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A B S T R A C T   

Natural products have been important parts of traditional medicine since ancient times, with 
various promising health effects. Leea aequata (L. aequata), a natural product, has been widely 
used for treating several diseases due to its promising pharmacological activities. Therefore, the 
present study aimed to explore the phytochemical profiling and molecular docking of the 
antioxidant-rich part of L. aequata leaves and its antiproliferative activity. L. aequata leaves were 
extracted with methanol, followed by fractionation with the respective solvents to obtain the 
petroleum ether, chloroform, ethyl acetate, and aqueous fractions. The antioxidant activity was 
evaluated by spectrophotometric methods. The cytotoxic and antiproliferative activities were 
detected using MTT colorimetric and confocal microscopy methods, respectively. Phytochemical 
compositions were analyzed using gas chromatography‒mass spectrometry analysis. Computer 
aided (molecular docking SwissADME, AdmetSAR and pass prediction) analyses were undertaken 
to sort out the best-fit phytochemicals present in the plant responsible for antioxidant and anti-
cancer effects. Among the fractions, the ethyl acetate fraction was the most abundant polyphenol- 
rich fraction and showed the highest antioxidant, reducing power, and free radical scavenging 
activities. Compared to untreated MCF-7 cells, ethyl acetate fraction-treated MCF-7 cells showed 
an increase in apoptotic characteristics, such as membrane blebbing, chromatin condensation, 
and nuclear fragmentation, causing apoptosis and decreased proliferation of HeLa and MCF-7 
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cells. Furthermore, gas chromatography mass spectrometry data revealed that the ethyl acetate 
fraction contained 16 compounds, including methyl esters of long-chain fatty acids, which are the 
major chemical constituents. Moreover, hexadecanoic acid, methyl ester; 9-octadecenoic acid (Z)- 
, methyl ester; 9,12-octadecadienoic acid, methyl ester (Z, Z) and phenol, 2,4-bis(1,1-dimethy-
lethyl) are known to have antioxidant and cytotoxic activity, as confirmed by computer-aided 
models. A strong correlation was observed between the antioxidant and polyphenolic contents 
and the anticancer activity. In conclusion, we explored the possibility that L. aequata could be a 
promising source of antioxidants and anticancer agents with a high phytochemical profile.   

1. Introduction 

Plant secondary metabolites have been used since ancient times to prevent and treat various human diseases. Due to their wide 
range of clinical applications and excellent therapeutic efficacy, researchers strive to exploit secondary metabolites as a novel source in 
drug discovery [1–5]. Extensive research has been performed to identify novel agents from natural sources such as plants, fruits, 
vegetables, extracts, and biomolecules to develop effective and natural therapeutic approaches for preventing and treating various 
cancers because cancer led to nearly 10 million deaths worldwide in 2020, or nearly one in six deaths, and its incidence is increasing 
daily [6]. According to cancer statistics for 2023, 1,958,310 new cancer cases and 609,820 cancer deaths are projected to occur in the 
United States [7]. Moreover, the American Cancer Society estimates that by 2040, the number of new cases of cancer is expected to 
grow to 27.5 million, and the number of deaths is expected to be 16.3 million globally, an increase of 60 % from 2020 [8]. Unfor-
tunately, even though some cancers are treatable, current therapies may not be able to adequately treat cancer and its related com-
plications. In the new era, immunotherapy, targeted therapy, radiotherapy, and surgical treatments have come to the forefront, some 
of which are highly selective. Moreover, chemotherapy agents are nonselective, widely used, and highly toxic to both healthy and 
cancerous cells and tissues, causing serious side effects and health-related complications [9]. Hence, the identification of a novel and 
natural anticancer agent with minimal adverse effects on normal cellular processes and patients is urgently needed [10]. 

The production of reactive oxygen species (ROS) is a normal cellular process in living organisms. However, ROS also play pivotal 
role in the growth and proliferation of cancer cells and can alter the redox homeostasis of cancer. The impaired balance between the 
generation and scavenging of ROS produces a condition known as oxidative stress (OS), which induces cancer development [11]. 
However, it has been established that ROS scavengers block cancer cell proliferation [12,13]. Accumulated literature has suggested 
that polyphenols, one of the main antioxidants (termed “natural antioxidants”), have certain anticancer properties [11]. Therefore, 
this research is focused on searching for potential natural antioxidants rather than synthetic antioxidants, as natural antioxidants are 
less toxic, easier to obtain, and more cost-effective. 

Antioxidants can delay, prevent, or cure oxidative damage by scavenging free radicals and terminating the propagation of free 
radical chain reactions [14–16]. Thus, antioxidants can protect normal cells from cancer and reduce the risks of tumorigenesis by 
reducing OS and other parameters of cell damage. Recently, it has been reported that nutraceuticals rich in antioxidants kill cancer 
cells by producing pro-oxidative activity [17]. Carotenoids, also called tetraterpenoids, found in fruits, vegetables, and other 
plant-based products may function as pro-oxidants and cause cancer cells to undergo ROS-mediated apoptosis. Basically, when ca-
rotenoids are administered with cytotoxic drugs that cause ROS, they can reduce the toxic effects of these drugs on healthy cells 
(through an antioxidant mechanism) without affecting the cytotoxicity of drugs to cancer cells (a pro-oxidant mechanism) [18]. 
Moreover, phenolic and aromatic ring-containing antioxidants are the most effective antioxidants, as they release H• to stabilize the 
radical intermediate in free radical chain reactions [14,19]. Therefore, antioxidant-enriched herbal supplements can confer protection 
by decreasing OS and inflammatory processes [4,20,21]. Over 8000 polyphenolic compounds and more than 6000 flavonoids have 
been identified in various plants. From 1981 to 2014, approximately 136 drugs were recorded as anticancer drugs worldwide, and of 
these, 83 % were from natural sources [22]. Some evidence suggests that several commonly used anticancer medications come from 
natural sources. For example, drugs such as curcumin (diferuloylmethane) [23] and paclitaxel [24] were derived from the rhizome of 
Curcuma longa Linn and the bark of Taxus brevifolia Nutt, while pomiferin and sulforaphane were isolated from Maclura pomifera [25]. 
Thymoquinone, isolated from the seeds of Nigella sativa, possesses potent anticancer and free radical scavenging abilities in both 
animal models and cell culture systems [26–28]. 

Leea aequata (L. aequata) is a traditional medicinal plant belonging to the Leeaceae family. It is widely distributed throughout 
Bangladesh, Bhutan, Cambodia, China, India, Malaysia, Myanmar, Nepal, the Philippines, Thailand, and Vietnam [29]. In Bangladesh, 
the plant is distributed in the forests of the Chittagong and Sylhet divisions [30]. It possesses phenolics, flavonoids, saponins, tannins, 
glycosides, and steroids [9,31]. L. aequata is traditionally used for the treatment of many diseases [30]. The roots, tubers, and stems are 
used as mucilaginous and astringents [32]. The bark and roots are used as astringents and anthelmintics, as well as to treat indigestion, 
jaundice, chronic fever, and malaria [33]. The roots, pounded with milk, are often prescribed for consumption; pounded with rice 
water, they are often prescribed for leukorrhea. The whole plant is used to treat mercury poisoning, along with fever and cough in 
influenza [32]. The leaves are used as antiseptics and wound-healing agents [32]. A paste of fresh leaves is applied externally to treat 
skin diseases and wounds [29]. The essential oil obtained from the whole plant is used to treat tuberculosis [32]. The leaves have 
anticonvulsant, antinociceptive, and anthelmintic properties [30,33]. Additionally, many other species of the genus Leea have been 
shown to produce anticancer activity against several cancer cells [34] and to show antitumor activity in mouse models [34]. In our 
previous study, we successfully isolated two glycosides, 7-O-methylmearnsitrin and roseoside A, from L. aequata leaves, demonstrating 

M.G. Mostofa et al.                                                                                                                                                                                                    



Heliyon 10 (2024) e23400

3

that both compounds significantly inhibited cell proliferation in the HeLa cell line [31]. 
L. aequata, as a natural product, has been widely used by local practitioners for the treatment of different diseases, and many other 

species of the Leea genus possess potential pharmacological properties. Hence, these findings encouraged us to investigate the 
phytochemical profiling and pharmacological activity of this particular plant. In this study, we investigated cytotoxic activity against 
HeLa (cervical cancer) and MCF-7 (breast cancer) cell lines and in vitro antioxidant activity against cell-free conditions using different 
fractions of L. aequata leaf extracts. In addition, it was investigated for its phytochemical profile, the most effective antioxidant, and 
cytotoxic fractions. 

2. Materials and methods 

2.1. Materials and reagents used in the different assays 

The substances used in this study were methanol, ethyl acetate, chloroform, petroleum ether, Folin-Ciocalteu reagent, sodium 
carbonate (Na2CO3), gallic acid (GA), 1,1-diphenyl-2-picrylhydrazyl (DPPH), butylated hydroxytoluene (BHT), sulfuric acid, sodium 
phosphate, catechin (CA), and ammonium molybdate, which were purchased from Duksan Pure Chemicals Co. Limited in South Korea. 
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), phosphate-buffered saline (PBS), 4′,6-diamidino-2-phenylindole (DAPI), annexin V–fluorescein isothiocyanate (FITC), 
propidium iodide (PI), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich in India. 

2.2. Plant Collection and identification 

L. aequata leaves were collected from Sylhet, a metropolitan city located in the northeastern region of Bangladesh, and identified by 
an expert taxonomist at the Bangladesh National Herbarium, where a voucher specimen (DACB Accession Number 45396) was 
deposited. 

2.3. Preparation of plant leaves 

Collected leaves were washed with fresh tap water to remove dirt and debris before being shade dried for several days with oc-
casional sun drying. The leaves were then dried in an oven (YPO-072, Yuanyao, China) for 24 h at a considerably low temperature 
(30 ◦C) for better grinding. The dried materials were ground into a coarse powder using a grinding machine (JY2A-4, Single Phase 
Motor, China) and stored at room temperature (RT) until needed. 

2.4. Extraction of plant leaves 

Before selecting the appropriate solvent, the dried coarse powdered materials were extracted with several solvents, such as ethanol, 
ethyl acetate, and chloroform. Based on the percentage yield, methanol was selected for extraction. The dried powder of the L. aequata 
leaves (approximately 500 g) was deposited into an amber-colored extraction bottle (with a capacity of 2.5 L) and soaked with 100 % 
methanol (3 × 1.5 L). The sealed bottle was shaken and stirred occasionally. The final extract was filtered separately through cotton 
and Whatman No. 1 filter paper (Whatman/GE Healthcare Companies, UK) and concentrated under reduced pressure via a rotary 
evaporator (Bibby Steriling Ltd., UK) at 45 ◦C to give the crude methanolic extract (CME) (80 g). The CME (35 g) was dissolved in 
methanol and water and successively fractionated with petroleum ether, chloroform, and ethyl acetate to produce PEF (4.86 g), CHF 
(3.79 g), EAF (9.45 g), and AQF (15.1 g). 

2.5. Determination of polyphenolic content 

2.5.1. Determination of total phenolic content 
The total phenolic content was determined using the Folin-Ciocalteu reagent (FCR) as previously described [11], with gallic acid 

(GA) used as a standard. Briefly, different concentrations of 0.4 mL plant extracts or standard were mixed in test tubes with 2 mL FCR 
(10X dilution in deionized water). Sodium carbonate solution (7.5 %, 3 mL) was added, and the mixture was incubated for 30 min at 
25 ◦C. The absorbance of each solution at 760 nm was measured against a blank using a spectrophotometer (Shimadzu UV-1900 
spectrophotometer, Japan). The total content of phenolic compounds in the different extracts was expressed as mg GA equivalent 
(GAE) per gram of dry extract and was calculated using the calibration curve equation y = 0.102 x + 0.0268 (R2 = 0.9996) by formula 
C = (x × V)/M, where C is the total content of phenolic compounds as mg GAE in each gram of the dried extract, x is the GAE con-
centration in mg/mL present in the sample, V is the final volume of the solution in mL, and M is the mass of the sample in the final 
solution in g. 

2.5.2. Determination of total flavonoid content 
The total flavonoid content of the different extractives was determined through the colorimetric method using catechin (CA) as a 

standard [11]. In brief, 0.5 mL of plant extracts or standard at different concentrations was mixed with 150 μL of 5 % sodium nitrate 
and 2.5 mL of distilled water in different test tubes and incubated for 5 min at RT. AlCl3 (10 %, 0.3 mL) was added to each test tube and 
incubated for 6 min at RT. NaOH (4 %, 1 mL) was added to the mixture and incubated at RT for 15 min. The absorbance of each 
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solution at 510 nm was then measured against a blank using a spectrophotometer (Shimadzu UV-1900 spectrophotometer, Japan). The 
total content of flavonoid compounds in the different extracts was calculated as catechin equivalent (CAE) per g of dry extract from the 
standard curve equation y = 0.0264x - 0.038, R2 = 0.9994 by formula C = (x × V)/M, where C is the total content of flavonoid 
compounds as mg CAE in each gram of the dried extract, x is the CAE concentration in mg/mL present in the sample, V is the final 
volume of the solution in mL, and M is the mass of the sample in the final solution in g. 

2.6. In vitro antioxidant assay 

2.6.1. Determination of total antioxidants 
The total antioxidant capacity of the different extractives was determined according to a previous research method [11], with slight 

modifications. In summary, different concentrations of plant extracts or standard CA (0.5 mL) were mixed with 3 mL of a reaction 
mixture containing 0.6 M sulfuric acid, 28 mm sodium phosphate, and 1 % ammonium molybdate. The mixtures were then incubated 
at 95 ◦C for 10 min. After cooling the mixtures at RT, the absorbance of each solution at 695 nm was measured against a blank using a 
spectrophotometer (Shimadzu UV-1900 spectrophotometer, Japan). The absorbance of the reaction mixture was directly proportional 
to the total antioxidant capacity. In this study, extracts or standard at five different concentrations ranging from 12.5 to 150 μg/mL 
were taken for each antioxidant assay. Concentrations were selected based on trial and error to fit the range of concentrations that can 
fully represent the rational change in antioxidant activity with increasing sample concentration. 

2.6.2. Ferric-reducing power capacity 
The total antioxidant capacity of the different extractives was estimated as described in a previous study [11]. First, 0.25 mL of 

plant extracts or standard ascorbic acid (AA) of different concentrations was mixed with 0.625 mL of potassium buffer (0.2 M, pH 6.6) 
and 0.625 mL of 1 % potassium ferricyanide [K3Fe(CN)6]. The mixtures were incubated for 20 min at 50 ◦C. Trichloroacetic acid (TCA) 
(10 %, 0.625 mL) was added to each test tube and centrifuged at 3000 rotations per minute (rpm) for 10 min. Then, 1.8 mL of the 
supernatant was withdrawn from each test tube and mixed with 1.8 mL of distilled water, followed by the addition of 0.36 mL of a 0.1 
% ferric chloride (FeCl3) solution to each diluted reaction mixture. Finally, the absorbance of each solution and the standard at 700 nm 
were measured against a blank using a spectrophotometer (Shimadzu UV-1900 spectrophotometer, Japan). The absorbance of the 
reaction mixture was directly proportional to the total antioxidant capacity. 

2.6.3. 1,1-Diphenyl-2-picrylhydrazyl radical scavenging assay 
The free radical scavenging abilities of the extracts/standard were tested using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical 

scavenging assay, as described in previous research [11]. Briefly, 2.4 mL of a methanol solution containing 0.1 mM DPPH was mixed 
with 1.6 mL of plant extracts or standard butylated hydroxytoluene (BHT) dissolved in methanol at different concentrations. The 
mixtures were incubated at RT for 30 min in the dark. The absorbance of the test and standard solutions was measured at 517 nm using 
a spectrophotometer (Shimadzu UV-1900 spectrophotometer, Japan). A typical blank solution containing the same solution mixture 
without extracts or standard was incubated under the same conditions as the rest of the sample solutions. The percentage (%) scav-
enging activity of DPPH radicals was calculated using the equation % I = {(Ac – As)/Ac} × 100, where Ac is the absorbance of the 
control and As is the absorbance of the extracts or standard. Finally, all scavenging percentages were plotted against concentrations, 
and the IC50 was calculated. 

2.6.4. Hydroxyl radical scavenging assay 
The hydroxyl radical scavenging activity of the extracts or standard was determined using a previously described method [11]. 

Hydroxyl radicals were generated using the Fe3+-ascorbate-EDTA-H2O2 system (Fenton reaction). The assay was based on the 
quantification of the 2-deoxy-D-ribose degradation product, which forms a pink chromogen upon heating with thiobarbituric acid 
(TBA) at a low pH. The reaction mixture contained 0.8 mL of phosphate buffer solution (50 mmol/L, pH 7.4), 0.2 mL of extracts or 
standard CA at different concentrations (6.25–100 μg/mL), 0.2 mL of EDTA (1.04 mmol/L), 0.2 mL of FeCl3 (1 mmol/L), and 0.2 mL of 
2-deoxy-D-ribose (28 mmol/L) in the test tubes. The mixtures were kept in a water bath at 37 ◦C, and the reaction was prompted by 
adding 0.2 mL of AA (2 mmol/L) and 0.2 mL of H2O2 (10 mmol/L). After incubation at 37 ◦C for 1 h, 1.5 mL of TBA (10 g/L) was added 
to the reaction mixture, followed by 1.5 mL of HCl (25 %). The mixture was heated at 100 ◦C for 15 min and then cooled with water. 
The absorbance of the solution was measured at 532 nm using a spectrophotometer (Shimadzu UV-1900 spectrophotometer, Japan). 
The hydroxyl radical scavenging activity was evaluated using the inhibition percentage of 2-deoxy-D-ribose oxidation on hydroxyl 
radicals. The percentage of hydroxyl radical scavenging activity was calculated according to the following formula: % of hydroxyl 
radical scavenging activity = {(Ac - As)/Ac} × 100, where Ac is the absorbance of the control and As is the absorbance of the extracts or 
standard. The experiment was repeated three times at each concentration. 

2.7. In vitro biological studies of L. aequata 

2.7.1. Lipid peroxidation inhibition assay 
The degree of lipid peroxidation was assayed by estimating the TBA-reactive substances in accordance with earlier studies [35]. 

The long adult Swiss albino mice, each weighing approximately 35 g, were anesthetized with 70 % (v/v) ethanol in 0.9 % sterile saline 
in the ventral chest region for deep anesthesia. The excised mouse livers were homogenized with a homogenizer in ice-cold phosphate 
buffer (50 mM, pH 7.4) to produce a 1/10 homogenate. The homogenate was centrifuged at 12,000 rpm for 15 min at 4 ◦C. The 
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supernatant was used as a liposome for an in vitro lipid peroxidation assay. Then, 0.5 mL of supernatant and 0.3 mL of extracts or 
standard CA at different concentrations were mixed with 1 mL of 0.15 M KCl and 200 μL of 0.4 mM FeCl3 and put in an incubator at 
37 ◦C for 30 min. Afterward, 2 mL of ice-cold TBA-TCA-HCl-BHT solution was immediately added to each test tube to stop the reaction, 
and the tubes were then heated at 90 ◦C for 60 min. After cooling on ice and centrifugation at 3000 rpm for 5 min, the supernatants 
were removed, and their absorbance at 532 nm was measured using a spectrophotometer (Shimadzu UV-1900 spectrophotometer, 
Japan). A control experiment was performed in the presence of distilled water without extracts or standard. The percentage (%) of the 
scavenging activity of lipid peroxide radicals was calculated from the equation % I = {(Ac - As)/Ac} × 100, where Ac is the absorbance 
of the control and As is the absorbance of the extract/standard. Finally, the percentage of scavenging was plotted against the con-
centration, and the IC50 was calculated. 

2.7.2. Cell culture 
Both HeLa and MCF-7 cells were purchased from the American Type Culture Collection, USA. MCF-7 was the first cell line for breast 

cancer, and HeLa was the first human cell line. Due to their widespread expansion into an essential experimental tool in cancer 
research, these cell lines were made possible by their discovery. They also provide an endless source of a homogeneous cell population 
that can self-replicate in conventional cell culture medium for cancer research [36]. The cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10 % fetal bovine serum in an atmosphere with 5 % CO2 at 37 ◦C. Healthy and expo-
nentially growing cells were used in all the described experiments. 

2.7.3. Cytotoxic assay 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was used to assess cell proliferation in HeLa and MCF-7 cells, 

as described by Rahman et al. [12] and Islam et al. [37]. Briefly, 1 × 104 HeLa cells were incubated in 96-well plates in the presence of 
various concentrations (125–500 μg/mL) of fractions and the standards vincristine sulphate (VS) and 5-fluorouracil (5-FU) for 48 h; on 
the other hand, 1 × 104 MCF-7 cells/well were incubated in 96-well plates at concentration ranges of 50–200 μg/mL. Following 
treatment, 20 μL of MTT (5 mg/mL dissolved in phosphate-buffered saline) was added to each well and incubated for an additional 4 h 
at 37 ◦C. The purple‒blue MTT formazan precipitate was dissolved in 200 μL of dimethyl sulfoxide, and the optical density was 
measured at 570 nm using a microplate reader (VarioSkan Flash 2.4.3, Thermo Fisher Scientific). The percentage of cell viability or 
inhibition of cell growth was calculated using the following formula: OD of samples/OD of controls × 100. 

2.7.4. Observation of morphological changes and nuclear damage in MCF-7 cells 
Cell apoptosis (nuclear condensation and fragmentation) was morphologically examined under a fluorescence microscope 

(Olympus X71, Korea) using a previously described method [35]. Apoptotic morphology was examined using Hoechst 33342 staining. 
In summary, MCF-7 cells were grown in DMEM for 24 h before being exposed to EAF for the same amount of time. PBS was used to 
wash the cells three times before staining them with Hoechst 33342 at a concentration of 0.1 mg/mL for 20 min in a darkened room at 
37 ◦C. PBS was then used to wash the cells once more. 

2.7.5. Apoptosis assay 
4′,6-Diamidino-2-phenylindole (DAPI), annexin V-FITC, and propidium iodide (PI) triple fluorescence staining for cancer cell 

apoptosis measurement were performed according to the method described by Mostofa et al. [31]. Briefly, HeLa cells were cultured in 
DMEM containing 100 nM EAF samples. After 48 h of treatment, the cells were washed twice with 0.01 M phosphate-buffered saline 
and suspended in 200 μL binding buffer. The cells were then incubated with 10 μL DAPI, 10 μL annexin V-FITC, and 5 μL PI for 30 min 
at 4 ◦C in the dark. DAPI, annexin V-FITC, and PI fluorescence were immediately observed under an FV1000 confocal laser scanning 
microscope (Olympus, Tokyo, Japan). 

MCF-7 cells were seeded into each well of a 96-well plate and incubated for 24 h in DMEM with 5 % CO2 at 37 ◦C. The cells were 
then treated with EAF for 48 h. After that, MCF-7 cells were stained with FITC-labeled annexin V/PI (Bioscience, USA). Finally, the 
stained plate was examined under a fluorescence microscope (Olympus IX71, Japan). 

2.8. Gas Chromatography‒Mass spectrometry analysis 

The sample was placed in a test tube and mixed with a boron trifluoride methanol solution for 1 h at a controlled 70 ± 2 ◦C. The 
samples containing boron trifluoride methanol solution were cooled to room temperature with hexane, and unsaturated sodium 
chloride was mixed and vortexed for 1 min to facilitate the settlement of higher molecular weight components such as ketones and 
water molecules, with an upper layer containing the fatty acid methyl esters. These were then deposited in mini-vials for analysis 
through GC. 

The bioactive compounds from the EAF were analyzed using GC-MS with electron-impact ionization (EI) on a gas chromatograph 
(GC-17A, Shimadzu Corporation, Kyoto, Japan) coupled to a mass spectrometer (GC-MS TQ 8040, Shimadzu Corporation). A fused 
silica capillary column (Rxi-5 ms; 0.25 m film, 30 m long, 0.32 mm internal diameter) coated with DB-1 (J&W) was used. The inlet 
temperature was 260 ◦C, and the oven temperature was set at 70 ◦C (0 min); 10 ◦C and 150 ◦C (5 min); 12 ◦C and 200 ◦C (15 min); and 
12 ◦C and 220 ◦C (5 min), with a hold time of 10 min. The flow rate of the column was 0.6 mL/min of helium gas at a constant pressure 
of 90 kPa. The aux (GC-MS interface) temperature was 280 ◦C. The MS was set to scan mode with a scanning range of 40–350 amu, 
while the ionization mode was EI type, and the mass range was set within 50–550 m/z. The sample (3 μL) was injected in splitless 
mode. The total GC-MS run time was set to 29.33 min, and compounds in the peak areas were identified by comparison with those in 
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the database of the GC‒MS library (version NIST 08-S). 

2.9. In silico molecular docking 

2.9.1. Protein preparation 
The 3D crystal structures of caspase-3 (PDB: 5IAE) for HeLa [38,39], the epidermal growth factor receptor (EGFR) kinase domain 

(PDB: 2ITY) [40], glutathione reductase (PDB: 3GRS), and urate oxidase (PDB: 1R4U) were downloaded in PDB format from the 
Protein Data Bank [41]. The structures were then prepared and refined through the process described by Uddin et al. and Adnan et al. 
[42,43]. 

2.9.2. Ligand preparation 
Identified compounds from EAF were collected from PubChem databases in a spatial data file. The 3D configurations for these 

compounds were built using the LigPrep wizard in Maestro Schrödinger (v11.1) with optimized potentials for liquid simulations-3 [44] 
force fields. Their ionization states were generated at pH 7.0 ± 2.0 using Epic in Schrödinger’s Suite. Up to 32 possible stereoisomers 
per ligand were retained. 

2.9.3. Receptor grid generation 
Receptor grids were calculated for prepared proteins so that various ligand poses would bind within the predicted active site during 

docking. In Glide, the default parameters set the van der Waals radius scaling factor at 1 and the partial charge cutoff at 0.25. A cubic 
box of specific dimensions centered on the centroid of the active site residues (reference ligand active site) was generated for the 
receptor. The bounding box was set to 14 Å × 14 Å × 14 Å for docking experiments [45,46]. 

2.9.4. Glide standard precision ligand docking 
Standard precision flexible ligand docking was carried out in the Glide of Schrödinger-Maestro (v11.1), within which penalties 

were applied to noncis/trans amide bonds. The van der Waals scaling factor and partial charge cutoff were selected to be 0.80 and 0.15, 
respectively, for ligand atoms. Final scoring was performed on energy-minimized poses and displayed as glide scores. The best-docked 
pose with the lowest glide score value was recorded for each ligand. 

2.9.5. 5. In silico determination of pharmacokinetic parameters by SwissADME 
The pharmacokinetic parameters or drug-like properties of the identified compounds were evaluated using the SwissADME (ab-

sorption, distribution, metabolism, and excretion) online tool (http://www.swissadme.ch/). ADME properties depict the compound’s 
acceptability in the body, which is determined by Lipinski’s rule of five. 

2.9.6. In silico toxicological property prediction by AdmetSAR 
The toxicological characteristics of the identified compounds were determined using the AdmetSAR online tool (http://lmmd. 

ecust.edu.cn/admetsar1/predict/), since toxicity presents a major concern during the development of novel drug therapies. In this 
study, Ames toxicity, carcinogenic properties, acute oral toxicity, and rat acute toxicity were predicted using Veber rules. 

2.9.7. In silico online study of the prediction of activity spectra for substances 
The identified compounds from EAF were examined to evaluate their anticancer, antiviral, free radical scavenging, lipid peroxidase 

Fig. 1. Polyphenolic contents of CME and its different fractions. (A) Total phenolic (mg of GAE/gm of the dried sample) and (B) flavonoid 
contents (mg of CAE/gm of the dried sample) of CME and its four fractions (PEF, CHF, EAF and AQF). Data are expressed as the mean ± SD (n = 3) 
for all tested dosages. Values with (**p < 0.01) were considered statistically significant. The methanolic extract of L. aequata (CME), petroleum 
ether (PEF), chloroform (CHF), ethyl acetate (EAF), and aqueous (AQF) fractions were used. 
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Fig. 2. Comparative antioxidant activity of CME and its different fractions. (A) Total antioxidant and (B) Ferric-reducing power capacity of CME and its four fractions (PEF, CHF, EAF and AQF). (C) 
Comparative DPPH free radical scavenging activity of CME and its different fractions and (D) IC50 (μg/mL) values of CME and its four fractions (PEF, CHF, EAF and AQF) on DPPH. (E) Comparative 
hydroxyl radical scavenging activity of CME and its different fractions and (F) IC50 (μg/mL) values of CME and its four fractions (PEF, CHF, EAF and AQF) on hydroxyl radical. (G) Comparative lipid 
peroxidation inhibition of CME and its different fractions and (H) IC50 (μg/mL) values of CME and its four fractions (PEF, CHF, EAF and AQF) on lipid peroxide. Data are expressed as the mean ± SD (n 
= 3) for all tested dosages. Values with (*p < 0.05 and **p < 0.01) were considered statistically significant. The methanolic extract of L. aequata (CME), petroleum ether (PEF), chloroform (CHF), ethyl 
acetate (EAF), and aqueous (AQF) fractions were used. 
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inhibitory, and antioxidant properties using the prediction of activity spectra for substances (PASS) online (http://www.way2drug. 
com/PassOnline/) [47]. 

2.10. Statistical analysis 

All statistical tests and graphical evaluations were performed using GraphPad Prism (version 8.4.3). Data are presented as the mean 
± standard deviation (SD) from triplicate experiments. The data for significant differences between the test and control groups were 
described using a one-way analysis of variance, followed by Dunnett’s post hoc test. The statistical and graphical analyses were 
conducted using Microsoft Excel 2007 (Roselle, Illinois, USA) and R version 2.15.1 (http://www.r-project.org/). Experimental results 
were examined further for the Pearson correlation coefficient of phenolics with antioxidant and cell viability assays. p values < 0.05, <
0.01 and < 0.001 were considered statistically significant. 

3. Results 

3.1. Determination of polyphenolic content 

3.1.1. Determination of total phenolic content 
The total phenolic contents in CME and its four fractions (PEF, CHF, EAF, and AQF) of L. aequata leaves were determined using FCR 

(Fig. 1A). The results showed that EAF possesses the highest phenolic content (267 ± 9 mg GAE/g of the dried sample). AQF (241 ± 17 
mg GAE/g of the dried extract) and CME (233 ± 17 mg GAE/g of the dried extract) were also rich sources of phenolic content. 
However, CHF (39 ± 1 mg GAE/g of the dried extract) and PEF (25 ± 0 mg GAE/g of the dried extract) were comparatively poor 
sources of phenolic content. 

3.1.2. Determination of total flavonoid content 
The total flavonoid contents in CME and its four fractions were determined using the well-known aluminumchloride colorimetric 

method. Fig. 1B represents the total flavonoid content of the extractives expressed as mg CAE/g of the dried extract. The flavonoid 
contents of CME, PEF, CHF, EAF, and AQF were 131 ± 2, 61 ± 1, 82 ± 3, 153 ± 2, and 68 ± 2 mg CAE/g of the dried extractives, 
respectively. In a comparison of the total flavonoid contents among the fractions, EAF was observed to contain the highest number of 
flavonoids, followed by CME, CHF, AQF, and PEF. 

3.2. In vitro antioxidant assay 

3.2.1. Total antioxidant activity 
The total antioxidant activity of the different extractives and standard (CA) was assessed using the phosphomolybdenum method 

based on the reduction of Mo (V1) to Mo (V). The total antioxidant activity of CME and its four fractions, as well as the standard (CA), is 
depicted in Fig. 2A. Among the fractions, EAF (1 ± 0.03) possessed the highest antioxidant activity, which was similar to that of the CA 
standard (1.06 ± 0.09). This was followed by CME (0.89 ± 0.05), AQF (0.79 ± 0.01), PEF (0.31 ± 0.05), and CHF (0.23 ± 0.02) at a 
concentration of 100 μg/mL. These results demonstrated that all extracts of CME had noticeable antioxidant properties; however, these 
properties were dependent on concentration. 

3.2.2. Ferric-reducing power capacity 
The reductive capabilities of the extractives and standard (AA) are shown in Fig. 2B. Research has documented that a higher 

absorbance indicates a higher reducing capacity, while increased absorbance functions in a concentration-dependent manner [4]. The 
absorbance of the EAF was 2.77 ± 0.01, which was similar to that of standard AA (3.26 ± 0) at a concentration of 50 μg/mL. Similar to 
the results of total antioxidant activity, EAF showed the highest reducing capacity, followed by AQF (absorbance 1.78 ± 0.19), CHF 
(absorbance 0.83 ± 0.09), and PEF (absorbance 0.213 ± 0.11), at a concentration of 50 μg/mL. These results demonstrated that CME 
and its fractions had a significant iron-reducing capacity, a result that was also concentration-dependent. 

3.2.3. 1,1-Diphenyl-2-picrylhydrazyl radical scavenging activity 
DPPH radical scavenging activity is based on the ability of the extractives to scavenge stable DPPH radicals containing odd 

electrons. The results of DPPH radical scavenging of CME and its four fractions and standard (BHT) are given in Fig. 2C and D. Among 
the fractions, EAF showed the highest and most significant free radical scavenging activity. The IC50 values of EAF, AQF, and CME were 
found to be 5.11 ± 0.04, 6.92 ± 0.19, and 6.09 ± 0.13 μg/mL, respectively, which were higher than that of the standard BHT (IC50: 
7.93 ± 0.19 μg/mL). However, CHF and PEF showed moderate scavenging activity, with IC50 values of 24.97 ± 1.2 μg/mL and 9.52 ±
0.17 μg/mL, respectively. This observation demonstrated that all the extracts from the CME of L. aequata leaves scavenged DPPH-free 
radicals. 

3.2.4. Hydroxyl radical scavenging activity 
In the hydroxyl radical scavenging assay, the ability of the CME and fraction extracts to remove hydroxyl radicals in solution was 

evaluated quantitatively through the colorimetric method using CA as the standard, and the percentage of scavenging activity was 
calculated. The results of the analysis of the hydroxyl radical scavenging activity of different extractives and standards are shown in 
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Fig. 2E and F. The IC50 values of CME, PEF, CHF, EAF, AQF, and standard CA were 121, 475, 325, 38, 165, and 170 μg/mL, 
respectively. This result demonstrated that EAF, AQF, and CME showed higher activity compared to the standard. Among the extracts, 
EAF showed significant radical scavenging activity with an IC50 value of 38 μg/mL, more than four times lower than that of the 
standard. A lower IC50 indicates a higher scavenging capacity. Our results therefore clearly show that the EAF of the CME of L. aequata 
leaves can scavenge free radicals at a significant level. 

3.3. In vitro biological studies of L. aequata 

3.3.1. Lipid peroxidation inhibition assay 
The results of lipid peroxidation inhibition of the extracts of CME and standard CA are shown in Fig. 2G and H. CME, PEF, CHF, EAF, 

AQF, and CA showed lipid peroxidation inhibition percentages of 58 ± 0, 52 ± 0, 54 ± 0, 63 ± 1, 59 ± 1, and 69 ± 1, respectively, at a 
concentration of 100 μg/mL. Among the extracts, EAF showed the highest inhibitory activity with an IC50 value of 40 μg/mL, similar to 
that of CA (35 μg/mL). However, AQF showed moderate inhibitory activity with an IC50 value of 53 μg/mL. The CHF and PEF fractions 
showed less inhibitory activity. As with other results, all inhibitory activities were concentration-dependent. 

3.3.2. Cytotoxicity activity of L. aequata 
The in vitro anticancer activity of CME and its four fractions and the standards, VS and 5-FU, was determined in the HeLa cell line. 

EAF showed the highest cytotoxic activity (23 % cell viability at a concentration of 500 μg/mL) with an IC50 value of 197 μg/mL; the 
standards, VS and 5-FU, showed 15 % and 16 % cell viability at a concentration of 500 μg/mL with IC50 values of 72 μg/mL and 155 μg/ 
mL, respectively. CME and CHF also showed moderate cytotoxicity, with 28 % and 32 % cell viability, respectively (Fig. 3A and B). As 
with previous results, cytotoxic activity was concentration-dependent. Moreover, EAF treatment in MCF-7 cells caused a 65 % inhi-
bition of the growth of MCF-7 cells at a concentration of 200 μg/mL (Fig. 3C). 

Fig. 3. (A) Percentage (%) of viable cells of CME and its four fractions (PEF, CHF, EAF, and AQF) from L. aequata leaves and standards on HeLa 
cells. (B) Measurement of the IC50 of samples and standards in HeLa cells. (C) Cell growth inhibition of MCF-7 cells by EAF. Data are expressed as the 
mean ± SD (n = 3) for all tested dosages. Values with *p < 0.05 and **p < 0.01 were considered statistically significant. 
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3.3.3. Effect of EAF on MCF-7 cell morphology 
Apoptosis is defined phenotypically by deoxyribonucleic acid (DNA) fragmentation, cell shrinkage, chromatin compaction, bleb-

bing of the plasma membrane, and cell collapse of minute, intact fragments (apoptotic bodies). According to the results of our study, 
EAF treatment resulted in all of these phenotypes in MCF-7 cells but not in control cells that were left untreated (Fig. 4A (b and d) 
versus 4A (a and c)), indicating that EAF causes apoptosis in MCF-7 cells. 

3.3.4. Determination of HeLa and MCF-7 cell apoptosis 
The effect of EAF on HeLa cell apoptosis was evaluated using DAPI, annexin-V FITC, and PI triple fluorescence staining. Annexin V- 

FITC and PI signals were barely detectable in the untreated control cells, while treated cells exhibited strong fluorescence densities, 
indicating that EAF has the capacity to induce HeLa cell apoptosis (Fig. 5A and B). EAF treatment in MCF-7 cells also led to the in-
duction of apoptosis compared with untreated MCF-7 cells (Fig. 5C (a2, b2, and c2) versus 5C (a1, b1, and c1)). 

3.4. Correlation and regression of phenolic and flavonoid contents with antioxidant and cell viability potential 

An excellent positive association was observed during the correlation and regression study between the phenolic and flavonoid 
content of CME and its four extractives and their radical scavenging activity and cell viability. Tables 1 and 2 present the correlation 
and regression values (*P < 0.05, **P < 0.01 and ***P < 0.001 indicate a moderate, strong and extremely strong positive correlation, 
respectively) of phenolic and flavonoid content with the antioxidant and cell viability potential. Therefore, since it was the most 
antioxidant-rich and effective cytotoxic fraction, EAF was selected for GC-MS profiling to determine which compounds might be most 
responsible for the apoptosis of HeLa and MCF-7 cells. 

3.5. Gas Chromatography‒Mass spectrometry analysis 

The GC-MS profile of EAF (shown in Table 3) was found to contain 16 different compounds (Fig. 6). The retention times revealed 
the nature and structures of the compounds. The compounds were of different chemical classes. Hexadecanoic acid; methyl ester (42.5 

Fig. 4. Cell morphological changes detected by Hoechst 33342 staining. (a) and (c) untreated MCF-7 cells. (b) and (d) EAF-treated MCF-7 cells.  
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%); 9-octadecenoic acid (Z)-; methyl ester (22.08 %); 9,12-octadecadienoic acid; methyl ester (11.74 %); E-15-heptadecenal (4.7 %); 1- 
heneicosanol (4.28 %); E-14-hexadecenal (3.22 %); methyl stearate (2.56 %); and phenol, 2,4-bis(1,1-dimethylethyl)- (2.21 %), were 
the major constituents. Additionally, 9-hexadecenoic acid, methyl ester; (Z)-; dodecanoic acid, methyl ester; nonacos-1-ene; tride-
canoic acid, 12-methyl-, methyl ester; 11-octadecenoic acid, methyl ester; cyclopropane, nonyl-; and n-heptadecanol-1 were also 
present in the plant. 

Fig. 5. (A) Measurement of apoptosis in untreated HeLa cells. (B) Measurement of apoptosis in EAF-treated HeLa cells. (C) Detection of apoptosis in 
MCF-7 cells by FITC-annexin V/PI staining. (a1), (b1), and (c1) Optical and fluorescence microscopy images in the presence of annexin V and PI, 
respectively, of untreated MCF-7 cells. (a2), (b2), and (c2) Optical and fluorescence microscopic images of EAF-treated MCF-7 cells in the presence 
of annexin V and PI. Green and red colors indicate early and late apoptosis, respectively. Pictures were captured at 20x magnification. 

Table 1 
Correlation coefficients between the total phenolic contents and antioxidants as well as HeLa and MCF-7 cell proliferation.   

Total Phenolic Contents (Correlation R2)  

Assays DPPH Hydroxyl Lipid Peroxide TAC FRPC MTT assay in HeLa cells MTT assay in MCF-7 cells 

CME 0.55856 0.93479** 0.89227* 0.9888*** 0.90741* 0.99414* – 
PEF 1.9483 0.97567** 0.9105* 0.92046** 0.97598** 0.92154 – 
CHF 0.14652** 0.95742** 0.88646* 0.97608** 0.99748*** 0.99996** – 
EAF 0.0808 0.66511 0.8493* 0.99566*** 0.88279* 0.97599 0.90977* 
AQF 0.8171 0.94858** 0.85996* 0.99387*** 0.99265*** 0.97742 – 

Here, *P < 0.05, **P < 0.01 and ***P < 0.001 indicate a moderate, strong and extremely strong positive correlation, respectively. Where DPPH assay 
= 2,2-diphenyl-1-picrylhydrazyl assay, TAC = total antioxidant capacity, FRPC = ferric-reducing power capacity and MTT assay = 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide assay. 
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3.6. In silico molecular docking for antioxidant activity 

The outcomes of the molecular docking simulation for sixteen selected compounds are represented in Supplementary Table S1. To 
determine their antioxidant properties, the compounds were subjected to urate oxidase (PDB: 1R4U) and glutathione reductase (PDB: 
3GRS). For antioxidant properties, the compounds were docked against urate oxidase (PDB: 1R4U) and glutathione reductase (PDB: 
3GRS), where phenol, 2,4-bis(1,1-dimethylethyl), exhibited the highest score (− 4.196 kcal/mol) and formed hydrogen bonds with 
LYS-171 against the urate oxidase receptor. The phenol 2,4-bis(1,1-dimethylethyl) (− 5.262 kcal/mol), formed a hydrogen bond with 
THR-156. Additionally, E− 15-heptadecenal (− 0.479 kcal/mol) formed two hydrogen bonds, one with THR-57 and another with HOH- 
490. Furthermore, 9-octadecenoic acid (− 0.856 kcal/mol) formed a hydrogen bond with LYS-66. As a result, these compounds 
exhibited the highest docking score against the glutathione reductase receptor. (Supplementary Fig. S1). The figures expressing the 3D 

Table 2 
Correlation coefficients between the total flavonoid content and antioxidants as well as HeLa and MCF-7 cell proliferation.   

Total Flavonoid Contents (Correlation R2)  

Assays DPPH Hydroxyl Lipid Peroxide TAC FRPC MTT assay in HeLa cells MTT assay in MCF-7 cells 

CME 0.55856 0.93479** 0.89227* 0.9888*** 0.90741* 0.99414* – 
PEF 0.66765 0.97567** 0.9105* 0.92046** 0.97598** 0.92154 – 
CHF 0.97345** 0.95742** 0.88646* 0.97608** 0.99748*** 0.99996** – 
EAF 0.4918 0.66511 0.8493* 0.99566*** 0.88279** 0.97599 0.90977* 
AQF 0.55222 0.94858** 0.85996* 0.99387*** 0.99265*** 0.97742 – 

Here, *P < 0.05, **P < 0.01 and ***P < 0.001 indicate a moderate, strong and extremely strong positive correlation, respectively. Where DPPH assay 
= 2,2-diphenyl-1-picrylhydrazyl assay, TAC = total antioxidant capacity, FRPC = ferric-reducing power capacity and MTT assay = 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide assay. 

Table 3 
GC‒MS profiling of EAF of L. aequata leaves.  

Name R. Time m/z Area Concentration (%) 

Cyclopropane, nonyl- 8.103 55 9221 0.22 % 
Phenol, 2,4-bis(1,1-dimethylethyl)- 16.291 191 91164 2.21 % 
Dodecanoic acid, methyl ester 16.724 74 32031 0.78 % 
E− 14-Hexadecenal 18.908 55 132956 3.22 % 
Tridecanoic acid, 12-methyl-, methyl ester 24.056 74 18405 0.45 % 
E− 15-Heptadecenal 26.307 55 193904 4.70 % 
9-Hexadecenoic acid, methyl ester, (Z)- 29.318 55 38562 0.93 % 
Hexadecanoic acid, methyl ester 29.912 74 1754372 42.50 % 
1-Heneicosanol 31.551 55 176606 4.28 % 
n-Heptadecanol-1 33.535 55 9258 0.22 % 
9,12-Octadecadienoic acid, methyl ester 33.681 67 484592 11.74 % 
9-Octadecenoic acid (Z)-, methyl ester 33.843 55 911366 22.08 % 
11-Octadecenoic acid, methyl ester 33.95 55 11021 0.27 % 
Methyl stearate 34.407 74 105541 2.56 % 
1-Heneicosanol 35.768 57 81769 1.98 % 
Nonacos-1-ene 39.436 57 19057 0.46 %  

Fig. 6. The GC‒MS profile of EAF was obtained from GC‒MS with the electron impact ionization (EI) method.  
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conformation of ligand-receptor interactions for urate oxidase are given in Fig. 7, and the interactions for glutathione reductase are 
given in Fig. 8. Furthermore, hydrogen and hydrophobic bonds between each compound and protein, as associated with amino acid 
residues, are expressed in Supplementary Table S2 and Supplementary Table S3. 

3.7. In silico molecular docking for anticancer activity 

The outcomes of the molecular docking simulation for sixteen selected compounds are represented in Supplementary Table S1. Two 
protein structures for HeLa cells and MCF-7 cells, the EGFR kinase domain (PDB: 2ITY) and caspase-3 (PDB: 5IAE), were used to assess 
the anticancer activity of the selected compounds. Phenol, 2,4-bis(1,1-dimethylethyl), demonstrated the highest docking scores 
(− 5.512 kcal/mol) among the compounds and established a hydrogen bond with ASP-855 in the EGFR kinase domain. Moreover, when 
considering caspase-3, phenol and 2,4-bis(1,1-dimethylethyl) formed a hydrogen bond with ARG-207. Additionally, 9,12-octadecadie-
noic acid formed three hydrogen bonds with ASN-208, TRP-214, and PHE-250, while the methyl ester established two hydrogen bonds 
with PHE-250 and TRP-214. These compounds showed the highest docking scores of − 5.631 kcal/mol, − 0.672 kcal/mol, and − 0.586 
kcal/mol, respectively. (Supplementary Fig. S2). The 3D representations for the ligand-receptor complex associated with the EGFR 
kinase domain are given in Fig. 9, and the representations regarding caspase-3 are given in Fig. 10. Furthermore, the bonds corre-
sponding to the interactions are given in Supplementary Table S4 and Supplementary Table S5. 

3.8. Determination of pharmacokinetic parameters by SwissADME and toxicological property prediction by AdmetSAR 

The ADME properties of the selected compounds were evaluated based on Lipinski’s rule of five. The data regarding each parameter 
were retrieved from the SwissADME online server and are given in Table 4. Three of the compounds were determined to violate more 
than one parameter of the standard. This evaluation suggested that all the compounds possessed medicinal properties and favorable 
oral bioavailability, with the exception of hexadecanoic acid, methyl ester, 11-octadecenoic acid, methyl ester, and nonacos-1-ene. 

Fig. 7. 3D representation of molecular docking simulation between urate oxidase (PDB:1R4U) and (A) phenol, 2,4-bis(1,1-dimethylethyl)-; (B) 1- 
heneicosanol; (C) nonacos-1-ene; (D) AA. 
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Moreover, the toxicological characteristics of each selected compound were evaluated using the AdmetSAR online server and are given 
in Table 5. The results indicated that all the compounds were not Ames toxic and had little or no acute toxicity, which indicates that all 
the compounds are safe for administration in the human body. 

3.9. Online study of the prediction of activity spectra for substances 

The PASS prediction study was conducted through the PASS online server. All compounds exhibited a greater Pa value than Pi value 
(Supplementary Table S6). 

4. Discussion 

Plants are the most abundant sources of natural antioxidants, including polyphenols, which can be used as anticancer, antimi-
crobial, antiulcer, antiarthritic, and antiangiogenic agents [9,47]. Phenolic and flavonoid compounds are potential sources of anti-
oxidants, which may play a key role in preventing cellular damage caused by free radicals [48,49]. A balance between free radicals and 
antioxidants is necessary for proper physiological function [37]. An imbalance of free radicals during cellular processes leads to OS, 
which in turn can cause serious damage to many important cellular macromolecules, such as proteins and DNA. However, the 
overproduction of free radicals can be balanced by the action of endogenous antioxidants as well as natural and synthetic antioxidants 
[37]. Antioxidants exert their effects through several mechanisms: (i) prevention of chain initiation, which is necessary for the for-
mation of free radicals; (ii) chelation of transition metal ion catalysts; (iii) decomposition of peroxidases; (iv) prevention of continued 
hydrogen abstraction; and (v) radical scavenging [50]. 

Several phytoconstituents found in the leaves of L. aequata have been suggested to have potential as antioxidants, free radical 
scavengers, and sources of cytotoxic action. One of the most striking findings of this study was that the phenolic and flavonoid 
components of CME and its fractions were explored in large amounts. The total antioxidant activity of different extractives was 

Fig. 8. 3D representation of molecular docking simulation between glutathione reductase (PDB: 3GRS) and (A) Phenol, 2,4-bis(1,1-dimethylethyl)-; 
(B) 1-Heneicosanol; (C) Nonacos-1-ene; (D) AA. 
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determined by measuring the reduction power of Mo (VI) to Mo (V) and the subsequent formation of a green phosphate/Mo (V) 
complex. In this way, we detected a discrepancy in the total antioxidant activities of leaves of L. aequata reported in the literature, 
which could be attributed to differences in fractions. 

High consumption of foods rich in polyphenols may have a significant impact on the prevention of noncommunicable diseases 
(NCDs), including cancer [51]. Evidence in this area has motivated researchers to examine antioxidants for the prevention and 
treatment of diseases and the maintenance of human health [52,53]. According to a study, certain flavonoids and their related 
polyphenols greatly enhanced phosphomolybdate scavenging activity [37]. One of the most important findings of this study was that 
all extracts demonstrated positive antioxidant activity in a dose-dependent manner. In particular, the EAF of L. aequata leaves showed 
the highest antioxidant activity due to the presence of a large number of polyphenols. The literature has demonstrated that the 
antioxidant capacity of citrus is due to the presence of phenolics, flavonoids, and AA. Supporting this, Alara et al. reported that the 
phenolic compounds β-glucogallin and apocynin isolated from Vernonia cinerea leaves showed antioxidant activity, similar to our study 
[54]. 

A compound’s ferric-reducing power capacity is considered another prominent indicator of anti-radical activity [55]. The mech-
anism of this capacity is associated with the presence of a reductant that donates a hydrogen atom following ROS breakdown. In this 
study, EAF showed the highest ferric-reducing power capacity through its reduction of the Fe3+/ferricyanide complex into the ferrous 
form, identified during monitoring through the formation of the blue-green complex at 700 nm. This result fits the findings of existing 
research on this topic [31]. The reducing power of the EAF was significant (p < 0.05), most likely due to the presence of abundant 
phenolic constituents, which could stabilize and block free radical chain reactions by donating electrons. 

The most typical technique used to assess antioxidant activity is DPPH radical scavenging activity. Antioxidant activity depends on 
the donation of hydrogen or an electron to stabilize the purple-colored DPPH free radical into a reduced, pale yellow form of DPPH 
[56]. A stable diamagnetic molecule is formed when the DPPH radical accepts an electron or hydrogen radical, leading to changes in 
the color of the solution from blue to yellow. This color-changing technique is a widely accepted in vitro method because of its 
simplicity, stability, and reproducibility [57]. In this study, CME and all of its fractions showed significant DPPH radical scavenging 

Fig. 9. 3D representation of molecular docking simulation between the EGFR kinase domain (PDB: 2ITY) and (A) phenol, 2,4-bis(1,1-dimethy-
lethyl)-; (B) 1-heneicosanol; (C) 9,12-octadecadienoic acid, methyl ester; and (D) 5-fluorouracil. 

M.G. Mostofa et al.                                                                                                                                                                                                    



Heliyon 10 (2024) e23400

16

Fig. 10. 3D representation of molecular docking simulation between caspase 3 (PDB: 5IAE) and (A) Phenol, 2,4-bis(1,1-dimethylethyl)-; (B) 1- 
Heneicosanol; (C) 11-Octadecenoic acid, methyl ester; (D) 5-Fluorouracil. 

Table 4 
Physicochemical properties of the identified compounds from EAF for good oral bioavailability.  

Compound Lipinski Rules Lipinski’s 
Violations  

MW HBA HBD Log P MR  

≤500 ≤10 ≤5 ≤5 40–130 ≤1 

Cyclopropane, nonyl- 168.32 0 0 4.73 57.68 0 
Phenol,2,4-bis(1,1-dimethylethyl)- 206.32 1 1 3.09 67.01 0 
Dodecanoic acid, methyl ester 214.34 2 0 4.10 65.89 0 
E− 14-Hexadecenal 238.41 1 0 5.13 78.75 1 
Tridecanoic acid, 12-methyl-, methyl ester 242.40 2 0 4.75 75.50 0 
E− 15-Heptadecenal 252.44 1 0 5.50 83.56 1 
9-Hexadecenoic acid, methyl ester, (Z)- 268.43 2 0 5.26 84.64 1 
Hexadecanoic acid, methyl ester 270.45 2 9 5.54 85.12 2 
1-Heneicosanol 312.57 1 1 7.25 104.22 1 
n-Heptadecanol-1 256.5 1 1 7.8 82.34 1 
9,12-Octadecadienoic acid, methyl ester 294.47 2 0 5.69 93.98 1 
9-Octadecenoic acid (Z)-, methyl ester 296.49 2 0 5.95 94.26 1 
11-Octadecenoic acid, methyl ester 296.49 2 9 5.95 94.26 2 
Methyl stearate 298.50 2 0 6.24 94.73 1 
Nonacos-1-ene 406.77 0 0 11.21 141.04 2 

MW, molecular weight (g/mol); HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; Log P, lipophilicity; MR, molar refractivity. 
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activity (p < 0.01). Their radical scavenging capacities, with IC50 values of different extractives and standard BHT, were in the 
following order: EAF > CME > AQF > BHT > CHF > PEF. EAF had a significant IC50 value compared to the standard BHT (p < 0.01). In 
the literature, phenolic and flavonoid-rich natural antioxidants reduce DPPH radicals by donating hydrogen ions [58]. 

Hydroxyl radicals are highly associated with ROS, causing detrimental effects on proteins, lipids, and nucleic acids. ROS can 
damage cellular components by reacting with polyunsaturated fatty acids and adding a double bond to DNA bases, leading to 
carcinogenesis [19,58]. In the present study, CME and its extracts showed promising hydroxyl radical scavenging activity and were 
capable of protecting deoxyribose in a dose-dependent manner. Several studies have shown that the hydroxyl radical activity of an 
extract is directly proportional to its antioxidant activity [4]. In this study, we found that EAF, AQF, and CME possessed higher hy-
droxyl radical scavenging activity than CA (standard). Surprisingly, the scavenging activity of EAF was four times higher than that of 
the CA standard. EAF can therefore serve as a potent hydroxyl radical scavenger and shield cells and cellular components. Previous 
studies have demonstrated that extracts capable of scavenging hydroxyl radicals can potentially inhibit lipid peroxidation and break 
free radical chain reactions [59]. 

Lipid peroxides are highly reactive and more stable, causing harm to both the sites of generation and diffusion. High concentrations 
of lipid peroxide in the body are responsible for many life-threatening diseases, including cancer. Therefore, limiting the generation of 
lipid peroxide is beneficial for controlling these serious illnesses [9]. Antioxidant-rich fractions are directly linked to the prevention of 
lipid peroxidation and the scavenging of hydroxyl radicals. In this study, EAF was shown to significantly inhibit lipid peroxidation due 
to the presence of lipid-soluble antioxidant compounds, which could donate protons to stabilize lipid radicals or scavenge lipid peroxyl 
radicals and thus terminate subsequent chain propagation reactions. Current evidence suggests that L. aequata leaves are enriched with 
polyphenolics and can combat the damage associated with ROS due to their reduced power capacity and radical scavenging activity 
[31]. 

Cancer develops through cellular damage, for which ROS are mainly responsible. Since cancer cells are less prone to death [12], 
many naturally occurring compounds, such as alkaloids, phenolics, flavonoids, and saponins, exhibit anticancer activity by inhibiting 
cell proliferation and angiogenesis, causing cell cycle arrest, and inducing cell apoptosis [12,60,61]. Furthermore, ROS are responsible 
for modifying DNA-protein crosslinks, base and sugar lesions, strand breaks, and base-free sites [62]. Antioxidants can scavenge ROS, 
leading to cancer prevention. Our findings revealed that EAF exhibited more profound cytotoxic activity that was quite similar to that 
of the standards, VS and 5-FU. The presence of higher amounts of flavonoids, saponins, and other compounds in the EAF could in-
fluence cytotoxic activity. The fraction’s dose-dependent activity showed that the presence of a high concentration of compounds 
resulted in a lower percentage of HeLa cell viability. Similar results were observed when EAF was used to examine its potential 
cytotoxicity toward MCF-7 cells. EAF significantly reduced the proliferation of MCF-7 cells. Additionally, EAF treatment caused MCF-7 
cells to undergo morphological changes that indicate apoptosis, such as DNA breakage, cell shrinkage, and DNA condensation [31]. 
Compared to untreated MCF-7 cells, these morphological changes were visible, and they are consistent with prior observations [63]. 
This study also used fluorescent labeling to assess how EAF affects the apoptosis of HeLa and MCF-7 cells. We observed negligible 
signals in the untreated control cells. However, cells treated with EAF showed strong fluorescence densities, indicating that EAF in-
duces apoptosis in both HeLa and MCF-7 cells. Thus, by decreasing free radicals and oxidative stress, antioxidants play a role in 
ameliorating DNA damage, reducing the rate of abnormal cell division, and decreasing mutagenesis. Therefore, many antioxidant-rich 
plants possess anticancer activity. 

Since the EAF of Leea aqueata showed the highest antioxidative and cytotoxic properties among the CME fractions, EAF was 
subjected to GC-MS analysis to identify the compounds present and their proportions in the plant. Hexadecanoic acid methyl ester 
(42.5 %) and 9-octadecenoic acid (Z)-methyl ester (22.08) are the major constituents of EAF with antioxidant and anticancer prop-
erties. A recent study reported that Leea indica contained different types of phytoconstituents detected with the HPLC-ESI-microTOF-Q- 

Table 5 
Toxicological properties of identified compounds from EAF.   

Parameters 

Compound Ames toxicity Carcinogens Acute oral Rat Acute Toxicity 

Cyclopropane, nonyl- NAT NC III 1.5283 
Phenol, 2,4-bis(1,1-dimethylethyl)- NAT NC III 2.2064 
Dodecanoic acid, methyl ester NAT Carcinogens III 1.4915 
E− 14-Hexadecenal NAT NC III 1.6100 
Tridecanoic acid, 12-methyl-, methyl ester NAT NC III 1.5702 
E− 15-Heptadecenal NAT NC III 1.6100 
9-Hexadecenoic acid, methyl ester, (Z)- NAT Carcinogens III 1.7357 
Hexadecanoic acid, methyl ester NAT Carcinogens III 1.4915 
1-Heneicosanol NAT NC III 1.5561 
n-Heptadecanol-1 NAT NC III 1.5561 
9,12-Octadecadienoic acid, methyl ester NAT Carcinogens III 1.7357 
9-Octadecenoic acid (Z)-, methyl ester NAT Carcinogens III 1.7357 
11-Octadecenoic acid, methyl ester NAT Carcinogens III 1.7357 
Methyl stearate NAT Carcinogens III 1.4915 
Nonacos-1-ene NAT Carcinogens III 1.3452 

NAT, Non-Ames toxic; NC, Noncarcinogenic; Category-I (LD50 ≤ 50 mg/kg); Category-II (50 mg/kg < LD50 < 500 mg/kg); Category-III (500 mg/kg <
LD50 < 5000 mg/kg); Category- IV (5000 mg/kg < LD50). 
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MS/MS analysis [64]. Zhao et al. reported that the compound 9-octadecenoic acid (Z)-methyl ester could prevent cancer via some 
mechanisms. It has also been reported that unsaturated fatty acid esters possess significant antioxidant properties [65] and are 
deposited on the lipid layer of the cell membrane and mitochondria. Thus, this compound showed cytotoxicity by increasing the 
permeability of cells due to the lack of integrity in the cellular structure. Moreover, another constituent in L. aequata, phenol, 2,4-bis(1, 
1-dimethylethyl)-, exhibits antioxidant and antitumor activity [9]. Mostofa et al. reported that two glycosides isolated from L. aequata 
leaves showed promising anticancer activity [9], suggesting that phytoconstituents in L. aequata might be a significant source of 
antioxidants and cytotoxic agents. This finding was confirmed by the in silico molecular docking performed during the study. 

Molecular docking is an integral segment in the structural molecular biology discipline and is designed to evaluate probable ligand- 
protein synergy through a computational approach [66]. This process further reveals the investigated compounds’ mechanisms of 
action and provides an efficient way to discover novel active medicinal agents as remedies for various diseases. A molecular docking 
simulation was used in this study to associate and reciprocate the findings with the current in vitro study. Sixteen compounds from the 
EAF of L. aequata leaves were selected to conduct molecular docking simulations for antioxidant and anticancer activity. Two proteins, 
urate oxidase (PDB: 1R4U) and glutathione reductase (PDB: 3GRS), were selected as ligand targets for antioxidant activity. When all 
the compounds from the GC-MS data were docked against urate oxidase and phenol, 2,4-bis(1,1-dimethylethyl) produced the highest 
score (− 4.196). Moreover, when the compounds were in complex with glutathione reductase, the same compound was found to have 
the best outcome (− 5.262). The interaction of phenol, 2,4-bis(1,1-dimethylethyl)- with urate oxidase formed two π-alkyl bonds with 
Arg-176 and His-256, as well as a conventional hydrogen bond with Lys-171. On the other hand, when interacting with glutathione 
reductase, this compound formed only a conventional hydrogen bond with Thr-156. The docking score for this compound produced a 
result very close to that of the standard drug, AA. This finding suggested that the compound could serve as a potential antioxidant 
agent. 

Furthermore, the EGFR kinase domain (PDB: 2ITY) and caspase-3 (PDB: 5IAE) were used as receptors for the experimental com-
pounds to determine their anticancer activity. Following the docking simulation, phenol (2,4-bis(1,1-dimethylethyl)) had the best 
docking score (− 5.512) when interacting with the EGFR kinase domain. In the case of caspase-3, the same compound was found to 
have the best result (− 5.631). Compared to the standard drug 5-FU, the examined compound possessed a better score than the standard 
for both proteins. Phenol, 2,4-bis(1,1-dimethylethyl), was determined to have formed a conventional hydrogen bond with Asp-855 and 
an alkyl bond with Leu-718. Furthermore, two π-alkyl bonds with Leu-844 and Val-726 were observed when the compound interacted 
with the active site of the EGFR kinase domain. When interacting with caspase-3 receptors, this compound formed one conventional 
hydrogen bond with Arg-207, a π-π stacked bond with Trp-206, and a π-alkyl bond with Tyr-204. Other compounds also showed a 
positive affinity for each of these four distinctive proteins for anticancer and antioxidant activity. 

Each of these compounds was additionally evaluated for ADME and toxicological analysis. According to Lipinski’s rule of five, 
orally administered agents should satisfy the following criteria: (i) molecular weight ≤500; (ii) hydrogen bond donor ≤5; (iii) 
hydrogen bond acceptor ≤10; (iv) logP ≤5; and (v) molar refractivity of 40–130 [58]. This rule prescribes that effective medicinal 
agents must fall within these parameters to have good oral bioavailability [11,67]. In this study, ADME analysis based on Lipinski’s 
rule of five revealed that all the examined compounds satisfied the given criteria, with the exceptions of hexadecenoic acid, methyl 
ester, 11-octadecenoic acid, methyl ester, and nonacos-1-ene. Additionally, toxicity evaluation of the selected compounds revealed 
that all of them were nontoxic according to the Ames test and had negligible hazardous qualities. On the other hand, some of the 
compounds were discovered to be carcinogenic in the toxicological assessment. However, they are non-Ames toxic and relatively safe 
in terms of their LD50 value. In regard to carcinogenicity, the probabilities for the compounds extrapolated from the AdmetSAR 
database are as follows: dodecanoic acid, methyl ester (0.5347); 9-hexadecenoic acid, methyl ester, (Z) (0.5217); hexadecanoic acid, 
methyl ester (0.5347); 9,12-octadecadienoic acid, methyl ester (0.5217); 9-octadecenoic acid (Z)-, methyl ester (0.5217); 11-octade-
cenoic acid, methyl ester (0.5217); methyl stearate (0.5347); and nonacos-1-ene (0.6000). As the data depict, the probability of a 
carcinogenic property is almost half of 1, which means that the event is less likely to happen. Therefore, we can conclude that there is 
less of a chance that these compounds will cause cancer [68]. In addition, the total phenolic and flavonoid contents of the EAF of 
L. aequata leaves showed a significant and strong positive correlation (p < 0.001 and 0.05) with antioxidant (DPPH) and cell viability 
assays. Our results were consistent with those of Islam et al., who reported a strong relationship between total phenolic content and 
DPPH radical scavenging [37]. Thus, it is evident from the molecular docking analysis that the identified compounds from L. aequata 
have significant antioxidant and anticancer properties and represent a potential source of medicinal agents for treating cancer and 
other ROS-related complications. 

5. Conclusion 

In conclusion, the in vitro cell-free investigation in this study revealed that the EAF of L. aequata is a potential source of polyphenols, 
which have shown significant antioxidant and anti-ROS activities. In addition to antioxidant and anti-ROS activities in a dose- 
dependent manner, EAF markedly reduced both HeLa and MCF-7 cell proliferation and altered their cellular morphology, which 
was due to the induction of apoptosis in HeLa and MCF-7 cells during the study analysis. According to the GC-MS results, EAF con-
tained 16 critical phytoconstituents. Of these, phenol-2,4-bis-1,1-dimethylethyl was found to be the most effective antioxidant and 
cytotoxic compound, which was confirmed by molecular docking in computer-aided models. 

Therefore, we provide novel insights into the future development of natural ROS-inducing anticancer agents for cancer by 
discovering the composition of L. aequata and its pharmacological characteristics and activities. Although it has promising effects on 
cancer with its antioxidant and cytotoxic effects, it may not be accurate to claim that the precise mechanisms and pathways driving 
these effects are those that underlie EAF’s anticancer properties. Further investigation, including randomized controlled trials, is 
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therefore needed to pinpoint the phytochemicals of L. aequata that accurately reveal their mechanisms of action and efficacy in cancer. 
In addition, the availability of these natural products in certain regions may be limited in terms of generalizing the results of this study 
to all over the world and converting them to clinical applications. Nevertheless, L. aequata is thought to deserve further investigation 
because it contains a significant amount of antioxidant and cytotoxic compounds. 
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