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ABSTRACT

This study presents for the first time the novel synthesis and in vitro-in silico bio-evaluation of seven coumarin
derivatives linearly conjugated with a 1,4-dioxane ring. The primary goal was to develop accessible and modifiable
coumarin-based scaffolds with a broad spectrum of biological activities. The structural identities of the synthesized
compounds were confirmed using various spectroscopic techniques, including *H-NMR, *C-NMR, and FTIR analyses.
The biological potential of the synthesized fused structures was systematically evaluated through a series of in vitro assays.
Notably, DFC4 emerged as a promising candidate with strong antioxidative stress activity. In terms of antidiabetic
potential, DFC2 demonstrated significant inhibition of both a-glucosidase and a-amylase enzymes, suggesting its
usefulness in managing hyperglycemia. DFC5 exhibited potent antibacterial effects, comparable to those of ciprofloxacin,
against all tested aerobic bacterial strains. In addition, DFC1 showed superior antifungal activity, outperforming nystatin.
The same fused structure also displayed noteworthy anti-inflammatory properties, likely through a cyclooxygenase-
dependent mechanism. Regarding anticancer properties, DFC4 again stood out by exhibiting effective cytotoxicity toward
cancer cells while maintaining biosafety toward non-carcinogenic cells. All synthesized fused structures, especially DFC5,
demonstrated favorable biosafety profiles when tested against commensal bacterial strains. To complement the in vitro
findings, computational tools were used to predict the toxicity and pharmacokinetic profiles of the structures under
evaluation. The results indicated that the synthesized fused structures possess desirable biosafety thresholds and oral
bioavailability characteristics. Collectively, these findings suggest that the newly synthesized fused structures hold
significant potential as multifunctional therapeutic agents for future drug development.
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on heterocyclic frameworks. Their wide structural diversity and
functional versatility make them valuable scaffolds in the development
of pharmaceutical drugs for treating a broad range of diseases®l.

Coumarin, or a-benzopyrone, which comprises fused benzene and
a-pyrone rings™, is a prominent member of the heterocyclic family,



recognized for its extensive and varied biological activities. These include antioxidant®® 71, antidiabetic®°l,
antibacterial™-*3 antifungal®*-¢, anti-inflammatory!’-*l anticancerf?®-??l, antitubercular(?>-?°l, antiviral(?6-28l,
antidepressant®31 and anticoagulant®>-34 properties. Coumarin molecules can be derived naturally from
plantst-37 or manufactured chemically in laboratories®-4%, Besides these, different bacteria and fungi have
also been found to make many coumarins“:l,

Substitution may occur at any of the six available positions, and the variety of substitutions and fusions
offers a broad array of possible configurations, which may elucidate the common occurrence of coumarin-
based derivatives in naturel*##%l, The coumarin scaffold is present in various physiologically active compounds
that play a crucial role in medicine and therapiest647l, They are primarily utilized in the pharmaceutical sector,
and due to their exceptional luminous properties, they serve as detectors for various biological components[*84°1,
ion sensors®, and applications in the laser business®Y. Additionally, due to their pleasant fragrance, they are
utilized as distinctive ingredients in fragrances and cosmetics®2. coumarins have numerous appealing
characteristics that facilitate their application in various fields, including their uncomplicated structure with
low molecular weight, straightforward production and modification, minimal toxicity, favorable
bioavailability, and widespread occurrence in nature®*. Compounds containing coumarin attract global
scientific interest to investigate their bioactive potential both in vitro and in vivo, with considerable confidence
in identifying promising treatment options for various disorders¢-%l,

1,4-Dioxane (DO) is a colorless, flammable liquid characterized by a subtle, sweet fragrance, commonly
acknowledged for its function as a solvent in industrial and scientific settings. It is a six-membered cyclic ether
with two oxygen atoms that enhance its chemical stability and extensive solvent compatibility®™, This
distinctive configuration enables it to blend effortlessly with both polar and non-polar molecules, rendering it
particularly advantageous for dissolving compounds with low solubility and fostering consistent conditions in
chemical reactions. Consequently, DO functions as an efficient reaction medium in organic synthesis,
especially in catalytic and polymerization processes, and is frequently employed to stabilize chlorinated
solventst®061],

From an electrical perspective, DO exhibits considerable electron-donating properties, principally due to
the lone electron pairs on its oxygen atoms. Despite being less nucleophilic than conventional amines, its
oxygen atoms can participate in dipole—dipole interactions and function as hydrogen bond acceptors, especially
with donor groups such as N-H and O-H[®2. This renders it an efficient stabilizer of positively charged
intermediates and transition states, particularly in reactions involving electron-deficient heterocyclic systems
like pyridinium ions or nitro-substituted aromatic compounds. Notably, the linear introduction of DO at the
6,7-position of coumarin scaffolds can improve the overall physicochemical features of the resultant molecules.
This alteration has demonstrated enhanced binding interactions with biological targets, such as enzymes and
receptors, resulting in augmented pharmacological activity®l. Consequently, DO serves as both a valuable
solvent and a significant structural element in the formulation of bioactive molecules in pharmaceutical and
heterocyclic chemistry[64651,

The process of combining two or more different cyclic chemicals to create synthesized fused structures
with beneficial biological activities is known as ring conjugation. The frameworks that are produced have the
ability to simultaneously target and utilize two distinct enzymes and/or receptors, resulting in strong and
beneficial synergistic interactions®-8l. As a result, a single conjugated entity can overcome drug resistance
obstacles and provide numerous unique modes of action, which is advantageous in cancer chemotherapy as
well as others. Additionally, this approach may improve medication metabolism, absorption, and other
pharmacokinetic aspects®®-711,

Medicinal chemists have been fascinated by the investigation of the synthesis of various heterocyclic
coumarin conjugates. By carefully combining the coumarin rings with different heterocycles, such as

2



pyrrolel furanl™, pyranl™, oxepinel™, and oxazolel®, these conjugates are created. The heterocyclic moiety
is incorporated as a substituent through sigma bond connectors at various locations throughout the coumarin
framework or as an essential component of a benzene and/or a-pyrone ring to accomplish such conjugation.
This creative conjugation of molecular entities has produced substances with remarkable biological activities
that have a great deal of promise for use in medicine as shown in the previous work of Jasim and Mustafal’’-
1 Waheed and Mustafa®®82 Jibroo and Mustafal®! as well as Zeki and Mustafal>”:84-88],

This study aims to explore the biological activities of seven novel dioxane-fused coumarins (DFCs), each
incorporating a DO ring conjugated linearly at the 6,7-position of the benzene ring within the coumarin
framework. These compounds, designated as P-DFC and DFC1-DFC7, were first evaluated for their
antioxidant activity by assessing their ability to neutralize reactive oxygen species. Additionally, their
antidiabetic potential was examined by measuring their inhibitory effects on two key metabolic enzymes,
porcine a-amylase and yeast a-glucosidase. To determine their antibacterial properties, the DFCs were tested
in vitro using the broth dilution method against six aerobic gram-negative (AG™®) bacterial strains, including
Pseudomonas aeruginosa, Klebsiella pneumoniae, Haemophilus influenzae, Escherichia coli, Salmonella typhi,
and Shigella dysenteriae, as well as four anaerobic (ANA) bacterial strains: Bacteroides fragilis, Clostridium
perfringens, Fusobacterium necrophorum, and Prevotella melaninogenica. Their antifungal efficacy was also
evaluated against two fungal strains, Candida albicans and Aspergillus niger. Additionally, the anti-
inflammatory potential of DFCs was determined by examining their ability to inhibit cyclooxygenase (COX)
enzymes (COX-1 and COX-2). Furthermore. The anticancer potential of the structures under study was
investigated through the MTT assay against six cancer cell lines: AMN-3, HeLa, KYSE-30, MCF-7, SKG, and
SK-0V-3. Finally, the biosafety of the derivatives was assessed by testing their effects on three non-pathogenic
bacterial strains: Escherichia coli (BAA-1427), Escherichia coli (MG-1655), and Escherichia coli (BAA-
1430). To further evaluate their safety, the biocompatibility with normal human cell lines was checked (HEK-
293, MCF-10A, and RWPE-1). The in-silico study was simple and straightforward, and it was performed to
evaluate the possible harm and pharmacokinetic profiles of the synthesized DFCs using computational tools
including ProTox-Il, SwissADME, and PreADMET. This assessment focused on essential safety measures,
including cytotoxicity, carcinogenic potential, and hepatotoxicity, alongside drug-likeness characteristics such
as gastrointestinal absorption, metabolic stability, and oral bioavailability. The insights derived from these
predictive models enabled the identification of the most promising drugs with advantageous safety and
pharmacokinetic properties for further development.

2. Experimental section

2.1. Equipments, chemicals, and bioreagents

Several foreign sources provided the chemicals and bioreagents required to complete the synthesis process
and assess the synthesized fused structures' potential for use in medicine. Key Organics Ltd., Bio-Vision,
Haihang, Chambrau, Bioworld, BT-LAB, Labcorp, and Sigma-Aldrich were some of these vendors. The
melting point (m.p.) values of P-DFC and DFC1-DFC7 were determined using the CIA 9300 automated
instrument. The quality of the DFCs was verified, and the reaction's progress was tracked using thin-layer
chromatography (TLC). The analytical approach applied in this investigation used silica gel as the stationary
phase and a mobile phase made up of acetone and chloroform in a 4:1 ratio. The Bruker ATR (of the Alpha
model), the Avance 111 HD machine (made by Bruker and used DMSO-d6 as a solvent), which runs at 75 MHz
for 13C and 300 MHz for *H, and the UV-1600PC UV-Vis spectrophotometer was used to analyze the infrared
(IR), nuclear magnetic resonance (NMR), and ultraviolet-visible (UV-Vis) spectra of the synthesized
compounds, respectively. Figure 1 delineated the synthetic procedures requisite for the synthesis of the target
coumarins.
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Figure 1. The synthetic pathway of P-DFC and DFC1-DFC7.

2.2. Synthesis of P-DFC

A 40-ml mixture of dried ethyl acetate with Na2S04, 1.45 g of 4-chlororesorcinol (10 mmol), and 0.5 ml
of triethylamine was made. This mixture was then put in a salt-ice bath to help the reaction happen. The reagent
named 2-chloroethanol (0.67 ml, 10 mmol) was pipetted into this solution at a frequency of one drop per
minute. The working mixture was stirred for 2 hours and refluxed for 3 hours. 50 ml of distilled water was
added to the crude solution, and the organic layer was separated and evaporated. This left behind P-DFC,
which is a brown oil that is yielded at 76.24%, has a boiling point of 294-296<C, and has a density of 1.32
g/mIe,

P-DFC: Brown oil; Amax (ethanol) = 442 nm; Percentage of yield (weight acquired at lab setting) = 76.24
(0.58 ml, 0.77 g); Rf (chloroform and acetone mixed at the ration of 4-to-1) = 0.21; B.p. = 294-296C; IR
vmax: 3304 cm? (broad-stretching band, H-bonding phenol O-H functional moiety), 1598 cm™ (medium-
stretching band, arene C=C functional moiety), and 1260 as well as 1055 cm™* (strong-stretching band, cyclic
ether C-O-C functional moiety); *H-NMR ( DMSO-d6 , 300 MHZ): § = 7.08 ppm (doublet peak, J = 6 Hz, 1H,
proton-8), 6 = 6.82 ppm (doublet peak, 1H, J = 6 Hz, proton-7), 6 = 6.56 ppm (singlet peak, 1H, proton-5), &
=5.50 ppm (singlet peak, 1H, proton at position HO-6), and & = 4.26 ppm (singlet peak, 4H, protons at position
2 and 3); *C-NMR ( DMSO-d6, 75 MHz): § = 157.8 ppm (C, 6-carbon), 5 = 151.5 ppm (C, 4a-carbon), § =
149.2 ppm (C, 8a-carbon), & = 125.3 ppm (CH, 8-carbon), 6 = 120.0 ppm (CH, 7-carbon), 6 = 110.1 ppm (CH,
5-carbon), and 6 = 72.52 ppm (CH2, carbons at position 2 and 3).



2.3. Synthesis of DFC1

A mixture of 0.58 ml of P-DFC (5 mmol) and 0.88 g of 3-ketoglutaric acid (6 mmol) was gently heated
to produce a clear solution of ethyl acetate. The mixture was incrementally introduced into a round-bottom
flask holding 25 ml of concentrated H,SO, while sustaining a temperature below 10<C with a salted ice bath.
Following continuous stirring for 2.5 hours, the running liquid was removed from the ice bath and allowed to
remain at room temperature on the stir plate overnight. The next day, we heated the mixture to 80T to
eliminate the original solvent, moved it to a beaker, and combined it with water and crushed ice. The precipitate
was gathered with filter paper, washed with cold water, and air-dried at ambient temperature to produce DFC-
1. The purification procedure utilized recrystallization from an ether-ethanol combination®l,

DFC1: Pale yellowish powder; Amax (ethanol) = 363 nm; Percentage of yield (weight acquired
at lab setting) = 80.15 (1.05 g); Rf (chloroform and acetone mixed at the ration of 4-to-1) = 0.14; m.p.
= 129-132<C; Solvent for recrystallization = mixture of diethylether and ethanol in an equal portion;
IR vmax: 3062 cm™ (weak-stretching band, cis c=c functional moiety of the pyrone ring), 3015 cm™
(centered-broad-stretching band, carboxylic acid-OH functional moiety), 2892 cm™ (weak-stretching
band, alkane C-H functional moiety), 1731 cm™ (strong-stretching band, C=0 functional moiety of
the pyrone ring), 1689 cm™ (strong-stretching band, aliphatic carboxylic acid C=0 functional moiety),
1587 cm™ (medium-stretching band, arene C=C functional moiety), and 1267 as well as 1066 cm™
(strong-stretching bands, dioxane ether C-O-C functional moiety); *H-NMR ( DMSO-d6 , 300 MHZ):
6 =11.13 ppm (singlet peak, 1H, carboxylic acid proton), & = 7.96 ppm (singlet peak, 1H, proton-10),
6 =7.11 ppm (singlet peak, 1H, proton-5), 6 = 6.39 ppm (singlet peak, 1H, proton-8), & =4.27 ppm
(singlet peak, 4H, protons at positions 2 and 3) and 3.13 ppm (singlet peak, 2H, protons at position
11); 3C-NMR ( DMSO-d6, 75 MHz): § = 173.7 ppm (C, 12-carbon), = 162.5 ppm (C, 7-carbon), &
= 154.0 ppm (C, 9-carbon), 6 = 153.6 ppm (CH, 4a-carbon), 6 = 152.4 ppm (C, 10a-carbon), & =
151.5 ppm (C, 5a-carbon), 6 = 127.5 ppm (C, 9a-carbon), 6 = 125.2 ppm (CH, 10-carbon), 6 = 115.7
ppm (CH, 5-carbon), 113.5 ppm (CH- 8-carbon), 6 = 72.6 ppm (CHz, carbons at positions 2 and 3),
and 6 = 31.0 ppm (CHa, 11-carbon).

2.4. General method for the synthesis of DFC2-DFC7

A round-bottomed flask with two necks that held 1.31 g (5 mmol) of DFC1 dissolved in 25 ml of freshly
distilled SOCI, was put in a salt-ice bath. One of the necks was equipped with a condenser, while the other
was sealed with a blue litmus paper stopper. The mixture was intentionally agitated for 30 minutes under
anhydrous circumstances, thereafter, permitted to settle at room temperature for an additional 30 minutes, and
finally refluxed for three hours. The color shift of the litmus paper, occurring every 30 minutes, facilitated the
monitoring of the reaction's development. Once the color change in the blue litmus paper ceased, the excess
of SOCI; was distilled off under reduced pressure. The white stuff that was left in the flask showed that the
acyl chloride derivative of DFC1 had been made®!. A 40 ml solution of dehydrated diethyl ether was put into
the same flask that still had the white precipitate in it. This solution comprises 5 mmol of 4-methoxyphenol
and 1 ml of pyridine. The addition was performed at ambient temperature, and the mixture was refluxed after
being agitated under anhydrous conditions for 30 minutes. As mentioned earlier, the change in the color of the
litmus paper was utilized to monitor the reaction's progress. Upon completion of the reaction, 50 ml of water
was incorporated into the mixture. DFC2 was subsequently produced by isolating, desiccating, and
evaporating the organic layer®. The identical technique was applied with many 4-substituted phenols,
specifically 4-methylphenol, 4-fluorophenol, 4-chlorophenol, 4-bromophenol, and 4-iodophenol, yielding
DFC3, DFC4, DFC5, DFC6, and DFCY7, respectively. The recrystallization procedure utilized mixes of ether
and ethyl acetate in ratios of 1:3 (for DFC2 and DFC3) and 1:2 for the remaining DFCs[®*?,
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DFC2: Slightly yellowish powder; Amax (ethanol) = 397 nm; Percentage of yield (weight acquired at lab
setting) = 86.12 (1.52 g); Rf (chloroform and acetone mixed at the ration of 4-to-1) = 0.55; m.p. = 109-111<C;
Solvent for recrystallization = mixture of diethyl ether and ethyl acetate in the ration of (1:3); IR vmax: 3094
cm? (medium-stretching band, cis =C-H functional moiety), 2919 cm (medium-stretching band, methoxy C-
H functional moiety), 2822 cm™ (weak-stretching band, alkane C-H functional moiety), 1733 cm™ (strong-
stretching band, C=0 functional moiety of the pyrone ring), 1710 cm™ (strong-stretching band, aliphatic ester
C=0 functional moiety), 1666 cm (strong-stretching band, cis C=C functional moiety), 1594 cm (strong-
stretching band, arene C=C functional moiety), and 1266 as well as 1030 cm™ (strong-stretching band, cyclic
ether C-O-C functional moiety); *H-NMR ( DMSO-d6 , 300 MHZ): & = 7.95 ppm (singlet peak, 1H, proton-
10), 6 =7.12 ppm (singlet peak, 1H, proton-5), 5 = 7.04 ppm (doublet peak, J = 6 HZ, 2H, protons at positions
3’and 5), 6 = 6.78 ppm (doublet peak, J = 6 HZ, 2H, protons at positions 2’ and 6’), & = 6.35 ppm (singlet
peak, 1H, proton-8), 8 = 4.26 ppm (singlet peak, 4H, protons at positions 2 and 3), & = 4.00 ppm (singlet peak,
3H, proton at position 4’-OCH3), and & = 3.10 ppm (singlet peak, 2H, proton-11); **C-NMR ( DMSO-d6, 75
MHz): 6 = 169.6 ppm (C, 12-carbon), 4 = 162.4 ppm (C, 7-carbon), 6 = 156.4 ppm (C, 4’-carbon), 6 = 154.7
ppm (C, 4a-carbon), & = 153.0 ppm (C, 9-carbon), 6 = 152.4 ppm (C, 10a-carbon), 6 = 151.8 ppm (C, 5a-
carbon), 6 = 144.7 ppm (C, 1’-carbon), 6 = 127.4 ppm (C, 9a-carbon), 120.3 ppm (CH, carbons at positions 3’
and 57), 6 = 119.3 ppm (CH, 10-carbon), 6 =115.9 ppm (CH, 8-carbon), 6 =113.4 ppm (CH, 5-carbon), 8 =
112.4 ppm (CH, carbons at positions 2’ and 6”), = 72.5 ppm (CH., carbons at positions 2 and 3), 6 = 51.0
ppm (CHs, carbon at position 4’-OCH3), and 6 = 28.2 ppm (CH, 11-carbon).

DFC3: Slightly yellowish powder; Amax (ethanol) = 390 nm; Percentage of yield (weight acquired at lab
setting) = 85.09 (1.44 g); Rf (chloroform and acetone mixed at the ration of 4-to-1) = 0.53; m.p. = 106-108 <C;
Solvent for recrystallization = mixture of diethyl ether and ethyl acetate in the ration of (1:3); IR vmax (Figure
S10): 3091 cm™ (medium-stretching band, cis =C-H functional moiety), 2820 cm™ (weak-stretching band,
alkane C-H functional moiety), 1733 cm™* (strong-stretching band, C=0 functional moiety of the pyrone ring),
1713 cm™ (strong-stretching band, aliphatic ester C=0 functional moiety), 1666 cm™ (strong-stretching band,
cis C=C functional moiety), 1594 cm (strong-stretching band, arene C=C functional moiety), and 1264 as
well as 1026 cm™ (strong-stretching band, cyclic ether C-O-C functional moiety); *H-NMR ( DMSO-d6 , 300
MHZ ) (Figure S11): 6 = 7.92 ppm (singlet peak, 1H, proton-10), & = 7.23 ppm (doublet peak, J = 6 HZ, 2H,
protons at positions 3’ and 5°), 6 = 7.09 ppm (singlet peak, 1H, proton-5), 3 = 7.03 ppm (doublet peak, J =6
HZ, 1H, protons at positions 2’ and 6°), 6 = 6.36 ppm (singlet peak, 1H, proton-8), & = 4.25 ppm (singlet peak,
4H, protons at positions 2 and 3), 6 = 3.12 ppm (singlet peak, 2H, proton-11), and & = 2.75 ppm (singlet peak,
3H, proton at position 4’-CH3); *C-NMR ( DMSO0-d6, 75 MHz) (Figure S12): = 169.1 ppm (C, 12-carbon),
8 =162.8 ppm (C, 7-carbon), 6 = 154.3 ppm (C, 4a-carbon), 6 = 153.0 ppm (C, 9-carbon), 6 = 152.5 ppm (C,
10a-carbon), 6 = 151.8 ppm (C, 5a-carbon), & = 149.3 ppm (C, 1’-carbon), 6 = 134.7 ppm (C, 4’-carbon), 6 =
127.5 ppm (C, 9a-carbon), 125.8 ppm (CH, 10-carbon), 6 = 122.6 ppm (CH, carbons at positions 3” and 5°),
8 =119.3 ppm (CH, carbons at positions 2’ and 6’), 4 = 115.7 ppm (CH, 8-carbon), & = 114.0 ppm (CH, 5-
carbon), 6 = 72.6 ppm (CH_, carbons at positions 2 and 3), & = 27.5 ppm (CH,, 11-carbon), and & = 24.4 ppm
(CHs, carbon at position 4’-CH3).

DFC4: Off-white powder; Amax (ethanol) = 331 nm; Percentage of yield (weight acquired at lab setting)
=47.81 (0.82 g); Rf (chloroform and acetone mixed at the ration of 4-to-1) = 0.36; m.p. = 116-119<C; Solvent
for recrystallization = mixture of diethyl ether and ethyl acetate in the ration of (1:2); IR vmax: 3070 cm™
(medium-stretching band, cis =C-H functional moiety), 2821 cm™ (weak-stretching band, alkane -C-H
functional moiety), 1733 cm™ (strong-stretching band, C=0 functional moiety of the pyrone ring), 1711 cm™
(strong-stretching band, aliphatic ester C=0 functional moiety), 1668 cm™ (strong-stretching band, cis C=C
functional moiety), 1593 cm (strong-stretching band, arene C=C functional moiety), 1214 as well as 1026
cm? (strong-stretching band, cyclic ether C-O-C functional moiety), and 1075 cm (strong-stretching band,
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arene C-F functional moiety); *H-NMR ( DMSO-d6 , 300 MHZ): 5 = 7.91 ppm (singlet peak, 1H, proton-10),
& =7.25 ppm (doublet peak, J = 6 HZ, 2H, protons at positions 2’ and 6°), 6 = 7.07 ppm (singlet peak, 1H,
proton-5), 6 = 7.02 ppm (doublet peak, J = 6 HZ, 2H, protons at positions 3” and 5”), 6 = 6.34 ppm (singlet
peak, 1H, proton-8), 8 = 4.24 ppm (singlet peak, 4H, protons at positions 2 and 3), and 6 = 3.12 ppm (singlet
peak, 2H, proton-11); *C-NMR ( DMSO-d6, 75 MHz): § = 169.5 ppm (C, 12-carbon), § = 161.1 ppm (C, 7-
carbon), 6 = 158.5 ppm (C, 4’-carbon), 6 = 154.2 ppm (C, 4a-carbon), 6 = 153.0 ppm (C, 9-carbon), 6 = 152.6
ppm (C, 10a-carbon), 6 = 151.8 ppm (C, 5a-carbon), & = 147.9 ppm (C, 1’-carbon), 6 = 127.5 ppm (C, 9a-
carbon), 120.7 ppm (CH, carbons at positions 2’ and 6”), = 119.6 ppm (CH, 10-carbon), 6 =115.8 ppm (CH,
8-carbon), & =113.4 ppm (CH, 5-carbon), 8 = 108.4 ppm (CH, carbons at positions 3’ and 5°), d =72.5 ppm
(CH_, carbons at positions 2 and 3), and 6 = 27.5 ppm (CHg, 11-carbon).

DFC5: Off-white powder; Amax (ethanol) = 336 nm; Percentage of yield (weight acquired at lab setting)
=54.28 (0.97 g); Rf (chloroform and acetone mixed at the ration of 4-to-1) = 0.36; m.p. = 120-123<C; Solvent
for recrystallization = mixture of diethyl ether and ethyl acetate in the ration of (1:2); IR vmax: 3070 cm™
(medium-stretching band, cis =C-H functional moiety), 2823 cm™ (weak-stretching band, alkane -C-H
functional moiety), 1733 cm™ (strong-stretching band, C=0 functional moiety of the pyrone ring), 1713 cm™*
(strong-stretching band, aliphatic ester C=0 functional moiety), 1667 cm™ (strong-stretching band, cis C=C
functional moiety), 1594 cm™ (strong-stretching band, arene C=C functional moiety), 1262 as well as 1066
cm? (strong-stretching band, cyclic ether C-O-C functional moiety), and 986 cm (strong-stretching band,
arene C-Cl functional moiety); *H-NMR ( DMSO-d6 , 300 MHZ): § = 7.90 ppm (singlet peak, 1H, proton-10),
6 =7.51 ppm (doublet peak, J = 6 HZ, 2H, protons at positions 3” and 5”), 3 = 7.33 ppm (doublet peak, J = 6
HZ, 2H, protons at positions 2’ and 6”), & = 7.08 ppm (singlet peak, 1H, proton-5), 6 = 6.35 ppm (singlet peak,
1H, proton-8), & = 4.25 ppm (singlet peak, 4H, protons at positions 2 and 3), and 6 = 3.14 ppm (singlet peak,
2H, proton-11); **C-NMR ( DMSO-d6, 75 MHz): 6 = 169.3 ppm (C, 12-carbon), § = 162.2 ppm (C, 7-carbon),
& =154.4 ppm (C, 4a-carbon), & = 153.0 ppm (C, 9-carbon), 6 = 152.5 ppm (C, 10a-carbon), 6 = 151.7 ppm
(C, 5a-carbon), & = 150.4 ppm (C, 1°-carbon), 6 = 132.0 ppm (C, 4’-carbon), 6 = 127.5 ppm (C, 9a-carbon),
125.1 ppm (CH, 10-carbon), 6 = 122.9 ppm (CH, carbons at positions 3’ and 5”), 6 =120.5 ppm (CH, carbons
at positions 2’ and 6’), & = 115.8 ppm (CH, 8-carbon), 6 = 113.4 ppm (CH, 5-carbon), 6 = 72.6 ppm (CHz,
carbons at positions 2 and 3), and 6 = 33.2 ppm (CHa, 11-carbon).

DFC6: Gray-white powder; Amax (ethanol) = 306 nm; Percentage of yield (weight acquired at lab setting)
=40.98 (0.83 g); Rf (chloroform and acetone mixed at the ration of 4-to-1) = 0.42; m.p. = 116-118<C; Solvent
for recrystallization = mixture of diethyl ether and ethyl acetate in the ration of (1:2); IR vmax: 3069 cm™
(medium-stretching band, cis =C-H functional moiety), 2820 cm™ (weak-stretching band, alkane -C-H
functional moiety), 1731 cm (strong-stretching band, C=0 functional moiety of the pyrone ring), 1709 cm™
(strong-stretching band, aliphatic ester C=0 functional moiety), 1666 cm™ (strong-stretching band, cis C=C
functional moiety), 1595 cm™ (strong-stretching band, arene C=C functional moiety), 1267 as well as 1065
cm® (strong-stretching band, cyclic ether C-O-C functional moiety), and 900 cm™ (strong-stretching band,
arene C-Br functional moiety); *H-NMR ( DMSO-d6 , 300 MHZ): § = 7.95 ppm (singlet peak, 1H, proton-10),
& =7.73 ppm (doublet peak, J = 6 HZ, 2H, protons at positions 3’ and 5°), 6 = 7.14 ppm (singlet peak, 1H,
proton-5), 6 = 6.94 ppm (doublet peak, J = 6 HZ, 2H, protons at positions 2’ and 6”), 8 = 6.37 ppm (singlet
peak, 1H, proton-8), & = 4.23 ppm (singlet peak, 4H, protons at positions 2 and 3), and & = 3.13 ppm (singlet
peak, 2H, proton-11); **C-NMR ( DMSO-d6, 75 MHz): § = 169.2 ppm (C, 12-carbon), 6 = 162.2 ppm (C, 7-
carbon), 8 = 154.4 ppm (C, 4a-carbon), 6 = 153.1 ppm (C, 9-carbon), 6 = 152.5 ppm (C, 10a-carbon), 6 =151.8
ppm (C, 5a-carbon), & = 151.3 ppm (C, 1°-carbon), 6 = 127.5 ppm (C, 9a-carbon), 6 = 125.2 ppm (C, 10-
carbon), 123.6 ppm (CH, carbons at positions 3’ and 5”), = 121.3 ppm (CH, carbons at positions 2’ and 6’),
0 =118.5 ppm (C, 4’-carbon), ¢ =115.8 ppm (CH, 8-carbon), 6 = 113.4 ppm (CH, 5-carbon), 6 = 72.6 ppm
(CH_, carbons at positions 2 and 3), and 6 = 33.2 ppm (CHa, 11-carbon).
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DFC7: Gray-white powder; Amax (ethanol) = 311 nm; Percentage of yield (weight acquired at lab setting)
=41.87 (0.94 g); Rf (chloroform and acetone mixed at the ration of 4-to-1) = 0.44; m.p. = 123-125<C; Solvent
for recrystallization = mixture of diethyl ether and ethyl acetate in the ration of (1:2); IR vmax: 3067 cm™
(medium-stretching band, cis =C-H functional moiety), 2826 cm™ (weak-stretching band, alkane -C-H
functional moiety), 1733 cm™ (strong-stretching band, C=0 functional moiety of the pyrone ring), 1711 cm™
(strong-stretching band, aliphatic ester C=0 functional moiety), 1664 cm™ (strong-stretching band, cis C=C
functional moiety), 1590 cm™? (strong-stretching band, arene C=C functional moiety), 1268 as well as 1063
cm? (strong-stretching band, cyclic ether C-O-C functional moiety), and 864 cm (strong-stretching band,
arene C-1 functional moiety); *H-NMR ( DMSO-d6 , 300 MHZ): & = 7.92 ppm (singlet peak, 1H, proton-10),
& = 7.85 ppm (doublet peak, J = 6 HZ, 2H, protons at positions 3* and 5°), 6 = 7.12 ppm (singlet peak, 1H,
proton-5), 6 = 6.83 ppm (doublet peak, J = 6 HZ, 2H, protons at positions 2’ and 6”), & = 6.34 ppm (singlet
peak, 1H, proton-8), 8 = 4.24 ppm (singlet peak, 4H, protons at positions 2 and 3), and 6 = 3.13 ppm (singlet
peak, 2H, proton-11); *C-NMR ( DMSO-d6, 75 MHz): § = 169.5 ppm (C, 12-carbon), § = 162.2 ppm (C, 7-
carbon), 8 = 154.5 ppm (C, 4a-carbon), 6 = 153.1 ppm (C, 9-carbon), 6 = 152.6 ppm (C, 10a-carbon), 6 =151.8
ppm (C, 5a-carbon), 6 = 151.2 ppm (C, 1’-carbon), 4 = 129.6 ppm (CH, carbons at positions 3’ and 5°), 6 =
127.7 ppm (C, 9a-carbon), 125.1 ppm (CH, 10-carbon), 6 = 120.7 ppm (CH, carbons at positions 2’ and 6°),
& =115.8 ppm (CH, 8-carbon), 6 = 113.4 ppm (CH, 5-carbon), 6 = 93.0 ppm (C, 4’-carbon), 6 = 72.6 ppm
(CH_, carbons at positions 2 and 3), and 6 = 33.2 ppm (CHa, 11-carbon).

3. Evaluation of the biological activities

3.1. Antioxidative stress evaluation

With an initial cell population of 12 <102, the SH-SY5Y human neuroblastoma cell line (ATCC:CRL-
2266) was employed in the current evaluation. The cells under study were moved from a growth plate with
DMEM/F-12 medium (brochure number 11320033) to a dark, flat-bottomed surface plate with 96 wells.
Following culture, the cells were exposed to an oxidative stressor for 24 hours, specifically 100 uM H0O,.
Following exposure, a 5 mM concentration of one of the compounds under investigation was applied to the
cells. The experimental conditions were meticulously controlled to resemble physiological ones, and all
treatments were conducted in an incubator with a steady 37 <C temperature and a 5% CO; atmosphere. The
oxidative stress assay kit employed a redox-based fluorescent probe (SH0403 code) for spectrophotometric
assessment. A biological enzyme must hydrolyze diacetyldichlorofluorescein in order to produce fluorescent-
green dichlorofluororocein. The generated SH-SY5Y cell lines were given separate doses of DMF (used as a
positive control) and H20: (used as a negative control). The modified cell lines were then exposed to 100 uM
chloromethyl derivatives of diacetyldichlorofluorescein for an hour. Fluorescence was specified using a
fluorescent microscope, and the reactive oxygen species (ROS) levels were measured in the concerned cell
lines using the ROS-detecting kit (code Abcamab 113,851)4%,

3.2. Antidiabetic evaluation

The capacity of synthesized DFCs to reduce the enzyme activity of porcine a-amylase and yeast a-
glucosidase was assessed using acarbose (ACB) as a reference. Seven sub-solutions were created by distilled
water-diluting the parent DMSO solution (2 mg/ml). The concentrations of the created sub-solutions ranged
from 1000 to 25 pg/ml. Using the formula (OPDacs—OPDsyn/OPDacg) %100, the percentage of suppression
(PS%), a gauge of the antidiabetic effect, was computed for every chemical. Whereas the OPDsyn values were
those of the synthetic DFCs, the ACB optical density values were designated as OPDacg. Nonlinear regression
was used to determine the half-maximal inhibitory concentration (ICso) score for each chemical under study.
Plotting PS% measurements versus log-scaled concentrations were how this was accomplished. The potency
coefficient (PC) of the synthesized DFCs was calculated using the following formula: 1- (ICso of the chemical
under investigation - 1Cso of ACB/ICso of ACB)[°¢l,



3.3. Porcine a-amylase inhibitory assay

A phosphate-buffered solution with a pH of 6.8 was used to dissolve starch, creating a 500 pg/ml substrate
solution. At the same time, the enzyme solution was made by mixing 20 pl of it (2 units/ml) with the same
amount of the chemical being studied at a known concentration. The 40 pl of the substrate and enzyme solution
were then mixed together, and the combination was incubated for 10 minutes at 25<C. The reaction was
stopped by adding 0.4 M caustic soda in water, 12% Rochelle salt that has been dried out, and 1% 2-hydroxy-
3,5-dinitrobenzoic acid to the mixture that was already moving. The resulting liquid was diluted to 10 ml using
distilled water after being heated for 15 minutes in a boiling water bath and cooled to 25<C using tap water.
At 540 nm, colorimetric measurement was done to ascertain the chemical's capacity to inhibit the enzyme
under study. The blank solution adhered precisely to all the previous steps, apart from substituting distilled
water for the inspected solutionl®7,

3.4. Yeast a-glucosidase inhibitory assay

By dissolving 4-nitrophenol-a-D-glucopyranoside in a phosphate-buffered solution with a pH of 6.8, a 2
ml solution of a 375 pg/ml substrate mixture was created. Simultaneously, 20 ul of glucosidase (0.1 unit/ml)
was combined with, in a similar volume, a solution that contained the designated concentration of the chemical
being studied to generate the enzyme mixture. The 40 pl substrate mixture and the 40 pl enzyme mixture were
then mixed together, and the running mixture was incubated for 30 minutes at 37 <C. To stop the reaction, 80
ul of 0.2 M disodium carbonate in buffered solution was added to the mix. At 405 nm, colorimetric analysis
was used to find out how well the solution could stop the enzyme from working. The blank solution followed
all previous steps exactly, except for adding distilled water in place of the inspected solution®],

4. Antimicrobial evaluation

4.1. Pathogenic gram-negative aerobes

The broth-dilution method was used to assess the effectiveness of the synthesized DFCs against AG™¢
bacterial strains. The growth media utilized was Mueller-Hinton broth (MHB), whereas DMSO was used as a
negative control, and ciprofloxacin (Cipro) was used as a positive control. Prior to analysis, 7.5 mg of the
chemical under evaluation and 5 ml of DMSO were combined to create the mother solution. After that,
autoclaved distilled water was used as a thinning agent to create a series of 13 dilutions. These were labeled
appropriately and ranged from 1024 pg/ml to 0.25 pg/ml. In a test tube with a label, 3 ml of MHB, 0.2 ml of
inoculant diluted to a 0.5 McFarland standard using autoclaved distilled water, and 1 ml of a preset
concentration were combined to create a pre-incubation solution. Following a 24-hour incubation period at
37<C, the samples were visually inspected to evaluate the bacterial growth. The concentration at which the
first clear solution was observed represents the first calculated bacteriological index named minimum
inhibitory concentrations (MIC). Using diluted amounts based on values of 4, 1, 0.5, or 0.05, depending on the
MIC concentration, the earlier methodical steps were repeated to calculate the second bacteriological index
known as the minimum bactericidal concentration (MBC). Each compound's final metric, called the potency
marker (PM), was calculated by dividing its MBC value by the matching MIC valuef®®-101],

4.2. Pathogenic anaerobes

Although there were some significant changes, the methodology used to assess the synthesized fused
structures' effectiveness against pathogenic ANA bacteria was similar to that used to examine their potential
against pathogenic AG™¢ bacterial strains. The changes included using metronidazole (Metro) as a positive
control and Brucella agar enhanced with 5% sheep blood as a growth medium. Additionally, the incubation
period was extended to 48 hours at 37<C in an ANA jar supported by an environment that contained 10%
hydrogen, 10% carbon dioxide, and 80% nitrogen. Palladium catalyst and an indicator were used to create this
ANA environment 021,



4.3. Pathogenic fungi

The methodology utilized to assess the fungicidal capacity of the synthesized fused structure was similar
to that employed to gauge their effectiveness against pathogenic AG™¢ bacterial strains. With the exception of
the abbreviation MFC, which stands for the minimum fungicidal concentration, the antibacterial characteristics
stayed constant. Sabouraud dextrose broth served as the growth medium, and nystatin (Nyst) served as the
reference substance. Raising the temperature to 30 <C prolonged the incubation period to 48 hours*®l,

5. Anti-inflammatory evaluation

In this study, a COX model, including both COX-1 and COX-2 enzymes, was obtained from Cayman
(catalog number: 560131) for evaluation. The test compound and the reference drugs (aspirin and celecoxib,
which are abbreviated here as Asp and Cxb) were made as a DMSO solution with a concentration of 1 mg/ml.
It was then weakened with distilled water until it had a final concentration of between 3.12 and 800 pg/ml.
The reaction mixture consisted of 0.96 ml of 0.1 M Tris-HCI buffer, 10 pl of the enzyme preparation, and 100
ul of the test compound. Following a 10-minute incubation at 37 <C, arachidonic acid was added to initiate the
reaction. Afterward, the mixture was treated with 50 pl of Ellman’s reagent (1 M) and allowed to react for 2
minutes. The absorbance was measured spectrophotometrically at 410 nm against a blank control. Based on
the obtained data, the ICsp values and the COX-1/COX-2 selectivity marker of the test compound were
determined!®4l,

6. Anticancer evaluation

The MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide, assay is used to assess the
anticancer potential of the synthesized fused structure. The parent solution for each of the DFCs and the
reference medication 5-fluorouracil (5-FU) was prepared as a 1 mg/ml DMSO solution. From this, nine
different concentrations: 800, 400, 200, 100, 50, 25, 12.5, 6.25, and 3.12 ug/ml were created by using distilled
water as a diluent. AMN-3, HelLa, KYSE-30, MCF-7, SKG, and SK-OV-3 were the six distinct cancer cell
lines in which they were also evaluated®7l, 10,000 cells from each of the cancer cell lines under
investigation were cultivated in each well of a 96-well plate. A day later, different concentrations of the
chemical under investigation were given. After 72 hours, the cells' vitality was assessed using a step-by-step
protocol that involved removing the medium, adding 28 ul of MTT solution (3.27 mM), and then letting the
cells incubate for 90 minutes at 37 <C. The microplate reader, which had a 492 nm wavelength set, measured
the examined (Ai) and control (Ac) wells’ absorbance values. To guarantee precision and optimize
effectiveness, this thorough experiment was conducted three times for every chemical under investigation. The
growth inhibition percentage (GI1%) was calculated using the method G1% = [(Ac-Ai)/Ac] > 100. Using
nonlinear regression, the ICso values might be computed by charting the GI1% results against a log-scale
concentration gradient(*%l,

7. Biosafety evaluation

7.1. Non-tumor cells

After the anticancer potential study, biosafety research was done. The first study used an MTT-based
visual method to look at how the synthesized fused structures might have helped fight cancer in six different
types of tumor cells. The second study investigated the carcinogenicity of these structures using the same first
study methodology. But the only difference was the nature of the employed cells, which are non-tumorous
ones, including HEK-293 cells, MCF-A10, and RWPE-1[10%],
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7.2. Commensal bacteria

The biosafety of the synthesized fused structure was tested against commensal bacterial strains using the
same broth dilution method that was used to test for pathogenic AG™ bacterial strains. MHB served as the
growth medium, Cipro acted as the positive control, and DMSO functioned as the negative control. The three
metric values (MIC, MBC, and PM) were also calculated using the same methodologiest**l,

8. Computer-aided pharmaceutical eligibility assessment

8.1. Prediction of in silico toxicity

The ProTox-1I platform was used to assess the synthetic fused structure's possible toxicity. The toxicity
of these compounds would be predicted by looking at their chemical structures and how they match up with
the substances in the program dataset. This free platform provides expected details about the toxicity class and
potential activity toward the toxicity-mediated enzymes**3,

8.2. Prediction of in silico pharmacokinetic parameters

The online prediction tools PreADME and SwissADMET were used to assess the synthetic fused
structures' medication compatibility. For research purposes, these publicly available platforms rely on the two-
dimensional molecular structure. These websites include a variety of informatics, including water solubility,
lipophilicity, bioavailability evaluation, membrane transport mechanism prediction, and other drug-related
characteristics!**2,

9. Results and discussion

9.1. Synthetic pathway overview

In this study, a systematic, step-by-step synthetic strategy was employed to construct a series of fused
heterocyclic compounds (DFC1-DFC7) with potential pharmacological significance. The approach utilizes
key organic reactions, including etherification, condensation, acylation, and functional group modifications,
to introduce structural diversity, a crucial aspect for enhancing biological activities. The synthesis begins with
the functionalization of 4-chlororesorcinol, which is subjected to etherification using 2-chloroethanol in the
presence of triethylamine as a base and ethyl acetate as the solvent. This reaction yields P-DFC, an important
intermediate bearing both hydroxyl (-OH) and ether (-O-) functionalities, enabling subsequent chemical
transformations.

In the subsequent step, the intermediate P-DFC undergoes a reaction with 3-ketoglutaric acid under acidic
conditions (H2S04) at low temperatures, yielding DFC1. This intermediate introduces key functional groups,
such as keto (-CO) and carboxyl (-COOH), which play a vital role in modulating the compound's reactivity
and potential biological activity. A pivotal transformation in the synthesis involves converting DFC1 into its
corresponding acyl chloride using thionyl chloride (SOCI2). This step is essential, as acyl chlorides are highly
reactive intermediates that facilitate further derivatization, including esterification and amidation. The
generated acyl chloride is then subjected to nucleophilic substitution reactions with a series of 4-substituted
phenols, namely, 4-methoxyphenol, 4-methylphenol, 4-fluorophenol, 4-chlorophenol, 4-bromophenol, and 4-
iodophenol in the presence of pyridine as a mild base. This reaction produces a diverse set of derivatives
(DFC2-DFC7), each featuring distinct substituents that may influence their biological properties. By
introducing both electron-donating groups (-OCH3, -CH3) and electron-withdrawing groups (-F, -Cl, -Br, -I),
the synthetic strategy allows for a systematic evaluation of electronic effects on pharmacological potential™*I,

The DFCs are purified via recrystallization using a mixed solvent system of ether and ethyl acetate,
ensuring a high degree of purity. The structural integrity of these compounds is confirmed through a
combination of spectroscopic techniques, including IR spectroscopy, NMR, and UV-Vis spectrophotometry.
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These analytical tools not only verify the successful formation of the target molecules but also provide
comprehensive insights into their molecular architecture. This synthetic approach proves highly effective,
offering selective functional group modifications under well-controlled conditions that minimize
decomposition and enhance overall yield. Utilizing a common acyl chloride intermediate streamlines the
process, enabling the efficient generation of structurally diverse compounds with promising bioactive
potentiallt4l,

In conclusion, this methodically engineered synthetic route enables the synthesis of fused heterocyclic
derivatives containing pharmacophoric functional groups. The modular design facilitates the development of
many analogs, assisting structure activity relationship studies crucial for discovering promising lead
compounds with medicinal potentialt*l,

9.2. Assessment of biological activities

Evaluating the biological activity of new compounds is a crucial phase in drug discovery, agricultural
chemistry, and materials research[**®l, This procedure facilitates the identification of a compound's medicinal
potential, toxicity, and mechanism of action, hence ensuring its safety and efficacy before progressing to
subsequent development phases. Biological screening enables researchers to acquire critical insights into the
interactions of these compounds with biological targets, hence aiding in the development of more selective
and effective molecules**l. A comprehensive understanding of biological activities can facilitate the creation
of novel drugs, insecticides, and bioactive materials with considerable societal and financial significance. In
the absence of thorough assessment, advantageous compounds may remain undetected, while potentially
detrimental ones could infiltrate the market, endangering both human health and the environment!*2l,

9.3. Anti-oxidative stress activity

Recent developments in scientific studies on oxidative stress and its connection to several diseases show
unequivocally the relationship between oxidative stress and a range of age-related disorders, including cancers,
heart diseases, chronic inflammatory diseases, and other health concerns(**°l. The intracellular reactive oxygen
species (iROS) levels in the human neuroblastoma cell line (SH-SY5Y, ATCC: CRL-2266) exposed to H202
under different experimental settings are shown in Table 1 as relative fluorescence units (RFU). The negative
control (cells treated with H202) had the greatest iROS level (523.95 RFU), as predicted, demonstrating that
exposure to H202 causes a considerable amount of oxidative stress. The positive control (DMF), on the other
hand, showed a significant decrease in iROS levels (181.45 RFU), indicating that it has substantial antioxidant
activity. iROS levels dropped to (211.75 RFU) when H202 was given concurrently with DMF (reference
condition), confirming DMF's function in reducing oxidative stress. DFC1 had the highest iROS level (270.10
RFU) of all the chemicals examined (DFC1-DFCY7), suggesting a comparatively weaker antioxidant activity.
However, among the test compounds, DFC4 (188.65 RFU) and DFC5 (189.90 RFU) had the lowest iROS
levels, indicating that their possible antioxidant activity was on par with the reference condition. Conversely,
iROS levels were comparatively greater in DFC6 (255.30 RFU) and DFC7 (256.50 RFU), suggesting a lesser
level of oxidative stress protection. These results imply that whereas some chemicals, like DFC4 and DFCS5,
might provide protection against oxidative stress, others, including DFC1, DFC6, and DFC7, seem to be less
successful. To confirm these results and investigate their possible therapeutic uses in disorders linked to
oxidative stress, more investigation is necessary, including dose-response studies and mechanistic analyses.
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Table 1. Determining iROS in terms of RFU + SD (n=3) in H202-treated human SH-SYSY cell line.

Code Posit(iI\D/(,ev'clg)ntrol Nega(E'vzeOc;))ntrol (Hzggiegl(\:/e”:) DEC1
iROS (RFU) 181.45 +0.98 523.95 +1.08 211.75 0.9 270.10 =1.09
Code DFC2 DFC3 DFC4 DFC5
iROS (RFU) 193.80 +1.05 209.15 +0.89 188.65 +0.98 189.90 +1.02
Code DFC6 DFC7
iROS (RFU) 255.30 +1.12 256.50 +0.97

Further studies are necessary to determine the potential of these DFCs in controlling disorders associated
with oxidative stress. At last, the anti-oxidative stress efficacy was arranged in a declining sequence as follows:
DFC4, DFC5, DFC2, DFC3, DFC6, DFC7, and DFCL.

9.4. Antidiabetic activity

Inhibiting a-amylase and a-glucosidase is a critical approach to managing postprandial hyperglycemia in
diabetic patients, as they are essential for carbohydrate metabolism and glucose absorption. Although ACB is
a potent a-glucosidase inhibitor, its use is frequently accompanied by gastrointestinal adverse effects,
underscoring the necessity for alternative inhibitors that exhibit enhanced efficacy and tolerability. In
comparison to ACB, Table 2 offers valuable insights into the inhibitory potential of the DFCs (DFC1-DFC7)
against two critical diabetes-related enzymes, a-amylase and a-glucosidase. The IC50 values, which represent
the concentration necessary to inhibit 50% of enzymatic activity, indicate that ACB exhibited the most potent
inhibition. The IC50 values for a-amylase were 264.15 pg/ml, and for a-glucosidase, they were 283.85 pg/ml.
In contrast, the DFCs exhibited higher IC50 values, which ranged from 287.45 to 327.95 ug/ml for a-amylase
and 364.73 to 424.54 pg/ml for a-glucosidase. This suggests that the inhibitory activity of the DFCs was
comparatively attenuated.

The sequence of decreasing antidiabetic activity is as follows: DFC2, DFC3, DFC1, DFC4, DFCS5,
DFC6, and DFC7. Furthermore, the higher activity of DFC2 and DFC3 may be due to the presence of
electron-donating groups, methoxy and methyl, at C-4’ in the molecular frameworks of DFC2 and DFC3,
respectively. The increased impact observed may be attributable to the incorporation of these groups into a
highly conjugated system, which could potentially enhance the antidiabetic activity. Consequently, DFC2 and
DFC3 have the potential to be used as prospective lead compounds in the development of effective antidiabetic
medications. The derivatives DFC4, DFC5, DFC6, and DFC7, which exhibited diminished antidiabetic
effectiveness relative to DFC2 and DFC3, may be related to the presence of electron-withdrawing groups (F,
Cl, Br, and I) at position 4’ within their molecular structures, along with the integration of these elements into
a highly conjugated system, which may significantly reduce the efficacy of their antidiabetic activity.
Consequently, modifications in the substituents of the phenyl ring influence the antidiabetic efficacy of the
DFCsf291,

Their affinity for target enzymes may be improved through structural modifications, including
conjugation strategies or functional group optimization. Furthermore, it will be essential to assess selectivity,
bioavailability, and toxicity in order to ascertain their potential as diabetes management drug candidates.
Additional investigations, such as molecular docking studies, enzyme kinetics analysis, and in vivo evaluations,
could offer more profound insights into the therapeutic potential and binding mechanisms of these compounds.
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Table 2. The IC50 (pg/ml) + SD (n=3) and the PF values for ACB and the synthesized fused structures concerning diabetes-related
enzymes.

IC50 (pg/ml)

Diabetes-
related Codes of the reference medication and the synthesized fused structures
enzymes
y ACB DFC1 DFC2 DFC3 DFC4 DFC5 DFC6 DFC7
w-Amvlase 264.15 + 306.60 + 287.45 + 294.70 + 31115+ 31145 + 326.10 + 327.95 +
Y 0.95 0.98 1.07 0.97 0.99 0.99 1.05 1.08
PF-1 1.00 0.86 0.92 0.90 0.85 0.85 0.81 0.81
o-Glucosidase 283.85 + 397.14 + 364.73 + 367.81 + 404.02 = 41435+ 422.46 + 42454 +
0.92 1.06 0.95 1.09 1.02 0.99 0.98 1.03
PF-2 1.00 0.84 0.92 0.91 0.83 0.81 0.79 0.79

9.5. Antimicrobial activity

The world is currently dealing with the issue of antibiotic resistance, and occasionally post-operative
death cases are reported due to bacterial infections that are resistant to all existing antibiotics, even the most
potent ones. To combat different bacterial infections, new antibacterial drugs must be continuously discovered
and designed. Derivatives of coumarins have a strong track record of antimicrobial action1012-1271,

9.5.1. Anti-aerobic gram-negative bacterial strains activity

The antibacterial activity of the DFCs was assessed in vitro using the broth dilution method against six
AG™¢ bacterial strains: Pseudomonas aeruginosa (27853-ATCC), Klebsiella pneumoniae (700603-ATCC),
Haemophilus influenzae (49247-ATCC), Escherichia coli (25922-ATCC), Salmonella typhi (6539-ATCC),
and Shigella dysenteriae (13313-ATCC). The MIC values of the DFCs, as detailed in Table 3, varied from
1.65 to 14.00 pg/ml, and the MBC values ranged from 2.15 to 19.00 pg/ml. The order of diminishing anti-AG
V¢ bacterial activities is as follows: DFC5, DFC3, DFC4, DFC2, DFC7, DFC6, and DFC1. This finding
indicated that heightened hydrophobicity of the DFCs correlated with enhanced efficacy against AG™®
bacteria*?®l, DFC5 demonstrated remarkable antibacterial activities against all tested AG"¢ bacterial strains,
with MIC values of 1.65 pg/ml and MBC values of 2.15 pg/ml. Consequently, it may be regarded as a potential
lead molecule warranting additional exploration to enhance its antibacterial efficacy. This may be due to the
relatively small size of the chlorine atom at position 4'in DFC5, which also functioned effectively as a
hydrogen bond acceptor. This could be due to the fact that the para-chlorophenyl unit of DFC5, which has
both hydrophilic and lipophilic properties, plays a crucial role in the bacteria's ability to penetrate the cell wall
and establish a connection with its targetst*2%13%, Additionally, DFC1 exhibited the lowest antibacterial activity
among the prepared derivatives. This property may be related to the hydrophilic properties of the acetic acid
group in this compound™3l. The PM readings of the DFCs, which ranged from 1.09 to 1.71, were indicative
of their capacity to exert bactericidal action against each of the tested AG™¢ bacterial strains.

Table 3. The results of the anti-AG™* efficacy of the reference medication and the synthesized fused structures.
Test

Bacterial strain name Cipro DFC1 DFC2 DFC3 DFC4 DFC5 DFC6 DFC7
MIC 1.30 14.00 3.45 6.80 6.90 1.65 7.00 6.85
Escherichia coli MBC 1.75 16.00 435 8.50 9.25 2.15 7.90 8.50
PM 1.35 1.14 1.26 1.25 1.34 1.30 1.13 1.24
MIC 1.20 14.00 3.60 6.85 6.50 1.75 7.10 6.75
Haemophilus MBC 145 1900 435 9.35 8.40 2.15 8.80 7.65
PM 1.21 1.36 1.21 1.36 1.23 1.23 1.24 1.13
Klebsiella MIC 0.80 7.00 3.35 3.45 3.45 1.65 7.05 6.95
pneumonia MBC 0.95 10.00 5.26 5.10 5.90 2.15 8.80 9.35
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Test

Bacterial strain name Cipro DFC1 DFC2 DFC3 DFC4 DFC5 DFC6 DFC7

PM 1.19 1.43 1.57 1.48 171 1.30 1.25 1.35

MIC 1.05 14.00 3.55 6.85 6.85 1.90 9.05 8.65

Salmonella typhi MBC 1.45 16.00 6.00 8.50 7.55 2.60 10.85 9.45

PM 1.38 1.14 1.69 1.24 1.10 1.37 1.20 1.09

MIC 0.85 14.00 3.75 6.95 3.50 1.80 8.05 7.85

Shigella MBC 1.15 18.00 5.20 8.50 5.15 255 8.80 8.65
dysenteriae

PM 1.35 1.29 1.39 1.22 1.47 1.42 1.09 1.10

MIC 1.25 14.00 3.55 3.45 3.45 1.70 7.05 6.90

Pseudomonas MBC 155 16.00 4.35 4.25 5.05 2.15 7.95 8.50
aeruginosa

PM 1.24 1.14 1.23 1.23 1.46 1.26 1.13 1.23

Table 3. (Continued)
The data were presented in terms of ug/ml
9.5.2. Anti-anaerobic bacterial strains activity

The anti-ANA activity of the DFCs was examined against four ANA pathogenic bacterial strains:
Bacteroides fragilis (25285-ATCC), Clostridium perfringens (13124-ATCC), Fusobacterium necrophorum
(25286-ATCC), and Prevotella melaninogenica (25845-ATCC), utilizing the reference drug Metro. Table 4
presents the antibacterial characteristics of all investigated substances. The reference medication has
significantly more bactericidal characteristics than DFCs. The sequence of their antibacterial efficacy was rated
in descending order as follows: DFC2, DFC3, DFC5, DFC4, DFC7, DFCL1, and DFC6. The findings from
this study demonstrated considerable anti-ANA efficacy of all the synthesized fused structures, particularly
DFC2, which exhibited MIC values between 4 and 5 pg/ml and MBC values between 6 and 7 pg/ml. This may
be due to the fact that DO ring has a significant role in the anti-ANA activity. These remarkable results
facilitate additional investigations to improve these functions, and DFC2 may serve as a viable lead molecule
for further research.

Table 4. The results of the anti-ANA efficacy of the reference medication and the synthesized fused structures.

Antimicrobial Codes of the reference medication and the synthesized fused structures

Bacterial strain

parameter Metro DFC1 DFC2 DFC3 DFC4  DFC5 DFC6 DFC7
. MIC 3.55 32.00 5.00 8.00 22.00 20.00 33.00 28.00
Bacteroides
fragilis MBC 3.95 46.00 7.00 13.00 25.00 27.00 51.00 41.00
PM 1.11 1.44 1.40 1.63 1.14 1.35 1.55 1.46
. MIC 1.15 29.00 4.00 6.00 20.00 18.00 30.00 18.00
Clostridium
perfringens MBC 1.75 42.00 6.00 9.00 25.00 24.00 44.00 25.00
PM 1.52 1.45 1.50 1.50 1.25 1.33 1.47 1.39
MIC 1.95 19.00 4.00 6.00 23.00 17.00 24.00 22.00
Fusobacterium MBC 2.15 25.00 7.00 1000 3300 2100 3400  31.00
necrophorum
PM 1.10 1.32 1.75 1.67 1.43 1.24 1.42 1.41
MIC 1.05 26.00 5.00 6.00 26.00 23.00 27.00 27.00
Prevotella MBC 1.55 4200 700 1000 3600 3000 4100  41.00
melanlnogenlca
PM 1.48 1.62 1.40 1.67 1.38 1.30 1.52 1.52

The data were presented in terms of ug/ml
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9.5.3. Anti-fungal activity

The synthesized fused structures were evaluated for their antifungal activity against two fungus strains,
Candida albicans (10231-ATCC) and Aspergillus niger (16888-ATCC), using the antifungal agent Nyst as a
reference. The results presented in Table 5 indicate the antimicrobial parameters for all tested DFCs. The
prepared derivatives exhibited a diverse pattern of fungal suppression activity against the tested fungi, with
MIC and MFC values ranging from 0.95 to 25.00 pg/ml and from 1.20 to 28.00 pg/ml, respectively. DFC1,
DFC2, DFC3, DFC4, and DFC5 exhibited significant antifungal efficacy that exceeded the reference, with
DFC1 displaying somewhat greater antifungal activity than DFC2, DFC3, DFC4, and DFC5, which possess
para-substituted phenol rings with methoxy, methyl, fluorine, and chlorine, respectively. The findings
underscore the significant importance of DO ring in the antifungal efficacy of DFCs. The bromo- and iodo-
substituted phenol conjugates (DFC6 and DFC7) had the least antifungal efficacy among the compounds
tested.

Table 5. The results of the antifungal efficacy of the reference medication and the synthesized fused structures.

Codes of the reference medication and the synthesized fused structures

Fungal strain Antimicrobial
parameter Nyst DFC1 DFC2 DFC3 DFC4 DFC5 DFC6 DFC7
MIC 4.00 0.95 3.50 3.50 1.15 125 1400  13.00
Candida albicans MFC 7.00 1.25 4.50 5.00 1.25 150  15.00  14.00
PM 1.75 1.32 1.29 1.43 1.09 1.20 1.07 1.08
MIC 9.00 1.00 8.00 9.00 1.45 150 2400  25.00
Aspergillus niger MFC 11.00 1.20 950  11.00 2.00 175 2500  28.00
PM 1.22 1.20 1.19 1.22 1.38 1.17 1.04 1.12

The data were presented in terms of ug/ml

Table 6. The ICso (ng/ml) + SD (n = 3) values for aspirin, celecoxib, and the synthesized fused structures against inflammation related

enzymes.
. IC50 (ug/ml)
Inflammation
related Codes of the reference medication and the synthesized annulates
enzymes
y Aspirin  Celecoxib DFC1 DFC2 DFC3 DFC4 DFC5 DFC6 DFC7
COX-1 3.78 + 7.68 + 9749+  153.96+ 15373+ 14635+ 14693+ 17518+ 17593+
0.98 1.06 0.97 0.99 0.96 1.01 1.03 0.92 1.06
COX-2 30.12 + 1.65 + 7452 + 11713+ 11718+ 9485%+ 103.30* 136.19+ 138.87 %
1.04 1.12 1.03 1.05 1.02 1.07 1.09 0.99 1.12
COX-1/COX-2 ) 49 4.65 131 131 131 1.54 1.42 1.29 1.27
selectivity

9.6. Anti-inflammatory activity

The anti-inflammatory activity of the reference medications, Asp and Cxb, alongside the newly
synthesized fused structures (DFC1-DFC7), was evaluated by examining their inhibitory effects on two
critical enzymes implicated in inflammation: COX-1 and COX-2. Table 6 presents the ICso values obtained
from the reference agents and DFCs. Asp demonstrated potent COX-1 inhibition, with an 1Csp of 3.78 ug/ml,
but its impact on COX-2 was markedly diminished (ICso = 30.12 pg/ml), yielding a COX-1/COX-2 selectivity
ratio of 0.13, thereby affirming its predilection for COX-1. Cxb, a recognized COX-2 selective inhibitor, had
an ICso of 7.68 ug/ml for COX-1 and a significantly lower ICso of 1.65 ug/ml for COX-2, resulting in a
selectivity ratio of 4.65, underscoring its pronounced preference for COX-2.

Among the synthesized compounds, DFC1 to DFC7 demonstrated differing levels of COX enzyme
inhibition. DFC1 exhibited moderate selectivity for COX-2, with 1Cso values of 97.49 pg/ml for COX-1 and
74.52 pg/ml for COX-2, resulting in a selectivity ratio of 1.31. Likewise, DFC2 and DFC3 exhibited similar
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ICso values (153.96 and 153.73 pg/ml for COX-1, and 117.13 and 117.18 pg/ml for COX-2, respectively), both
preserving a COX-1/COX-2 selectivity ratio of 1.31. DFC4 and DFC5 demonstrated somewhat greater
selectivity for COX-2, with selectivity ratios of 1.54 and 1.42, respectively. Simultaneously, DFC6 and DFC7
exhibited the highest ICso values among the synthetic compounds, with COX-1 1Cs, values of 175.18 and
175.93 pg/ml, and COX-2 1Cs values of 136.19 and 138.87 pg/ml, respectively, resulting in selectivity ratios
of 1.29 and 1.27. Cxb was identified as the most selective COX-2 inhibitor, whereas Asp largely exhibited
COX-1 selectivity. DFCs had considerable COX-2 selectivity, with DFC4 showing the most preference among
them. The finding indicate that DFCs possesses promise for the creation of anti-inflammatory drugs with
enhanced COX-2 selectivity, presenting exciting

9.7. Anti-cancer activity

The anticancer activity of the DFCs was assessed in vitro utilizing an MTT assay against six cancer cell
boundaries: AMN3 (murine mammary adenocarcinoma, CVCLM395), HeLa (epithelioid cervix cancer,
93021013), KYSE-30 (human Asian esophageal squamous cell cancer, 94072011), MCF-7 (human breast
carcinoma), SKG (human papillomavirus-related cervical squamous cell cancer, C27676), and SK-OV-3
(Caucasian ovary adenocarcinoma, 91091004), with 5-FU serving as a reference chemotherapeutic agent.
Table 7 displays the IC50 values (ng/ml) of 5-FU and a selection of DFCs against the examined cancer cell
lines. The IC50 value denotes the concentration of a substance necessary to diminish cell viability by 50%,
serving as a critical metric for evaluating anticancer efficacy. A diminished IC50 value signifies enhanced
cytotoxic efficacy, while elevated values indicate less activity against cancer cells.

Among the evaluated cell lines, 5-FU consistently exhibited the lowest IC50 values, highlighting its potent
anticancer efficacy. It demonstrated IC50 values of 13.40 pug/ml for HeLa (cervical cancer) and 12.55 pg/ml
for MCF-7 (breast cancer), which were markedly lower than those of the majority of DFCs. Nonetheless,
several fused structures, like DFC4, exhibited notable cytotoxic efficacy, especially against MCF-7 and HelLa
cells, with 1C50 values nearing those of 5-FU. This significant effect may be related to the fluoro group's
attachment to position 4' in the DFC4 framework formulal*®?, Numerous studies emphasize the beneficial
effects of fluoride substitution in the compound's aromatic system with regard to its ability to prevent
proliferation. Additionally, as a hydrogen-bond acceptor, the fluoro groups can participate in interactions
between the molecule and the target!*33-1%],

In contrast, certain chemicals like DFC1 demonstrated the lowest potency among all evaluated cell lines,
indicating diminished anticancer efficacy, with 1Cso values of 85.13 pg/ml for SKG and 76.07 pg/ml for MCF-
7. This finding might be linked to the acetic acid group in the structure of DFC1, which makes it very water-
attracting, increasing its hydrophilic properties and reducing its ability to enter cancer cells*36-1%l This
suggests the necessity for additional structural alterations to improve its therapeutic efficacy. The effectiveness
of the synthesized fused structures against cancer varies in the different cell lines because of the differences in
how these compounds are structured. DFC4 shows the highest anticancer activity for all the examined cancer
cell lines; this property may be due to the fluoro substitution in the framework of the compound.

The disparity in IC50 values across several cancer cell lines underscores the selective characteristics of
the produced drugs. Some compounds worked better on specific cancer cells, especially DFC2, which was
very effective against MCF-7 (20.90 pg/ml) and KYSE-30 (38.87 pg/ml), suggesting they could be used for
personalized cancer treatment. Conversely, others like DFC7 demonstrated persistently elevated IC50 values
across many cell lines, signifying restricted anticancer effectiveness. In conclusion, although 5-FU is the most
effective molecule assessed, certain DFCs exhibit promising anticancer efficacy, especially against particular
cancer types. Changing their structure or combining them with other treatments could make these compounds
work better and target cancer more effectively, improving their use in therapy.
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Table 7. IC50 (ug/ml) £ SD (n=3) values for 5-FU and the synthesized fused structures against the assessed cancer cell lines.

IC50 (png/ml)

Car?icnegscell Codes of the reference medication and the synthesized fused structures

5-FU DFC1 DFC2 DFC3 DFC4 DFC5 DFC6 DFC7

AMN-3 25.15 + 52.23 + 4474 = 56.15 = 25.93 + 27.77 = 51.70 = 56.81 +
1.05 1.11 0.91 0.99 0.95 1.01 1.03 0.97

Hela 13.40 £ 51.15+ 17.58 + 3242 = 13.13 £+ 1573 + 43.81 = 4448 =
111 1.08 1.00 0.90 0.98 1.03 0.98 1.06

KYSE-30 31.25 + 53.06 + 38.87 + 41.68 + 34.99 + 35.09 + 43.97 + 46.14 +
1.02 0.97 111 1.07 0.99 1.15 1.14 1.07

MCE-7 12,55 + 76.07 £ 20.90 + 25.87 + 1257 + 21.00 + 70.33 £ 7451 +
1.07 1.03 1.13 0.98 1.13 1.13 0.93 1.06

SKG 22.45 £+ 85.13 + 37.31 £ 33.60 = 29.20 = 29.28 + 70.29 = 67.34 =
1.10 0.19 1.10 1.15 1.05 0.98 0.97 1.06

SK-OV-3 22.90 = 52.01 = 47.16 = 3178 = 22.23 + 2543 + 4593 = 50.82 =
1.08 0.99 1.05 0.95 0.92 0.93 1.07 1.01

10. Biocompatible measures

10.1. Biosafety toward noncancerous cells

The biosafety evaluation of the synthesized fused structures, relative to the commonly utilized
chemotherapeutic drug 5-FU, offers critical insights into their lethal effects on non-tumor cell lines. This
assessment relies on IC50 values, which denote the concentration necessary to reduce cell proliferation by
50%, functioning as a critical metric of cytotoxicity. The research investigates three non-tumor cell lines:
HEK-293 (human embryonic kidney cells), MCF-10A (non-tumorigenic breast epithelial cells), and RWPE-1
(normal prostate epithelial cells).

In Table 8, 5-FU in all three cell lines exhibits reduced 1C50 values, indicating increased toxicity to
healthy cells. 5-FU has an 1C50 of 39.65 pg/ml in HEK-293 cells, while the DFCs have significantly higher
IC50 values, with DFC4 displaying the lowest cytotoxicity at 206.10 pg/ml. A comparable trend is shown in
MCF-10A cells, with 5-FU exhibiting an 1C50 of 40.55 jg/ml, whereas the produced compounds vary from
81.10 po/ml to 231.25 pg/ml, signifying reduced toxicity. In RWPE-1 cells, 5-FU demonstrates the lowest
IC50 at 33.25 pg/ml, but DFC4 is the least hazardous, exhibiting an 1C50 of 205.20 pg/ml. The order of
lowering the biosafety effect is DFC4, DFC5, DFC2, DFC3, DFC6, DFC7, and DFCL.

The results indicate that the synthesized DFCs demonstrates markedly reduced toxicity to non-tumor cell
lines in comparison to 5-FU, an advantageous trait for prospective therapeutic advancement. Elevated IC50
values signify that larger doses of the chemicals are required to elicit lethal effects, indicating a more
advantageous biosafety profile. Significantly, DFC4 consistently demonstrates the greatest IC50 values among
all evaluated cell lines, indicating it may be the least detrimental to healthy cells. This characteristic renders
DFC4 a compelling prospect for further exploration in drug development, perhaps providing a more selective
and safer method for cancer treatment.

Table 8. IC50 (pg/ml) £ SD (n = 3) values for 5-FU and the synthesized fused structures against the assessed non-tumor cell lines.

1C50 (png/ml)
N(?erlll' tllijr?;:r Codes of the reference medication and the synthesized fused structures
5-FU DFC1 DFC2 DFC3 DFC4 DFC5 DFC6 DFC7
HEK-293 39.65 + 75.50 + 102.90 + 91.15 + 206.10 + 100.95+ 81.80 + 70.75 +
1.18 1.01 1.08 0.99 0.97 1.15 1.03 1.23
81.10 + 108.85 + 95.85 + 231.25 = 111.15+ 88.85 + 82.50 +
MCF-A1L0 40.55+0.94 1.09 1.15 1.05 1.04 0.99 1.01 1.08
33.25 + 71.55 + 98.90 + 86.25 + 205.20 = 103.80+ 78.75 = 72.30 =
RWPE-1 1.11 1.09 1.17 0.99 1.02 1.19 1.02 0.99
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10.2. Biosafety toward commensal bacterial strains

Nearly all prescribed medications, especially oral ones, adversely affect the normal development of the
gut microbiota and may lead to side effects, including diarrheal**%. To evaluate the validity of this notion about
the synthesized DFCs, we examined their impact on the proliferation of normal microbiota utilizing three
strains of commensal bacteria: Escherichia coli (BAA-1427), Escherichia coli (MG1655), and Escherichia
coli (BAA1430). This assessment utilized Cipro as a reference agent because it is an officially approved orally
supplied medicine, and it ensures the technique's efficacy. The antibacterial properties assessed for the
synthetic DFCs and Cipro are presented in Table 9.

The toxicity order of these compounds, from least to most poisonous, is as follows: DFC5, DFC4, DFC3,
DFC1, DFC7, DFC6, and DFC2. Cipro markedly impeded the normal development of the assessed
commensal bacteriomes. Furthermore, the synthetic compounds, especially DFC5, exhibited an antibacterial
efficacy much lower than that of Cipro against the assessed commensal bacteriomes. All analyzed
structures demonstrated bactericidal properties, as indicated by their low PM values, raising concerns about
their biosafety qualities. Therefore, additional thorough examinations are essential to confirm their safety™4,

Table 9. Biosafety results of the reference medication and the synthesized fused structures toward the assessed commensal bacteriomes.

Codes of the reference medication and the synthesized fused structures

. . Antimicrobial
Bacterial strain
parameters Cipro DFC1 DFC2 DFC3 DFC4 DFC5 DFC6 DFC7
MIC 1.05 17.00 11.00 18.00 19.00 28.00 14.00 14.00
Escherichia coli
(BAA-1427) MBC 1.75 21.00 18.00 27.00 25.00 47.00 20.00 21.00
PM 1.67 1.22 1.65 1.52 1.30 1.67 1.39 1.49
MIC 1.75 19.00 18.00 29.00 34.00 43.00 14.00 16.00
Escherichia coli
(MG1655) MBC 2.30 22.00 25.00 40.00 42.00 68.00 21.00 21.00
PM 1.31 1.16 1.37 1.39 1.22 1.57 1.49 1.30
MIC 1.15 12.00 18.00 26.00 32.00 37.00 16.00 17.00
Escherichia coli
(BAA1430) MBC 1.95 18.00 29.00 36.00 42.00 52.00 25.00 23.00
PM 1.70 1.52 1.59 1.40 1.30 141 1.54 1.38

The data were presented in terms of ug/ml

11. Computer-aided pharmacological eligibility evaluation

11.1. Expected in silico toxicity profile

A principal obstacle hindering the advancement and accessibility of numerous studies in the applied
medical field was the potential toxicity of specific synthetic compounds*“?l. Numerous computer-aided
systems have been created to predict the probable toxicity of various synthetic compounds*#4. This study
employed the ProTox-Il platform to predict the toxicity profile of the synthesized DFCs. The toxicity-related
terminology derived from this platform is described in Table 10. This toxicity profile provides a comparative
analysis of seven novel synthetic compounds, designated DFC1 to DFC7, assessed across various critical
toxicological parameters.

We uniformly designate all chemicals with an expected toxicity level of 4, which signifies a consistent
forecast of overall toxicity, regardless of structural variations. This homogeneity indicates that these substances
may possess analogous toxicophoric traits that influence their similar risk profiles. Carcinogenicity
probabilities range between 0.50 and 0.55, indicating a modest potential for carcinogenic consequences.
Among the chemicals, DFC2 demonstrates the highest predicted carcinogenicity (0.55), whereas DFC6 shows
the lowest (0.50), indicating only slight variations in their potential cancer risk. Cytotoxicity readings range
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from 0.72 to 0.85, which is a somewhat increased range. Notably, DFC4 and DFC5 had lower scores (0.72),
suggesting a comparatively lower cytotoxic potential, while DFC2 and DFC3 exhibit the highest cytotoxicity
(0.85), suggesting a larger risk of causing cellular damage.

The predictions for immunogenicity vary significantly, ranging from 0.78 to 0.99. DFCL1 has a high
potential to elicit immunological responses, as evidenced by its greatest likelihood (0.99). High scores for
DFC3 (0.97) and DFC7 (0.95) further emphasize the necessity of a thorough immune-toxicological
assessment of these substances. Liver toxicity projections vary from 0.65 to 0.85, with DFC1 demonstrating
the highest value of 0.85, indicating an elevated risk of hepatotoxicity. Conversely, DFC5 has a diminished
score of 0.65, signifying a comparatively decreased likelihood of liver-related adverse effects. Mutagenicity
ranges from 0.67 to 0.78, with DFC1 consistently identified as the chemical with the highest anticipated risk
of 0.78, signifying a comparatively high risk of mutagenicity. Conversely, DFC6 has a diminished score of
0.67, indicating a decreased likelihood of mutagenicity adverse effects. The small range across all compounds
indicates a mild worry regarding mutagenesis potential, with minimal heterogeneity among structures!*+°!,

In conclusion, DFC1 continuously exhibits the highest risk across all toxicological endpoints, especially
in immunogenicity, hepatotoxicity, and mutagenicity, rendering it the most potentially perilous choice within
the cohort. Conversely, DFC5 and DFC6 have relatively reduced toxicity values in multiple domains,
indicating a more advantageous safety profile. These insights are useful in directing the prioritization of
compounds for subsequent research or structural enhancement.

Table 10. Toxicological characteristics of the synthesized fused structures

Codes of the synthesized fused structures

Toxicity- related terms

DFC1 DFC2 DFC3 DFC4 DFC5 DFC6 DFC7
A-Tox-level 4 4 4 4 4 4 4
Car-Tox (P) 0.53 0.55 0.54 0.52 0.53 0.50 0.52
Cyt-Tox (P) 0.77 0.85 0.85 0.72 0.72 0.74 0.74
Imm-Tox (P) 0.99 0.81 0.97 0.78 0.87 0.81 0.95
Liver-Tox (P) 0.85 0.80 0.80 0.67 0.65 0.67 0.67
Mut-Tox (P) 0.78 0.75 0.75 0.68 0.68 0.67 0.68

A-Tox-level: Anticipated toxicity level, Car-Tox: Carcinogenicity, Cyt-Tox: Cytotoxicity, Imnm-Tox: Immunogenicity, Liver-Tox: Liver
toxicity, and Mut-Tox: Mutagenicity.

11.2. Expected in silico pharmacokinetic profile

The assessment of pharmacokinetic parameters in drug candidates presents a significant challenge and
serves as a critical hurdle in lead compound selection and drug development. One of the primary reasons for
drug candidate failure during development is poor ADME (Absorption, Distribution, Metabolism, and
Excretion) characteristics, which account for nearly half of all setbacks. To mitigate this issue, in silico
approaches have been widely employed to predict ADME properties, providing valuable guidance in the early
stages of drug discovery. These computational tools help in identifying promising lead compounds before
proceeding to in vitro and in vivo evaluations, ultimately saving time and resources*4l,

In this study, the pharmacokinetic properties of the DFCs were evaluated using SwissADME and
preADMET, with key findings summarized in Table 11. Except for DFC1 and DFC2, which have
no penetration characteristics, all DFCs were able to pass across the blood—brain barrier. During the design
phase, brain penetration is a crucial consideration for any attempt to target or avoid the brain. The potential for
detrimental CNS side effects is reduced or eliminated by compounds' blood—brain barrier impermeability™47-1481,
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The results revealed that DFCs exhibited moderate permeability in the Caco-2 cell model and high human
intestinal absorption, ranging from 90.88% to 99.00%. These findings suggest that intestinal absorption may
involve mechanisms beyond simple passive diffusion**l, The Caco-2 cell model, while widely used for
permeability studies, has certain limitations, such as the absence of mucus-secreting cells, transport proteins,
and other physiological factors like phospholipids and bile acids, all of which can influence absorption.
Furthermore, the presence of tight junctions in Caco-2 cells restricts paracellular transport, potentially reducing
the permeability of certain compounds. These factors should be considered when interpreting in vitro
permeability data in the context of drug absorption predictions0.151,

Additionally, except for DFC1, all DFCs blocked the CYP3A4 enzyme, which breaks down and
eliminates about 50% of marketed medications. A drug-drug interaction will occur as a result of this enzyme
inhibition521531 Furthermore, with the exception of DFC1, the synthetic DFCs inhibited the CYP2C9 enzyme,
which may lead to drug interactions with other medications that use this enzyme for metabolism5+2%1, In
contrast, these compounds did not inhibit the CYP2D6 enzyme except for DFC2, and there is very little chance
of drug-drug interactions between these compounds and the drugs metabolized by this enzymel57:158],

The Lipinski Rule of Five is a widely used guideline for assessing the drug-likeness of orally administered
compounds. According to this rule, a molecule is more likely to be orally bioavailable if it meets the following
criteria: no more than 10 hydrogen bond acceptors, no more than 5 hydrogen bond donors, a log P value of 5
or lower (indicating balanced lipophilicity), and a molecular weight not exceeding 500 Daltons*%-1611 A
compound can still be considered suitable for oral delivery if it violates only one of these conditions; otherwise,
poor absorption and bioavailability may be expected. Based on in silico analysis, all DFCs comply with
Lipinski’s criteria, suggesting they have a high potential for successful development. Their favorable
physicochemical properties reduce the likelihood of failure during drug discovery and clinical trials, increasing
their chances of commercialization!*616%],

Moreover, DFC1-DFCY7 derivatives inhibited the P-glycoprotein transporter. They can therefore increase
the apical-to-basolateral intestinal permeability and bioavailability of drugs that act as this efflux mechanism's
substrates. Furthermore, the inhibition of the P-glycoprotein transporter may be the cause of several drug-drug
interactions that took place throughout the distribution and elimination processes!*6416%1,

Furthermore, except for DFC1, which showed low plasma protein binding capabilities, the synthetic
DFCs had high plasma protein binding capabilities, ranging from 86.18 to 98.39%. This resulted in a reduced
volume of distribution, a prolonged plasma half-life, and a restricted clearance rate. High plasma protein
binding ability may potentially affect efficacy because pharmacological action is only ascribed to the drug's
free fraction[*66-168],

The projected water solubility of the seven DFCs compounds ranges from 5.10 mg/mL for DFC4 to 9.86
mg/mL for DFC1. All compounds demonstrate moderate aqueous solubility, which is beneficial for oral
medication administration and formulation development. DFC1 exhibits the highest solubility, suggesting it
may possess enhanced dissolving and absorption properties. Conversely, DFC4 exhibits the lowest solubility,
potentially complicating bioavailability unless mitigated by formulation techniques, including the
incorporation of solubilizing agents or nanocarrierst¢®-171,

Concerning synthetic feasibility, the chemicals exhibit scores between 2.95 (DFC1) and 3.51 (DFC2),
indicating they are predominantly attainable for synthesis. The scores derive from cheminformatics
assessments of molecular complexity, functional group presence, and predicted synthetic steps required.
Reduced synthetic feasibility values indicate simpler synthesis*’?. DFC1, with the highest solubility and the
lowest synthetic feasibility score, seems very promising for subsequent development. Despite DFC2 and
DFC7 exhibiting marginally elevated values of 3.51 and 3.49, respectively, they are still within a range deemed
tolerable in medicinal chemistry.
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In conclusion, all DFCs compounds exhibit a beneficial balance between water solubility and synthetic
feasibility, with DFC1 identified as a prominent lead contender owing to its desirable activities of high
solubility and straightforward synthesis*’3-17],

Table 11. Pharmacokinetic properties of the synthesized fused structures as projected by open access  platforms.

Pharmacokinetic Codes of the synthesized fused structures

parameters DFC1 DFC2 DFC3 DFC4 DFC5 DFC6 DFC7
BBB No No Yes Yes Yes Yes Yes
CCP 20.71 45.76 46.20 40.99 28.55 26.47 26.34
CYP3A4 No Yes Yes Yes Yes Yes Yes
CYP2C9 No Yes Yes Yes Yes Yes Yes
CYP2D6 No Yes No No No No No
Bio-A 0.56 0.55 0.55 0.55 0.55 0.55 0.55
1A% 90.88 99.00 98.81 98.84 98.39 97.90 97.96
LR-5 Suitable Suitable Suitable Suitable Suitable Suitable Suitable
P-gp No No No No No No No
PPB 51.21 86.18 89.21 88.07 90.03 91.10 98.39
PWS 9.86 5.83 8.85 5.10 5.72 9.55 5.76
SF 2.95 3.51 3.47 3.33 3.33 3.36 3.49

BBB: Ability to cross the blood brain barrier, CCP: Caco 2 cell permeability in nm/sec, CYP: Cytochrome-P450, Bio-A: Bioavailability,
1A%: Percentage of intestinal drug absorption, LR-5 Lipinski’s rule of five, P-gp: Ability to bypass the glycoprotein pumping, PPB:
Extent of plasma protein binding, PWS: Predicted water solubility in mg/ml, SF: Synthetic feasibility.

12. Conclusion

In this study, seven novel synthetic DFC compounds were successfully synthesized and thoroughly
characterized. Comprehensive experimental and computational analyses revealed several key findings: First,
DFC4 demonstrated the highest antioxidant capacity, effectively counteracting oxidative stress. This suggests
its potential role in preventing oxidative damage-related diseases. Second, the presence of electron-donating
groups, such as methoxy and methyl at C-4’, significantly enhanced the antidiabetic activity of DFC2 and
DFC3. These structural modifications appear to contribute to improved glucose regulation, highlighting their
potential in diabetes management. Third, DFC5 exhibited broad-spectrum antibacterial activity against all
tested AG™ bacterial strains, with potency comparable to Cipro. Notably, DFC5 also displayed a superior
biosafety profile, being significantly less disruptive to beneficial commensal bacteria than Cipro. Fourth,
DFC2 was identified as the most effective against ANA bacterial strains, further expanding the antimicrobial
spectrum of these compounds. Fifth, DFC1 also demonstrated strong antifungal activity, surpassing that of
Nyst. This highlights the impact of its heterocyclic structure in enhancing antifungal potency. Sixth, DFC1
exhibited the most pronounced anti-inflammatory effects among the tested compounds, suggesting its potential
as an effective anti-inflammatory agent. Seventh, DFC4 displayed potent anticancer activity, showing even
greater efficacy than 5-FU against certain cancer cell lines. Regarding biosafety, DFC4 exhibited the lowest
toxicity toward non-tumor cell lines, indicating its selective cytotoxicity against cancer cells while preserving
normal cell viability. The tested DFC compounds demonstrated minimal toxicity toward commensal
microbiota, suggesting their potential for safe therapeutic use without significantly disrupting normal bacterial
populations, with DFC5 standing out as the least toxic to commensal microbiota. Finally, pharmacokinetic
evaluations using predictive web-based tools indicated that the synthetic compounds possess favorable drug-
like properties, making them promising candidates for future oral drug formulations. Given these findings, the

22



new DFC compounds hold significant potential as broad-spectrum antimicrobials, anti-inflammatories, and
anticancer agents, paving the way for further pharmaceutical exploration.
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