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A B S T R A C T   

A new family of monothiooxalamides derived from 2-aminobenzimidazole was synthesized, and 
their structures were confirmed by 1H and 13C one-dimensional and 2D NMR experiments (COSY, 
HSQC, and HMBC). The antioxidant capacity was evaluated by free radical scavenging assays: 
1,1-diphenyl-2-picrylhydrazyl (DPPH•), 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) 
radical cation (ABTS•+), ferric reducing antioxidant power (FRAP), oxygen radical absorbance 
capacity (ORAC), and the Fe(II) chelating ability. Our work group has previously reported the 
synthesis and antioxidant activity of monothiooxalamides derived from 2-aminopyridine (I). In 
this study, the in vitro hemolytic activity of compounds from the 2-aminopyridine (I) and 2-ami
nobenzimidazole (II) families was evaluated against human red blood cells (RBCs). The con
centration at which monothiooxalamides showed no hemolytic activity was chosen to assess their 
ability to inhibit free radical-induced membrane damage in human RBCs, acute toxicity in brine 
shrimp, and in vivo toxicity against Drosophila melanogaster. Compounds with morpholine frag
ments (1g, 1h, 2g, and 2h) showed time- and concentration-dependent protective effects against 
radical-induced oxidative hemolysis. Moreover, they had the lowest acute toxicity in the brine 
shrimp lethality assay and a significant increase in chelating activity compared with the other 
molecules. In particular, monothiooxalamide 2g showed lower toxicity and can be considered for 
further biological screening and application trials.   

1. Introduction 

Drug attrition due to toxicity is one of the most serious problems facing the pharmaceutical industry. Approximately 30 % of 
clinical failures in drug development have been attributed to unmanageable toxicity [1–3]. In this context, drug design and 
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development face challenges in increasing selectivity, enhancing therapeutic effects and predicting the likelihood of adverse effects 
associated with new drugs [4–6]. In drug design, sulfur-containing motifs have gained interest and have been used for various bio
logical activities, such as antibacterial, antiviral, cytotoxic, antiallergic, and antimalarial [7,8]. Furthermore, a sulfur atom has 
different functionalities in different oxidation states, as illustrated by sulfamide, sulfone, sulfonamide, sulfamate, and sulfoxide 
functions [9]. Monothiooxalamides are structurally related to oxalamides and thiooxalamides and have been extensively studied for 
their biological activities, such as anti-inflammatory, antioxidant, and antiproliferative effects on human cancer cell lines [10–12]. In 
addition, monothiooxalamides and their analogs have shown applications in organic synthesis, asymmetric metal catalysis, and as 
ligands to form complexes with metals [13–17]. 

In drug design, sulfur-containing compounds are promising. By implementing strategic structural modifications in the early stages 
of drug discovery, toxic effects can be effectively minimized. Optimization of the drug candidate selection process relies on advancing 
predictive toxicity assays, both in vitro and in vivo. Therefore, an accurate assessment of toxicological risk helps to determine the 
optimal potency level of a substance while introducing structural features that improve metabolism and reduce toxicity [18–20]. 

Human Red blood cells (RBCs) are the most abundant cells in the blood; they carry oxygen to the tissues and remove urea and 
carbon dioxide. Currently, human RBCs are used as an in vitro model to screen and determine the toxicity of various compounds 
[20–22]. Oxidative damage to human RBCs caused by exposure to xenobiotics (metals, drugs, pesticides, and chemicals) can induce 
changes in the morphology, membrane protein conformation, protein crosslinking, lipid peroxidation, and release of intracellular 
components such as hemoglobin (hemolysis) [23,24]. A hemolysis percentage below 5 % is considered non-hemolytic according to 
ASTM (American Society for Testing and Materials) regulations [25,26]. Values above this limit are considered low (up to 10 %), and 
percentages above 10 % indicate marked hemolytic activity [27–30]. 

Our work group previously reported the synthesis and antioxidant activity of monothiooxalamides derived from 2-aminopyridine 
(I) [13]. The present study focuses on the synthesis, characterization, antioxidant activity (DPPH•, ABTS•+, FRAP, and ORAC 
methods), and chelating capacity of ferrous ions in monothiooxalamides derived from 2-aminobenzimidazole (II). Furthermore, to 
determine the toxicity profile of the two groups of monothiooxalamides, hemolytic activity was evaluated using human RBCs. The 
concentration at which the compounds did not show significant hemolytic activity was then selected to assess the potential antioxidant 
capacity by inhibiting peroxyl radical-induced hemolysis. Monothiooxalamides were then evaluated for acute toxicity using a brine 
shrimp (Artemia salina) model [31]. This organism was chosen because it is sensitive to various toxic substances and compounds with 
diverse structures and modes of action. In addition, brine shrimp have been widely used as a feasible method to detect residues of 
pesticides, mycotoxins, anesthetics, and morphine-type compounds, among others [31–33]. In vivo, toxicity was determined in 
Drosophila melanogaster, also known as the fruit fly, an easily maintained organism with a relatively short lifespan and a 
well-established model for in vivo toxicity assays because D. melanogaster has almost 75 % functional homology with the 
disease-causing genes in humans [34–36]. 

2. Materials and methods 

2.1. Equipment and materials 

The reagents used for synthesis, antioxidant capacity, and toxicity of the compounds were purchased from commercial suppliers. 
They were used without further purification (see Supplementary material). Monothiooxalamides 1a-1h derived from 2-aminopyridine 
(I) (Fig. 1) were structurally confirmed and provided by Macías-Hernández et al. [13]. The solvents used for column chromatography 
were distilled before use. A 400 MHz Bruker NMR instrument with tetramethylsilane as an internal reference was used to obtain the 
NMR spectra; chemical shifts were reported in ppm and coupling constants in Hz. Melting points were obtained using a Melt-Temp II 

Abbreviations 

RBCs Red Blood Cells 
ASTM American Society for Testing and Materials 
NMR Nuclear Magnetic Resonance 
COSY Two-dimensional correlation spectroscopy 
HSQC Heteronuclear Single Quantum Coherence 
HMBC Heteronuclear Multiple Bond Correlation 
DPPH 2,2-diphenyl-1-picrylhydrazyl 
ABTS 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) radical cation 
FRAP Ferric Reducing Antioxidant Power 
ORAC Oxygen Radical Absorbance Capacity 
TEAC Trolox Equivalent Antioxidant Capacity 
VCEAC Vitamin C Equivalent Antioxidant Capacity 
EDTA Ethylenediaminetetraacetic acid 
AAPH 2,2′-azobis(2-amidinopropane) dihydrochloride 
LC50 Median Lethal Concentration  
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apparatus in the capillaries and were not corrected. A Biotek Powerwave XS microplate reader was used to read the absorbances. 

2.2. Procedure for the synthesis of chloroacetamide (2) 

First, 10 mmol of 2-aminobenzimidazole (II) was placed in a 100 mL flask and dissolved in 50 mL of tetrahydrofuran. The reaction 
mixture was placed in an ice bath. Then 12 mmol of chloroacetyl chloride was added dropwise. After addition, the ice bath was 
removed, and the reaction was refluxed for 4 h. The white precipitate was collected and washed with tetrahydrofuran. The white solid 
was washed with NaHCO3 (10 %) aqueous solution (200 mL), and the solid was filtered and dried (yield, 78 %) (Scheme 1). 

2.3. General procedure for the synthesis of monothiooxalamides (2c, 2e, 2g and 2h) 

To obtain compounds 2c, 2e, 2g, and 2h, 1.1 equivalents of the corresponding amine (c, e, g, and h) and 10 mL of tetrahydrofuran 
with 1 mL of triethylamine were placed in a 100 mL ball flask. Then, 4.4 equivalents of elemental sulfur were added, and the mixture 
was stirred at room temperature for 30 min. Subsequently, 1.0 equivalent of chloroacetamide 2 was added slowly and stirred for 72 h. 
Monothiooxalamides were purified by column chromatography using a hexane/ethyl acetate mixture of suitable polarity (Scheme 1). 

2.3.1. (S)–N-(1H-benzo[d]imidazole-2-yl)-2-((1-phenylethyl)amino)-2-thioxoacetamide (2c) 
Yellow semisolid; yield 55 % (0.277 g); 1H NMR (400 MHz, DMSO) δ 12.17 (s, 1H, H10), 11.17 (d, 3J(H13-14) = 8.0 Hz, 1H, H13), 

7.51–7.44 (dd, 3J(H4–H5) = 6.0 Hz, 3J(H7–H6) = 6.0 Hz, 4J(H4–H6) = 3.2 Hz, 4J(H7–H5) = 3.2 Hz, 1H, H4, H7), 7.43–7.39 (m, 1H, H18), 
7.38–7.33 (m, 2H, H17), 7.30–7.25 (m, 1H, H19), 7.20–7.14 (dd, 3J(H5–H4) = 6.0 Hz, 3J(H6–H7) = 6.0 Hz, 4J(H6–H4) = 3.2 Hz, 4J(H5–H7) 
= 3.2 Hz,1H, H5, H6), 5.62 (p, 3J(H14–H15) = 8.0 Hz, 1H, H14), 1.56 (d, 3J(H15–H14) = 8.0 Hz, 3H, H15). 13C NMR (101 MHz, DMSO) δ 
190.2 (C12), 164.9 (C11), 148.5 (C2), 142.2 (C16), 134.2 (C8, C9), 128.9 (C17), 127.8 (C19), 127.1 (C18), 122.6 (C5, C6), 113.9 (C4, 
C7), 54.3 (C14), 21.1 (C15). MS (TOF): Theoretical m/z = 324.1045 [M − H] − . Observed m/z = 324.1049 [M − H] − . Error: 1.43 ppm. 
HPLC purity: 94.99 %. 

2.3.2. N-(1H-benzo[d]imidazole-2-yl)-2-(cyclohexylamino)-2-thioxoacetamide (2e) 
Yellow solid; yield 59 % (0.293 g); 1H NMR (400 MHz, DMSO) δ 12.13 (s, 1H, H10), 10.69 (d, 3J(H13–H14) = 8 Hz, 1H, H13), 

7.52–7.44 (dd, 3J(H4–H5) = 5.9 Hz, 3J(H7–H6) = 5.9 Hz, 4J(H4–H6) = 3.2 Hz, 4J(H7–H5) = 3.2 Hz, 1H, H4, H7), 7.20–7.12 (dd, 3J(H5–H4) =

5.9 Hz, 3J(H6–H7) = 5.9 Hz, 4J(H6–H4) = 3.2 Hz, 4J(H5–H7) = 3.2 Hz, 1H, H5, H6), 4.22 (qd, 3J(H14–H15) = 8 Hz, 1H, H14), 1.91 (d, 1H, 
H15), 1.75 (d, 1H, H16), 1.61 (d, 1H, H17), 1.41 (td, 1H, H15), 1.30 (d, 1H, H16), 1.22–1.09 (m, 1H, H17). 13C NMR (101 MHz, DMSO) 
δ 188.7 (C12), 164.1 (C11), 147.9 (C2), 134.8 (C8, C9), 122.4 (C5, C6), 114.1 (C4, C7), 54.5 (C14), 30.6 (C15), 25.5 (C16), 25.0 (C24). 
MS (TOF): Theoretical m/z = 302.1201 [M − H] − . Observed m/z = 302.1205 [M − H] − . Error: 1.08 ppm. HPLC purity: 100.00 %. 

Fig. 1. Monothiooxalamides derived from 2-aminopyridine (I).  
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2.3.3. N-(1H-benzo[d]imidazole-2-yl)-2-((2-morpholinoethyl)amino)-2-thioxoacetamide (2g) 
Yellow solid; yield 49 % (0.247 g); 1H NMR (400 MHz, DMSO) δ 12.12 (s, 1H, H12), 10.76 (s, 1H, H13), 7.49 (dd, 3J(H4–H5) = 5.9 

Hz, 3J(H7–H6) = 5.9 Hz, 4J(H4–H6) = 3.2 Hz, 4J(H7–H5) = 3.2 Hz, 1H, H4, H7), 7.17 (dd, 3J(H5–H4) = 5.9 Hz, 3J(H6–H7) = 5.9 Hz, 4J(H6–H4) 
= 3.2 Hz, 4J(H5–H7) = 3.2 Hz, 1H, H5, H6), 3.73 (t, 3J(H14–H5) = 13.2 Hz, 2H, H14), 3.57 (t, 5H, H18), 2.61 (t, 3J(H15–H14) = 13.2 Hz, 1H, 
H15), 2.43 (s, 2H, H17). 13C NMR (101 MHz, DMSO) δ 188.9 (C7), 162.7 (C6), 147.8 (C2), 134.7 (C8, C9), 122.5 (C5, C6), 114.1 (C4, 
C7), 66.6 (C18), 55.2 (C15), 53.5 (C17), 42.7 (C14). MS (TOF): Theoretical m/z = 333.1259 [M − H] − . Observed m/z = 333.1263 [M 
− H] − . Error: 1.12 ppm. HPLC purity: 84.08 %. 

2.3.4. N-(1H-benzo[d]imidazole-2-yl)-2-((3-morpholinopropyl)amino)-2-thioxoacetamide (2h) 
Yellow solid; yield 45 % (0.224 g); 1H NMR (400 MHz, DMSO) δ 11.98 (s, 1H, H10), 11.15 (s, 1H, H13), 7.49 (dd, 3J(H4–H5) = 5.4 

Hz, 3J(H7–H6) = 5.4 Hz, 4J(H4–H6) = 3.0 Hz, 4J(H7–H5) = 3.0 Hz, 1H, H4, H7), 7.17 (dd, 3J(H5–H4) = 5.4 Hz, 3J(H6–H7) = 5.4 Hz, 4J(H6–H4) 
= 3.0 Hz, 4J(H5–H7) = 3.0 Hz, 1H, H5, H6), 3.65 (dd, 2H, H14), 3.63–3.58 (m, 2H, H19), 2.44–2.32 (m, 3H, H16, H18), 1.81 (p, 1H, 
H15). 13C NMR (101 MHz, DMSO) δ 188.1 (C12), 162.0 (C11), 147.2 (C2), 135.3 (C8, C9), 122.4 (C5, C6), 114.3 (C4, C7), 66.6 (C19), 
56.7 (C16), 53.7 (C18), 45.2 (C14), 23.7 (C2). MS (TOF): Theoretical m/z = 347.1416 [M − H] − . Observed m/z = 347.1416 [M − H] 
− . Error: 0-04 ppm. HPLC purity: 100.00 %. 

2.4. Antioxidant activity 

The in vitro antioxidant activity was determined using DPPH•, ABTS•+, FRAP, ORAC, and Fe(II) chelating ability assays. Our 
research group previously reported experimental procedures for evaluating the antioxidant activity of monothiooxalamides derived 
from 2-aminopyridine [13], which were used to assess compounds with a benzimidazole moiety. The experimental details and con
centrations used for each assay are provided in the Supplementary material. 

2.4.1. DPPH radical scavenging capacity assay 
The reaction mechanism of the DPPH• radical involves either Hydrogen Atom Transfer (HAT) or single electron transfer (SET) [37]. 

The antioxidant capacity was determined according to reported procedures and was based on the measurement of the loss of DPPH•

color at 515 nm after its reaction with the test compounds. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) was used 
as a reference, and the results were expressed as Trolox equivalent antioxidant capacity (TEAC) with values based on micromoles of 
Trolox per liter (μmol ET/L) [13,38]. 

2.4.2. ABTS radical scavenging capacity assay 
The scavenging ability of the cation ABTS•+ by monothiooxalamides was quantified by ABTS•+ discoloration at 754 nm. The cation 

radical was obtained from the ABTS(NH4)2 reaction with potassium persulfate until it reached an absorbance of A = 0.7 ± 0.1 at 754 
nm. Ascorbic acid was used as a reference standard, and the outcomes were presented as vitamin C equivalent antioxidant capacity 
(VCEAC) in mg/100 mL [13,38]. 

2.4.3. Ferric-reducing antioxidant power (FRAP) assay 
The FRAP test is based on a single electron transfer reaction and measures the antioxidant’s ability to reduce the ferric ion (Fe3+) to 

the ferrous ion (Fe2+) under acidic conditions at 700 nm. The assay was performed according to Hinneburg et al. (2006) with some 
modifications [39]. Ascorbic acid was used as a reference compound for the standard curve. The data were expressed as vitamin C 
equivalent antioxidant capacity (VCEAC) in mg/100 mL. 

2.4.4. Oxygen radical absorbance capacity (ORAC) assay 
The ORAC determination of monothiooxalamides was carried out using the method described by Huang et al. (2002) with some 

Scheme 1. General method for monothiooxalamides synthesis from 2-aminobenzimidazole (II).  
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modifications. ORAC is a HAT-based assay that quantifies the peroxyl radical scavenging capacity. Thermal decomposition of AAPH 
was used as the peroxyl radical-generating system, and analyses were performed in phosphate buffer pH 7.0 at 37 ◦C [40]. The values 
were expressed as micromoles of Trolox per milliliter (μmol ET/mL) according to Equation (1). Where, AUC◦ is the area under the curve 
for the control, AUC is of the sample, AUCTrolox is for Trolox, and fd is the dilution factor for each monothiooxalamide [13,41,42]. 

ORAC=
AUC − AUC◦

AUCTrolox − AUC
∗ fd (Equation 1)  

2.4.5. Chelating activity of Fe(II) 
The chelating activity of ferrous ions was determined by the ability of the monothiooxalamides to inhibit the formation of ferrozine- 

Fe2+ complexes. The reaction produces a blue-green color that absorbs at 562 nm, and ethylenediaminetetraacetic acid (EDTA) was 
used as a reference chelating agent. The data were expressed as millimoles EDTA equivalent per liter (mM EDTA) [13,43]. 

2.5. Hemolytic and antihemolytic activities 

2.5.1. Ethics 
The study was reviewed and approved by the State Bioethics Commission of the State of Nayarit, Mexico (Approval Number: CEBN/ 

19/2024). Five volunteers participated, who gave their written informed consent to participate in the study. 

2.5.2. Preparation of the human RBC suspension 
Human RBC suspension was performed according to previously reported procedures [44,45]. Blood was collected by venipuncture 

from healthy, non-smoking, and fully informed volunteers (25–35 years). Samples were collected in tubes containing lithium heparin 
as an anticoagulant (BD Vacutainer®) and centrifuged at 3500 rpm for 4 min at 4 ◦C. The plasma and buffy coat were carefully 
removed. For the in vitro hemolysis assay, human RBCs were washed three times with Alsever’s solution (0.116 M dextrose, 0.071 M 
NaCl, 0.027 M sodium citrate, and 2 mM citric acid) at pH 6.4 ± 0.4. The human RBC button was resuspended in Alsever’s solution to 
give human RBCs 1 % (v/v) hematocrit suspension. For the hemolysis inhibition assay, the same extraction procedure was followed, 
and human RBCs were washed three times with PBS saline buffer (125 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, and 
5 mM glucose) at a pH of 7.4 ± 0.2. After washing, a suspension of human RBCs at 2 % (v/v) hematocrit was prepared. 

2.5.3. In vitro hemolysis assay 
Twelve monothiooxalamides were tested for hemolytic activity in human RBCs, eight derived from 2-aminopyridine (1a-1h) and 

four from 2-aminobenzimidazole (2c, 2e, 2g and 2h). The experiments followed previously reported procedures [46]. Concentrations 
of 2.5, 5.0, 10, and 50 mg/mL in DMSO were evaluated for each compound; the concentration range was between 4 and 213 mM. 

The procedure involved mixing 0.1 mL of the human RBC suspension with 0.5 mL of Alsever’s solution containing 1 % (v/v) of each 
previously prepared compound, resulting in final concentrations ranging from 0.07 to 2.13 mM (Table 5). A solution of human RBCs 
incubated with 1 % (v/v) or 40 mM of Triton X-100 was used to determine 100 % hemoglobin release. The 1 % (v/v) DMSO (141 mM) 
in Alsever’s solution was used as a control to assess the spontaneous hemolysis of human RBCs and to compare it with the hemolysis 
induced by the testing compounds. The samples were incubated in a MultiTherm Benchmark shaker at 500 rpm and 37 ◦C for 1 h. The 
samples were centrifuged at 3000 rpm for 4 min. Finally, 100 μL aliquots of the supernatant were taken, and absorbance (A) at 410 nm 
was recorded. The percentage of hemolysis was calculated using Equation (2). 

Hemolysis (%)=

(
A410S − A410NC

A410PC − A410NC

)

∗ 100 (Equation 2)  

where, A410S is the area under the curve for the sample, A410NC is the area under the curve for the negative control, and A410PC is for 
the positive control [46]. 

2.5.4. In vitro oxidative hemolysis inhibition assay 
The inhibition of oxidative hemolysis is based on the ability of antioxidants to inhibit free radicals and protect the human RBC 

membrane from damage. The aim of these experiments was to determine the resistance of human RBCs to oxidative destruction after 
short-term treatment with monothiooxalamides. The protective effect of monothiooxalamides on human RBCs was evaluated ac
cording to previously reported methods [46–48]. The concentrations used were those at which no hemolytic activity higher than 10 % 
was observed. 

For this assay, 50 μL of the human RBC suspension was mixed with 50 μL of PBS buffer containing 5 % (v/v) of the compound at a 
concentration ranging from 4 to 213 mM and incubated at 37 ◦C for 10 min. Subsequently, 200 μL of the radical AAPH (50 mM) was 
added, and the reaction was incubated at 37 ◦C with shaking (500 rpm) for 1 h. The final concentration of each compound was in the 
range of 0.05–2.13 mM (see Table 6). 

Afterward, 1 mL of PBS buffer was added to the mixture and centrifuged at 3500 rpm for 10 min. Finally, 200 μL supernatant 
aliquots were taken, and absorbance was measured at 410 nm. As a control, 5 % (v/v) DMSO in PBS was used. The data were presented 
as a percentage of hemolysis inhibition using Equation (3). A410S is the area under the curve for the sample and A410C is the control. 
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Hemolysis inhibition (% )=

(
A410C − A410S

A410C

)

∗ 100 (Equation 3) 

The time dependence of the protective effect exerted by the tested compounds on human RBC oxidative damage was determined by 
mixing 100 μL of the human RBC suspension with 100 μL of PBS containing 5 % (v/v) of the compound at 14–22 mM and incubating 
the at 37 ◦C for 10 min. Subsequently, 400 μL of the radical AAPH (50 mM) was added and the reaction was incubated at 37 ◦C with 
shaking (500 rpm) for 3.5 h. The final concentration of each compound was between 0.14 and 0.21 mM. Aliquots of 75 μL were taken 
every 30 min, to which 250 μL of PBS buffer was added and the mixture was centrifuged at 3500 rpm for 10 min. After that, 100 μL 
from the supernatant was taken, and the absorbance was measured at 410 nm. The control was prepared using DMSO at 5 % (v/v) in 
PBS. The results were expressed as a percentage of hemolysis using Equation (4). 

Hemolysis (%)=

(
A410S

A410C

)

∗ 100 (Equation 4)  

2.6. Brine shrimp (Artemia salina) lethality bioassay 

Brine shrimp is a small crustacean with high adaptability to different temperatures, and salinities, distinguished by a short lifespan, 
and production of large offspring [49]. The brine shrimp lethality bioassay is valuable for conducting the general toxicity screenings of 
synthetic, semisynthetic compounds, and natural products. The test is based on the ability of the testing compounds to kill nauplii, that 
is, microcrustaceans in their larval stage [50,51]. 

Hatching was initiated by immersing 1 g of brine shrimp cysts in 50 mL of sodium hypochlorite (3 % v/v) for 10 min, promoting the 
dissolution of cyst chorion. Immediately after the cysts were washed with purified water and added to 1 L of seawater, they were 
incubated for 48 h under oxygenation with an aquarium pump, 3500 lumens at a distance of 40 cm, pH 7–8 and a temperature of 24 ±
2 ◦C [50]. The toxicity of the monothiooxalamides was performed according to previously reported procedures [51–54]. 5 mg of each 
monothiooxalamide was dissolved in 100 μL of DMSO (144–213 mM). Aliquots were taken from this solution to obtain concentrations 
ranging from 0.02 to 2.13 mM in seawater. Then, 10 nauplii were placed in a Petri dish (60 × 15 mm) with 5 mL of the concentration to 
be evaluated. Seawater was used as the negative control in each experiment. In addition, different concentrations (34–680 μM) of 
potassium dichromate were assessed as a positive control, and DMSO activity was determined at 1 % and 2 % (v/v). Five replicates 
were analyzed for the different concentrations and samples evaluated, which were incubated at 22–26 ◦C for 24 h. Finally, the live and 
dead nauplii were counted and the lethality percentage (% L) was calculated using Equation (5). 

Lethality (%)=

(
LC − LT

LC

)

∗ 100 (Equation 5)  

where, LC is the living nauplii in the control and LT is the living nauplii with the tested compound after 24 h [55]. 

2.7. Toxicity in Drosophila melanogaster 

Based on the results of hemolytic activity and acute toxicity in brine shrimp, monothiooxalamides 1a, 1c, 1f, 1g, and 2g were 
selected to determine toxicity in D. melanogaster (0.08–0.11 mM). Each compound was first dissolved in DMSO (7–11 mM), then, 45 μL 
aliquots were taken from this solution and added directly to 4.5 mL of distilled water to give a final concentration of (0.08–0.11 mM). 
All solutions were prepared immediately before use, and the final pH was 6.5. As a negative control, 1 % (v/v) DMSO in distilled water 
was used. An in vivo toxicity test for monothiooxalamides was performed by crossing virgin females and males from the wild-type; 30 
couples were placed in each tube and kept at 24 ± 1 ◦C and 60 % humidity. The standard culture medium was prepared with sugar, 
agar, cornmeal, yeast, propionic acid, and Nipagin (methyl-p-hydroxybenzoate) [56]. 

After 48 h, the flies were transferred to culture flasks containing standard medium to collect the eggs for 8 h, after which the adults 
were removed. When the larvae were 72 ± 4 h old (third instar), they were extracted with 20 % saccharose and washed with distilled 
water [57]. Between 50 and 100 larvae were then transferred to glass tubes with 1.0 g of Drosophila Instant Medium (Carolina 
Biological Supply Co., Burlington, NC, USA) and 4.5 mL of the solutions of each monothiooxalamide (0.08–0.11 mM). The larvae were 
fed on the medium for approximately 96 h until the appearance of the adults and three replicates were analyzed for each concentration 
[58]. During this time, larval motility and pupation phases were reviewed. Once hatching occurred, the physical characteristics of the 
adults (head, thorax, and abdomen) were examined, and the number of females and males in each tube was counted [56]. The survival 
index biomarker (SI) was used to identify the toxic compounds in D. melanogaster because it has demonstrated the organism’s response 
to xenobiotics presence [56,59–61]. The SI was obtained as the average number of flies recovered in each series compared with the 
total number of flies in the control. Furthermore, the sexual ratio was used to determine whether the monothiooxalamides affect males 
and females differently. 

2.8. Statistics 

Samples were examined in triplicate, and the results are expressed as mean ± standard deviation. The data were assessed using one- 
way ANOVA with α = 0.05, performed in RStudio (version 4.1.4).In addition, Tukey’s Honestly Significant Difference (HSD) test was 
applied. A p-value of less than 0.05 was considered statistically significant. The median lethal concentration (LC50) values were 
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determined using the same software, and five replicates of each sample were analyzed. 

3. Results and discussion 

3.1. Synthesis 

Macías-Hernández et al. previously reported a suitable and inexpensive method using elemental sulfur (S8) to synthesize mono
thiooxalamides with a pyridine scaffold. In this work, these conditions were used to synthesize monothiooxalamides containing the 
benzimidazole moiety (2c, 2e, 3g, and 2h) [13]. The synthesis was performed in two reaction steps as described in Scheme 1, and the 
physical properties of the compounds are shown in Table 1. 

3.2. Chemistry 

Compounds 2c, 2e, 2g, and 2h were characterized by 1D and 2D NMR experiments. The downfield signals corresponding to amide 
(11.98–12.21 ppm) and thioamide protons (10.69–11.42 ppm) in all compounds were confirmed by 1H NMR and 1H correlated 
spectroscopy (COSY). On compounds 2c and 2e, the coupling of H13 and H14 (3J13-14 = 8Hz) was observed; these hydrogens 
correspond to thioamide and aliphatic fragments, respectively (Fig. 2). This indicates a hydrogen bond between the thioamide proton 
(donor) and the carbonyl oxygen (acceptor). Therefore, H14 is a quadruplet in compound 2c and a triplet in compound 2e (3J14-13 =

8Hz). These intramolecular hydrogen bonds were previously reported by Padilla-Martinez et al. on oxamide and monothiooxalamides 
[13,62]. Without intramolecular hydrogen bonding, the signal for H13 should be broad because of the exchange rate. 

One-dimensional 13C NMR was performed, and the signals were confirmed by 2D13C and 1H Heteronuclear Single Quantum 
Coherence (HSQC) and Heteronuclear Multiple Bond Correlation (HMBC) experiments (see Supplementary material). In 13C NMR for 
compounds 2(c–h), the characteristic signal of the thiocarbonyl group, which is the most downfield (Table 2), appears between 188.1 
and 191.5 ppm. On the other hand, the carbonyl signal is between 156.1 and 165.1 ppm. The shielding effect in the C=S group is more 
intense than in the C=O group, because the C=S bond is longer than the C=O bond [63]. 

3.3. Toxicological and physicochemical properties prediction 

For rational design, OSIRIS Property Explorer was used to estimate the physicochemical properties of the new active compounds. 
Macías-Hernández et al. previously reported physicochemical and toxicological parameter predictions for pyridine derivatives (1a-1h) 
[13]. Log P, an n-octanol/water partition coefficient, describes the hydrophobicity of the compounds. This parameter must be less than 
5 to achieve a good absorption process in living organisms to avoid accumulation in tissue reservoirs [64]. All compounds have Log P 
values between − 0.61 and 2.19. Thus, compounds with good absorption and bioavailability could be suitable for oral administration. 
Log S, which expresses drug solubility, is also a valid critical parameter for predicting the absorption process [65]. Most compounds 
have good solubility characteristics. However, the best compounds are 1g and 1h. However, the benzimidazole derivatives 2c and 2e, 
have Log S values of less than − 4; consequently, they could present solubility problems in an aqueous medium. 

OSIRIS Property Explorer was also used to estimate the toxicity risk. According to the toxicity risk prediction, pyridine derivatives 
are suitable. However, only compound 1f has a high risk of irritation due to the presence of the pyrrolidine group [13]. On the other 

Table 1 
Physical properties and yields of the benzimidazole derivatives.  

Compound Amine State Yield (%) 

2c Yellow semisolid 55 

2e Yellow solid 59 

2g Yellow solid 49 

2h Yellow solid 45  
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hand, benzimidazole derivatives have a high risk of reproductive effects (Table 3). Nevertheless, the benzimidazole moiety is very 
common on existing drugs such as anthelmintics and anticancer drugs [66]. 

3.4. Antioxidant activity 

The reducing power of Fe3+ ion, chelating capacity, and antioxidant activity were determined for 2c, 2e, 2g, and 2h (Table 4). The 
concentration used is found in Table S1 of the Supplementary material. Testing compounds showed antioxidant activity by DPPH•, 
ABTS•+, and FRAP methods. Only 2c and 2e could neutralize peroxyl radicals, whereas 2g and 2h showed free iron ions (Fe2+) 
chelating capacity. 

Fig. 2. A) Spin-spin splitting coupling for the thioamide proton. B) Correlation between the thioamide hydrogen and the neighboring proton. C) 
Structures of compounds 2c and 2e. 

Table 2 
Chemical shift in ppm (13C NMR) of monothiooxalamides 2(c–h).  

Compound Chemical shift (δ in ppm) 

C=O C=S 2(c-h) or CH2 (2) 

2 167.8 43.9 
2c 165.1 190.4 
2e 164.1 188.7 
2g 162.9 188.9 
2h 162.0 188.1  

M.M. Romero-Chávez et al.                                                                                                                                                                                          



Heliyon 10 (2024) e36182

9

Compounds 2c and 2e showed the highest values for the ability to donate electrons to ferric ions and ABTS•+ radical. In addition, 
monothiooxalamides showed the ability to donate hydrogen atoms to neutralize oxygen radicals in the ORAC test. These compounds 
can also react with DPPH• by hydrogen and electron transfer mechanisms. The 2-aminobenzimidazole moiety in monothiooxalamides 
has a higher antioxidant capacity than previously reported 2-aminopyridine derivatives [13]. However, the trend in antioxidant ca
pacity was similar for both groups of monothiooxalamides. Compounds with the highest activity were those with benzylamine (a), 
1-phenylethylamine (c), and cyclohexylamine (e) in their structure. Regarding chelating activity, the highest values were obtained for 
monothiooxalamides with the morpholine group (1h and 2h). Similar to what was observed in compounds 1a-1h, increasing the size 
of the ligand by adding a methylene group decreases the activity against the DPPH• radical from 2027.78 ± 120.57 (2g) to 1784.44 ±
203.67 μM TE (2h). 

3.5. Hemolytic activity assay 

The hemolytic activity of the monothiooxalamides (1a-1h, 2c, 2e, 2g, and 2h) was determined to find the concentrations at which 
these compounds are not toxic to human RBCs (Table 5). In addition, it allowed the selection of monothiooxalamides suitable for use in 
future in vivo assays. The results are expressed as a percentage of hemolysis; when this value is less than 10 %, it is considered 
potentially safe for cell membrane integrity [25–27,67]. Compounds 1d, 2c, and 2e showed the highest percentage of hemolysis at 
0.08–0.09 mM and were subsequently evaluated at three lower concentrations, ranging from 0.03 to 0.05 mM. 

Monothiooxalamides 1f, 1g, and 1h and raw materials (I and II) showed a hemolysis percentage of less than 5 % at the maximum 
concentrations evaluated. In contrast, compound 1b slightly exceeded 10 % (10.45 % ± 0.36) of hemolysis compared to the positive 
control (Triton X-100 at 1 %). 

On the other hand, the monothiooxalamides that showed a greater capacity to damage human RBCs at 1.44–2.13 mM were 1a, 1d, 
1e, 2c, and 2e, with values between 34.5 % and 70.85 %. At the same concentration, the remaining molecules 1c, 2g, and 2h presented 
a hemolysis percentage of 13.72 %, 20.19 %, and 13.85 %, respectively. Although, compound 2e exerted the highest toxicity at 0.08 
mM (13.73 % ± 0.79) when it was evaluated at lower concentrations, it showed similar activity to the monothiooxalamide 2c, and 
both compounds can be used for subsequent studies at concentrations below 0.03 mM, see Fig. 3 (Table S2, Supplementary material). 
The results indicated that the hemolytic activity depended on the concentration of all monothiooxalamides. 

Błaszczak-Świątkiewicz et al. (2016) reported the hemolytic activity of compounds containing benzimidazole. They found an in
crease in the hemolysis percentage with increasing concentration, and at 0.17 to 0.18 mMthese compounds showed a hemolysis 
percentage of less than 10 %. This agrees with the results observed for the monothiooxalamides 2g and 2h, which at concentrations 

Table 3 
OSIRIS physicochemical and toxicological prediction for 2(c–h) and the starting material 2-aminobenzimidazole (II), low risk ( ), high risk ( ).  

Properties Compound 

2c 2e 2g 2h II 

Toxicity Risk Mutagenic 

Tumorigenic 

Irritant 

Reproductive 

Physicochemical Properties cLogP 2.19 2.04 − 0.15 − 0.61 0.95 
LogS (Solubility) − 4.24 − 4.42 − 2.33 − 2.6 − 2.17 
Molecular Weight 324 302 333 347 133 
TPSA 101.9 101.9 114.3 114.3 54.7 
Druglikeness 3.68 − 2.34 4.75 4.65 0.31 
Drug Score 0.46 0.25 0.54 0.53 0.27  

Table 4 
The antiradical capability of monothiooxalamides by DPPH•, ABTS•+, FRAP, ORAC, and Fe(II) chelation methods.  

Compound DPPH• (TEACa) ABTS•+ (VCEACb) FRAP (VCEACb) ORAC (μmol TE/mL) Chelating Activity (mM EDTA) 

2c 2122.22ab ± 553.35 212.41d ± 5.74 233.97d ± 2.97 10647.81a ± 760.7 NA 
2e 2227.78a ± 145.61 304.47bc ± 9.13 233.22d ± 2.34 1633.12c ± 145.0 NA 
2g 2027.78ab ± 120.57 29.58ef ± 2.87 99.51e ± 7.79 NA 0.152e ± 0.07 
2h 1784.44ab ± 203.67 281.29c ± 5.3 231.55d ± 1.03 NA 5.407a ± 0.07 

NA (Not Active). 
a TEAC: Trolox equivalent antioxidant capacity (μmol ET/L). 
b VCEAC: mg vitamin C/100 mL. The letters (a-f) in each column refer to the pairwise comparisons between groups with a significant difference 

according to Tukey’s HSD test; n = 3, p < 0.05. 
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between 0.30 and 0.43 mM did not show a hemolytic activity higher than 10 % [47]. Nandwana et al. (2018) reported another group of 
molecules derived from benzimidazole, where the hemolytic activity is also concentration-dependent, and at 0.10 mM the molecules 
caused 3–28 % hemolysis, whereas the monothiooxalamides exhibited 2.6–22 % hemolysis at a concentration of 0.14–0.17 mM [25]. 

Substitution of 2-aminobenzimidazole by 2-aminopyridine increases the hemolytic activity of all monothiooxalamides at 
0.07–0.11 mM. It was also observed that the compounds with the highest toxicity against human RBCs were those with the cyclohexyl 
group (1e and 2e) and aromatic rings (a, c, and d) in the structure. 

In contrast, compounds with the morpholine group (1g, 1h, 2g, and 2h) and 1f had the lowest percentages of hemolysis, which is 
why they are proposed as candidates for future research. The morpholine group and its derivatives have shown antimicrobial potential 
and enzyme inhibition activity. Therefore, they are important in designing and developing new therapeutically potent compounds in 
pharmaceutics [68]. 

3.5.1. Oxidative hemolysis inhibition assay 
The protective effect of monothiooxalamides on human RBCs was evaluated based on the results of previously analyzed hemolytic 

activity; concentrations were used at which no toxicity was observed. Trolox at various concentrations (25–500 μM) was used as a 
reference compound to protect human RBCs against oxidative damage. Trolox at 400 μM achieves 72.42 % ± 0.62 inhibition of he
molysis and does not significantly increase the protective effect at higher concentrations. (Table S3, Supplementary material). This 
agrees with what has been reported in the literature for this antioxidant [69]. 

The inhibition of oxidative hemolysis induced by peroxyl radicals for the monothiooxalamides and the raw materials depends on 
the concentration, as shown in Table 6. Some compounds reach values between 80 % and 90 % of inhibition when the concentration 
increases. The protective effect at the lowest concentration used (0.05–0.07 mM) was greater than 50 % for 1d (69.22 %) and 1a (54.45 
%). The remaining compounds are between 30 % and 40 % as follows: 1b (47.74 %) > 1e (45.26 %) > 1g (41.73 %) > 1f (38.83 %) >

Table 5 
Percentage of human RBC lysis obtained from the interaction of monothiooxalamides derived from 2-aminopyridine (I) and 2-aminobenzimidazole 
(II) with human RBCs, compared to the 100 % hemolysis.  

Compound Hemolysis (%) 

500 μg/mL (1.44–2.13 mM) 100 μg/mL (0.30–0.43 mM) 50 μg/mL (0.15–0.21 mM) 25 μg/mL (0.07–0.11 mM) 

1a 47.59c ± 1.90 29.75b ± 1.78 10.6b ± 0.43 2.96b ± 0.27 
1b 10.45d ± 0.36 2.02c ± 0.61 1.03c ± 0.24 NA 
1c 13.72b ± 0.98 2.22c ± 0.12 0.72c ± 0.11 NE 
1d 62.95b ± 1.44 28.57b ± 0.44 12.97a ± 0.24 4.96b ± 0.69 
1e 70.85a ± 1.13 54.40a ± 2.35 12.50a ± 0.24 1.21b ± 0.27 
1f 3.31ef ± 0.49 1.26c ± 0.12 0.75c ± 0.14 0.63b ± 0.24 
1g 3.90e ± 0.27 1.66c ± 0.07 1.14c ± 0.12 0.20b ± 0.12 
1h 0.59fg ± 0.07 0.24c ± 0.38 NA NA 
2c 34.50b ± 0.49 13.47c ± 0.51 12.31b ± 0.29 8.24b ± 0.76 
2e 39.53a ± 1.93 23.09a ± 0.34 21.25b ± 0.88 13.73a ± 0.79 
2g 20.19c ± 0.78 3.26c ± 0.65 2.58c ± 0.15 2.10c ± 0.20 
2h 13.85b ± 0.42 6.46b ± 0.45 4.34b ± 0.52 3.05b ± 0.42 
I 0.42g ± 0.30 0.07c ± 0.15 NA NA 
II 1.55d ± 0.10 0.71d ± 0.24 0.58d ± 0.42# 0.16d ± 0.11 

NA: not active. NE: not evaluated. The letters (a-g) in each column refer to the pairwise comparisons between groups with a significant difference 
according to Tukey’s HSD test; n = 3, p < 0.05. 

1d 2c 2e

b

a

c
c

b

b

a

a

a

Fig. 3. Hemolysis percentages for monothiooxalamides 1d, 2c, and 2e. The letters (a-c) in each column refer to the pairwise comparisons between 
groups with a significant difference according to Tukey’s HSD test; n = 3, p < 0.05. 
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1h (30.88 %). These monothiooxalamides exceeded the antihemolytic activity observed for Trolox, which showed a percentage of 
17.74 % ± 0.83 at 0.08 mM. 

To assess the protective capacity of the compounds over a specific time period, 50 μL samples were taken every 30 min for 3.5 h at a 
concentration of 0.15–0.21 mM. The results are shown in Fig. 4 (Table S4, Supplementary material). 

During the first 3 h, the hemolytic activity was greater than 10 % for RBCs treated with 1d, 1h, and 2g compounds. At this time, the 
hemolysis percentage for 1g was 10.6 %, indicating that the protection provided by monothiooxalamides against oxidative damage to 
human RBCs is time- and concentration-dependent. The human RBCs protection assay showed that the monothiooxalamides effec
tively protected these cells and their components against oxidative damage induced by the AAPH radical. An increase in hemolytic 
activity was observed in the last 30 min of analysis for all compounds. Free radicals can damage the morphological components of 
blood. In particular, free radicals can cause protein aggregation, peroxidation, and increased membrane permeability [70–72]. The 
sample containing only the AAPH free radical’s initiator presents a hemolytic activity of 13.4 % at 2 h of exposure, increasing to 50.5 % 
at 3 h, as reported [47,73]. 

3.6. Brine shrimp lethality bioassay 

The percentage lethality (% L) is related to the acute toxicity of the compounds tested and allows the determination of the median 
lethal concentration (LC50). LC50 was determined by plotting the mean percentage mortality versus the logarithm of the concentration 
[74,75]. The concentrations chosen for the evaluation of each monothiooxalamide were those at which the hemolytic activity against 
human RBCs was less than 10 %. The values obtained are shown in the Supplementary material, Table S5. 

Potassium dichromate toxicity was evaluated at concentrations of 34, 85, 170, 255, 340, and 680 μM; this compound reached the 
highest lethality at 340 μM with an LC50 of 70.67 ± 3.75 μM (20.79 ± 1.11 μg/mL) at 24 h after hatching. The effect of potassium 
dichromate on nauplii changes along the different stages of its development was reported by Ocaranza-Joya et al., in 2019, where they 
found that potassium dichromate showed the highest LC50 (LC50 = 21 μg/mL) in the first 24 h after hatching, which is consistent with 
the value reported in the present work [76]. Among the monothiooxalamides, 1f and 1g showed the lowest lethality percentages with 
LC50 values of 1.393 ± 77 and 5.955 ± 33.8 mM, respectively. As shown in Fig. 5, compound 1f has a lethality of less than 3 % when 
used at concentrations less than 0.85 mM, whereas 1g reaches a lethality percentage of 70 % from 0.65 mM. 

For the concentrations evaluated, 2-aminobenzimidazole derivatives 2e and 2g showed the lowest lethality percentages between 
0 and 4 %. 2h exhibited a lethality of 8.0 % at 0.14 mM, lower than those reported in the literature for various benzimidazole de
rivatives [77]. According to the hemolytic activity induced by the monothiooxalamides, 2c was evaluated at 0.08 mM and showed a 
lethality percentage of 22 %. The most toxic compounds were 1c, 1d, and 1e in all concentrations evaluated (0.03–0.06 mM), which 
exceeded the potassium dichromate toxicity. Compound 1b had a lethality of 68 % at 0.09 mM, and it showed greater toxicity than 1a, 
1f, 1g, and 1h. 

The previously described behavior can be related to the structural differences in the monothiooxalamides (Fig. 1). The compounds 
derived from 2-aminobenzimidazole had less acute toxicity to brine shrimp than those derived from 2-aminopyridine, which was 
confirmed by comparing the structure of the molecules with groups a, c, e, g, or h. In addition, the substituents such as aromatic rings 
and cyclohexyls increase the lethality, whereas substituents with heteroatoms such as the morpholine group decrease the toxicity (1f, 
1g, and 2g). The presence of the methyl group in 1a and 1c increased the toxicity of compounds. 

Regarding the use of methylene or ethylene in structural modifications, the presence of ethylene in 1d increases the lethality 

Table 6 
Inhibition of AAPH-induced human RBC hemolysis by monothiooxalamides derived from 2-aminopyridine (I) and 2-aminobenzimidazole (II). The 
concentrations at which the compounds did not show toxicity against human RBCs were evaluated.  

Compound % Hemolysis inhibition 

500 μg/mL (1.44–2.13 
mM) 

100 μg/mL (0.30–0.43 
mM) 

50 μg/mL (0.15–0.21 
mM) 

25 μg/mL (0.07–0.11 
mM) 

16.7 μg/mL (0.05–0.07 
mM) 

1a – – – 67.35d ± 0.18 54.45b ± 0.79 
1b – 88.02b ± 0.48 82.27b ± 1.27 66.73d ± 0.73 47.74c ± 0.33 
1c NE 74.13e ± 0.70 62.64d ± 0.97 NE NE 
1d – – – 77.49b ± 0.38 69.22a ± 0.33 
1e – – – 68.28d ± 0.65 45.26d ± 0.57 
1f 91.46a ± 0.08 77.71d ± 0.64 61.12d ± 0.28 46.15e ± 1.23 38.83f ± 0.62 
1g 90.32b ± 0.14 82.94c ± 0.19 82.29b ± 0.20 79.93a ± 0.12 41.73e ± 0.44 
1h 86.09c ± 0.08 86.23b ± 0.17 79.80c ± 0.17 38.16f ± 1.27 30.88 f ± 1.39 
2c – – – – – 
2e – – – – – 
2g – 90.32a ± 0.16 86.96a ± 0.17 71.48c ± 0.33 NE 
2h – 48.0 a ± 1.0 40.67a ±1.53 39.33a ± 1.15 31.33a ± 2.08 
I 19.09e ± 0.41 1.60 g ± 0.59 NA NA NA 
II 80.04d ± 0.54 66.24f ± 0.41 38.67e ± 1.27 9.27g ± 0.95 NE 

—Concentrations that resulted in hemolysis percentages greater than 5 % (Table 5). 
NA: not active. NE: not evaluated. The letters (a-g) in each column refer to the pairwise comparisons between groups with a significant difference 
according to Tukey’s HSD test; n = 3, p < 0.05. 
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percentage by 80 % compared with that in 1a. A similar trend was observed for 1g, 1h, 2g, and 2h, with toxicity increasing as the 
number of methylenes increases. 

3.7. Toxicity in Drosophila melanogaster 

To determine toxicity, the survival index (SI) was obtained as the average number of flies recovered in each series compared with 
the total number of flies in the control (Fig. 6). The response of D. melanogaster larvae to monothiooxalamides was reflected in the 
number of adult hatched flies. The SI decreased for all the compounds evaluated and was less than 0.5, indicating a high toxicity level. 
The most toxic compounds were 1a and 1g with a total SI of 0.083 and 0.043, respectively. 1c and 1f showed survival values of 0.22; 
the molecule with the lowest toxicity was 2g, with a survival value of 0.435, as shown in Fig. 6. 

The variation in this toxicity study was related to the structural differences between compounds. The presence of 2-aminobenzi
midazole in 2g reduced the toxicity about ten-fold compared with 1g, which is derived from 2-aminopyridine. It was subsequently 
reported that the morpholine ring can inhibit important enzymes such as kinases, to which it is attributed [67]. Similarly, the methyl 
group of 1c increased the survival of D. melanogaster compared to 1a. On the other hand, monothiooxalamides 1a and 1c exerted the 
greatest effect on the sexual ratio, while 1f, 1g, and 2g showed no preferential effect on females or males. When the third stage larvae 
were exposed to 1a, the proportion of females was greater than that of males, whereas the opposite was observed for 1c (Fig. 7). 

According to the literature, some endocrine disruptors are carcinogenic compounds that cause different effects in mammalian 
females and males, mainly related to the hormonal regulation of the treated organisms [61]. 

In the future, it will be necessary to conduct more in vivo studies to complement the findings of this work. In vitro studies have 
limitations, such as difficulties in accounting for xenobiotic metabolism, problems in simulating the secondary effects of long-term 
exposure in vitro, and difficulties in extrapolating from biomarkers in vitro to adverse effects in vivo, among others [77]. 

4. Conclusions 

The presence of 2-aminobenzimidazole in the monothiooxalamides structure increases the in vitro antioxidant capacity and de
creases the toxicity against brine shrimp and Drosophila melanogaster, all concerning 2-aminopyridine derivatives. The toxicity of 
monothiooxalamides against human RBCs was concentration-dependent and lower in the 2-aminopyridine group. In addition, these 
compounds exhibited a time- and concentration-dependent protective effect against radical-induced oxidative hemolysis. 

In the synthesis of monothiooxalamides, besides 2-aminobenzimidazole and 2-aminopyridine, different organic groups were used 
for structural modifications. The morpholine group exerted the lowest toxicity to the compounds evaluated in vitro and in vivo and 
showed a significant increase in chelating activity compared to the other groups. 

The monothiooxalamides with morpholine (1g, 1h, 2g, and 2h) showed a hemolysis percentage of less than 5 % at a concentration 
of 0.30–0.43 mM. They also showed the most significant protective effect against radical-induced oxidative hemolysis. This means that 

Fig. 4. Effect of monothiooxalamides on the kinetics of human RBCs hemolysis induced by 50 mM AAPH at 37 ◦C in buffered saline. These 
compounds exerted a significant protective effect against AAPH-induced oxidative hemolysis; n = 3, p < 0.05. 

Fig. 5. Percentages of lethality for compounds 1g, 1f, and potassium dichromate; n = 5, p < 0.05.  
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these compounds can efficiently quench radicals to protect human RBCs from free radical-induced hemolysis and exceed the protective 
effect observed with Trolox. In this study, Drosophila melanogaster was used to verify the toxic effects of monothiooxalamides with the 
survival index and sexual ratio as biomarkers. These dipterans showed sensitivity to 2-aminobenzimidazole and 2-aminopyridine 
derivatives; however, the lowest toxicity was observed with 2g, with a survival of 0.435 compared to untreated flies. Therefore, 
compound 2g was selected for further research due to its antioxidant capacity and exhibited the lowest toxicity in the in vitro and in vivo 
models. 
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Fig. 6. Survival of flies treated with monothiooxalamides, E: 72 × 48 h.  

Fig. 7. Sexual index of flies treated with monothiooxalamides, E: 72 × 48 h.  
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bonding in oxamide derivatives . NMR and X-ray diffraction study, J. Chem. Soc., Perkin Trans. 2 (1998) 401–406, https://doi.org/10.1039/A704640E. 
[63] K.B. Wiberg, Y. Wang, P.O. Box, N. Haven, A comparison of some properties of C = O and C = S bonds, ARKIVOC (Gainesville, FL, U. S.) 2011 (2011) 45–56, 

https://doi.org/10.3998/ark.5550190.0012.506. 
[64] A. Ayati, M. Falahati, H. Irannejad, S. Emami, Synthesis, in vitro antifungal evaluation and in silico study of 3-azolyl-4-chromanone phenylhydrazones, DARU J. 

Pharm. Sci. (2012) 1–7, https://doi.org/10.1186/2008-2231-20-46. 
[65] Y.T. Lee, Y.J. Tan, C.E. Oon, Benzimidazole and its derivatives as cancer therapeutics: the potential role from traditional to precision medicine, Acta Pharm. Sin. 

B 13 (2023) 478–497, https://doi.org/10.1016/j.apsb.2022.09.010. 
[66] V. Padmavath, G. S Reddy, A. Padmaja, P. Kondaiah, A. Shazia, Synthesis, antimicrobial and cytotoxic activities of 1,3,4-oxadiazoles, 1,3,4-thiadiazoles and 

1,2,4- triazoles, Eur. J. Med. Chem. 44 (200) 2106-2112, https://doi.org/10.1016/j.ejmech.2008.10.012. 
[67] S. Gul, Aziz-ur-Rehman, M. Athar-Abbasi, K.M. Khan, K. Nafeesa, A. Siddiqa, M. Nadeem-Akhtar, M. Shahid, Z. Subhani, Synthesis, antimicrobial evaluation and 

hemolytic activity of 2-[[5-alkyl/aralkyl substituted-1,3,4-Oxadiazol-2-yl]thio]-N-[4-(4-morpholinyl)phenyl]acetamide derivatives, Saudi Chem. Soc. 21 (1) 
(2017) S425–S433, https://doi.org/10.1016/j.jscs.2014.04.005. 

[68] J. Takebayashi, J. Chen, A. Tai, A method for evaluation of antioxidant activity based on inhibition of free radical-induced erythrocyte hemolysis, Methods Mol. 
Biol. 594 (2010) 287–296, https://doi.org/10.1007/978-1-60761-411-1_20. 

[69] M.R. Clemens, H.D. Waller, Lipid peroxidation in erythrocytes, Chem. Phys. Lipids 45 (1987) 251–268, https://doi.org/10.1016/0009-3084(87)90068-5. 
[70] K. Stolze, H. Nohl, Free radical formation and erythrocyte membrane alterations during MetHb formation induced by the BHA metabolite, tert- 

butylhydroquinone, Free Radic. Res. 30 (1999) 295–303, https://doi.org/10.1080/10715769900300321. 
[71] A. Sinha, T. Chu, M. Dao, R. Chandramohanadas, Single-cell evaluation of red blood cell bio-mechanical and nano-structural alterations upon chemically 

induced oxidative stress, Sci. Rep. 5 (2015) 9768, https://doi.org/10.1038/srep09768. 
[72] C. Aswathanarayanappa, E. Bheemappa, Y.D. Bodke, P.S. Krishnegowda, S.P. Venkata, R. Ningegowda, Synthesis and evaluation of antioxidant properties of 

novel 1,2,4-triazole-based Schiff base heterocycles, Arch. Pharm. (Weinheim) 346 (12) (2013) 922–930, https://doi.org/10.1002/ardp.201300202. 
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