total hydroperoxide formation, preserving non-protein thiol and total thiol levels, and restoring
antioxidant enzyme activity (GST), as depicted in our proposed mechanism of protection (Fig. 14). Thus, the study
indicated that oxidative stress and organ damage (brain and fat body) are involved in furan toxicity. In addition, the
combination of zeaxanthin and lutein prevents furan toxicity by ameliorating oxidative stress and restoring tissue
architecture. Therefore, further study is required to elucidate the molecular mechanism of action by which the lutein-
zeaxanthin combination restores furan-induced oxidative stress and tissue damage. This will provide novel insights
into the molecular mechanisms by which antioxidants protect against environmental toxicity.
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(A) Venn diagram showing the intersection between genes targeted by furan and L/Z induced protection (LZP). (B)
Protein-protein interaction (PPI) network of the 47 common genes between furan and LZP. The network shows
interactions among proteins encoded by these genes.

Figure 2

Gene ontology of common genes related to furan and L/Z induced protection (LZP). (A) Biological Process
Enrichment: The graph shows the most significantly enriched biological processes related to the hub genes, ranked
by fold enrichment. Top processes include Triglyceride-rich lipoprotein particle remodelling, Very-low-density
lipoprotein particle remodelling, and High-density lipoprotein particle remodelling. The colour gradient indicates the -
log10 of the false discovery rate (FDR), with higher values indicating more vital significance. (B) Cellular Component
Enrichment: The most enriched cellular components are shown in this graph, illustrating critical structures such as
the immediate-density lipoprotein particle, the chylomicron interleukin-6 receptor complex, the chromatin lock
complex, and very-low-density lipoprotein particles. (C) Molecular Function Enrichment: The graph displays the top
enriched molecular functions, including phosphatidylcholine-sterol O-acyltransferase activator activity, lipoprotein
lipase activity, complement component C1q complex binding, and cholesterol transfer activity. (D) KEGG Pathway
Enrichment: The graph shows the top enriched KEGG pathways, including cholesterol metabolism, Pertussis,
glutathione metabolism. The size of the dots corresponds to the number of genes involved in each pathway, while
the colour gradient reflects -log10(FDR), with red dots indicating the most significant pathways.
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Figure 3

KEGG pathway representing cholesterol metabolism, with critical hub gene involvement highlighted. The pathway
illustrates multiple downstream signalling cascades in steroid biosynthesis, terpenoid backbone biosynthesis, and
bile secretion.
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Figure 4

Molecular interaction and docking poses of GST with Furan, LUT and ZEA. A-C: Furan moderately interacted with the
sidechain amino acid residues at the active site of GST with a docking score: -3.1 kcal/mol. The only appreciable
hydrogen bond interaction (2.2 Å) was detected on HIS 108. Figure 4C shows that the amino acid residues MET94,
THR140 and VAL137 show overlapping positions around the ligand   D-F: LUT moderately interacts with the
sidechain amino acid residues at the active site of GST with a docking score: -5.2 kcal/mol. The only appreciable
hydrogen bond interaction (3.1 Å) was detected at GLN 96. G-I: ZEA moderately interacts with the sidechain amino
acid residues at the active site of GST with a docking score of -3.6 kcal/mol. The only appreciable hydrogen bond
interaction (2.9 Å) was detected on TYR 54. GST: glutathione-s-transferase; LUT: Lutein, and ZEA: zeaxanthin.
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Figure 5

Molecular interaction and docking poses of ACHE with Furan, LUT and ZEA. A-C: Furan interacts moderately with the
sidechain amino acid residues at the active site of ACHE, docking score: -3.1 kcal/mol. Two hydrogen bonds were
detected on HIS 223 (3.6 Å) and ARG 485 (3.6 Å). D: Interaction diagram of LUT docked to ACHE showing two
hydrogen bonds with LEU 213 (2.0 Å) and ARG 90 (2.0 Å) with docking score: -7.6 kcal/mol. E: Interaction diagram
of ZEA docked to ACHE, there is no appreciable hydrogen bond with additional π- interaction with surrounding
residue, with docking score: -4.9 kcal/mol. ACHE: acetylcholinesterase; ZEA: zeaxanthin, LUT: lutein.
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Figure 6

Molecular interaction and docking poses of CYP2E1 with Furan, with a docking score of -2.8kcal/mol. A: surface
view of furan in the pocket of the CYP2E1 active site. B: 2D Interaction diagram showing two hydrophobic bonds
with LEU 133 (3.62 Å) and LEU 442 (4.70 Å). C: Cartoon view showing the hydrophobic bonds between furan and the
two leucine residues.
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Figure 7

Effect of Furan (A), and Zeaxanthin and Lutein combination (B) on the survival rate of D. melanogaster.

Figure 8
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Furan-induced toxicity in Drosophila after seven days of exposure. Total hydroperoxide (A), nitric oxide (B), non-
protein thiols (C) and total thiols (D). Data are represented as Mean + SEMof 50 flies per replicate (n = 5) “a”
Significantly different from control at p<0.05.

Figure 9

Effect of Zeaxanthin and Lutein combination on Drosophila after seven days of exposure. Total Hydroperoxide (A),
Nitric Oxide (B), Non-protein Thiols (C) and Total Thiols (D). Data are represented as Mean + SEM of 50 flies per
replicate (n = 5) “a” Significantly different from control at p<0.05.
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Figure 10

Effect of Zeaxanthin and Lutein combination and/ or Furan on markers of oxidative stress in D. melanogaster (Total
Hydroperoxide (A), Nitric Oxide (B)). Data are represented as Mean + SEM, n = 5 “a, and b,” Significant differences
with Control and Furan Group at p<0.05, respectively.
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Figure 11

Effect of Zeaxanthin and Lutein combination and/ or Furan Antioxidant markers in D. melanogaster (Non-protein
Thiols (A), Total Thiols (C) and Glutathione-s-transferase (C)). Data are represented as Mean + SEM, n = 5 “a,and b,”
Significantly different from Control and Furan Group at p < 0.05, respectively.
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Figure 12

Photomicrographs of the fly’s Fat body, Control (A), Furan (B), lutein-zeaxanthin combination at 88µM+18µM (C), at
44µM+9µM (D), co-exposure of Furan and lutein-zeaxanthin combination at 88µM+18µM (E) and 44µM+9µM (F (HE
x400)
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Figure 13

Photomicrographs of the fly Brians, Control (A), Furan (B), lutein-zeaxanthin combination at 88µM+18µM (C), at
44µM+9µM (D), co-exposure of furan and lutein-zeaxanthin combination at 88µM+18µM (E) and at 44µM+9µM (F
(HE x400)
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Figure 14

(A) Venn diagram showing the intersection between genes targeted by furan and L/Z induced protection (LZP). (B)
Protein-protein interaction (PPI) network of the 47 common genes between furan and LZP. The network shows
interactions among proteins encoded by these genes.
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