



Evaluation of Lawsonia inermis Extract for Antioxidant Efficacy and its Antibacterial Activity Against Antibiotic-Resistant Bacteria

ABSTRACT 

Lawsonia inermis (henna), a medicinal plant rich in bioactive secondary metabolites, has long been used in traditional medicine for its antimicrobial and antioxidant properties. The present study aimed to evaluate the phytochemical composition, antioxidant efficacy, and antibacterial activity of L. inermis leaf extracts against clinically relevant antibiotic-resistant bacteria. Leaves were extracted successively using diethyl ether, methanol, and hexane, followed by qualitative phytochemical screening. Among the extracts, the methanolic fraction exhibited the richest profile of bioactive constituents such as phenols, tannins, flavonoids, saponins anthocyanin, coumarins, terpenoids, steroids, quinones and was therefore subjected to GC–MS analysis, antibacterial efficacy, and antioxidant evaluation. GC–MS profiling of the methanolic extract revealed the presence of major compounds such as methyl-α-D-galactopyranoside, 1,6-anhydro-β-D-glucopyranose, phytol, N-hexadecanoic acid, and polyunsaturated fatty acids, many of which are associated with antimicrobial and antioxidant activities. Antibacterial activity, assessed by disc diffusion assay, demonstrated a concentration-dependent inhibitory effect against Staphylococcus aureus, Proteus mirabilis, Escherichia coli, and Klebsiella pneumoniae, with the strongest activity observed against S. aureus. Antioxidant potential, evaluated using the DPPH radical scavenging assay, showed significant free radical scavenging activity, in some cases exceeding that of the standard antioxidant L-ascorbic acid. Overall, the findings indicate that the methanolic extract of L. inermis possesses notable antioxidant and moderate antibacterial activities, attributable to its rich phytochemical composition. This study supports the potential of L. inermis as a natural source of bioactive compounds for developing alternative antimicrobial and antioxidant agents, particularly in the context of rising antibiotic resistance.
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1. INTRODUCTION

In recent years, a combination of global challenges such as overpopulation, rising unemployment, poor sanitation, and the growing dependence on low-quality, processed foods—has significantly contributed to the rise of chronic infectious and lifestyle-related diseases (Yu et al., 2020). Diets rich in synthetic preservatives, sugars, salts, and unhealthy fats have been closely linked to oxidative stress, weakened immune responses, and increased susceptibility to microbial infections (Gupta and Sharma, 2006). The persistent spread of infectious diseases has led to the widespread use and often overuse of antibiotics, despite the growing concern over multidrug-resistant (MDR) microorganisms and antibiotic residues entering the food chain (Centers for Disease Control & Prevention, 2019). The global rise in antibiotic-resistant bacteria, along with the accumulation of antimicrobial compounds in the environment, poses a serious threat to public health, contributing to high rates of morbidity and mortality and placing an immense financial burden on healthcare systems worldwide (Terreni et al., 2021; Koulenti et al., 2020; Fischbach et al., 2009). This growing crisis underscores the urgent need for new, effective antimicrobial agents and alternative therapeutic approaches (Fischbach et al., 2009).

In light of the adverse effects commonly associated with synthetic drugs and antioxidants, there has been a renewed scientific interest in plant-derived bioactive compounds. These natural substances are known for their potent therapeutic properties and tend to have fewer side effects, even when used long-term (Suntar, 2020; Wiart, 2007; Duke, 1992). Among these, plant secondary metabolites such as tannins, flavonoids, coumarins, alkaloids, carotenoids, quinones, and terpenoids have demonstrated remarkable antibacterial, antioxidant, and anti-inflammatory activities (Mbaveng et al., 2015; Anand et al., 2019; AlSheikh et al., 2020; Mendoza et al., 2018; Mohammed et al., 2021; Anand et al., 2020). Traditional herbs and spices, including turmeric, ginger, clove, pepper, and basil, have long been valued not only for their culinary uses but also for their strong medicinal properties. These include antioxidant, immunomodulatory, and anti-aging effects (Forni et al., 2019; Guan et al., 2021; Engwa, 2018; Behl et al., 2021; Mohanasundari et al., 2022; Musthafa et al., 2018). Furthermore, many of these natural products exhibit a broad spectrum of pharmacological activities, including anticancer, antiviral, neuroprotective, and antimicrobial effects (Choudhari et al., 2020; Zhang et al., 2012; Biswas et al., 2020; Chojnacka et al., 2020; Ben-Shabat et al., 2020; Velmurugan et al., 2018; Ayaz et al., 2019).

Lawsonia inermis, commonly known as henna, is a small to medium-sized shrub belonging to the family Lythraceae, traditionally used across Asia, Africa, and the Middle East for its coloring and therapeutic properties (Patel et al., 2023). It is rich in lawsone (2-hydroxy-1,4-naphthoquinone), a naphthoquinone compound responsible for its characteristic dyeing effect and various pharmacological activities, particularly its antibacterial and antifungal actions (Cu et al., 1990; Patra et al., 2020). Phytochemical screenings of L. inermis have identified the presence of diverse bioactive compounds including flavonoids, tannins, saponins, alkaloids, coumarins, and phenolic acids, contributing to its antimicrobial and antioxidant potential (Osuagwu et al., 2022). Methanolic extracts of L. inermis leaves have demonstrated significant antibacterial activity against multidrug-resistant strains such as Pseudomonas aeruginosa, with observable inhibition zones comparable to conventional antibiotics (Aliyu et al., 2023). L.inermis extracts also show potential inhibitory activity against Staphylococcus aureus, Streptococcus agalactiae, and Escherichia coli, with effectiveness varying depending on the solvent used and concentration of the extract (Ismail et al., 2022). Lawsone, or 2-hydroxy-1,4-naphthoquinone, is a key marker compound in L. inermis that has been widely associated with antimicrobial and antioxidant properties (Sharma & Goel, 2018). Further GC-MS profiling of various extract fractions such as hexane, ethyl acetate, and aqueous methanol has identified bioactive components including vitamin E, naphthoquinones, benzofuranones, and Celidoniol, which are linked to antimicrobial effects against drug-resistant bacteria like Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, and Pseudomonas aeruginosa (Sharma & Goel, 2018). In antifungal evaluations, GC-MS analysis of acetone extracts from L. inermis leaves revealed the presence of compounds such as hexacosane, docosane, octacosane, methyl-heptacosane, and tetracosane, which exhibited growth-inhibitory effects against Curvularia lunata (Khan et al., 2019). Several of these constituents, particularly vitamin E and phytol, are also recognized for their antioxidant activities, supporting the radical scavenging results obtained through DPPH and FRAP assays (Abdelrahman et al., 2020). In another study, L. inermis exhibited marked inhibitory effects on biofilm-producing MRSA isolates, highlighting its potential in combating nosocomial infections (Eze et al., 2022). Furthermore, ethanol and aqueous extracts showed antioxidant properties through DPPH radical scavenging and ferric reducing antioxidant power (FRAP) assays, indicating strong free radical neutralization ability (Adeyemi et al., 2022). Recent advances have also utilized L. inermis-mediated synthesis of zinc oxide nanoparticles, enhancing both antibacterial and antioxidant efficacy against resistant pathogens such as ESBL-producing Klebsiella pneumoniae (Abdel-Moneim et al., 2024; Mustapha et al., 2024). These findings collectively support the promising role of L. inermis as a natural antimicrobial and antioxidant agent, particularly in the face of rising antibiotic resistance.

2. MATERIALS AND METHODS

2.1. Preparation of Plant Extracts

Fresh leaves of L. inermis were obtained from the local market, shade-dried, and finely powdered using an electric grinder. The powdered material was then sieved through a 2 mm mesh to ensure uniform particle size. A total of 20 g of the dried leaf powder was successively extracted with 250 ml of different organic solvents such as diethyl ether, methanol, and hexane using a Soxhlet apparatus for 72 hours at a temperature range of 40–50°C. After extraction, the solvents were removed under reduced pressure using a rotary evaporator to yield the crude extracts. These concentrated extracts were subsequently dried and stored in a desiccator until further use (Lopez-Bascon and De Castro, 2020; Trease and Evans, 1989). The dried extracts were then subjected to phytochemical screening, GC–MS analysis, antibacterial assays, and antioxidant evaluation.

2.2. Screening for Phytochemicals

Qualitative phytochemical screening of all three solvent extracts of L. inermis leaves was carried out following standard protocols described by (Savithramma et al., 2011) to identify the presence of major classes of bioactive secondary metabolites.

Each extract of L. inermis was subjected to a series of standard qualitative assays to screen for major phytochemical classes. The presence of acids was assessed using Millon’s reagent, while alkaloids were detected with Mayer’s test. Anthocyanins, betacyanins, and coumarins were identified via the sodium hydroxide test, and carbohydrates were determined using the Anthrone assay. Phenolic compounds, cardiac glycosides, and tannins were verified through the ferric chloride reaction, whereas flavonoids, glycosides, and quinones were detected using concentrated sulphuric acid tests. Terpenoids, steroids, and starch were confirmed using the iodine test. The presence of proteins was confirmed by the biuret assay. Additionally, saponins were identified based on the characteristic frothing observed in the froth test. The qualitative analysis provided preliminary insights into the diverse range of phytoconstituents present in L. inermis, which may contribute to its well-documented pharmacological and therapeutic properties.

2.3. GC-MS Analysis

In the present study, GC-MS analysis was performed by injecting 1 μL of L. inermis extract into a Clarus 680 GC-MS system, using helium as the carrier gas at a constant flow rate of 1 mL/min. The oven temperature was initially maintained at 60°C for 2 minutes, followed by a gradual increase of 10°C/min up to 300°C, which was then held constant for 6 minutes. The ion source and transfer line temperatures were set at 240°C, with electron impact ionization at 70 eV, and scans were recorded every 0.2 seconds with intervals of 0.1 seconds. The chromatogram obtained was interpreted using the NIST (2008) library.

2.4. Microorganisms for Testing

Clinically significant bacterial strains, including Escherichia coli (ATCC 25911), Klebsiella pneumoniae (ATCC 700603), Proteus mirabilis (ATCC 12453), and Staphylococcus aureus (ATCC 25923), were obtained from the King Institute of Preventive Medicine and Research, Chennai, Tamil Nadu, India. These organisms were selected as test models due to their clinical importance and frequent implication in multidrug-resistant (MDR) infections. The panel represents both Gram-negative (E. coli, K. pneumoniae, P. mirabilis) and Gram-positive (S. aureus) bacteria, thereby providing a broad evaluation of the antibacterial potential of L. inermis extracts against diverse pathogenic types. All bacterial isolates were maintained on Mueller Hinton agar (MHA) slants under refrigerated conditions and periodically sub-cultured in Mueller Hinton broth (MHB) to preserve viability and purity. Prior to antibacterial testing, overnight cultures were prepared by incubating the organisms at 37°C for 24 hours on a rotary shaker at 200 rpm to achieve active exponential-phase growth. Freshly prepared inoculum was employed in all subsequent assays to ensure reproducibility and accuracy of results.

2.5. Disc Diffusion Assay

The antibacterial activity of the methanol extract of L. inermis was evaluated using the disc diffusion method as described by (Bauer et al., 1966). Sterile Mueller Hinton agar (MHA) plates were prepared by pouring 20 ml of molten medium into petri dishes and allowed to solidify. Test bacterial strains were evenly swabbed onto the surface of the agar using sterile cotton swabs to ensure uniform inoculation. Sterile 6 mm paper discs, prepared from Whatman No. 1 filter paper and autoclaved at 121°C and 15 psi for 15 minutes, were impregnated with 20, 40, and 80 μg/ml of the methanol extract. A standard antibiotic disc containing 5 μg/ml of ampicillin was used as a positive control. The discs were carefully placed at separate positions on each agar plate under aseptic conditions. The inoculated plates were incubated at 37°C for 24 hours, after which the zones of inhibition around each disc were measured in millimeters. The assay was performed in quintuplicate, and the mean values of the inhibition zones were calculated to represent the antibacterial activity of the extract.

2.6. DPPH Antioxidant Assay
The antioxidant potential (AA%) of methanolic extracts of L. inermis at concentrations of 20, 40, and 80 μg/mL was evaluated using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay. The assay was performed following the methodology described by (Brand-Williams et al., 1995). Briefly, under controlled conditions, 0.5 mL of each extract was mixed with a reaction mixture containing 0.3 mL of DPPH solution and 0.5 mL of ethanol, followed by the addition of 3 mL of absolute ethanol. Antioxidant compounds, through their hydrogen-donating ability, reduce DPPH radicals, leading to a visible colour change from deep violet to pale yellow after 100 minutes. The extent of this reduction was quantified spectrophotometrically at 517 nm using a UV-VIS spectrophotometer (UV-10,Thermo).

The radical scavenging activity (%) was calculated according to the formula:

AA% = X1-X2 x 100
    X3

where [image: image1.png]


represents the absorbance of the test sample with DPPH, [image: image2.png]


the absorbance of the test sample without DPPH, and [image: image3.png]


the absorbance of the control. The IC50 value, indicating the concentration of extract required to achieve 50% inhibition of DPPH radicals, was also determined (Mensor et al., 2001).

2.7. Statistical Analysis
The experimental data were subjected to analysis of variance (ANOVA) using SPSS version 19.0, and the results are reported as mean values with their corresponding standard errors (mean ± SE).

3. RESULTS

3.1. Phytochemical Screening
Phytochemical analysis of diethyl ether, methanol, and hexane extracts of L. inermis revealed the presence of a diverse array of bioactive compounds, including alkaloids, anthocyanins, betacyanins, carbohydrates, coumarins, flavonoids, phenols, proteins, quinones, saponins, starch, steroids, tannins, and terpenoids. 

All three extracts confirmed the presence of tannins, while flavonoids were strongly present in hexane, moderately present in methanol, and absent in diethyl ether. Terpenoids were detected in both diethyl ether and methanol extracts but were absent in hexane. Alkaloids were observed in diethyl ether and hexane extracts, while they were absent in methanol. Anthocyanins/betacyanins and phenols were present in methanol and hexane extracts but absent in diethyl ether.

Carbohydrates and starch were detected exclusively in the diethyl ether extract, with carbohydrates being strongly present, while these compounds were absent in methanol and hexane extracts. Saponins were observed in both diethyl ether and methanol extracts, but absent in hexane. Quinones were strongly present in methanol, moderately in diethyl ether, and absent in hexane. Proteins and Coumarins were exclusively detected in methanol extract, while glycosides, acids, and cardiac glycosides were absent in all three extracts. Overall, methanol extract exhibited the richest profile of bioactive compounds, suggesting its higher potential for pharmacological applications compared to diethyl ether and hexane extracts (Table 1).

Table 1 Phytochemical analysis of different solvent extract of L. inermis

	S.No
	Phytocompounds
	Diethyl ether
	Methanol
	Hexane

	1
	Acid 
	-
	-
	-

	2
	Alkaloids 
	+
	-
	+

	3
	Anthocyanin / Betacyanin
	-
	+
	+

	4
	Carbohydrates 
	++
	-
	-

	5
	Cardiac Glycosides
	-
	-
	-

	6
	Coumarins 
	-
	+
	-

	7
	Flavonoids
	-
	+
	++

	8
	Glycosides
	-
	-
	-

	9
	Phenols
	-
	+
	+

	10
	Proteins 
	-
	+
	-

	11
	Quinones 
	+
	++
	-

	12
	Saponins 
	+
	+
	-

	13
	Starch 
	+
	-
	-

	14
	Steroids 
	-
	++
	-

	15
	Tannins 
	++
	+
	+

	16
	Terpenoids 
	+
	+
	-


++ Strongly Present, + Moderately Present and – Absent

3.2. GC-MS Analysis

In the present study, GC–MS analysis of the methanolic extract of L. inermis identified several phytochemical constituents. The major component detected was Methyl-α-D-galactopyranoside (89.608%), accompanied by notable amounts of 1,6-anhydro-β-D-glucopyranose (3.492%) and (Z,Z,Z)-9,12,15-octadecatrienoic acid (2.008%). Minor constituents included N-hexadecanoic acid (1.614%), Phytol (1.369%), DL-3-aminobutyric acid (0.992%), and Estragole (0.917%). (Table 2) (Fig 1). 

Table 2 GC-MS spectrum of methanol extract of L. inermis

	S.No
	Compounds Name
	Retention Time (min)
	Molecular Formula
	Molecular Weight
	Cas
	Norms %
	Area

%

	1
	DL-3-aminobutyric acid
	2.518
	C4H9O2N
	103
	2835-82-7
	1.11
	0.992

	2
	Estragole
	11.637
	C10H12O
	148
	140-67-0
	1.02
	0.917

	3
	1,6-anhydro-β-D-glucopyranose
	14.883
	C6H10O5
	162
	498-07-7
	3.90
	3.492

	4
	Methyl-α-D-galactopyranoside
	16.509
	C7H14O6
	194
	3396-99-4
	100.0
	89.608

	5
	N-hexadecanoic acid
	20.0152
	C16H32O2
	256
	57-10-3
	1.80
	1.614

	6
	Phytol
	21.531
	C20H40O
	296
	150-86-7
	1.53
	1.369

	7
	(Z,Z,Z)-9,12,15-octadecatrienoic acid
	21.846
	C18H30O2
	278
	463-40-1
	2.24
	2.008
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Figure 1 GC-MS spectrum of methanol extract of L. inermis
3.3. Antibacterial Assay 

Since the methanolic extract of L. inermis was found to contain markedly higher levels of phytochemicals compared to the diethyl ether and hexane extracts, it was selected for antibacterial evaluation at varying concentrations, with ampicillin serving as the positive control. The antibacterial potential of the extract was examined against the clinical isolates Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, and Staphylococcus aureus using the agar well diffusion method to measure zones of inhibition (Fig 2). The results demonstrated a concentration dependent increase in antimicrobial activity. At 20 µg/ml, only S. aureus showed susceptibility, exhibiting a 3 mm inhibition zone, while E. coli, P. mirabilis, and K. pneumoniae showed no measurable response. Increasing the concentration to 40 µg/ml produced moderate inhibitory effects, with 4 mm inhibition observed in S. aureus and 2 mm in P. mirabilis, whereas the remaining organisms remained resistant. The strongest antibacterial activity was recorded at 80 µg/ml, yielding inhibition zones of 5 mm against S. aureus, 6 mm against P. mirabilis, and 2 mm each against E. coli and K. pneumoniae, confirming a clear dose-responsive pattern. Overall, S. aureus was the most susceptible organism, followed by P. mirabilis, while the gram-negative bacteria particularly K. pneumoniae displayed lower sensitivity. Although the methanolic extract demonstrated measurable inhibitory capacity, its activity remained lower than that of ampicillin (5 µg/ml), which produced inhibition zones of 8 mm, 9 mm, 6 mm, and 8 mm against E. coli, P. mirabilis, K. pneumoniae, and S. aureus, respectively. Fig. 3 represents the mean values of triplicates of antibacterial activity. These findings collectively indicate that L. inermis possesses modest but significant antibacterial potential, which becomes more pronounced at higher extract concentrations. Overall, the results imply that elevated doses of the methanolic extract may offer a natural alternative with the capacity to complement or partially substitute conventional antibiotics. With further refinement and validation, L. inermis could emerge as a promising, non-toxic, plant-derived antimicrobial agent capable of contributing to safer and more sustainable therapeutic options for human health.
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 Figure 2 Zone of inhibition by L. inermis extract against drug resistant bacteria
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Figure 3 Antibacterial activity of methanol extract of L. inermis. Values are expressed as mean ± SE of triplicates in each group.

3.4. Antioxidant Activity

The presence of phenolics, flavonoids, and various other bioactive molecules in plants is widely recognized for contributing to strong antioxidant activity, primarily through neutralizing free radicals and preventing lipid peroxidation, thereby reducing oxidative stress–related cellular deterioration (Gupta and Sharma, 2006). As L. inermis is traditionally known to be rich in polyphenolic and flavonoid constituents, its methanolic extract was evaluated for antioxidant capacity and compared with the standard antioxidant, L-ascorbic acid. Antioxidant strength is often quantified using IC₅₀ values, where lower values reflect greater radical scavenging efficiency. In this study, the methanolic extract of L. inermis demonstrated a concentration-dependent increase in antioxidant activity. At the lowest concentration tested (20 μg/ml), the extract produced a scavenging activity of 81.19 ± 0.24, slightly surpassing that of L-ascorbic acid (75.45 ± 0.22). At the intermediate concentration of 40 μg/ml, the extract continued to show considerable antioxidant effectiveness with a value of 64.29 ± 0.24, again higher than the standard (50.17 ± 0.23). The difference became more evident at the highest concentration of 80 μg/ml, where the extract achieved a scavenging activity of 34.21 ± 1.61, compared to 23.05 ± 0.31 for L-ascorbic acid. The consistent reduction in absorbance and the corresponding rise in radical scavenging percentages across the tested concentrations confirm that L. inermis exhibits notable antioxidant capability, at times exceeding that of the standard compound. The triplicate mean values reinforce this pattern (Fig 4). Overall, these results indicate that the abundant phenolic and flavonoid content of the methanolic extract significantly contributes to its antioxidant efficacy, supporting its traditional application in managing oxidative stress associated conditions. 
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Figure 4 Evaluation of antioxidant activity efficacy of the methanol extract of L. inermis by DPPH assay. Values are expressed as mean ± SE of triplicates in each group.

4. DISCUSSION

The global rise of antibiotic-resistant pathogens has emerged as a critical public health concern, largely fuelled by the excessive and often irrational use of synthetic antibiotics in clinical and veterinary settings (Yu et al., 2020). High-priority bacterial species such as Staphylococcus aureus, Pseudomonas aeruginosa, Streptococcus pneumoniae, Acinetobacter baumannii, Enterococcus faecium, Helicobacter pylori, Salmonella spp., Neisseria gonorrhoeae, Haemophilus influenzae, and Shigella spp. exhibit alarming levels of multidrug resistance, compounded by their capacity to disseminate resistance determinants through mobile genetic elements, thus escalating the community burden of antimicrobial resistance (CDC, 2019). Environmental contamination has further intensified this crisis, as untreated hospital effluents, industrial discharges, agricultural pesticide residues, and vehicular emissions contribute to the accumulation of antibiotic residues and antimicrobial-resistant bacteria in soil and aquatic ecosystems, creating long-term ecological reservoirs that facilitate horizontal gene transfer and selection of resistant strains (Gothwal et al., 2015; Said et al., 2016; Oyekale et al., 2017; Jonas et al., 2017). Recent studies have reinforced these concerns, reporting high loads of antibiotic-resistant E. coli, Klebsiella pneumoniae, and P. aeruginosa in hospital wastewater, along with clinically relevant resistance genes such as bla TEM, bla SHV, and mecA, underscoring the critical role of wastewater streams in environmental dissemination of resistance (Bansal, 2023; Hocquet et al., 2016; Hotor et al., 2025). Mechanistically, bacteria employ diverse strategies to evade antimicrobial action, including chromosomal or plasmid-encoded resistance determinants (Tajer et al., 2024; Mahlappu et al., 2016; Munita et al., 2016), enzymatic inactivation of drugs such as β-lactamases capable of hydrolysing penicillins, cephalosporins, and monobactams (Fischbach et al., 2009; Rahman et al., 2018), ribosomal target modification (Wilson, 2014), altered membrane permeability, enhanced efflux pump activity (Shriram et al., 2018), and structural alteration of antibiotic targets via methylation (Munita et al., 2016). Acquisition of the mecA gene, encoding a modified penicillin-binding protein (PBP2a), is a well-known example that has enabled the emergence of methicillin-resistant S. aureus (MRSA) (Moellering, 2012). Horizontal gene transfer processes conjugation, transformation, and transduction further amplify the rate at which resistance traits spread across diverse microbial populations (Wiedenbeck et al., 2011; Hall et al., 2017; Saak et al., 2020). While the complexity of resistance mechanisms continues to expand, the stagnation in antibiotic discovery, exacerbated by high development costs has intensified the need for alternative therapeutic strategies (WHO, 2020). In this context, medicinal plants have gained considerable attention as promising sources of novel antimicrobial compounds, owing to their rich diversity of bioactive phytochemicals such as alkaloids, flavonoids, phenolics, tannins, terpenoids, and coumarins, which possess antimicrobial, antioxidant, anti-inflammatory, antidiabetic, and anticancer properties (Perumal Samy & Gopalkrishnakone, 2010; Domínguez-Perles et al., 2020; Mbaveng et al., 2015). Current reviews and experimental studies have highlighted the potent antibacterial and antibiofilm activities of plant-derived molecules, including alkaloids like piperine, terpenoids with membrane-disrupting actions, and phenolic compounds that interfere with quorum sensing, alongside growing evidence of synergistic interactions between phytochemicals and conventional antibiotics, which can restore drug susceptibility or reduce required dosages (Anand et al., 2019; Anand et al., 2020; Woo et al., 2023; Mohammed et al., 2021).

Substantiating this report, our study on the traditional medicinal plant L. inermis and the results obtained from its phytochemical screening, GC MS profiling, antibacterial evaluation, and antioxidant assays confirm that the plant’s secondary metabolites significantly contribute to its diverse therapeutic properties. These bioactive constituents hold great potential for the development of novel antimicrobial and antioxidant agents. In the present work, comparative analysis of the three different solvent extracts of L. inermis, viz. diethyl ether, methanol and hexane revealed that the methanolic extract exhibited the highest phytochemical richness. It demonstrated a strong presence of alkaloids, flavonoids, phenolic compounds, tannins, saponins, and terpenoids, which is attributed by the superior extraction efficiency and solubility of these metabolites in methanol (Table 1). The abundance of these compounds correlates with the extract’s notable antibacterial activity and its potent free radical scavenging potential, suggesting that L. inermis could serve as an effective natural source for bioactive compounds useful in pharmaceutical applications. (Reddy et al., 2021) also reported a similar outcome in phytochemical screening of Gardenia latifolia using methanol extract because of its rich spectrum of secondary metabolites, while hexane revealed no compounds, chloroform revealed the presence of phenols and flavonoids, and ethyl acetate revealed phenols, flavonoids, glycosides, and terpenoids. Studies by (Nesa et al., 2014) reveal that mice administered with 300 and 500 mg/kg of L. inermis bark methanolic extract (MELIB) produced notable analgesic and sedative effects. This shows the efficacy of L. inermis to be used in treating various sleep related disorders. A 250 mg/kg dosage of methanol leaf extract (MLELI) dramatically decreased Trypanosoma congolense parasitemia in an in vivo antitrypanosomal study by (Tauheed et al., 2016) in infected Wistar rats. Even at 5,000 mg/kg, acute toxicity tests revealed no toxicity or fatality, suggesting a large safety margin. Compared to non-polar solvents like hexane and chloroform, very polar solvents like methanol and ethanol produced noticeably greater total phenolic and flavonoid contents in maceration experiments, suggesting that many of its phytoconstituents are highly polar (Joyroy et al., 2025). Further supporting the dominance of polar chemicals, the crude methanol extract of L. inermis leaves had a significantly greater percentage yield (~17%) in fractionation work than its hexane (~0.66%) and ethyl acetate (~0.96%) fractions (Sharma & Goel, 2018). In vitro assays using EBV-infected Raji cells showed that both crude henna leaf powder and isolated lawsone inhibited EBV‐early antigen activation by over 88% (Kapadia et al., 2013). Phytochemical studies by (Acharya et al., 2025; Ullah et al., 2025) have demonstrated that methanolic extracts of L. inermis leaves contain rich concentrations of phenolic acids, flavonoids, terpenoids, naphthoquinones, and related bioactive constituents, all of which contributed to its antimicrobial activity. Additionally, L. inermis exhibits promising antioxidant and anticancer properties, attributed to phytochemicals such as gallic acid, catechin, quercetin, and lawsone, which display cytotoxicity against several human cancer cell lines including SW480 and A549 (Acharya et al., 2025). The discovery of new polyphenolic and megastigmane compounds has expanded its anticancer profile, demonstrating selective toxicity toward malignant cells (Ullah et al., 2025). Thus, based on the referenced literature and our promising findings from the phytochemical analysis and GC–MS profiling of the methanolic extract of L. inermis, it can be strongly inferred that methanol is an effective and suitable solvent for isolating the highly polar bioactive constituents present in this genus.

GC-MS profiling using methanolic extract of L. inermis by (Mustapha et al., 2024) identified 27 distinct phytoconstituents, including sclareol, and various coumarin derivatives, many of which were predicted via in silico docking to have strong binding affinities against drug-resistant Klebsiella pneumoniae (CTX-M protein). GC-MS analysis done by (Sharma & Goel, 2018) indicated that L. inermis fractions (hexane, ethyl acetate, aqueous methanol) include numerous bioactives such as 1(3H)-isobenzofuranone, quinones, steroids & phenols and that the crude methanol extract displayed the strongest antibacterial activity, possibly due to the synergistic action of these chemicals.

Phytochemical study of L. inermis mediated silver nanoparticles with UV-Vis, FTIR, XRD, SEM, TEM, and AFM revealed the involvement of bioactive ingredients in nanoparticle synthesis and antibacterial action. UV-vis spectroscopy validated nanoparticle formation via surface plasmon resonance, whereas FTIR analysis revealed the presence of phenolic, hydroxyl, and carbonyl functional groups that reduce and stabilize Ag⁺ ions. The nanoparticles' crystalline nature was shown by XRD patterns, whereas electron microscopic investigations revealed primarily spherical particles in the nanometer range. The presence of naphthoquinone derivatives, particularly lawsone, as well as flavonoids and polyphenols, has been shown to improve antimicrobial efficacy by forming strong interactions with silver ions, resulting in improved bactericidal activity against both Gram-positive and Gram-negative pathogens (Al-Rashdi et al., 2023; Kumar et al., 2022). Spectrophotometric and chromatographic studies of L. inermis leaf extracts further confirmed the abundance of quinones, tannins, and phenolic compounds, which are known to disrupt microbial membranes and inhibit enzymatic activity, contributing significantly to the plant’s broad-spectrum antimicrobial potential (Singh et al., 2021).

GC–MS-characterized essential oil of L. inermis has shown pronounced free radical scavenging ability in standard antioxidant assays such as DPPH and ABTS, with activity increasing in a concentration-dependent manner (Elaguel et al., 2023). High-performance liquid chromatography (HPLC) profiling has further identified major polyphenolic constituents, including gallic acid, catechin, ellagic acid, and quercetin, which show a strong association with antibacterial activity against pathogens such as Staphylococcus aureus and Bacillus cereus, as well as with antioxidant potential in polar solvent extracts (Joyroy et al., 2025). Abdelrahman et al., 2020, has reviewed that a range of phytochemicals like squalene, lawsone, coumarin-4-carboxylic acid, and phytol in L.inermis are known for their therapeutic activities. Based on these findings, we analyzed the phytochemical composition of three different extracts of L. inermis -diethyl ether, methanol, and hexane. Among these, the methanol extract demonstrated the highest concentration of potential bioactive compounds and was therefore selected for GC–MS analysis to identify the bioactive molecules responsible for the medicinal properties of L. inermis. In 2017, the World Health Organization (WHO) listed twelve bacterial families that pose a significant threat to human health due to the rising issue of multidrug resistance (Yu et al., 2020). Considering the WHO’s list of priority pathogens, we selected four clinical isolates Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, and Staphylococcus aureus to investigate the antibacterial activity of I. verum. Additionally, the antioxidant potential of the extracts was also evaluated.

Phytochemical investigations of L. inermis using different extraction approaches have consistently demonstrated a high content of tannins, phenolic compounds, and flavonoids, with methanolic extracts showing particularly rich bioactive profiles. In the present study, the highest tested concentration (80 μg/ml) of L. inermis methanol extract exhibited substantial bactericidal activity against the selected pathogenic strains, namely Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, and Staphylococcus aureus. Moderate (40 μg/ml) and lower (20 μg/ml) concentrations also displayed inhibitory effects; however, a gradual reduction in antimicrobial efficacy was observed with decreasing dosage. A similar dose-dependent trend was recorded in antioxidant assays, wherein the 80 μg/ml extract demonstrated superior radical scavenging activity, reflected by low IC₅₀ values comparable to that of the standard antioxidant, ascorbic acid. Although the lower concentrations retained antioxidant potential, their effectiveness was comparatively diminished. These findings align with previous reports indicating that hydroxyl radical scavenging activity increases proportionally with extract concentration (Agbor et al., 2014). Our results also exhibit a very strong positive correlation between flavonoid and phenolic compound richness and antibacterial activity, and eventually antioxidant properties, which supports the previous work of (Cai et al., 2004; Shan et al., 2005) in dietary spices and Chinese herbs, as well as (Bobinaite et al., 2020) in plant extracts. (Del Rio et al., 2013; Miklasinska-Majdanik et al., 2018; Zacchino et al., 2017; Lima et al., 2019; Makarewicz et al., 2021) revealed that phytophenols can reduce antibiotic resistance in bacteria, ultimately killing or stopping their growth and serving as natural antibiotics.

Medicinal plants such as L. inermis have demonstrated significant antibacterial activity against a range of pathogenic bacteria, reflecting their long-standing use in traditional medicine systems. Extracts from the leaves of L. inermis have been shown to inhibit both Gram-positive and Gram-negative bacteria, and isolated compounds including 2-hydroxy-1,4-naphthoquinone exhibit potent antimicrobial effects, suggesting that henna could serve as a source of natural antibacterial agents for therapeutic applications (Acharya et al., 2025; Yang et al., 2015). Beyond L. inermis, other medicinal herbs widely studied for their antimicrobial properties include Nigella sativa, Matricaria aurea, Withania somnifera, and Cymbopogon schoenanthus, all of which contain bioactive phytochemicals such as flavonoids, terpenoids, and phenolic acids that contribute to their antibacterial and anti-infective effects (Almasri et al., 2025). Essential oils from herbs like thyme (Thymus vulgaris), oregano (Origanum vulgare) also exhibit strong antibacterial and antioxidant activities due to high levels of phenolic compounds such as thymol, eugenol, and carvacrol (Karapinar et al., 1987; Beuchat et al., 1989). These collective findings underscore the therapeutic potential of medicinal herbs, including L. inermis, as natural sources of antimicrobial agents for combating pathogenic bacteria and supporting traditional and modern pharmacological applications.

Studies reveal that extracts of neem, oregano, aloevera, citronella, evergreen shrub rosemary, aromatic herb thyme, tulsi and bryophyllum exhibit notable inhibitory effects on methicillin resistant Gram + and Gram - bacteria and ascertained the role of phenols and tannins against them (Dahiya et al., 2012). Similar to our study, in vitro investigations of neem, tulsi leaf extracts against clinical pathogens such as Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli, Bacillus subtilis, and Proteus mirabilis have demonstrated strong bactericidal activity (Subapriya & Nagini, 2005). Mushrooms high in hydroxycinnamic acid derivatives and other phenolic acids, as well as plant phenols like pyrogallol and catechol (Shahzad et al., 2015; Liu et al., 2021; Taguri et al., 2006), have potent antibacterial properties (Nowacka et al., 2015). The polyphenol caffeic acid, which is found in olive leaf extract, interacts with the ampicillin resistance domains in S. aureus and E. coli to enhance the bactericidal effect on them (Lim et al., 2016). Numerous studies have demonstrated that plant-derived flavonoids and their derivatives enhance the efficacy of antibiotics against resistant strains of Staphylococcus aureus by modulating efflux mechanisms, thereby contributing to their antimicrobial activity (Chan et al., 2011; Klancnik et al., 2017; Christena et al., 2015; Randhawa et al., 2016; Gorniak et al., 2019; Lopes et al., 2017; Xu et al., 2019). These compounds have been shown to induce alterations in the structural organization of the bacterial cell membrane (Cushnie et al., 2008) and disrupt membrane integrity in Enterococcus faecalis (Budzynska et al., 2011; Wu et al., 2013). Furthermore, flavonoids exhibit strong interactions with bacterial DNA gyrase, leading to inhibition of DNA replication (Wu et al., 2013). Additionally, (Lin et al., 2005) reported the activity of flavonoids against antibiotic-resistant strains of K. pneumoniae, highlighting their potential role as resistance-modifying agents. It seems that the bactericidal effect of our crude methanol extract of L. inermis is also due to the presence of terpenes. Numerous researchers have investigated the relationship and mode of action between the bioactive components and pathogenic bacteria, and they have found that the presence of terpenes in L. inermis extracts demonstrated a significant antibacterial property against S. aureus, Bacillus subtilis, Escherichia coli, Salmonella typhi, and Klebsiella spp., with measured MIC values ranging from 2.31 mg/ml to 9.27 mg/ml in chloroform and acetone extracts, indicating potential effectiveness across diverse bacterial taxa (Gull et al., 2013). In vitro antibacterial evaluations of methanolic L. inermis leaf extracts demonstrated inhibitory effects against both Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria, with determined MIC values of around 100 mg/ml for S. aureus and 200 mg/ml for E. coli, highlighting the extract’s dose dependent bacteriostatic activity (Zannat et al., 2023). Ethanol- and water-based extracts of L. inermis have demonstrated inhibitory effects against Aggregatibacter actinomycetemcomitans, whereas their efficacy against Porphyromonas gingivalis remains comparatively weak, highlighting both species-specific responses and the influence of extraction methods on antimicrobial performance (Idris et al., 2023). (Yu et al., 2020) reported that essential oils (EOs) exhibit significant potential in combating drug resistance through multiple mechanisms, as described by (Fischbach et al., 2009; Mak et al., 2014; Munita et al., 2016; Rahman et al., 2018; Wilson, 2014; Pages et al., 2008; Shriram et al., 2018; Moellering 2012). Essential oil constituents such as thymol and carvacrol from Thymus capitatus have demonstrated activity against Pseudomonas aeruginosa (Althunibat et al., 2016), while eugenol has shown effectiveness against methicillin-resistant S. aureus (Yadav et al., 2015; Togashi et al., 2010; Muniz et al., 2021). The presence of coumarins in our phytochemical screening indicates that L. inermis possesses both antioxidant and antibacterial properties. According to (Basile et al., 2009; El-Seedi et al., 2007; Tan et al., 2017), coumarins inhibit DNA gyrase in MDR bacteria, stopping bacterial DNA replication and acting as agents to reverse resistance. It is reported that coumarins have the potential to act as an inhibitor of efflux mechanism against S. aureus (Bazzaz et al., 2010). It appears that the antibacterial activity shown by L. inermis may also be attributed to the presence of saponins in our screening. Saponins' amphiphilic properties play a crucial role as an antimicrobial agent (Sparg et al., 2005; Veda et al., 2017; Sengul et al., 2011; Mert Eren et al., 2021) which promotes the formation of foams that can serve as bactericidal in aqueous solutions (Vincken et al., 2007; Moghimipour et al., 2015). The microbicidal effect of Saponaria cypria Boiss root extract was found to be caused by around nine saponins and six phenolic compounds (Charalambous et al., 2022). Likewise, saponin-rich Catharanthus roseus root extract also showed antioxidant, anti-proliferative, and antimicrobial properties against E. coli, E. aerogenes, and S. lugdunensis, as well as antifungal effects against Candida albicans and Aspergillus niger (Pham et al., 2019). Methanol-derived triterpene saponins isolated from the halophytic plant Anabasis setifera exhibited pronounced antiviral activity against SARS-CoV-2, with low inhibitory concentrations (IC₅₀ values ranging from ~2.3 to 6.8 µg/mL) and high selectivity indices, suggesting stronger activity than some existing antiviral agents and highlighting their promise as antiviral lead compounds (Othman et al., 2025). The methanol, diethyl ether, and hexane extracts of L. inermis exhibited a high tannin content in our screening. These tannin compounds, widely utilized in traditional Chinese medicine, are known for their antimicrobial properties, which are primarily mediated through protein binding and subsequent protein precipitation. (Czerkas et al., 2024; Huang et al., 2024) demonstrated that hydrolyzable and condensed tannins extracted from various plant sources show potent antibacterial activity against both Gram-positive and Gram-negative pathogens, including Staphylococcus aureus, Escherichia coli, and Streptococcus mutans, with mechanisms involving destabilization of microbial membranes and binding to membrane proteins. Tannin-rich plant extracts exhibit exceptional antibacterial effects against S. typhi in Euphorbia hirta (Perumal et al., 2012); acetone and water extracts of Terminalia arjuna and Piper betel against B. subtilis, S. aureus, E. faecalis, M. luteus (Gram+) and E. coli, K. pneumoniae, S. typhi, P. aeruginosa, and P. vulgaris (Gram-) (Kurhekar, 2016). The function of tannins as antiviral agents in fifty Chinese herbs has been documented by (Zhang et al., 2012). Studies of (Kaczmarek, 2020) on tannic acid, a representative plant tannin, has revealed broad antiviral effects against several viruses including Influenza A, noroviruses, Herpes simplex viruses, and HIV.

Our GC–MS analysis of the methanolic extract of L. inermis revealed a predominance of flavonoids and phenolic compounds, indicating that, in addition to its antimicrobial activity, the extract possesses a strong capacity to scavenge free oxygen radicals. Beyond antibacterial activity, L. inermis also demonstrates potent antifungal potential. Studies reveal that untreated henna powders possess stronger anti-candida activity and enhanced wound-healing effects than heat treated counterparts, a phenomenon linked to higher retention of phenolic and flavonoid compounds; docking analyses of chlorogenic and ellagic acids further support their antifungal mechanisms (Pandey et al., 2025). Natural antioxidants are widely distributed across plants, microorganisms, fungi, and animal tissues (Charles, 2012), with flavonoids, phenols and curcuminoids constituting their major classes (Zeb, 2021). Phenolic antioxidants in plants play integral roles in complex metabolic and signalling pathways and contribute to plant defense against microbial invasion through the production of phytoalexins, which are flavonoid derived compounds (Ahuja et al., 2012). Plant-based natural antioxidants, including flavonoids, coumarins, tocopherols, and other polyphenols, primarily function as reducing agents and free oxygen radical scavengers, while also inhibiting the formation of singlet oxygen species (Pratt, 1992). Both aqueous and methanolic extracts of L. inermis have demonstrated strong free radical scavenging activity in DPPH assay, along with effective inhibition of lipid peroxidation, correlating positively with total phenolic content and suggesting potent reducing capabilities against reactive oxygen species. These antioxidant effects were further shown to protect DNA and cellular systems from oxidative damage induced by chromium (VI), indicating cytoprotective efficacy (Guha et al., 2011). Herbs that are rich in antioxidants can neutralize free radicals during the initial stages of auto-oxidation by forming complexes with metal ions, thereby significantly reducing oxidative damage (Wang et al., 2021; Estevez et al., 2017). Oxidative deterioration, including lipid peroxidation, leads to the degradation of food and other biological materials by altering their structure, quality, and nutritive value. This process, often accompanied by microbial spoilage, has prompted extensive reliance on synthetic antioxidants and preservatives, which may pose potential health risks (Eshghi et al., 2014; Prakash et al., 2020; Farahmandfar et al., 2015; Gupta & Sharma, 2006). Consequently, natural sources of bioactive compounds, such as plant extracts rich in phytochemicals, have been increasingly explored as safer alternatives to synthetic additives. In this context, L. inermis extracts, with their high phenolic and flavonoid content, displays significant antioxidant properties, making them promising candidates for incorporation into pharmaceutical and controlled nutraceutical formulations to mitigate oxidative damage and enhance product stability (Shan et al., 2005; Asnaashari et al., 2015; Srinivasan, 2014; Huang, 2018; Yashin et al., 2017). Various extracts of Laurus nobilis L. leaves, which are abundant in quercetin, have demonstrated significant antioxidant potential in multiple free radical scavenging assays and have been traditionally applied in the management of rheumatism and dermatological conditions (Kaurinovic et al., 2019). HPLC profiling has revealed the presence of multiple bioactive phenolic constituents in L. inermis, such as gallic acid, quercetin, catechin, chlorogenic acid, ellagic acid, and rutin, which are believed to play a key role in its in vitro free radical scavenging and antigenotoxic activities (Kumar et al., 2014). Phenolic analysis additionally demonstrated the presence of considerable amounts of apigetrin and apigenin-5-glucoside, phytochemicals that have been associated with significant antioxidant potential in comparative analytical assays (Elansary et al., 2020). L. inermis extracts containing lawsone have been shown to markedly elevate the activities of endogenous antioxidant enzymes, including superoxide dismutase (SOD), catalase (CAT), glutathione reductase, and glutathione peroxidase, in in vivo models, indicating an enhanced antioxidant defense mechanism and effective attenuation of oxidative stress (Vijayaraj & Kumaran, 2018; Dasgupta et al., 2003). L. inermis extracts have been reported to exert notable anticancer and antiproliferative activities across several human cancer cell lines. In particular, polar solvent extracts such as ethanolic and methanolic fractions have exhibited pronounced cytotoxic effects against colon, lung, and breast cancer cells, indicating the potential of lawsonia derived phytochemicals as promising chemopreventive agents (Joyroy et al., 2025). The therapeutic spectrum of henna also includes wound healing, anti-inflammatory, immunomodulatory, anti-diabetic, and hepatoprotective effects, which collectively reinforce its potential as a multifunctional medicinal plant. These properties are increasingly recognized in ethnopharmacological research, providing scientific justification for its traditional use in treating metabolic disorders, infections, inflammation, and tissue damage (Khan et al., 2020). 

5. CONCLUSION

In conclusion, medicinal properties of L. inermis extracts underscore their potential in the development of natural therapeutic agents for oxidative stress related disorders, microbial infections, inflammatory conditions, and certain cancers. Moreover, the demonstrated cytoprotective and wound healing effects further position L. inermis as a versatile candidate for incorporation into pharmaceutical formulations, nutraceuticals offering a safe and effective alternative to synthetic drugs and preservatives. Continued research and clinical validation will enable the translation of these phytochemicals into novel, evidence based therapies.
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