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ABSTRACT
[bookmark: _GoBack]Multidrug-resistant tuberculosis (MDR-TB) disease is caused by Mycobacterium tuberculosis that are resistant to at least one of the most effective TB medicines (Isoniazid and Rifampicin) used in treatment regimens. It remains one of the deadliest infectious diseases and a major threat to the health sector globally. The enzyme sulfur ester dioxygenase (PDB ID: 4CVY crystal structure) plays a crucial role in its survival and virulence by reducing sulfate to sulfide. Thus, it helps the organism obtain essential sulfur for growth. Meanwhile, Chlorella sorokiniana, a microalga has a significant biotechnological potential in combatting MDR-TB due to its rich nutritional profile and bioactive compounds.
AIM:  This study was undertaken to investigate the therapeutic potential of bioactive compounds from Chlorella sorokiniana as novel drug candidates targeting the sulfur ester dioxygenase enzyme (PDB ID: 4CVY), a key factor in the survival and virulence of multidrug-resistant Mycobacterium tuberculosis.

Study Design: This study employed a laboratory-based experimental approach completed with insilico analyses involving the use of molecular docking tools.
Place and Duration of Study: This research was conducted at the Microbial Resources Research Laboratory, Department of Pure and Applied Biology, Ladoke Akintola University of Technology Ogbomoso, Nigeria over a twelve-month period from January 2024 to December 2024.

Methodology: Water Samples were collected from different fish ponds located at Randa, Taki Area, Ogbomoso, Oyo State, Nigeria. Chlorella sorokiniana was isolated from the pond water samples obtained from the fish pond and subsequently cultivated in Bristol medium broth under controlled laboratory conditions with exposure to natural light at an ambient temperature of 30 ± 2 °C for 2–3 weeks. The resulting metabolites were characterized and subjected to phytochemical analysis. Gas Chromatography–Mass Spectrometry (GC-MS; GC-MS QP instrument) was used to identify the present bioactive compounds, while Fourier Transform Infrared Spectroscopy (FTIR) was used to confirm the presence of functional groups, including hydroxyl, carbonyl, and amine groups, which are known to contribute to bioactivity. Molecular docking studies of the identified metabolites were performed against the target protein sulfur ester dioxygenase (PDB ID: 4CVY) using PyRx software.  Isoniazid, a first-line anti-tuberculosis drug, was employed as a reference drug standard. Furthermore, ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) properties of the bioactive compounds were predicted using the SWISSADME computational tool.
Results: A total of eight (8) bioactive compounds were initially obtained from Chlorella sorokiniana through the GCMS analysis. Based on their docking scores, five metabolites demonstrated higher binding affinities compared to Isoniazid, namely 1H-pyrrole-2,5-dione, 1(4-chlorophenyl); 6-octadecenoic acid, (Z)-; and 9,15-octadecadienoic acid, methyl ester (Z,Z)-. These compounds exhibited notable antibacterial potential, with molecular docking analysis revealing strong interactions with the sulfur ester dioxygenase enzyme (4CVY). The ADMET predictions further supported the drug-likeness and pharmacological potential of these metabolites obtained using computational tools SWISSADME.
      Conclusion: The findings of this study revealed Chlorella sorokiniana as a promising natural source of bioactive metabolites with potential therapeutic activity against MDR-TB sulphur ester dioxygenase 4CVY. 
Keywords: Chlorella sorokiniana, sulphur ester dioxygenase (4CVY), MDR-TB, bioactive compounds, microalgae.
                       INTRODUCTION
Tuberculosis (TB) is a disease caused by Mycobacterium tuberculosis (MTB) and it remains one of the deadliest, infectious diseases globally posing a persistent threat to the health sector (WHO, 2024). Drug-resistant tuberculosis (TB) disease is caused by TB bacteria that are resistant to at least one of the most effective TB medicines used in treatment regimens (WHO, 2025). WHO noted that TB continues to be the leading cause of death responsible for over one million deaths annually with profound impacts on families and communities (WHO, 2025). Among the critical priority pathogens listed by the World Health Organization, M. tuberculosis strains resistant to Rifampicin and Isoniazid represent a significant global threat (Andarge et al., 2021). Consequently, the study of the mechanisms of resistance to new anti-tubercular drugs and the discovery of new effective molecules are two crucial points in tuberculosis drug discovery (Recchia et al., 2025).
Over the previous years, efforts have been made to reestablish focus on TB, although the situation created by the pandemic has raised many concerns about future changes, increasing the possible risk of multidrug-resistant TB (MDR-TB) (WHO, 2024). Drug resistance in TB, particularly multidrug-resistant TB (MDR-TB), has complicated disease management and contributes substantially to global antimicrobial resistance, with resistant TB accounting for nearly one in three deaths linked to AMR (ARC, 2022). 
Transmission of TB occurs through airborne particles from one person to another. The TB germs are released into the air when an infected individual coughs, speaks, or sings. These germs can remain in the air for several hours, depending on the environment (Prestini et al., 2015). TB germs are more likely to spread indoors or other places with poor air circulation (such as a closed vehicle) than outdoor. People who have spent time with someone sick with drug-resistant TB disease can become infected with these resistant TB germs (CDC, 2025).
There are several types of drug-resistant TB disease.
Mono-resistant TB disease is caused by TB bacteria that are resistant to only one anti-TB drug.
Poly-resistant TB disease is caused by TB bacteria that are resistant to at least two anti-TB drugs (but not both Isoniazid and Rifampin).
Multidrug-resistant TB (MDR-TB) disease is caused by TB bacteria that are resistant to both Isoniazid and Rifampin, the two most effective first-line TB drugs (Lange et al., 2018).
Pre-extensively drug-resistant TB (pre-XDR-TB) disease is a type of MDR-TB caused by TB bacteria that are resistant to: Isoniazid, Rifampin, and a Fluoroquinolone or Isoniazid, Rifampin, and a second-line injectable (Amikacin, Capreomycin, and Kanamycin).
Extensively drug-resistant TB (XDR-TB) is a rare type of MDR-TB caused by TB bacteria that are resistant to: Isoniazid and Rifampin, a Fluoroquinolone, and a second-line injectable (Amikacin, Capreomycin, and Kanamycin) or Isoniazid, Rifampin, a Fluoroquinolone, and Bedaquiline or Linezolid (CDC, 2025).
Sulphur Ester Dioxygenase (PDB ID: 4CVY) of drug- resistant Mycobacterium tuberculosis is a protein that plays a pivotal role in the bacterium’s metabolism of sulphur-containing compounds, which are essential for bacterial survival, particularly under stress-induced conditions like drug treatment. Targeting such enzymes offer a promising approach for the development of novel anti-TB agents in combating multidrug-resistant (MDR) tuberculosis (Recchia et al., 2025).
                 	
Chlorella sorokiniana and its Bioactive Metabolites
Chlorella sorokiniana, a fast-growing green microalga, exhibits significant biotechnological potential due to its rich nutritional composition (proteins, lipids and carbohydrate) and wide spectrum of bioactive compounds (Chen et al., 2021). C. sorokiniana is one such microalga that is gaining popularity due to its rich nutritional profile (Lin et al., 2020). Additionally, C. sorokiniana is a notable source of carbohydrates, primarily in the form of complex polysaccharides, which serve as a source of energy. While its lipid content is relatively low compared to some other microalgae species, C. sorokiniana still provides essential fatty acids such as omega-3 and omega-6, contributing to cardiovascular health and overall well-being (Safitri et al., 2023). As photosynthetic organisms, microalgae utilize solar energy to transform carbon dioxide into useful biomass that is high in fats, proteins, vitamins, and minerals (Shihira and Atcc, 2003). In addition to its high protein content, complex carbohydrates, and essential fatty acids like omega-3 and omega-6, C. sorokiniana also possesses a remarkable profile of bioactive compounds that help mitigate oxidative stress (Singh et al., 2021). It possesses the antioxidant -carotenoids, such as lutein, beta-carotene, and zeaxanthin, which play a crucial role in neutralizing free radicals (Chung et al., 2012). Furthermore, C. sorokiniana contains chlorophyll and other polyphenolic compounds with potent antioxidant properties, contributing to improved cellular protection and overall health. These antioxidant compounds enhance the microalgae’s ability to promote health by reducing oxidative damage and inflammation (Pereira et al., 2024). In details, Chlorella species have been proposed as botanical foods to modulate human immune responses and have been shown to offer potential health benefits (Bito et al., 2020). Importantly, C. sorokiniana exhibits several beneficial pharmacological activities in vitro including anticancer, antibacterial, and antiviral effects (Tsamesidis et al., 2024). Building on this, this research aims to investigate the inhibitory potential of bioactive compounds derived from C. sorokiniana against the 4CVY of Mycobacterium tuberculosis using a computational drug discovery approach. 
Bioactive Compounds in Chlorella sorokiniana
Phytochemical analysis of C. sorokiniana has identified a wide range of bioactive compounds, including terpenoids, phenolics, alkaloids, fatty acids, and peptides. These compounds exhibit significant antimicrobial and antitubercular potential.
1. Phenolic compounds: C. sorokiniana contains a diverse array of phenolics such as caffeic acid, ferulic acid, and gallic acid, known for their strong antioxidant and antimicrobial effects (Khan et al., 2018). Phenolic compounds may interfere with microbial cell wall synthesis and inhibit key metabolic enzymes like IpdAB.
2. Fatty acids: Several studies have identified polyunsaturated fatty acids (PUFAs), including linoleic acid, α-linolenic acid, and palmitic acid in C. sorokiniana. These lipids can disrupt bacterial membranes and modulate immune responses [Gouveia et al., 2010]. Docking studies have also shown that fatty acids can bind effectively to active sites of TB enzymes, suggesting their role as potential inhibitors (Figueroa et al., 2016).
3. Terpenoids and carotenoids: Compounds such as lutein and β-carotene exhibit immunomodulatory and antimicrobial properties. Terpenoids may inhibit bacterial respiration or enzyme activity, including steroid-degrading enzymes like IpdAB [Safi et al., 2014].
4. Peptides and proteins: Bioactive peptides isolated from Chlorella sorokiniana have shown antimicrobial activities against Gram-positive and Gram-negative bacteria. Some of these peptides are thought to penetrate bacterial membranes or inhibit intracellular proteins (Abdel-Raouf et al., 2012).

2. MATERIALS AND METHODS

2.1 Description of Study Site 
The study was conducted using water samples from earthen fishponds used for catfish production located at Randa area, Ogbomosho, Oyo State, Nigeria (GPS coordinates: Latitude 9°07′00″ N, Longitude 8°29′00″ E), opposite Total Filling Station, Takie. Tbe preliminary assessment of the site showed the presence of algal bloom and this facilitated its suitability for the research work as shown in Figure 1. 
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Figure 1: Image of the collection site

2.2 Collection and cultivation of Chlorella sorokiniana
Water samples were collected from earthen fishponds and the samples were initially filtered using a fine mesh sieve to minimize debris. The filtrates were afterwards cultured under submerged fermentation protocol using the shake-flask technique, in Bristol medium broth. Cultures were maintained under controlled laboratory conditions, exposed to natural light source and incubated at ambient temperature (30 ± 2°C) for 2–3 weeks according to Dewi et al., 2021. The extraction of the metabolites was done using ethanol and the spent medium free of biomass at ratio 2:1 respectively. It was left overnight at room temperature and then centrifuged at 4000 rpm for 15 minutes. The resulting cell-free supernatant was decanted aseptically into sterile labeled tubes and stored at ambient temperature.
2.3 Media and Composition
Specifically, 10g of sodium nitrate, 7g of potassium phosphate dibasic, 3g of potassium phosphate monobasic, 3g of magnesium sulphate, 1g of calcium chloride, and 1g of sodium chloride were each weighed using a weighing balance and dissolved separately in 400mL of distilled water contained in 6 different beakers (Hussain, 2020). From each salt solution, 10ml was siphoned into a conical flask containing 900mL of distilled water and stirred thoroughly. Subsequently, 15g of agar-agar was added into the conical flask (Safiet et al., 2014). The medium was then homogenized on a hot plate while stirring to ensure uniform distribution. The prepared medium was then covered with cotton wrapped with aluminum foil and sterilized by autoclaving at 1210C for 15 minutes (Plaza., et al 2010).  Table 1 shows Bristol medium composition.
Table 1: Composition of Bristol medium (940 ml of distilled water + stock solution).
	
	Ml
	Stock solution
	gram/400 ml H2O

	
	10
	NaNO3
	10

	
	10
	CaCl2
	1

	
	10
	MgSO4
	3

	
	10
	K2HPO4
	3

	
	10
	KH2PO4
	7

	
	10
	NaCl
	1



2.3.1 Inoculation and Cultivation of Chlorella sorokiniana
[bookmark: _Hlk188363108]Isolation of C. sorokiniana was performed to obtain pure microalgal cultures from pond water samples using the pour plate method. 15ml of sterile Bristol medium was aseptically dispensed into different sterile petri dishes. Thereafter, 1ml of each pond sample was inoculated into the plates containing the medium using a sterile syringe. The plates were allowed to solidify within a laminar flow chamber to minimize contamination. After solidification, the Petri dishes were sealed with adhesive tape. The isolated plates were incubated in an open space with adequate illumination and at room temperature (30 ± 2 °C) with adequate illumination for 2–3 weeks at the Microbial Resources Laboratory, Ladoke Akintola University of Technology, Ogbomoso, Oyo State, Nigeria (Kang et al., 2012; Costa et al., 2023). The culture was subjected to constant agitation to prevent cell sedimentation and ensure uniform exposure to light and nutrients (Mata et al., 2010).
Growth was monitored daily for visual indicators of algal proliferation, such as deepening green coloration and increased turbidity. After 7–10 days of cultivation, visible greenish colonies were sub-cultured aseptically onto fresh BG-11 medium to obtain unialgal cultures. Aseptic techniques were strictly maintained throughout the process to avoid contamination, as recommend by Andersen (2000).
2.3.2 Microscopic Identification of Chlorella sorokiniana
Preliminary identification of the cultivated microalgae was performed using light microscopy. Following 7-10 days of incubation in BG-11 medium, samples were aseptically withdrawn from actively growing cultures and mounted on clean glass slides. A drop of the algal suspension was placed on each slide and covered with a sterile coverslip for observation. 
The morphological characteristics of the isolates was performed using a compound microscope (Uniscope XSG-109L) at magnifications of 400× and 1000×. Identification was based on distinct features such as unicellular organization, spherical to oval cell morphology, absence of flagella, presence of a single cup-shaped chloroplast, and cell size ranging from 3–10 µm, which are diagnostic of C. sorokiniana (Borowitzka, 2016; John et al., 2012).
2.4 Detection of Bioactive Molecules of Chlorella sorokiniana
The phytochemical composition of the algal extract was analyzed and bioactive compounds were identified using Gas Chromatography- Mass spectrometry (GC-MS) (Hussein et al., 2020). Dried algal biomass (2 g) was subjected to solvent extraction using methanol in a Soxhlet apparatus for 6 hours. The obtained extract was filtered through Whatman No. 1 filter paper and subsequently concentrated using a rotary evaporator at 40°C under reduced pressure.
The concentrated methanolic extract (1µL) was injected into a GC-MS system (Agilent 7890B GC coupled with 5977B MS detector) fitted with an HP-5MS capillary column (30 m × 0.25 mm i.e., 0.25 µm film thickness). Helium was used as the carrier gas at a constant flow rate of 1.0 mL/min. The oven temperature was programmed as follows: an initial temperature at 60°C (held for 2 min), ramped to 280°C at 10°C/min, and maintained for 10 minutes. The injector and detector temperatures were set at 250°C.
Mass spectra were obtained by electron ionization at 70eV and the identification of compounds was carried out by comparing the obtained mass spectral data with those available in the National Institute of Standards and Technology (NIST) database. (Hossain et al., 2021). The identified bioactive compounds were further categorized based on their pharmacological relevance, including fatty acids, terpenes, esters, phenolics, and sterols. (Pancha et al., 2019).

[bookmark: _Hlk203650744]2.5 Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared (FTIR) Spectroscopy was used to identify the functional groups present in the bioactive compounds of Chlorella sorokiniana. Fourier-transform infrared (FTIR) spectroscopy was performed on dried biomass. Approximately 10 mg of dried algal biomass was homogenized with 100 mg of spectroscopic-grade potassium bromide (KBr) and compressed into a thin, transparent pellet using a hydraulic press, following the protocol described by Pavia et al., (2014).
The pellet was scanned within the range of 4000–400 cm⁻¹ using a Shimadzu IRTracer-100 FTIR spectrometer. Characteristic absorption peaks were recorded and interpreted to identify the presence of major functional groups such as hydroxyl (-OH), carbonyl (C=O), amide (N-H), alkene (C=C), and aliphatic (C-H) groups. These functional groups are indicative of biomolecules such as lipids, proteins, carbohydrates, and other secondary metabolites (Elshobary et al., 2020). The spectral data were analyzed using Spectra Manager software for peak identification.
2.6 Blasting of the Obtained Result
	Bioinformatic analysis of the obtained sequence data was performed using the Basic Local Alignment Search Tool (BLAST) available on the National Center for Biotechnology Information (NCBI) website (www.ncbi.nim.nih.gov). The computational algorithm for the sample query sequence (DNA, RNA, and protein) was done to identify the sequence similarities, homologous sequence and the phylogenetic analysis. 
2.7 Molecular Docking
[bookmark: _Toc161224965][bookmark: _Hlk180250177]Molecular docking was carried out to investigate the interaction between selected bioactive compounds of C. sorokiniana and the 4CVY protein of Mycobacterium tuberculosis. The three-dimensional crystal structure of the enzyme Sulphur Ester Dioxygenase (PDB ID: 4CVY) was retrieved from the Protein Data Bank (PDB). The extracted Protein Data Bank coordinates were prepared for docking studies by removal of ligand, heteroatoms, and water molecules using BIOVIA (Discovery studio visualizer 2021). The ligand structures of Isoniazid (one of the first-line anti-tuberculosis drug) and the five (5) bioactive compounds identified in the filtrated broth medium were retrieved from the PubChem database and prepared using Auto-dock tools (Erazua et al., 2024). The prepared ligands of each bioactive molecule were docked with 4CVY enzyme using PyRx resulting in the generation of binding models and binding affinity data. The resulting receptor-ligand complexes were visualized in both two-dimensional and three-dimensional formats using BIOVIA Discovery Studio Visualizer (2020) such that the Receptor-Ligand interaction and the amino residues involved in the binding interaction were clearly visualized (Ahmad et al., 2023).


2.8 ADMET PREDICTIONS
ADMET represents Absorption, Distribution, Metabolism, Excretion, and Toxicity. ADMET prediction involves computational methods designed to estimate how a compound behaves within a biological system including its uptake, distribution across tissues, metabolic pathways, clearance, and potential toxicity.  
Such predictions are typically generated through in silico approaches, including quantitative structure–activity relationship (QSAR) and quantitative structure–property relationship (QSPR) models, as well as advanced machine learning algorithms such as support vector machines, random forests, and neural networks. More recently, deep learning techniques, including graph neural networks (GNNs), have also been employed to enhance predictive accuracy. In this study, ADMET profiles of the identified bioactive compounds from Chlorella sorokiniana were evaluated using the SwissADME web-based tool.

3.0 RESULTS
3.1 Isolation, Cultivation and Characterization of Isolates
· Isolation and Cultivation 
Pure cultures of Chlorella sorokiniana were successfully isolated from pond samples, with the microalga displaying rapid cell division, forming four new cells every 17–24 hours. This rapid growth highlights its potential suitability for large-scale cultivation in both pharmaceutical and agricultural applications. The results obtained from GC-MS, FTIR, molecular docking, and ADMET predictions are presented below. Representative growth stages and identification procedures are shown in Plates 1–4. Plate 1 depicts the growth of C. sorokiniana on Bristol medium slants, while Plate 2 illustrates submerged culture growth in Bristol medium alongside the control. Plate 3 presents the pure isolates cultivated under controlled laboratory conditions, and Plate 4 shows the microscopic identification of C. sorokiniana.

[image: ]
Plate 1: Growth of Micro-algae in slants of Bristol medium
[image: ] Plate 2: Submerged culture of Micro-algae in Bristol medium and the Control
A total of three (3) compounds were identified from Chlorella sorokiniana. The bioactive compound (metabolites) obtained is labelled plate 1 and 2 above (Kang et al., 2012).
[image: ]
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Plate 3: Pure isolates on plate cultivated under a controlled laboratory setting

3.1.2 Microscopy Identification
[image: ]
 Plate 4: Microscopic identification of Chlorella sorokiniana using Uniscope XSG- 109L SERIES.

Table 2: Blasting Result Obtained
	Likely Organism
	Maximum score
	Total score
	Query cover
	E-value
	Percentage Identity
	Length
	Accession number

	
Chlorella sorokiniana
	938
	938
	99%
	0.0
	99.81%
	1703
	MH818004.1

	
Chlorella sorokiniana
	938
	938
	99%
	0.0
	99.81%
	1713
	KY054944.1

	
Chlorella sorokiniana
	938
	938
	99%
	0.0
	99.81%
	1708
	OP297209.1

	
Chlorella sorokiniana
	938
	938
	99%
	0.0
	99.81%
	1740
	GQ122327.1

	
Chlorella sorokiniana
	937
	937
	98%
	0.0
	100.00%
	561
	OM792200.1
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Figure 2: The phylogenetic tree illustrates the evolutionary relationships among various Chlorella sorokiniana strains and related species.
[bookmark: _Hlk181702794]3.2 Phylogenetic analysis Result
The phylogenetic tree as shown in Figure 2 above illustrates the evolutionary relationships among various Chlorella sorokiniana strains and related species, with branch points (nodes) representing divergence from common ancestors. Bootstrap values on the branches indicate confidence in each grouping, where higher values suggest stronger support. For instance, Isolate B1 clustered closely with Chlorella sorokiniana strain SAG 211-8k (bootstrap 10), indicating a close evolutionary relationship. Other strains, such as CMBB151, NZmm3W1, and isolate 161, formed clusters with moderate support (bootstrap 7–8), while Chlorella vulgaris isolate CV NL2 2 is grouped with Chlorella sorokiniana isolate BE1, implying a closer evolutionary relationship to each other than to the remaining strains analysed (Tamura et al., 2011).
3.3 Gas Chromatography–Mass Spectrometry (GC-MS)
The GC-MS analysis of the C. sorokiniana metabolites revealed several bioactive compounds, including 9,15-octadecadienoic acid, methyl ester (Z,Z)-, 6-octadecenoic acid (Z), and 1H-pyrrole-2,5-dione, 1-(4-chlorophenyl). These compounds are known for their antibacterial properties, highlighting their potential as biocontrol agents against pathogenic microorganisms.
Retention times, peak areas, and corresponding compounds were recorded and are presented in Table 2. Among the detected metabolites, 6-octadecenoic acid (Z) exhibited the highest abundance, with a percentage peak area of 6.89% at a retention time of 14.886 minutes. This was followed by 9,15-octadecadienoic acid, methyl ester (Z,Z)-, with a percentage peak area of 5.76% at 14.978 minutes, and 1H-pyrrole-2,5-dione, 1-(4-chlorophenyl), with 0.69% at 12.66 minutes.
In addition to these major compounds, the GC-MS analysis identified several classes of bioactive molecules, including polysaccharides, peptides, carotenoids, and fatty acids, many of which have been previously reported for their antimicrobial and antioxidant properties (Parimalachelvan et al., 2023).

3.4  Fourier Transform Infrared Spectroscopy
FTIR analysis confirmed the presence of key functional groups in the metabolites of Chlorella sorokiana, such as hydroxyl, carbonyl, and amine, which contribute to the bioactivity of these compounds. The infrared spectrum of the isolate displayed distinct absorption peaks corresponding to characteristic molecular vibrations, as presented in the spectra diagram below.
The observed peaks and their corresponding functional groups included: C–Br bending at 420.5 cm⁻¹, CO–O–CO stretching at 1049.31 cm⁻¹, C–O stretching at 1230.63 cm⁻¹, and S=O stretching between 1384.94–1408.08 cm⁻¹. Additional peaks were recorded for C–H bending (1454.38 cm⁻¹), C=O/C=N stretching (1558.54 cm⁻¹), and C=C stretching/N–H bending (1635.69 cm⁻¹). Absorptions in the range of 2897.18–2989.76 cm⁻¹ corresponded to C–H stretching, while a broad band at 3448.84 cm⁻¹ was attributed to O–H stretching. Furthermore, a distinct peak at 2353.23 cm⁻¹ indicated O=C=O stretching.
The relative intensity of these absorption bands reflects the abundance of the corresponding functional groups, supporting the presence of lipids, proteins, and other secondary metabolites within the algal extract.


3.5 Molecular Docking of the Obtained Metabolites of Chlorella sorokiniana and Isoniazid
Molecular docking studies were performed using AutoDock Tools, PubChem (for ligand retrieval), and PyRx. The three-dimensional crystal structure of Mycobacterium tuberculosis Sulphate Ester Dioxygenase (PDB ID: 4CVY) was retrieved from the Protein Data Bank (PDB) and prepared for docking using BIOVIA Discovery Studio Visualizer. Figure 4 illustrates the 3D structure of the 4CVY protein, including its primary binding site (highlighted in a black circle). This binding pocket directly participates in the catalytic reaction by accommodating substrate molecules and facilitating chemical transformation. The protein consists of two chains, designated as A and B.
Docking of the standard anti-tuberculosis drug, Isoniazid, against 4CVY revealed the interaction profile and binding conformation, as visualized in Figure 5.
Similarly, docking analyses of bioactive compounds derived from Chlorella sorokiniana—including 6-octadecenoic acid (Z)-, 9,15-octadecadienoic acid, methyl ester (Z,Z)-, 1H-pyrrol-2,5-dione, 1-(4-chlorophenyl), and were visualized in Figures 6–8.
Analysis of the receptor–ligand interactions revealed the involvement of multiple bond types, including van der Waals forces, conventional hydrogen bonds, carbon–hydrogen bonds, alkyl interactions, π–alkyl, and π–σ interactions. These molecular interactions contribute to the stability of the complexes and provide insights into the potential inhibitory activities of the algal metabolites against the 4CVY enzyme.

Table 3: List of bioactive compounds present in Chlorella sorokiniana
	Probable compounds
	Active binding Affinity

	1-cyclohexylnonene
	-5.5

	15-hydroxypentadecanoic acid
	-5.6

	9,15-octadecadienoicacid, methyl ester, (Z,Z)-
	-5.7

	6-octadecenoic acid, (Z)
	-5.9

	1H-pyrrole-2,5-dione, 1-(4-chlorophenyl)
	-6.9

	Isoniazid
	-5.8
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Figure 3: FTIR Spectra diagram showing the peak numbers of the metabolites 
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Figure 4: The 3D structure of Mycobacterium tuberculosis protein, Sulphur ester dioxygenase (4CVY) active binding site
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Figure 5: The 2D visualization of 4CVY enzyme of Mycobacterium tuberculosis docked against the standard drug, Isoniazid.
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Figure 6: The 2D visualization picture of Prepared 4CVY docked with 9,15-octadecadienoic acid, methyl ester, (Z,Z)- obtained from Chlorella sorokiniana.


[image: ]Figure 7: The 2D visualization picture of Prepared 4CVY docked with 6-octadecenoic acid, (Z)- obtained from Chlorella sorokiniana.
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Figure 8: The 2D visualization picture of Prepared 4CVY docked with 1H-pyrrole-2,5-dione, 1-(4-chlorophenyl) obtained from Chlorella sorokiniana.



3.6 ADMET Predictions of the Obtained Bioactive Compounds Compared with Isoniazid
The ADMET properties of the bioactive compounds derived from Chlorella sorokiniana were evaluated and compared with the standard drug, Isoniazid. The results are summarized in Tables 4–9.
Toxicity predictions included Ames mutagenicity (AMES), Maximum Tolerated Dose (MTD), human Ether-à-go-go–Related Gene inhibition (hERG I and II), Oral Rat Acute Toxicity (ORA), Oral Rat Chronic Toxicity (ORC), hepatotoxicity, skin sensitization, Tetrahymena pyriformis toxicity, and minnow toxicity. For sample 1, all compounds showed negative AMES results, similar to Isoniazid. MTD values varied across compounds in both samples. Importantly, none of the compounds exhibited hERG I or II inhibition, indicating a low risk of cardiotoxicity. Tridecanoic acid, 12-methyl-, methyl ester (sample 1) and 6-octadecenoic acid (Z) (sample 2) showed the lowest ORC values, suggesting higher chronic toxicity risk. No compounds were predicted to be hepatotoxic. In terms of skin sensitization, all compounds in sample 2 showed positive effects except 1-cyclohexylnonene.
Metabolism-related predictions (Tables 8 and 9) revealed isoform-specific inhibitory effects. In sample 1, tridecanoic acid, 12-methyl-, methyl ester and 9,12-octadecadienoic acid, methyl ester were predicted to inhibit CYP3A4. In sample 2, 9, 15-octadecadienoic acid, methyl ester (Z,Z)- and 6-octadecenoic acid (Z) showed inhibitory activity against CYP1A2.
Excretion potential and renal interactions (Tables 6 and 8) showed variability in clearance pathways among the compounds. Distribution properties (Tables 8 and 6) indicated differences in blood–brain barrier penetration and plasma protein binding, influencing systemic availability.
Absorption-related predictions (Tables 6 and 8) included water solubility, intestinal absorption, and skin permeability. Compared with Isoniazid, most compounds demonstrated poor solubility but high skin permeability. Tridecanoic acid, 12-methyl-, methyl ester (sample 1) and 1-cyclohexylnonene (sample 2) had the highest intestinal absorption rates.
Medicinal chemistry properties (Tables 6 and 8) showed that in sample 1, none of the compounds triggered BRENK alerts, although all exhibited at least one lead-likeness violation, except for 9,12-octadecadienoic acid, methyl ester, which showed no violations and had favorable synthetic accessibility. In contrast, in sample 2, all compounds exhibited at least one lead-likeness violation and BRENK alerts, except for acetic acid, trifluoro-dodecyl.
Collectively, these results indicate that while the algal metabolites possess promising bioactive potential, some limitations in solubility, metabolic interactions, and lead-likeness must be addressed before further drug development.



 

Table 4: Toxicity of the bioactive compounds present in Chlorella sorokiniana and Isoniazid
	Properties  /
Compounds
	9,15-octadecadienoic acid, methyl ester, (Z,Z)-
	6-octadecenoic acid, (Z)
	1H-pyrrole-2,5-dioe, 1-(4-chlorophenyl)
	Isoniazid

	AMES
	No
	No
	No
	No

	MTD
	-0.019
	-0.810
	0.251
	1.166

	hERG I
	No
	No
	No
	No

	hERG II
	No
	No
	No
	No

	ORA
	1.617
	1.417
	2.228
	2.304

	ORC
	3.004
	3.259
	1.899
	1.395

	Hepatotoxicity
	No
	No
	No
	No

	Skin Sen.
	Yes
	Yes
	Yes
	Yes

	T. pyriformis
	1.603
	0.676
	1.448
	-0.134

	Minnow
	-1.600
	-1.438
	1.373
	3.12


______________________________________________________________________  


Table 5: Metabolism of the bioactive compounds present in Chlorella sorokiniana and Isoniazid
	Properties /
Compounds
	9,15-octadecadienoic acid, methyl ester, (Z,Z)-
	6-octodecenoic acid, (Z)
	1H-pyrrole-2,5-dioe, 1-(4-chlorophenyl)
	Isoniazid

	CYP2D6-sub
	No
	No
	No
	No

	CYP3A4-sub
	Yes
	Yes
	No
	No

	CYP1A2-inh
	Yes
	Yes
	No
	No

	CYP2C19-inh
	No
	No
	No
	No

	CYP2C9-inh
	No
	No
	No
	No

	CYP2D6-inh
	No
	No
	No
	No

	CYP3A4-inh
	No
	No
	No
	No






Table 6: Excretion potential of the bioactive compounds present in Chlorella sorokiniana and Isoniazid
	Properties /
Compounds
	9,15-octadecadienoic acid, methyl ester, (Z,Z)-
	6-octadecenoic acid, (Z)
	1H-pyrrole-2,5-dione, 1-(4-chlorophenyl)
	Isoniazid
(Control)

	Total Clearance
	2.035
	1.884
	0.029
	0.076

	Renal OCT2
	No
	No
	No
	No


_______________________________________________________________________

Table 7: Distribution potential of the bioactive compounds present in Chlorella sorokiniana and Isoniazid
___________________________________________________________________________	
	Properties /
Compounds
	9,15 octadecadienoic acid, methyl ester, (Z,Z)-
	6-octadecenoic acid, (Z)
	1H-pyrrole-2,5-dione, 1-(4-chlorophenyl)
	Isoniazid
(Control)

	VDSS
	0.272
	-0.558
	0.054
	-0.352

	Fu
	0.028
	0.052
	0.387
	0.728

	BBB- Perm
	0.767
	-0.168
	0.440
	0.002

	CNS- Perm
	-1.463
	-1.654
	-2.179
	-3.351



Table 8: Absorption potential of the bioactive compounds found in Chlorella sorokiniana and Isoniazid
	Properties /
Compounds
	9,15-octadecadienoic acid, methyl ester, (Z,Z)-
	6-octadecenoic acid, (Z)
	1H-pyrrole-2,5-dione, 1-(4-chlorophenyl)
	Isoniazid
(Control)

	Water sol
	-7.343
	-5.924
	-2.214
	-1.6

	Caco-2 Perm
	1.612
	1.563
	1.771
	0.52

	IA
	92.66
	91.823
	95.794
	92.601

	Skin Perm
	-2.719
	-2.725
	-2.229
	-3.351

	P-glycop-sub.
	No
	No
	No
	No

	P-glycop I-inh
	No
	No
	No
	No

	P-glycop II-inh
	Yes
	No
	No
	No


__________________________________________________________________________________


Table 9: Medicinal Chemistry of the bioactive compounds present in Chlorella sorokiniana and Isoniazid

	Properties /Compounds
	9,15-octadecadienoic acid, methyl ester, (Z,Z)-
	6-octadecenoic acid, (Z)
	1H-pyrrole-2,5-dione, 1-(4-chlorophenyl)
	Isoniazid (Control)

	PAINS
	0 alert
	0 alert
	0 alert
	0 alert

	Brink
	1 alerts
	1 alert
	1 alert
	2 alerts

	Lead likeness
	No; 2 violation
	No; 2 violations
	No; 1 violations
	No; 1 violation

	Synthetic accessibility
	3.08
	3.07
	1.88
	1.24




4.0 DISCUSSION
The persistent global threat posed by multidrug-resistant Mycobacterium tuberculosis (MDR-TB) emphasizes the urgent need for novel therapeutic strategies (WHO, 2025). In this study, bioactive compounds derived from Chlorella sorokiniana were investigated for their inhibitory potential against Sulphur Ester Dioxygenase (4CVY), a critical enzyme involved in sulfur metabolism and adaptive survival of drug-resistant M. tuberculosis strains (Recchia et al., 2025).
Molecular docking experiments identified several metabolites with strong binding affinities to the 4CVY protein. Among these, 1H-pyrrole-2,5-dione, 1-(4-chlorophenyl), 6-octadecenoic acid (Z), and 9,15-octadecadienoic acid demonstrated favorable interactions with the enzyme’s active site, suggesting potential mechanisms of inhibition through disruption of sulfur metabolic pathways essential for mycobacterial persistence (Trott & Olson, 2010; Arundina et al., 2024).
Furthermore, in silico ADMET and drug-likeness analyses confirmed that the lead compounds exhibited favorable pharmacokinetic properties, low predicted toxicity, and good oral bioavailability (Rajan et al., 2023). These findings strongly support the feasibility of developing C. sorokiniana-derived metabolites as scaffolds for new anti-TB drugs targeting resistant strains. Additionally, ADMET and drug-likeness profiling demonstrated that the top-ranked compounds possessed good pharmacokinetic properties, high gastrointestinal absorption, low toxicity, and compliance with Lipinski’s Rule of Five, reinforcing their potential as drug candidates (Friedrich and Puchala (2021).
5.0 CONCLUSION
In summary, this study demonstrates that Chlorella sorokiniana is a promising source of bioactive compounds with potential antimicrobial activity against by multidrug-resistant Mycobacterium tuberculosis (MDR-TB). The ability of its phytochemicals to effectively interact with the 4CVY protein suggests a new avenue for anti-TB drug development, particularly against drug-resistant strains. These results provide a solid foundation for further exploration of microalgae as reservoirs of novel antimycobacterial agents. Future studies should focus on in vitro validation, mechanistic assays, and in vivo preclinical testing to establish the therapeutic efficacy, safety, and potential clinical relevance of these compounds.
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