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Introduction
Building upon previous research, this study focuses on the replication and evaluation of a series of hydrazone derivatives derived from isoniazid.
Methods
The lead compound, identified as C5, was assessed for its antibacterial activity against Gram-positive bacteria, notably Staphylococcus aureus ATCC 29213. Its hemolytic potential, cytotoxicity (against VERO cells), and ability to induce resistance were evaluated. Mechanistic studies included assays for membrane depolarization (using DiSC35 fluorescence), membrane integrity (via SYTOX Green uptake), measurement of intracellular ATP levels, and detection of reactive oxygen species (ROS). Additional investigations examined its effect on LPS-induced NO/TNF-α release in macrophages and its activity against S. aureus biofilms.
Results
Compound C5 exhibited potent antibacterial activity (MIC = 16 μg/mL against S. aureus ATCC 29213). It demonstrated no hemolysis and low cytotoxicity (IC50 > 128 μg/mL). A time-kill assay achieved complete eradication of S. aureus within 16 hours at 8× MIC, and the compound showed a low tendency to induce resistance. The mechanistic studies revealed that C5 disrupts the bacterial membrane, causing depolarization, loss of integrity, and leakage of proteins/DNA. It also induced ROS accumulation and significantly reduced ATP levels. Furthermore, C5 suppressed LPS-induced NO/TNF-α release in macrophages (p < 0.01) and inhibited/disrupted S. aureus biofilms.
Discussion
These results demonstrate that C5 possesses a multifunctional mechanism of action, combining direct bactericidal activity through membrane targeting with anti-biofilm efficacy and immunomodulatory properties. This multifaceted profile highlights its strong potential as a promising candidate for combating resistant bacterial infections.
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1 INTRODUCTION
Antibiotic resistance in Gram-positive bacteria has become a critical global public health threat (Asenjo et al., 2021). The latest World Health Organization (WHO) report indicates that methicillin-resistant Staphylococcus aureus (MRSA) now surpasses HIV infection in mortality rates (Lakhundi and Zhang, 2018). Moreover, the pipeline for novel traditional antibiotics is nearing depletion: among antibacterial new molecular entities currently entering Phase I clinical trials, only approximately one-third target Gram-positive bacteria. Furthermore, the vast majority are derivatives of existing antibiotics, lacking truly groundbreaking mechanisms of action (Mohr, 2016). While traditional antibiotics like vancomycin remain the ‘last line of defense’ against MRSA infections, their nephrotoxicity and the rising prevalence of resistance (exemplified by the emergence of vancomycin-resistant S. aureus VRSA strains) underscore the urgent need for novel antibacterial agents with distinct mechanisms of action (Cheung et al., 2021; García-Castro et al., 2023).
Against this backdrop, isoniazid (INH), a first-line tuberculosis drug, has garnered significant interest due to its unique hydrazine (-NHNH2) pharmacophore (Ridahunlang et al., 2023). However, the antibacterial spectrum of isoniazid is relatively narrow, exhibiting high efficacy primarily against Mycobacteria, while its activity against many common Gram-positive bacteria (such as Staphylococcus aureus, Streptococcus pneumoniae, etc.) and Gram-negative bacteria is limited (Bhowmik et al., 2023; Poulton and Rock, 2022). This is largely attributed to its strong hydrophilicity, which hinders effective penetration through the dense peptidoglycan layer of Gram-positive bacteria as well as the outer membrane barrier of Gram-negative bacteria. However, the highly reactive hydrazine moiety within the INH molecule provides an ideal platform for structural modification (Sodré-Alves et al., 2024). Studies demonstrate that constructing Schiff bases via aldehyde-amine condensation can confer amphiphilic character to the resulting molecules. This modification enhances penetration through the cell membranes of Gram-positive bacteria while simultaneously evading recognition by efflux pumps (Hong et al., 2025). Consequently, developing novel Schiff base derivatives based on the INH scaffold represents not only a rational strategy to overcome its inherent antibacterial spectrum limitations but also an innovative approach to combat infections caused by drug-resistant Gram-positive bacteria.
Schiff bases possess diverse biological activities, including antibacterial, anticancer, and antioxidant effects, making them highly valuable research targets (Udhayakumari and Inbaraj, 2020; Rana et al., 2024; Presenjit et al., 2024). The unique structure of the Schiff base linkage (-C=N-) offers a triple advantage in antibacterial drug design: Membrane Targeting: The electron delocalization characteristic of the imine bond facilitates molecular intercalation into the bacterial phospholipid bilayer, disrupting membrane potential through electrostatic interactions (Fontana et al., 2022). Metal Chelation Capacity: The lone pair of electrons on the nitrogen atom enables the chelation of metal ions such as Mg2+ and Zn2+, interfering with the function of metalloenzymes (e.g., DNA polymerase, peptide deformylase) (Kaur et al., 2023). ROS-Inducing Effect: Schiff bases substituted with nitro/hydroxyl groups can act as electron shuttles, disrupting respiratory chain complex I and triggering a burst of reactive oxygen species (ROS) (Barua et al., 2024). It is worth noting that Schiff bases are important compounds in synthetic processes and drug discovery (Han et al., 2025; Klika et al., 2022; Kopka et al., 2019).
Therefore, this study adopted a molecular hybridization strategy. Condensing isoniazid with aromatic aldehydes to form Schiff bases. The introduced aromatic aldehydes serve as hydrophobic groups to enhance lipophilicity, thus improving the ability to penetrate the thick peptidoglycan layer of Gram-positive bacteria. This approach led to the discovery of compound C5 (N'-(2-hydroxy-5-nitrobenzylidene)isonicotinohydrazide), which exhibits potent antibacterial activity. Compound C5 rapidly eradicates Staphylococcus aureus by disrupting cell membrane integrity and activating the endogenous ROS pathway (Figure 1). This work provides a chemical entity (NCE) for developing drugs against drug-resistant Gram-positive bacteria. Furthermore, it establishes a theoretical foundation for the rational design of Schiff base-based antibacterial agents.
[image: Diagram illustrating the antibacterial and anti-biofilm effects of a chemical compound. It shows live bacteria being affected by the compound to disrupt membrane integrity and activate the ROS pathway, resulting in dead bacteria. The design includes a chemical structure and labels for antibacterial and anti-biofilm actions.]FIGURE 1 | Antibacterial mechanism diagram of Isoniazid Schiff Base derivatives.2 RESULTS AND DISCUSSION
2.1 Chemical synthesis
Building on established synthetic approaches, this process employs ethyl isonicotinate as the starting material, as outlined in Scheme 1 (Backes et al., 2015; Ji et al., 2018; Rouzi et al., 2024). Hydrazinolysis with hydrazine hydrate in ethanol solvent affords the key intermediate, isoniazid. This step features simple operation under mild, well-controlled conditions, delivering isoniazid in 86% isolated yield with high efficiency. Subsequently, the reactive hydrazine group of isoniazid undergoes condensation with structurally diverse aldehyde derivatives in ethanol. This transformation also proceeds under mild conditions with excellent reaction compatibility, successfully yielding varying target products C. For compound B, the signal for the hydrazinyl proton was observed at δ 12.06 (s, 1H), which is consistent with literature values. For compound C, the set of signals in the aromatic region (δ 9.0-7.0) for the phenyl protons also agreed well with reported data (Backes et al., 2015; Ji et al., 2018; Rouzi et al., 2024). With the exception of compound C7, all other compounds have been previously synthesized and were not first developed in this study (Backes et al., 2015; Ji et al., 2018; Rouzi et al., 2024). Critically, all intermediates and final products C are purified to high purity via straightforward recrystallization, eliminating the need for tedious, time-consuming, and costly column chromatography. This purification strategy significantly streamlines the workflow, enhances process economy, and improves scalability, collectively highlighting the substantial potential of this route for industrial-scale applications.
[image: Chemical reaction scheme showing the conversion of compound A to compound B using reagent i, and then to compound C using reagent ii. Compound A is an ethyl 2-oxoacetate with a pyridine ring. Compound B is a hydrazide with an amide group attached to a pyridine ring. Compound C is an N'-substituted hydrazinecarboxamide with an added carbon-nitrogen double bond side chain denoted by R.]SCHEME 1 | Synthesis of Isoniazid derivatives. Conditions and reagents: (i) ethanol, NH2NH2, reflux, yield 86%; (ii) ethanol, different aldehyde groups, reflux, yield 81%–92%.2.2 Determination of minimum inhibitory concentration
Reportedly, some Schiff base derivatives exhibit promising in vitro antibacterial activity (Hong et al., 2025). Therefore, this study employed the broth microdilution method to determine the in vitro antibacterial activity (MIC) against the following strains: Gram-positive bacteria: Staphylococcus aureus ATCC 29213, Staphylococcus aureus ATCC 43300, Staphylococcus aureus ATCC 33731, Staphylococcus aureus MRSA2, Bacillus Subtilis ATCC6633. Gram-negative bacteria: Escherichia coli ATCC 25922, Salmonella enterica serovar Enteritidis SM012. The antibacterial results for all compounds are summarized in Table 1. Among the tested compounds: C5 (16 μg/mL) exhibited inhibitory activity against all tested S. aureus strains. C1 (64 μg/mL) also inhibited all tested S. aureus strains. The remaining compounds demonstrated poor antibacterial activity, likely attributable to their overall poor solubility.
TABLE 1 | The antibacterial activity of Isoniazid derivatives.	MIC a (μg/mL)
	Compounds	R	E. coli ATCC 25922	S. enteritidis SM012	S. aureus ATCC 29213	S. aureus ATCC 43300	S. aureus ATCC 33731	S. aureus MRSA2	B. Subtilis ATCC6633
	Vancomycinb	-	-	-	1	1	1	1	1
	Enrofloxacinc	-	0.0625	0.0625	-	-	-	-	-
	C1	[image: FX 1]	>256	>256	64	64	64	128	128
	C2	[image: FX 2]	>256	>256	>256	>256	>256	>256	>256
	C3	[image: FX 3]	>256	>256	>256	>256	>256	>256	>256
	C4	[image: FX 4]	>256	>256	>256	>256	>256	>256	>256
	C5	[image: FX 5]	>256	>256	16	16	16	16	16
	C6	[image: FX 6]	>256	>256	>256	>256	>256	>256	>256
	C7	[image: FX 7]	>256	>256	128	128	128	128	128
	C8	[image: FX 8]	>256	>256	>256	>256	>256	>256	>256
	C9	[image: FX 9]	>256	>256	>256	>256	>256	>256	>256
	C50	[image: FX 10]	>256	>256	128	128	128	256	256
	C11	[image: FX 11]	>256	>256	>256	>256	>256	>256	>256
	C12	[image: FX 12]	>256	>256	>256	>256	>256	>256	>256
	C13	[image: FX 13]	>256	>256	>256	>256	>256	>256	>256
	C14	[image: FX 14]	>256	>256	>256	>256	>256	>256	>256
	C15	[image: FX 15]	256	128	128	128	128	128	256
	C16	[image: FX 16]	>256	>256	>256	>256	>256	>256	>256


a The minimum inhibitory concentration (MIC) is the lowest concentration that completely inhibits microbial growth after 16–24 h. Each experiment was repeated three times.
b vancomycin is a clinical drug against Gram-positive bacteria.
c Enrofloxacin is a broad-spectrum quinolone-based antibiotic.
2.3 Time-killing curve determinations and drug resistance study
To evaluate the bactericidal efficacy of C5 against S. aureus ATCC 29213, we determined the time-kill kinetics of the compound by enumerating bacterial colonies at various time points, using dimethyl sulfoxide (DMSO) as the negative control (Xiao et al., 2024). As shown in Figure 2A, the growth of S. aureus ATCC 29213 was completely inhibited at 4 × MIC. Schiff bases exhibit a low propensity for resistance development due to their multi-target mechanism of action and membrane-disrupting effects. Consistent with this, resistance development studies demonstrated a low spontaneous resistance frequency for C5 against S. aureus ATCC 29213. As depicted in Figure 2B, after 28 serial passages, the MIC value for S. aureus ATCC 29213 increased by no more than 8-fold. These results indicate that C5 effectively kills bacteria while minimizing the development of resistance.
[image: Graph A shows the effect of varying antibiotic concentrations on Staphylococcus aureus colony-forming units over 24 hours. Graph B displays the minimum inhibitory concentration (MIC) progression over 28 days, indicating increased resistance.]FIGURE 2 | (A) Time-kill kinetics of C5 against S. aureus ATCC 29213. (B) Resistance development of C5. Data are presented as means ± SEM (Standard Error of Mean) from three independent experiments.2.4 The toxicity of the compounds
To evaluate compound safety, hemolysis assays were first performed for all test compounds. A 1% Triton X-100 solution served as the positive control, and sterile PBS was used as the negative control. As shown in Figure 3A, no hemolysis was observed for compound C5 across the concentration range of 2–256 μg/mL. This indicates that C5 exhibits no hemolytic activity against rabbit erythrocytes at concentrations effective for its antibacterial action. Subsequently, the cytotoxicity of the active compound C5 against African green monkey kidney (VERO) cells was assessed using the CCK-8 assay.The results (Figure 3B) demonstrate that C5 exhibited no cytotoxicity towards VERO cells at concentrations up to 256 μg/mL.
[image: Panel A shows a bar graph of hemolysis percentage across different concentrations of C5, indicating significant reduction at higher concentrations compared to Triton X-100. Panel B is a line graph comparing cell viability percentages between C5 and control across various concentrations, showing consistent viability above 90%.]FIGURE 3 | (A) Percentage of hemolysis of rabbit blood cells at various C5 concentrations, The values represented by the bars from left to right are: 3, 100, 17, 11, 9, 5, and 5. (B) Cytotoxicity of compound C5 against Vero cells after 24 h. Difference is considered significant at *p < 0.05, **p < 0.01, ***p < 0.001.2.5 Antimicrobial mechanism investigation
2.5.1 Membrane depolarization and permeabilization assay
Studies indicate that the antibacterial activity of Schiff base compounds is associated with their hydrophobic interactions (Caldés et al., 2013; Hong et al., 2025). Based on the Schiff base group and hydrophobic characteristics inherent in compound C5’s structure, we hypothesized that it likely exerts its antibacterial effect by targeting the bacterial cell membrane. The specific mechanism may involve inducing alterations in membrane depolarization and permeability. To investigate the direct impact of C5 on the bacterial membrane, this study employed fluorescent probes: The cationic dye 3,3′-dipropylthiadicarbocyanine iodide (DiSC35) was used to monitor changes in bacterial membrane potential (depolarization). The nucleic acid stain SYTOX Green, which cannot penetrate intact cell membranes, was utilized to assess changes in membrane permeability (integrity), evaluating C5’s disruptive effect on membrane function.
Within 10 min of adding compound C5, a sustained increase in fluorescence intensity was observed in suspensions of S. aureus ATCC 29213 pre-loaded with either the DiSC35 or SYTOX Green probes (Figures 4A,B). When C5 reached concentrations of 4 × MIC or 32 × MIC, the fluorescence intensity of the bacterial mixtures at 35 min was significantly enhanced compared to the initial value. In contrast, the fluorescence intensity of the blank control (without C5) remained stable. These findings demonstrate that C5 disrupts the polarized state of the bacterial cell membrane (i.e., the distribution of positive and negative charges across the membrane), leading to increased membrane permeability. In conclusion, C5 exerts its bactericidal effect by mediating membrane damage through alterations in the polarization state and permeability of the bacterial cell membrane.
[image: Graphs labeled A and B show the fluorescent intensity over time. Graph A titled "SYTOX Green" displays a significant increase in intensity for C5 (4×MIC) compared to the control. Graph B titled "DISC3(5)" also shows an increase for C5, but with lower intensity than graph A. Both graphs mark when C5 is added, with blue circles for C5 and red triangles for the control.]FIGURE 4 | (A) Cytoplasmic membrane permeabilization by C5 assessed using SYTOX Green uptake. (B) Cytoplasmic membrane depolarization by C5 measured with the DiSC35 probe. The blank control was bacteria without compound treatment. Data are presented as means ± SEM from three independent experiments.2.5.2 Intracellular reactive oxygen species (ROS) and ATP
During antibiotic treatment, disruption of membrane equilibrium often leads to the accumulation of ROS, a common mechanism of action for bactericidal antibiotics (Tu et al., 2022). Furthermore, membrane depolarization is also linked to ROS generation (Hong et al., 2025). Therefore, we examined changes in ROS accumulation in bacteria following treatment with compound C5. Within 30 min, a significant increase in ROS levels was observed in the C5-treated group (Figure 5A). The elevation in bacterial ROS levels corresponded with an increase in the proportion of dead bacteria. Studies indicate a strong correlation between the bactericidal effects of antibiotics and enhanced bacterial respiratory activity (Dörner et al., 2024; Islam and Reid, 2024). Consequently, we assessed the impact of C5 treatment on intracellular ATP levels in bacteria. As shown in Figure 5B, intracellular ATP levels decreased significantly following treatment with C5.
[image: Bar charts labeled A and B show the impact of different concentrations of C5 on fluorescent intensity and luminescence, respectively. In chart A, fluorescent intensity increases with higher C5 concentrations, peaking at 128 micrograms per milliliter. In chart B, luminescence initially rises but then decreases sharply at 128 micrograms per milliliter. Error bars indicate variability, with asterisks denoting statistical significance levels.]FIGURE 5 | (A) Effect of C5 treatment on reactive oxygen species (ROS) production in S. aureus ATCC 29213. (B) Effect of C5 treatment on intracellular ATP levels in S. aureus ATCC 29213. *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as means ± SEM from three independent experiments.2.5.3 Leakage of proteins and DNA
To further evaluate the impact of compound C5 on bacterial membrane integrity, we measured changes in the concentration of proteins and DNA in the extracellular culture medium of S. aureus ATCC 29213 following treatment with different concentrations of C5. The results demonstrated that compared to the blank control group, the concentrations of extracellular proteins and DNA were significantly elevated in the C5-treated bacterial suspensions. This effect occurred in a dose-dependent manner (Figures 6A,B). These findings directly demonstrate that C5 disrupts the cell membrane integrity of S. aureus ATCC 29213, leading to the leakage of intracellular contents (proteins and DNA).
[image: Bar graphs labeled A and B show the concentration of protein and DNA, respectively, at various concentrations of C5. Graph A depicts increasing protein concentration at 0, 16, 32, 64, and 128 micrograms per milliliter, with significant increases marked by asterisks. Graph B shows similar trends for DNA concentration with statistically significant changes at higher concentrations of C5.]FIGURE 6 | (A) Protein leakage caused by the treatment of C5 on S. aureus ATCC 29213. (B) DNA leakage resulting from the treatment of C5 on S. aureus ATCC 29213. *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as means ± SEM from three independent experiments.2.6 The anti-inflammatory activity of the compounds
Inflammation commonly accompanies infections. Given that Schiff Base derivatives have been demonstrated to possess anti-inflammatory effects, we further evaluated the impact of compound C5 on the levels of inflammatory factors NO and TNF-α (Hu et al., 2022). As shown in Figure 7, compared to the control group, LPS stimulation alone significantly increased the production of NO and TNF-α in RAW 264.7 cells. However, treatment with compound C5 significantly suppressed this production. At a concentration as low as 64 μg/mL, compound C5 effectively reduced the generation of both NO and TNF-α.
[image: Bar graphs labeled A and B compare NO and TNF-α concentrations, respectively, across six groups: Model, Control, and varying C5 concentrations with LPS (1 µg/mL). A shows decreasing NO levels; B shows decreasing TNF-α levels, both peaking at C5 16 µg/mL and with lowest levels at C5 256 µg/mL. Asterisks indicate statistical significance.]FIGURE 7 | Anti-inflammatory activity of the C5 compounds in RAW 264.7 macrophage cells was evaluated in the LPS-enhanced leukocyte migration assay. (A) C5 affects the level of NO. (B) C5 affects the level of TNF-α. Compared with the LPS model group, *p < 0.05, **p < 0.01, ***p < 0.001; ###p < 0.001 vs. control group. Data are presented as means ± SEM from three independent experiments.2.7 Inhibitory effects towards S. Aureus biofilm formation
Over 80% of chronic bacterial infections in humans are associated with biofilms. Biofilms are structured communities of bacteria encased within a protective extracellular polymeric matrix, exhibiting significantly enhanced tolerance to antimicrobial agents and host defense systems. In contexts such as medical devices (e.g., catheters, implants), chronic wounds, and cystic fibrosis lungs, biofilm-associated infections are characterized by their persistent, recurrent, and recalcitrant nature (Sirinirund et al., 2023; Vyas et al., 2020). Consequently, there is an urgent need to develop agents capable of effectively preventing biofilm formation and eradicating established biofilms. Building upon this, we investigated the ability of compound C5 to inhibit biofilm formation by S. aureus ATCC 29213. Quantitative analysis of biofilms was performed using the crystal violet assay. Figure 8A illustrates the inhibitory effects of C5 at various concentrations. C5 exhibited dose-dependent inhibition of S. aureus ATCC 29213 biofilm formation: 23% (16 μg/mL, 1 × MIC), 84% (64 μg/mL, 4 × MIC), and 91% (256 μg/mL, 8 × MIC). Subsequently, we further evaluated the eradication efficacy of C5 against pre-formed S. aureus ATCC 29213 biofilms (Figure 8B). C5 effectively disrupted established biofilms with eradication rates of 10% (1 × MIC), 35% (4 × MIC), and 66% (8 × MIC), confirming its potency against biofilm-embedded S. aureus.
[image: Bar charts labeled A and B compare percentages for different conditions. In both charts, the control group has the highest percentage, marked in blue. Red bars represent C5 at one times MIC, showing a decrease. Green bars for C5 at four times MIC and purple bars for C5 at eight times MIC show further decreases. Error bars and asterisks indicate statistical significance. Both charts include axes labeled "Percentence (%)".]FIGURE 8 | (A) Inhibition rate of C5 on S. aureus ATCC 29213 biofilm formation. (B) Biofilm dispersion of C5 on S. aureus ATCC 29213 biofilm. Difference is considered significant at *p < 0.05, **p < 0.01, vs. control group. Data are presented as means ± SD from three independent experiments.3 CONCLUSION
Based on compounds synthesized by other researchers, this study discovered the antibacterial activity of the isoniazid-based Schiff base agent, featuring a lead compound (MIC = 16 μg/mL) with outstanding properties: potent and rapid bactericidal activity achieving complete eradication within 16 h at 8 × MIC coupled with low resistance potential; a defined multi-mechanistic antibacterial action involving disruption of bacterial membrane integrity (as confirmed by DiSC35) depolarization and SYTOX Green uptake) leading to intracellular content leakage, interference with energy metabolism via ATP depletion, and induction of oxidative stress through ROS accumulation; significant anti-biofilm efficacy; a unique anti-inflammatory function suppressing the production of key macrophage mediators NO and TNF-α; and an excellent safety profile demonstrating no hemolysis and extremely low mammalian cytotoxicity (IC50 > 128 μg/mL). This combined “antibacterial–anti-inflammatory–anti-biofilm” triple synergistic effect positions the compound as a highly promising multifunctional candidate for combating drug-resistant staphylococcal infections.
4 EXPERIMENTAL SECTION
4.1 Chemically synthetical experiments
All chemicals were of reagent grade or higher and used as received from Adamas without further purification. Solvents were employed as supplied or dried over molecular sieves when necessary. Column chromatography was performed on silica gel (100–200 mesh, Qingdao Ocean Chemical). Reaction progress was monitored by TLC on silica gel GF254 plates (Yantai Jiangyou). 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were recorded on a Bruker Avance 400 spectrometer, with chemical shifts reported relative to residual solvent signals (CDCl3: δH 7.26 ppm, δC 77.16 ppm). High-resolution mass spectra (HRMS) were acquired on an AB Sciex TripleTOF 5600+ instrument using electrospray ionization (ESI).
4.1.1 Isonicotinohydrazide (B)
Ethyl isonicotinate (1 mmol, 151 mg) was dissolved in anhydrous ethanol. Hydrazine hydrate (3 mmol) was then added, and the solution was heated to reflux at 80 °C for 8 h. After completion of the reaction, isoniazid was obtained by recrystallization from ethanol.
119 mg, Yield, 86%. White solid powder. M.P. 171 °C–173 °C. 1H NMR (400 MHz, DMSO-d6) δ 10.07 (s, 1H), 8.71–8.64 (m, 3H), 7.74–7.68 (m, 3H). 13C NMR (101 MHz, DMSO-d6) δ 164.54, 150.63, 140.72, 121.49. TOF-MS, m/z: [M + H]+, calcd. for C6H8N3O+, 138.0667, found: 138.0669.
4.1.2 N'-(3-chloro-4-hydroxybenzylidene)isonicotinohydrazide (C1)
Compound C1 was synthesized analogously to compound B. Compound B (1 mmol) was dissolved in anhydrous ethanol, followed by the addition of 4-chloro-3-hydroxybenzaldehyde (1 mmol). The solution was heated to reflux at 80 °C for 8 h. Upon reaction completion, the product was obtained by recrystallization from ethanol.
248 mg, Yield, 90%. White solid powder. M.P. 232 °C–235 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.06 (s, 1H), 8.80 (d, J = 5.8 Hz, 2H), 8.36 (s, 1H), 7.86 (d, J = 5.9 Hz, 2H), 7.73 (s, 1H), 7.55 (d, J = 8.4 Hz, 1H), 7.06 (d, J = 8.4 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 161.38, 155.19, 149.85, 148.04, 141.06, 128.64, 127.51, 126.34, 121.84, 120.42, 116.96. TOF-MS, m/z: [M + H]+, calcd. for C13H11ClN3O2+, 276.0540, found: 276.0544.
4.1.3 N'-(2,5-dihydroxybenzylidene)isonicotinohydrazide (C2)
232 mg, Yield, 90%. White solid powder. M.P. 259 °C–261 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.46 (s, 1H), 11.12 (s, 1H), 8.83 (d, J = 5.7 Hz, 2H), 8.69 (s, 1H), 7.92 (d, J = 5.8 Hz, 2H), 7.69 (d, J = 2.5 Hz, 1H), 7.32 (dd, J = 8.7, 2.5 Hz, 1H), 6.97 (d, J = 8.8 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 161.05, 150.28, 149.87, 149.69, 148.55, 140.57, 121.73, 119.34, 118.89, 117.11, 113.46. TOF-MS, m/z: [M + H]+, calcd. for C13H12N3O3+, 258.0878, found: 258.0853.
4.1.4 N'-(2-hydroxy-5-methylbenzylidene)isonicotinohydrazide (C3)
217 mg, Yield, 85%. White solid powder. M.P. 189 °C–191 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.26 (s, 1H), 10.83 (s, 1H), 8.80 (d, J = 5.9 Hz, 2H), 8.64 (s, 1H), 7.85 (d, J = 5.9 Hz, 2H), 7.40 (s, 1H), 7.12 (d, J = 8.3 Hz, 1H), 6.84 (d, J = 8.3 Hz, 1H), 2.25 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 161.21, 155.30, 150.19, 149.04, 139.83, 132.28, 129.07, 127.85, 121.39, 118.13, 116.17, 19.76. TOF-MS, m/z: [M + H]+, calcd. for C14H14N3O2+, 256.1086, found: 256.1088.
4.1.5 N'-(5-chloro-2-hydroxybenzylidene)isonicotinohydrazide (C4)
223 mg, Yield, 81%. White solid powder. M.P. 189 °C–191 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.24 (s, 1H), 8.81 (d, J = 5.1 Hz, 2H), 8.64 (s, 1H), 7.89 (d, J = 5.1 Hz, 2H), 7.04 (s, 1H), 6.76 (s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 161.27, 156.19, 149.56, 146.89, 140.76, 131.14, 127.37, 123.15, 122.05, 120.68, 118.31. TOF-MS, m/z: [M + H]+, calcd. for C13H11ClN3O2+, 276.0540, found: 276.0542.
4.1.6 N'-(2-hydroxy-5-nitrobenzylidene)isonicotinohydrazide (C5)
252 mg, Yield, 88%. White solid powder. M.P. 242 °C–245 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.44 (s, 1H), 12.19 (s, 1H), 8.90–8.67 (m, 3H), 8.61 (d, J = 2.7 Hz, 1H), 8.18 (dd, J = 9.1, 2.7 Hz, 1H), 7.87 (d, J = 5.5 Hz, 2H), 7.12 (d, J = 9.1 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 162.85, 161.76, 150.34, 145.36, 140.35, 140.18, 127.05, 123.69, 121.94, 120.21, 117.34. IR (KBr, cm-1): 3265 (NH), 1650 (CO), 1600 (NH). TOF-MS, m/z: [M + H]+, calcd. for C13H11N4O4+, 287.0780, found: 287.0782.
4.1.7 N'-(pyridin-4-ylmethylene)isonicotinohydrazide (C6)
183 mg, Yield, 81%. White solid powder. M.P. 230 °C–232 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.49 (s, 1H), 8.80 (d, J = 5.4 Hz, 2H), 8.69 (d, J = 5.4 Hz, 2H), 8.54 (s, 1H), 7.87 (d, J = 5.4 Hz, 2H), 7.73 (d, J = 5.4 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 162.48, 150.78, 150.04, 146.81, 142.49, 140.55, 122.12, 121.85. TOF-MS, m/z: [M + H]+, calcd. for C12H11N4O+, 227.0933, found: 227.0937.
4.1.8 N'-[4-(methylsulfonyl)benzylidene]isonicotinohydrazide (C7)
270 mg, Yield, 89%. White solid powder. M.P. 209 °C–211 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.41 (s, 1H), 8.84 (d, J = 5.6 Hz, 2H), 8.59 (s, 1H), 8.10–7.86 (m, 4H), 3.89 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 162.07, 149.83, 147.75, 142.18, 141.69, 139.24, 128.39, 128.04, 122.62, 43.89. TOF-MS, m/z: [M + H]+, calcd. for C14H14N3O3S+, 304.0756, found: 304.0759.
4.1.9 N'-[(1E,2E)-3-phenylallylidene]isonicotinohydrazide (C8)
213 mg, Yield, 85%. White solid powder. M.P. 164 °C–166 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.07 (s, 1H), 8.82 (d, J = 5.6 Hz, 2H), 8.29 (d, J = 6.7 Hz, 1H), 7.90 (d, J = 4.8 Hz, 2H), 7.64 (d, J = 7.4 Hz, 2H), 7.53–7.29 (m, 3H), 7.10 (d, J = 6.6 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 161.20, 151.22, 149.45, 141.33, 140.03, 135.80, 129.05, 128.87, 127.24, 125.39, 122.04, 39.52. TOF-MS, m/z: [M + H]+, calcd. for C15H14N3O+, 252.1137, found: 252.1141.
4.1.10 N'-(4-methylbenzylidene)isonicotinohydrazide (C9)
196 mg, Yield, 82%. White solid powder. M.P. 186 °C–188 °C. 1H NMR (400 MHz, DMSO-d6) δ 11.99 (s, 1H), 8.78 (d, J = 5.4 Hz, 2H), 8.43 (s, 1H), 7.82 (d, J = 5.4 Hz, 2H), 7.65 (d, J = 7.9 Hz, 2H), 7.29 (d, J = 7.9 Hz, 2H), 2.35 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 161.58, 150.33, 149.13, 140.56, 140.29, 131.36, 129.50, 127.29, 121.56, 21.06. TOF-MS, m/z: [M + H]+, calcd. for C14H14N3O+, 240.1137, found: 240.1141.
4.1.11 N′-benzylideneisonicotinohydrazide (C10)
203 mg, Yield, 90%. White solid powder. M.P. 191°C–193°C. 1H NMR (400 MHz, DMSO-d6) δ 12.29 (s, 1H), 8.85 (d, J = 5.4 Hz, 2H), 8.55 (s, 1H), 7.98 (d, J = 5.4 Hz, 2H), 7.75 (d, J = 7.0 Hz, 2H), 7.47 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 160.98, 149.24, 148.61, 141.80, 133.83, 130.26, 128.72, 127.12, 122.23, 39.52. TOF-MS, m/z: [M + H]+, calcd. for C13H12N3O+, 226.0980, found: 226.0983.
4.1.12 N'-(4-nitrobenzylidene)isonicotinohydrazide (C11)
243 mg, Yield, 90%. White solid powder. M.P. 237 °C–239 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.61 (s, 1H), 8.87 (d, J = 6.1 Hz, 2H), 8.66 (s, 1H), 8.31 (d, J = 8.7 Hz, 2H), 8.01 (d, J = 9.0 Hz, 4H). 13C NMR (101 MHz, DMSO-d6) δ 161.70, 149.11, 148.30, 147.04, 141.86, 140.46, 128.47, 124.33, 122.64. TOF-MS, m/z: [M + H]+, calcd. for C13H11N4O3+, 271.0831, found: 271.0835.
4.1.13 4-[(2-isonicotinoylhydrazineylidene)methyl]benzoic acid (C12)
237 mg, Yield, 88%. White solid powder. M.P. 313 °C–315 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.45 (s, 1H), 8.86 (d, J = 6.0 Hz, 2H), 8.61 (s, 1H), 8.01 (dd, J = 12.6, 7.2 Hz, 4H), 7.87 (d, J = 8.3 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 167.34, 161.70, 148.99, 148.68, 146.87, 142.64, 138.45, 132.52, 130.31, 127.81, 123.05. TOF-MS, m/z: [M + H]+, calcd. for C14H12N3O3+, 270.0878, found: 270.0881.
4.1.14 N'-(4-hydroxybenzylidene)isonicotinohydrazide (C13)
210 mg, Yield, 87%. White solid powder. M.P. 244 °C–246 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.04 (s, 1H), 8.81 (d, J = 6.0 Hz, 2H), 8.42 (s, 1H), 7.93 (d, J = 6.1 Hz, 2H), 7.58 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 160.80, 159.65, 149.50, 149.02, 141.65, 128.98, 124.79, 121.96, 115.66, 39.52. TOF-MS, m/z: [M + H]+, calcd. for C13H12N3O2+, 242.0929, found: 242.0933.
4.1.15 N'-(quinolin-4-ylmethylene)isonicotinohydrazide (C14)
248 mg, Yield, 90%. White solid powder. M.P. 204 °C–206 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.81 (s, 1H), 9.32 (s, 1H), 9.05 (d, J = 4.6 Hz, 1H), 8.84 (d, J = 5.7 Hz, 2H), 8.74 (d, J = 8.4 Hz, 1H), 8.15 (d, J = 8.3 Hz, 1H), 8.03–7.85 (m, 5H). 13C NMR (101 MHz, DMSO-d6) δ 162.40, 150.48, 149.63, 146.73, 146.28, 141.12, 139.91, 131.42, 128.94, 128.58, 125.06, 122.62, 120.50. TOF-MS, m/z: [M + H]+, calcd. for C16H13N4O+, 277.1089, found: 277.1094.
4.1.16 N'-(furan-2-ylmethylene)isonicotinohydrazide (C15)
176 mg, Yield, 82%. White solid powder. M.P. 257 °C–259 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.51 (s, 1H), 8.91 (d, J = 5.2 Hz, 3H), 8.52 (s, 1H), 8.13 (d, J = 6.3 Hz, 3H), 7.88 (s, 1H), 6.99 (d, J = 3.4 Hz, 2H), 6.65 (dd, J = 3.3, 1.7 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ 159.96, 148.67, 146.50, 145.29, 138.86, 122.94, 114.25, 111.95. TOF-MS, m/z: [M + H]+, calcd. for C11H10N3O2+, 216.0773, found: 216.0776.
4.1.17 N'-(thiophen-2-ylmethylene)isonicotinohydrazide (C16)
194 mg, Yield, 84%. White solid powder. M.P. 217 °C–219 °C. 1H NMR (400 MHz, DMSO-d6) δ 12.04 (s, 1H), 8.78 (d, J = 5.9 Hz, 2H), 8.69 (s, 1H), 7.81 (d, J = 5.9 Hz, 2H), 7.69 (d, J = 5.0 Hz, 1H), 7.51 (d, J = 3.4 Hz, 1H), 7.18–7.11 (m, 1H). 13C NMR (101 MHz, DMSO-d6) δ 161.93, 150.76, 144.56, 140.88, 139.20, 132.00, 129.88, 128.39, 121.94. TOF-MS, m/z: [M + H]+, calcd. for C11H9N3OS+, 232.0544, found: 232.0547.
4.2 Determination of minimum inhibitory concentration
For detailed procedures, refer to the Supplementary Material (Stratev and Fasulkova, 2024).
4.3 Time-killing kinetics
Time-Kill Kinetics The time-kill kinetics of compound C5 against S. aureus ATCC 29213 were assessed by the viable plate count method. Detailed procedures followed those described in previous reports.
4.4 Drug resistance study
The drug resistance study of compound C5 was performed by following the protocol of previous study. The initial MIC values of C5 against S. aureus ATCC 29213 was determined according to method described above. The process was repeated continuously for 28 days.
4.5 Hemolysis assay
For detailed procedures, refer to the Supplementary Material (Hong et al., 2025; Sæbø et al., 2023).
4.6 Cytotoxicity assay
Cytotoxicity was assessed using the Cell Counting Kit-8 (CCK-8; Beyotime, Shanghai, China), following established methods with minor modifications. Cell viability was calculated as follows: Cell viability (%) = [(OD450,sample - OD450,blank)/(OD450,control - OD450,blank)] × 100% (Mine et al., 2020).
4.7 Biofilm formation assay
For detailed procedures, refer to the Supplementary Material (Li et al., 2024).
4.8 The anti-inflammatory activity of the compounds
For detailed procedures, refer to the Supplementary Material (Moudgil and Venkatesha, 2022).
4.9 Membrane depolarization study
For detailed procedures, refer to the Supplementary Material (Hong et al., 2025).
4.10 DNA and protein leakage
For detailed procedures, refer to the Supplementary Material (Hong et al., 2025).
4.11 ROS detection assay
For detailed procedures, refer to the Supplementary Material (Zhang et al., 2022).
4.12 Intracellular ATP measurement
For detailed procedures, refer to the Supplementary Material (Morciano et al., 2020).
4.13 Statistical analysis
The above experimental data is the average ±SEM (Standard Error of Mean) independent experiment of at least three data points. SPSS 21.0 software was used to analyze the data, and one-way analysis of variance (ANOVA) was used to process the statistical differences between the two groups.
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