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Abstract 

Oxytocin (OXT) has demonstrated potential therapeutic effects in Alzheimer’s disease (AD) through 
mechanisms such as reducing amyloid-β (Aβ) accumulation and tau deposition, as well as exerting 
antioxidant and anti-inflammatory properties. A recent study further revealed that OXT can decrease 
acetylcholinesterase (AChE) activity in liver and kidney tissues, suggesting that its effects on Aβ and 
tau pathology may be mediated, at least in part, through AChE inhibition. Based on this rationale, a 
series of OXT derivatives were designed, synthesized, and evaluated using protein-protein 
interaction analysis, molecular docking, in vitro AChE inhibition assays, enzyme kinetics, and 
antioxidant assays. Docking and protein-protein interaction studies showed that OXT and its 
analogues fit well within the 20 Å gorge of the AChE active site, engaging both the catalytic active 
site (CAS) and the peripheral anionic site (PAS). In vitro AChE inhibition assays revealed promising 
activity, with OXT (Cmpd.16) and analogue 7 (Cmpd.7) exhibiting IC₅₀ values of 8.5 µM and 3.6 µM, 
respectively. Kinetic analysis determined inhibition constants (Kᵢ) of 45 µM for Cmpd.16 and 6 µM 
for Cmpd.7, with both compounds following a mixed-type inhibition mechanism. Furthermore, 
antioxidant evaluations indicated potential neuroprotective properties. In conclusion, OXT 
analogues act as dual-binding site AChE inhibitors, as supported by docking, protein-protein 
interaction, and kinetic analyses, and display greater inhibitory activity than OXT itself. These 
findings suggest that OXT analogues represent promising candidates for further development as 
AChE inhibitors for AD therapy. 

Keywords: Alzheimer’s disease; acetylcholinesterase; oxytocin; oxytocin-thiazole analogues; 
acetylcholinesterase inhibitors   
 

1. Introduction 

Oxytocin (OXT) is a natural human hormone primarily involved in childbirth and lactation [1–
3], but it also plays a key role in social bonding and interpersonal interactions, thereby fostering social 
relationships and trust within human societies[1,4–8]. Beyond its physiological roles, OXT has been 
identified as a potential neurobehavioral therapeutic agent due to its strong neuroprotective 
properties, which include anti-apoptotic, antioxidant, and anti-inflammatory effects in experimental 
models. Moreover, OXT has been shown to enhance memory and cognition [9–13], making its 
pharmacological profile highly relevant for Alzheimer’s disease (AD) therapy. 

AD is a progressive neurodegenerative disorder characterized by cognitive decline, memory 
loss, and dementia, often accompanied by impaired social behavior. Its neuropathological hallmarks 
include the accumulation of neurofibrillary tangles, hyperphosphorylated tau, and amyloid-β (Aβ) 
plaques, all of which contribute to severe neuronal and synaptic damage [14–24]. To date, no curative 
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or highly selective drug exists for AD treatment. The only clinically validated strategy has been 
acetylcholinesterase (AChE) inhibition, which provides symptomatic relief by elevating acetylcholine 
(ACh) levels. FDA-approved AChE inhibitors such as donepezil, rivastigmine, and galantamine 
although effective to some degrees are small molecules and show only partial clinical benefit [22–25]. 

Recent studies have highlighted the potential of small peptides as AChE inhibitors [26–29]. In 
particular, octapeptides have demonstrated promising AChE inhibitory activity, blood–brain barrier 
permeability, and neuroprotective properties [30]. Similarly, OXT is a nonapeptide (CYIQNCPLG) 
containing a disulfide bond that forms a cyclic ring via thiol–thiol oxidative coupling of two cysteine 
residues[31–34] . Although OXT has been reported as an AChE inhibitor, available in vitro inhibition 
data remain limited[35]. Importantly, OXT has also been shown to reduce tau and Aβ deposition in 
AD in vivo models[36,37] . Consistent with this, several AChE inhibitors (e.g., donepezil and 
galantamine) not only increase ACh levels but also reduce Aβ accumulation and potentially influence 
tau phosphorylation [38–42] . Interestingly, a study in female rats revealed that OXT, either alone or 
in combination with galantamine, reduced both Aβ and tau deposition [37]. 

Given these findings, OXT and its analogues being peptides are believed to exert direct effects 
on the suppression of Aβ and tau pathology. Moreover, molecular pathology suggests a reciprocal 
relationship between AChE expression and Aβ/tau deposition in AD patients [43]. Therefore, the 
rationale for investigating OXT and its analogues as potential dual-function AChE inhibitors and 
neuroprotective agents becomes compelling, as previously proposed in our earlier work [44]. In this 
study, we report the synthesis of OXT and 15 analogues, their evaluation for AChE inhibition and 
enzyme kinetics, and the establishment of structure–activity relationships (SARs). 

2. Results and Discussion 

2.1. Design Strategy of Oxytocin Analogues 

Considering the therapeutic importance of OXT in AChE inhibition and its potential in AD 
treatment, 15 novel analogues were designed and synthesized. To overcome the limitations 
associated with the disulfide bridge[31,45,46], a rational modification strategy was adopted. 
Specifically, the fragment (-S-CH₂-CH(NH₂)-CO-) of the OXT structure was replaced with a -S-CH₂-
thiazole moiety. The rationale was that the thiazole ring could mimic the therapeutic role of the 
disulfide bond while offering several advantages: enhanced metabolic and physiological stability, 
prevention of β-elimination and dimerization, and reduced susceptibility to reduction. 

In addition to stabilizing the molecule, incorporation of a thiazole ring was expected to increase 
lipophilicity, thereby improving blood–brain barrier (BBB) permeability. Structural diversity was 
further introduced by substituting L-proline (L-Pro) by D-proline (D-Pro). Moreover, combinations 
of two amino acids asparagine (Asn), glutamine (Gln), or ornithine (Orn) were incorporated at 
positions R₁ and R₂ to explore their impact on activity. The overall design strategy is illustrated in 
Figure 1, and the structures of the synthesized analogues are summarized in Table 1. 

 

Figure 1. Designing of OXT analogues. 
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Oxytocin and its analogues were synthesized by solid phase peptide synthesis (SPPS) protocol 
as described in Scheme 1. Using out “T-bag” technology [47–50], all peptides were synthesized 
following standard Fmoc peptide synthesis protocol [51–54]. We used the same strategy we reported 
earlier for the Hantzsch based macrocyclization approach for the synthesis of thiazole containing 
cyclopeptides [49,55,56].  

 
Scheme 1. Synthetic strategy of thiazole containing oxytocin analogues. 

Table 1. The synthesized analogues of oxytocin. 

 

2.2. Protein-Protein Interaction Studies 

Protein–protein interaction studies were performed using the ClusPro online docking server to 
explore the binding interactions between oxytocin (OXT) and human acetylcholinesterase (hAChE, 
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PDB ID: 7E3H) [57,58] . The three-dimensional structures of OXT (PDB IDs: 1NPO and 7OTD) were 
individually docked against hAChE in two separate experiments. 

In both docking analyses, OXT was found to occupy the active-site gorge of AChE, interacting 
with residues located in both the catalytic active site (CAS) and the peripheral anionic site (PAS). Two 
predominant conformers of OXT were identified (Conformer I and Conformer II). 

For Conformer I, LigPlot analysis revealed that the tyrosine O–H and C=O groups of OXT 
formed hydrogen bonds with E202, G121, and Y337 of AChE. The isoleucine C=O and the N–H of 
glutamine in OXT interacted via hydrogen bonding with Y124 (O–H), while the glutamine N–H 
atoms also formed hydrogen bonds with the carboxylate group of D74. Notably, both sulfur atoms 
of OXT participated in hydrogen-bond interactions with the N–H of F295, located in the mid-gorge 
region of AChE. 

In Conformer II, the tyrosine O–H group interacted with W86, while the asparagine residue of 
OXT formed hydrogen bonds with Y72 and D74, corresponding to interactions at the CAS site. 
Additionally, both the tyrosine and one cysteine residue of OXT formed hydrogen bonds with W286, 
representing binding at the PAS region of the active gorge. 

Overall, these results suggest that OXT can function as a dual-binding site inhibitor of AChE, 
engaging both CAS and PAS residues. This dual-site binding profile provides valuable insights for 
subsequent molecular docking and structure–activity relationship (SAR) studies of the synthesized 
OXT analogues. The interactions of Conformer I and Conformer II are illustrated in Figure 2a and 
Figure 2b, respectively (see Supplementary Data). 

2.3. Molecular Docking Studies 

Following the protein–protein interaction analysis, molecular docking studies were conducted 
to gain deeper insights into the plausible binding modes and conformations of the synthesized 
compounds (Cmpds. 1-16) with human acetylcholinesterase (hAChE, PDB ID: 7E3H). Docking 
simulations were performed using the PyRx Virtual Screening Tool [59]. 

The co-crystallized complex of hAChE with donepezil (PDB ID: 7E3H) was retrieved from the 
Protein Data Bank and prepared for docking using AutoDockTools v1.5.7. To validate the docking 
protocol, the native ligand (donepezil) was redocked into the enzyme’s active site. The reproduced 
pose closely matched the experimental binding conformation, confirming the reliability of the 
docking setup. Consistent with literature reports, donepezil acted as a dual-binding site inhibitor, 
occupying both the catalytic active site (CAS) and the peripheral anionic site (PAS) of hAChE. 

The chemical structures of the synthesized compounds were drawn using ChemDraw 
Professional 23.0.1 and saved in. mol format. Prior to docking, both the receptor and all ligand 
structures were subjected to energy minimization. 

Among the series, oxytocin (OXT) exhibited a binding affinity of –7.3 kcal·mol⁻�, fitting well into 
the active-site gorge of AChE. OXT formed hydrogen bonds with key residues D74, T83, Q291, S293, 
and Y337, spanning both the CAS and PAS regions. Additionally, OXT displayed C–H interactions 
with W86 and E292, π–σ interactions with W286, Y337, and F338, and π–alkyl interactions with H447 
(Figure 3). The terminal glycine amide fragment (–CONH₂) was involved in three polar hydrogen 
bonds. Although OXT exhibited a relatively weak π–alkyl non-covalent interaction with H447 (a 
catalytic triad residue), this interaction, together with surrounding polar hydrogen bonds, could 
contribute to inhibition of ACh hydrolysis, suggesting a potential neuroprotective mechanism in 
Alzheimer’s disease. 

Similarly, OXT analogue 7 showed a slightly higher binding affinity (–7.4 kcal·mol⁻�) and was 
well accommodated within the AChE active-site pocket. Analogue 7 formed hydrogen bonds with 
Y72, T75, and L339 (Figure 4). Its terminal glycine amide group (–CONH₂) participated in four polar 
hydrogen-bond interactions—one more than OXT-likely due to the conformational influence of the 
incorporated thiazole ring and substitutions at L-Pro, Orn, and Gln residues. These structural 
modifications may account for its improved binding affinity. 
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Interestingly, the replacement of the –S–CH₂–CH(NH₂)–CO– fragment in OXT with a thiazole 
ring in analogue 7 resulted in the loss of two hydrogen bonds but may enhance blood–brain barrier 
(BBB) permeability and in vivo stability. Both OXT and analogue 7 acted as dual-binding site 
inhibitors of AChE. The docking results for all synthesized compounds are summarized in Table 2. 

 

Figure 3. (A) Molecular docking of cmpd. 16 at the active site of hAChE; (B) 2D representation of cmpd.16 at the 
active site of hAChE. 

 

Figure 4. (A) Molecular docking of cmpd.7 at the active site of hAChE; (B) 2D representation of cmpd.7 
interactions at the active site of hAChE. . 

2.4. In Vitro AChE Inhibition Activities 

The in vitro AChE inhibitory activity of the synthesized compounds (Cmpds. 1-16) was 
evaluated using a modified Ellman spectrophotometric method [60–63]. For each experiment, the 
assay mixture (200 µL total volume) consisted of 145 µL of 0.1 M phosphate buffer (pH 8.0), 10 µL of 
AChE enzyme solution (6 nM in phosphate buffer, pH 8.0), and 5 µL of test compound (dissolved in 
DMSO at various concentrations). The mixture was incubated at room temperature for 20 min. 
Subsequently, 10 µL of 5 mM acetylthiocholine iodide (ATCI) solution was added, followed by 
incubation at 35 °C for 10 min. Finally, 20 µL of 3.3 mM 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) 
prepared in 0.1 M phosphate buffer (pH 7.0) containing 6 mM NaHCO₃ was added to initiate the 
reaction. The optical density (O.D.) was measured at 412 nm every 30 s for 3 min using a 96-well 
microplate reader. Galantamine and rivastigmine were used as reference AChE inhibitors, while 5 
µL of neat DMSO served as the negative control. All assays were performed in triplicate. The IC₅₀ 
values were determined by nonlinear regression analysis using GraphPad Prism software. Among 
the tested compounds, analogue 7 and oxytocin (Cmpd. 16) exhibited the most potent inhibitory 
activity, with IC₅₀ values of 3.6 µM and 8.5 µM, respectively. Analogue 7 was therefore approximately 
twofold more potent than OXT. This enhanced activity may be attributed to the presence of a single 
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aliphatic sulfur atom and a thiazole aromatic ring, which likely improve both binding affinity and 
complex stability-consistent with the molecular docking observations. 

Furthermore, analysis of the IC₅₀ data revealed that substitution of D-Pro/L-Pro for proline, and 
introduction of Asn, Gln, or Orn residues at the R₁ and R₂ positions of the OXT scaffold, generally 
enhanced AChE inhibitory activity and drug-like characteristics. In contrast, analogue 15, despite 
showing favorable binding affinity in docking studies, exhibited a relatively high IC₅₀ value, 
suggesting suboptimal protein–ligand interactions and limited therapeutic potential. The AChE 
inhibitory IC₅₀ values for all synthesized compounds are summarized in Table 2. 

Table 2. Docking, AChE inhibition and antioxidant results of the synthesized analogues of oxytocin. 

Cmpds. 
Binding 
affinity 

(Kcal/mol) 

No. of H-bonding: (Interacting 
residues of AChE) 

AChE 
inhibition 
IC50 (µM)* 

Antioxidant 
IC50 (µM)* 

1 -6.7 4: (V73, W286, G345, F346) 4.6 ± 3.8 54.63 ± 1.2 

2 -6.8 
6: (V340, W286, G342, F346, 

Y341, S293) 4.9 ± 4.2 73.19 ± 2.3 

3 -5.9 4: (V73, W286, Q279, H287) 4.9 ± 4.1 48.92 ± 1.6 
4 -5.3 1: (Q279) 4.9 ± 5.6 76.93 ± 1.6 
5 -6.3 3: (T75, L76, S293) 5.4 ± 4.0 76.30 ± 2.4 

6 -7.8 8: (V282, V288, W286, H287, 
L289, G342, A343, F346) 

4.4 ± 3.9 46.74 ± 9.1 

7 -7.4 5: (Y72, L339, G342, A343, F346) 3.6 ± 4.5 100.5 ± 8.5 
8 -6.0 2: (T75, L76) 10.83 ± 6.7 No inhibition 
9 -6.5 4: (D74, S293, V340, G342) 60.46 ± 5.1 47.24 ± 5.4 

10 -6.9 5: (P88, N87, N89, R90, D131) 5.9 ± 3.9 4.8 ± 6.3 

11 -7.5 6: (V73, N283, H287, E292, 
F346) 

10.11 ± 4.7 22.1 ± 4.3 

12 -7.1 6: (T75, W286, S293, Y341, F346) 19.71 ± 2.6 31.15 ± 3.3 

13 -6.4 7:(Y341, E292, G342, A343, 
F346) 

4.74 ± 2.1 25.82 ± 3.1 

14 -7.5 3: (L76, G342, F346) 4.34 ± 1.5 27.41 ± 2.4 
15 83.9 3: (T75, V282, W286) 25.36 ± 3.7 25.27 ± 6.2 
16 

(Oxytocin) -7.3 5: (D74, T83, Q291, S293, Y337) 8.5 ± 4.5 
29.00 ± 2.8 

 
Galantamine -5.0 1: (Q279) 0.32 ± 5.6 … 
Rivastigmine -5.7 2: (R296, H405) 3.4 ± 22.7 … 

Trolox … … … 9.38 ± 0.42 
Ascorbic acid … … … 15.53  5.47 

2.5. AChE Kinetics Studies 

Considering the complex interaction between enzyme and inhibitor, acetylcholinesterase 
(AChE) kinetics studies were performed to elucidate the mechanism of inhibition[64–66]. The assays 
were carried out using the same experimental protocol described for the AChE inhibition assay, 
except that four fixed substrate concentrations of acetylthiocholine iodide (ATCI) (0.125, 0.25, 0.5, and 
1.0 mM) were used in combination with varying inhibitor concentrations of the hit compound 
(Cmpd. 7) and oxytocin (Cmpd. 16).  

Graphical analysis of the dose–response data and the corresponding Lineweaver–Burk plots 
demonstrated that the relationship between substrate concentration and reaction velocity conformed 
to Michaelis–Menten kinetics. The dose–response curve and Lineweaver–Burk plot for Cmpd. 7 are 
presented in Figures 5 and 6, respectively, while those for Cmpd. 16 are shown in Figures 7 and 8. 
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Figure 5. Dose response curve for Cmpd.7. 

 

Figure 6. Lineweaver-Burk plot for Cmpd.7. 

Similarly, the dose–response curve and Lineweaver–Burk plot were generated for Cmpd.16 
(Figure 7 and Figure 8, respectively).  
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Figure 7. Dose response curve for Cmpd.16. 

 

Figure 8. Lineweaver-Burk plot for Cmpd.16. 

Graphical analysis revealed increasing slopes (indicating decreased Vmax) and increasing 
intercepts (indicating higher Km) with rising inhibitor concentrations, suggesting a mixed-type 
inhibition mechanism. Typically, dual-binding-site inhibitors exhibit this pattern, as mixed-type 
inhibitors can bind both to the free enzyme and to the enzyme–substrate complex at the active 
site.[67–69]. Therefore, Cmpd.7 and Cmpd.16 behaved as dual-binding-site inhibitors. The inhibition 
constant (Ki) values were determined from the X-intercepts of the plots of Lineweaver–Burk slopes 
versus inhibitor concentrations. The calculated Ki values for Cmpd.7 and Cmpd.16 were 6 µM and 
45 µM, respectively. These results indicate that Cmpd.7 exhibits over sevenfold higher binding 
affinity toward AChE compared to OXT. The corresponding Ki plots are presented in Figure 9 and 
Figure 10 (Supplementary Data). A summary of the inhibition mechanisms and inhibition constants 
is provided in Table 3.  

Table 3. Inhibition constant and mechanism of inhibition of Cmpd.7 and Cmpd.16. 

Cmpds. Inhibition constant (Ki) (µM) Mechanism of inhibition 
7 6 Mixed type 

16 (Oxytocin) 45 Mixed type 
Galantamine 5.2 Uncompetitive 
Rivastigmine 0.6 Uncompetitive 
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2.6. Antioxidant Activities 

Literature reports indicate that OXT exhibits strong antioxidant potential by activating 
antioxidant enzyme systems, scavenging free radicals, protecting mitochondrial function, and 
inhibiting oxidative stress.[9,70] However, its in vitro antioxidant activity has not yet been reported. 
Therefore, the antioxidant capabilities of OXT analogues were evaluated using a colorimetric method 
with the free radical reagent; 2,2-diphenyl-1-picrylhydrazyl (DPPH)[71,72]. Ascorbic acid and Trolox 
were used as reference standards. The corresponding IC₅₀ values are listed in Table 2.  

The results showed that Cmpd.16 had an IC₅₀ of 29 µM, while Cmpd.7 had an IC₅₀ of 100.5 µM, 
approximately 3.5-fold lower than OXT. This reduced activity may be attributed to the absence of one 
sulfur atom, which decreases the availability of free electrons to neutralize DPPH. In contrast, 
Cmpd.10 exhibited the strongest antioxidant activity among the OXT analogues, with an IC₅₀ of 4.8 
µM, representing roughly sixfold higher potency than OXT. This enhanced activity may result from 
the optimal conformation of the substituted D-Pro, Asn, and Gln residues, which positions the 
aliphatic sulfur atom favorably for DPPH neutralization in the presence of a thiazole ring. These 
findings suggest that thiazole-containing analogues may have potential as neuroprotective agents 
similar to OXT. 

2.7. In silico physicochemical and ADMET evaluation 

In the drug discovery process, predicting the absorption, distribution, metabolism, excretion, 
and toxicity (ADMET) properties of small molecules during the preclinical stage has become 
essential, as most drug candidates fail in clinical trials due to suboptimal physicochemical and 
ADMET characteristics[73]. While Lipinski’s Rule of Five provides a useful guideline, it has 
limitations for peptide-based drugs, which often exhibit higher molecular weights, excessive 
hydrogen bond donors and acceptors, and a large number of rotatable bonds. Other critical factors-
such as blood-brain barrier (BBB) permeability, cellular uptake, gastrointestinal absorption, and 
metabolic stability-can be evaluated using artificial intelligence (AI)-based in silico tools [74,75]. Some 
physicochemical and drug-likeness properties of OXT and the active Cmpd.7 are summarized in 
Table 4. The results indicate that the thiazole substitution in the OXT skeleton improved BBB 
permeability, cellular uptake, and gastrointestinal absorption. Additionally, Cmpd.7 exhibited an 
approximately 1.5-fold higher Log P than OXT, which likely contributes to enhanced BBB 
penetration.  

Table 4. In silico ADMET prediction for OXT and Cmpd.7. 

Compounds OXT Cmpd.7 
Improvement in 

Cmpd.7 than 
OXT 

Physicochemical 
properties 

Mol. Wt. (kg/mol) 1006.44 1000.46 … 
Log p o/w (iLog p) 1.72 2.61 1.5-fold higher 

Drug-likeness 

Caco-2 permeability 
log(cm/s) 

-5.86 -5.72 0.98-fold higher 

Human intestinal 
absorption (%) 

51.93 57.84 1.1-fold higher 

BBB permeability (%) 16.15 16.69 0.54% higher 
Oral bioavailability (%) 37.37 38.85 1.48% higher 
Acute toxicity (LD50) 

-log(mol/kg) 2.87 3.0 approximate  

2.8. SARs 

A brief summary of the structure–activity relationships (SARs) of OXT analogues is illustrated 
in Figure 11. The data indicate that replacing the fragment (-S-CH₂-CH(NH₂)-CO-) with a thiazole 
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ring enhances both AChE inhibition and binding affinity, while potentially improving CNS 
penetration. Similarly, substituting proline with L-Pro appears to favor a more optimal molecular 
conformation, resulting in increased AChE inhibitory activity. Substitutions of Orn at R1 and Gln at 
R2 further improve AChE inhibition. Additionally, the -CONH₂ group of the terminal glycine side 
chain plays a crucial role in hydrogen-bonding interactions within the active-site pocket of AChE. 
Overall, these modifications collectively enhance the ability of OXT analogues to enter, accommodate, 
and interact effectively within the active-site gorge of AChE.  

H2N
H
N

N
H

N

H
NO

O

NH

HN

N
H

O O
O

O

R1

OH

H
N

R2

O

O

N

S
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Thiazole substitution increased 
AChE inhibition activity and 
binding affinity and may improve BBB permiability

Orn substitution enhanced 
AChE inhibition activity

Gln substitution enhanced 
AChE inhibition activity

Found to be essential for H-bonding 
interactions at the active site of AChE

Replacement by L-proline favoured
increase activity against AChE

 

Figure 11. Summary of SARs of OXT analogues as AChE inhibitors. 

3. Materials and Methods 

3.1. Synthesis of Oxytocin Analogues: As Outlined in Scheme 1, a 100 mg Sample of p-
Methylbenzhydrylamine Hydrochloride (MBHA·HCl) Resin (CHEM-IMPEX INTERNATIONAL, 1.15 
mequiv/g, 100–200 mesh, 1% DVB) Was Used per Peptide and Enclosed in a Sealed Polypropylene Mesh Bag 
for the Parallel Synthesis of 16 Different Compounds (Table 1). Prior to Synthesis, the Resin Was 
Neutralized with 50 mL of 5% Diisopropylethylamine (DIEA) in Dichloromethane (DCM) 

All peptides were synthesized via the standard Fmoc solid-phase peptide synthesis (SPPS) 
method[51,54], involving stepwise Fmoc deprotection and repetitive coupling cycles using N-
hydroxybenzotriazole (HOBt) and N,N′-diisopropylcarbodiimide (DIC) in anhydrous 
dimethylformamide (DMF). For each coupling reaction, 5 equivalents of Fmoc-protected amino acid, 
5 equivalents of DIC, and 5 equivalents of HOBt were used, with the reaction proceeding for 90 min. 
Fmoc deprotection was performed twice using 20% piperidine in DMF for 10 min each. For cysteine 
coupling, L-Fmoc-Cys(Trt)-OH (5 equivalents) was employed under identical coupling conditions 
(HOBt/DIC in anhydrous DMF, 90 min). The completion of each coupling step was monitored by the 
ninhydrin test [76]. 

For the synthesis of oxytocin (Compound 16), the N-terminal free amine of tyrosine was coupled 
with Fmoc-Cys(Trt)-OH (5 equiv) in the presence of  DIC (5 equiv) and HOBt (5 equiv) as coupling 
reagents. After completion of coupling, the Fmoc group was removed by treatment with 20% 
piperidine in DMF (2 × 10 min). Trityl (Trt) deprotection was then carried out using a mixture of 
trifluoroacetic acid (TFA), triisopropylsilane (TIPS), and dichloromethane (DCM) in a 5:5:90 ratio for 
30 min. On-resin disulfide bond formation was achieved by treating the resin with N-
chlorosuccinimide (NCS, 3 equiv) in DMF for 30 min [77]. The final product, oxytocin (Compound 
16), was cleaved from the resin using anhydrous hydrogen fluoride (HF) in the presence of anisole 
as a scavenger. The crude peptide was obtained with purity exceeding 90%. 

General procedure for the Synthesis of thiazole containing cyclic peptide: 
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The N-terminal free amine of the resin-bound linear peptide was reacted with Fmoc-
isothiocyanate (6 equiv) in anhydrous DMF overnight at room temperature. After Fmoc deprotection 
using 20% piperidine in DMF, the resulting resin-bound N-terminal thiourea was treated with 1,3-
dichloroacetone (5 equiv) in anhydrous DMF at 70 °C for 3 h, affording the resin-bound chloromethyl 
thiazolyl peptide via Hantzsch cyclocondensation [49,55,56]. 

Subsequently, the trityl (Trt) protecting group on the cysteine side chain was removed using 
TFA/TIPS/DCM (5:5:90, v/v/v) for 30 min. The resin was thoroughly washed with DCM (5×) and 
DIEA/DCM (5:95, v/v), then treated overnight with a solution of Cs₂CO₃ (10 equiv) in DMF to 
promote intramolecular SN2 cyclization, yielding the cyclic thiazolyl thioether peptide. 

The final compounds were cleaved from the resin using HF/anisole (90 min, 0 °C), followed by 
extraction with 95% aqueous acetic acid and lyophilization to afford the products as white powders. 
The identity and purity of all compounds were confirmed by LC–MS analysis, with purities 
exceeding 90%. 

3.2. Computational Studies 

The protein-protein interaction study was performed using the ClusPro online docking tool 
(https://cluspro.bu.edu). Molecular docking of ligands was carried out using PyRx–Virtual Screening 
Tool with AutoDock Vina. The co-crystal structure of human acetylcholinesterase (PDB ID: 7E3H) 
was obtained from the Protein Data Bank (https://www.rcsb.org/) and prepared for docking using 
AutoDockTools 1.5.7. Ligand structures were drawn in ChemDraw 23.0.1. The resulting docked 
complexes, ligand binding modes, and 2D ligand–protein interactions were analyzed using 
Discovery Studio Visualizer 2024. 

3.3. In Silico Prediction 

The iLog P values for OXT and Cmpd.7 were calculated using the SwissADME online tool[78]. 
All other physicochemical and drug-likeness parameters listed in Table 4 were predicted using the 
AI Drug Lab online platform[79].  

3.4. In Vitro Enzyme Inhibition Assays 

The AChE inhibition of all synthesized analogues was evaluated using a modified Ellman’s 
method. This assay employs acetylthiocholine iodide (ATCI) as the substrate and 5,5′-dithiobis-(2-
nitrobenzoic acid) (DTNB) as the reagent, which produces a yellow chromophore (5-mercapto-2-
nitrobenzoic acid) that is detected calorimetrically during the enzymatic reaction. AChE 
(Electrophorus electricus, Type VI-S, lyophilized powder) was obtained from Sigma-Aldrich (USA), 
and the stock solution was prepared in 0.1 M sodium phosphate buffer (pH 8.0). The inhibition assay 
was performed using five different concentrations of each compound dissolved in DMSO. 
Absorbance at 412 nm was recorded every 30 seconds for 3 minutes using a SpectraMax iD5 plate 
reader (Molecular Devices) in a 96-well plate format. Galantamine and rivastigmine were included 
as standard inhibitors. All experiments were conducted in triplicate. Percentage inhibition was 
calculated as: [(Control absorbance - Test absorbance)/control absorbance]x100. The IC₅₀ values for 
each compound were determined by non-linear regression (four-parameter, variable slope) using 
GraphPad Prism 10. 

3.5. Enzyme Kinetics Assays 

Enzyme kinetics were evaluated using four concentrations of the substrate ATCI (0.125, 0.25, 0.5, 
and 1.0 mM) in the presence and absence of inhibitors (Cmpds.7 and 16). Lineweaver–Burk double 
reciprocal plots (1/V vs 1/[ATCI]) were constructed to determine the type of inhibition. The inhibition 
constant (Kᵢ) was subsequently calculated from the slopes of the Lineweaver–Burk plots plotted 
against inhibitor concentrations.  
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3.6. Antioxidant Assays 

The antioxidant activities of the synthesized compounds were evaluated using the DPPH (2,2-
diphenyl-1-picrylhydrazyl) assay. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) 
and ascorbic acid (Vitamin C) were used as reference standards. Five concentrations of each 
compound were prepared in DMSO. 

For each assay, 200 µL of reaction mixture was prepared, containing 185 µL dry ethanol, 5 µL of 
the test compound, and 10 µL of DPPH solution (10 mM in dry ethanol). The control contained 5 µL 
of DMSO in dry ethanol. The mixtures were vigorously shaken and incubated at room temperature 
for 30 min. Absorbance was measured at 517 nm using a SpectraMax iD5 plate reader (Molecular 
Devices). Lower absorbance of the reaction mixture indicated higher antioxidant activity. All 
experiments were performed in triplicate. The antioxidant activity (%) was calculated using the 
formula: [(Control absorbance - Test absorbance)/control absorbance]x100. The rapid color change of 
DPPH from deep purple to pale yellow in the presence of trolox or ascorbic acid served as the 
standard observation. 

4. Conclusions 

In this study, we successfully synthesized oxytocin (OXT) and its analogues following standard 
peptide synthesis protocols, achieving good to excellent yields and high purity. As no peptide or 
protein has yet been reported as a standard AChE inhibitor, the activities of the synthesized 
analogues were primarily compared with OXT and the most active analogue, Cmpd.7. 

Among the analogues, Cmpd.7 exhibited the strongest AChE inhibition (IC₅₀ = 3.6 µM), 
approximately twofold more potent than OXT (IC₅₀ = 8.5 µM). This enhanced activity is likely due to 
the thiazole ring substitution and the presence of a single sulfur atom instead of a disulfide bond, 
consistent with the observed molecular docking binding affinities. In enzyme kinetics, both Cmpd.7 
(Kᵢ = 6 µM) and OXT (Kᵢ = 45 µM) displayed mixed-type inhibition, with Cmpd.7 showing more than 
sevenfold higher binding affinity, corroborated by docking scores. 

Protein–protein interaction and molecular docking analyses suggested that both compounds can 
efficiently occupy the active site gorge and interact with both PAS and CAS sites of AChE, supporting 
their classification as dual binding site inhibitors. The modifications in Cmpd.7 also suggest 
potentially improved pharmacokinetic and pharmacodynamic properties, including higher BBB 
permeability and metabolic stability, as estimated by in silico predictions. 

Both Cmpd.7 and OXT demonstrated strong antioxidant activity, likely due to the presence of 
an aliphatic sulfur atom, whose free electrons can scavenge DPPH radicals, suggesting potential 
neuroprotective properties. While OXT has been previously reported for its therapeutic potential in 
Alzheimer’s disease, this study provides its first in vitro AChE inhibition and antioxidant data. 

Overall, the convenient synthetic strategy allows for the generation of additional OXT analogues 
to explore structure–activity relationships and develop therapeutic candidates. Further in vivo 
studies are needed to fully evaluate the potential of OXT and its analogues in the treatment of 
Alzheimer’s disease.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Synthetic strategy of thiazole containing oxytocin analogues, Conformer-I and 
Conformer-II of oxytocin interacting at the active site gorge of AChE, determination of Ki of oxytocin and 
compound 7. LCMS of all oxytocin analogues. 
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