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Background: Efflux pump-mediated antibiotic extrusion is a key mechanism of mul-
tidrug resistance in Mycobacterium tuberculosis (MTB). Inhibiting these pumps is a 
promising strategy for resensitizing resistant strains to conventional antibiotics.
Materials & Methods: An integrated in silico approach was employed to evaluate 
the interaction of drug-like ligands, primarily phytochemicals, with key MTB ef-
flux pumps. Homology models of DrrA, DrrB, and DrrC proteins and the crystal 
structure of Rv1819c were used for molecular docking. Top-scoring ligands were 
subsequently analyzed for drug-likeness, toxicity profile, and binding stability via 
molecular dynamics (MD) simulations to identify the most promising efflux pump 
inhibitors (EPIs).
Findings: Molecular docking revealed high-affinity binding of several phytochem-
icals. The top-scoring ligands were curcumin, rosmarinic acid, and pracinostat 
for DrrA; curcumin, kanzonol C, and Skf-100330A for DrrB; and rosmarinic acid, 
curcumin, and kanzonol C for DrrC. For the Rv1819c protein, the top-scoring com-
pounds were crocetin, curcumin, and kanzonol C, which were found to bind specif-
ically to the ATP-interacting pocket. An integrated analysis of docking affinity, mo-
lecular dynamics stability, toxicity, and drug-likeness identified curcumin, kanzonol 
C, rosmarinic acid, and crocetin as the most promising candidate EPIs.
Conclusion: The present in-silico study identified curcumin, kanzonol C, rosmarinic 
acid, and crocetin as promising phytochemical inhibitors of key MTB efflux pumps. 
These compounds exhibited potential for synergistic activity with conventional 
anti-tuberculosis drugs. Therefore, preclinical and experimental validation is war-
ranted to confirm their efficacy as efflux pump inhibitors.
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Introduction 
 Tuberculosis (TB), caused by the intracel-
lular pathogen Mycobacterium tuberculosis 
(MTB), remains a leading cause of mortality 
among the top ten causes of death world-
wide [1]. In 2021 alone, an estimated 10.6 
million new cases and 1.6 million deaths 
were reported [2]. According to the World 
Health Organization (WHO) Global Tuber-
culosis Report 2024, the initial targets of a 
50% reduction in TB incidence and a 75% 
reduction in mortality by 2025 (relative to 
2015 levels) are unlikely to be achieved. Re-
cent epidemiological trends indicate a con-
cerning rise in TB cases, with 10.8 million 
people worldwide infected in 2023, com-
pared to 10.7 million in 2022, 10.4 million 
in 2021, and 10.1 million in 2020. Achieving 
universal access to TB prevention, diagnosis, 
treatment, and care is projected to require 
US$22 billion annually by 2027, with an ad-
ditional US$5 billion per year needed to sup-
port TB research efforts [2].
A major challenge in TB control is multidrug-
resistant TB (MDR-TB), characterized by 
resistance to at least isoniazid and rifampicin. 
MDR-TB poses a significant public health 
threat due to limited therapeutic options, 
prolonged treatment regimens, increased 
toxicity of second-line drugs, and suboptimal 
treatment outcomes. The emergence of 
resistance is further exacerbated by the 
pathogen’s ability to develop novel antibiotic 
evasion strategies. Among these strategies, 
efflux pumps (EFPs) play a critical role by 
actively extruding antimicrobial agents, 
thereby reducing their effective intracellular 
concentrations [3]. Among the various efflux 
systems in MTB, the drrA-drrB-drrC operon 
and the Rv1819c protein are of particular 
interest. The drrA (Rv2936) and drrB 
(Rv2937) genes encode components of 
an ATP-binding-cassette (ABC) transport 
system, where DrrA functions as the 
nucleotide-binding domain, and DrrB 

constitutes part of the membrane-spanning 
domain. The associated drrC (Rv2938) gene 
encodes a regulatory component believed 
to enhance pump activity [1]. Additionally, 
Rv1819c facilitates the transport of 
diverse compounds, including antibiotics 
and metabolic intermediates [4]. These 
efflux systems have been directly linked 
to resistance against rifampicin, isoniazid, 
fluoroquinolones, aminoglycosides, and 
other second-line agents [5]. Approximately 
2.5% of the MTB genome is dedicated to 
genes encoding ABC transporters, a major 
class of efflux pumps [6]. Notably, drrA and 
drrB are significantly overexpressed in MDR-
TB, whereas their expression remains low in 
drug-sensitive clinical isolates [7].
In recent years, efflux pump inhibition 
(EPI) has emerged as a promising adjuvant 
strategy to combat drug-resistant pathogens. 
By blocking these pumps, intracellular 
antibiotic concentrations could be restored 
to bactericidal levels, effectively resensitizing 
bacteria to conventional antimicrobials. 
However, currently available synthetic EPIs 
(e.g., verapamil and reserpine) often exhibit 
off-target effects, toxicity, and poor specificity. 
In contrast, phytochemicals represent a 
structurally diverse and pharmacologically 
promising source of potential EPIs. Alkaloids, 
flavonoids, terpenoids, and polyphenols 
have demonstrated antimicrobial and 
resistance-modulating effects in various 
bacteria, including MTB [8, 9]. Many of 
these compounds also possess favorable 
safety profiles and broad pharmacological 
versatility. Nevertheless, the precise 
mechanisms by which phytochemicals 
interact with mycobacterial efflux systems 
remain poorly understood.
In silico drug discovery methods, notably 
molecular docking and dynamics simula-
tions, enable efficient and high-throughput 
screening of potential inhibitors by predict-
ing binding affinities and simulating biomo-



Moosavi S.A. et al.

Infection Epidemiology and Microbiology  Winter 2026, Volume 12, Issue 1

39

lecular interactions. Although  both small 
molecules and peptides have been  widely 
explored as efflux pump inhibitors (EPIs) 
in various studies  [8], small molecules have 
been shown to be  superior candidates due 
to their greater stability, enhanced cellular 
permeability, and simpler logistical handling 
compared to peptides, which are susceptible 
to enzymatic degradation. These computa-
tional approaches are invaluable preclinical 
tools that provide a cost-effective and ra-
tional framework to guide hypothesis-driv-
en research, especially when experimental 
methods are impractical or prohibitively ex-
pensive.
Objectives: In the present study, an integrat-
ed computational approach was employed 
to evaluate the ability of selected phyto-
chemicals to bind and inhibit four critical 
MTB EFPs: DrrA, DrrB, DrrC, and Rv1819c. 
The findings may provide a molecular basis 
for developing innovative combination ther-
apies that synergize conventional anti-TB 
drugs with phytochemical adjuvants. 

Materials and Methods
Overall strategy  and workflow: To identify 
optimal inhibitors of MTB EFPs, the follow-
ing integrated bioinformatics workflow was 
implemented:
1. Target selection and preparation: Key ABC 
efflux proteins were selected based on their 
established role in multidrug resistance and 
evidence from previous experimental stud-
ies. The tertiary structures of the selected 
target proteins were subsequently simulat-
ed using the SWISS-MODEL server.
2. Virtual screening: A library of phytochem-
icals was screened against the prepared 
target proteins via molecular docking using 
Molegro Virtual Docker to identify high-af-
finity small molecule binders.
3. Binding stability assessment: Top li-
gand-protein complexes selected based on 
the primary screening process underwent 

validation through complementary docking 
studies and molecular dynamics simulations 
conducted using myPrestoPortal to evaluate 
binding stability and interactions.
4. Toxicity, drug-likeness, and target profil-
ing: The absorption, distribution, metabo-
lism, excretion, and toxicity (ADMET) pro-
files of the lead candidates were predicted 
using T.E.S.T.  and Toxtree software and the 
PubChem database. Their biological targets 
were also predicted using the SwissTarget-
Prediction server. 
5. Candidate prioritization and data synthe-
sis: A multi-parameter scoring system was 
applied to rank the compounds. The results 
were interpreted to propose the best-per-
forming phytochemical candidates as inhibi-
tors of MTB EFPs.
Selection of EFPs and tertiary structure 
modeling: The ABC transporter proteins 
DrrA and DrrB were selected as primary tar-
gets in this study based on their previously 
demonstrated critical role in anti-MTB drug 
efflux [7]. To identify additional relevant pro-
teins, the STRING database (https://string-
db.org/) was searched for functional part-
ners. This analysis revealed DrrC as the most 
strongly-associated protein, exhibiting the 
highest co-expression rate with DrrA and 
DrrB in MTB H37Rv strain. Therefore, DrrC 
was included as a third target in subsequent 
in silico investigations.
The tertiary structures of the daunorubi-
cin-transport ATP-binding proteins DrrA, 
DrrB, and DrrC in MTB were predicted us-
ing the SWISS-MODEL homology modeling 
server (https://swissmodel.expasy.org/). 
Validation of SwissModel homology models 
was performed based on the global model 
quality estimation (GMQE) score and the 
percentage of sequence identity (SID) with 
the template protein structures. A model was 
considered highly reliable when its GMQE 
score was > 0.7 or its sequence identity with 
the template was > 50% [10]. The resulting 
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structures were downloaded in PDB format 
for subsequent molecular docking studies.
 Screening and selection of compounds: A 
ligand library consisting of 62 compounds 
was assembled for initial screening (please, 
see data availability). The library comprised 
56 natural phytochemicals, five known syn-
thetic EPIs, and pracinostat, a drug used for 
the treatment of leukemia. Initial virtual 
screening was performed against the mod-
eled structure of the DrrA protein using Mo-
legro Virtual Docker 6.0 (CLC bio).
Based on the resulting docking scores, 14 
top-performing compounds were selected 
for further evaluation against the modeled 
DrrB and DrrC structures and a known MTB 
ABC transporter structure. The initial list 
of candidates included: 6-Dpg, chlorogenic 
acid, crocetin, curcumin, kanzonol B, kanzo-
nol C, piperine, pracinostat, reserpine, ros-
marinic acid, Skf-100330A, thioridazine, ve-
rapamil, and vulgaxanthin.  From this list, ve-
rapamil (454.6 g/mol) and reserpine (608.7 
g/mol) were excluded from further analysis 
as their molecular weights exceeded the 400 
Da threshold imposed by myPrestoPortal 
software for molecular dynamics simula-
tions. Thioridazine (370.6 g/mol) was se-
lected as a representative synthetic control 
EPI for subsequent analyses based on its su-
perior docking score and acceptable molec-
ular weight [11].
Molecular docking with Rv1819c: To as-
sess the binding potential of the selected 
compounds to a critical site within a known 
MTB efflux pump, a molecular docking study 
was performed against the Rv1819c ABC 
transporter. The high-resolution crystal 
structure of Rv1819c (PDB ID: 6TQE), de-
termined by electron microscopy at a reso-
lution of 4.30 Å�  and expressed in Escherichia 
coli [12], was retrieved from the Protein Data 
Bank . The docking screen included the fol-
lowing compounds: 6-Dpg, chlorogenic acid, 
crocetin, curcumin, kanzonol B, kanzonol C, 

piperine, pracinostat, rosmarinic acid, Skf-
100330A, thioridazine, and vulgaxanthin. 
The highest binding affinities were observed 
for crocetin, curcumin, and kanzonol C. Nota-
bly, the most favorable docking scores were 
associated with the ATP-binding site located 
in the intracellular domain of the protein.
Molecular dynamics simulations: Based 
on the docking results, molecular dynamics 
(MD) simulations were conducted to evalu-
ate the stability of the complexes formed be-
tween the top-scoring ligands (crocetin, cur-
cumin, and kanzonol C) and each target pro-
tein (DrrA, DrrB, and DrrC). For comparative 
purposes, simulations were also performed 
for the control compound, thioridazine. All 
simulations were executed using myPresto-
Portal  version 1.1.88 (Japan Biological Infor-
matics Consortium, JBIC), a graphical user 
interface (GUI) for the myPresto and GRO-
MACS software suites. The system was first 
energy-minimized using the generalized 
born method for 5,000 steps. Production MD 
runs were then performed for 200 picosec-
onds with a loop limit of 100,000 steps. The 
trajectories were analyzed by monitoring 
changes in energy, temperature, and root-
mean-square deviation (RMSD). Since the 
energy and temperature profiles remained 
stable across simulations, subsequent analy-
ses focused primarily on RMSD to assess the 
stability of the ligand-protein complexes.
ADME, toxicity, and target prediction: The 
drug-likeness of the selected chemical com-
pounds was evaluated according to Lipins-
ki’s rule of five (RO5). The physicochemical 
properties of each compound were retrieved 
from PubChem. Structure-activity relation-
ships and toxicity profiles were predicted 
using Toxtree (estimation of toxic hazard - a 
decision tree approach, Version 3.1.0) and 
T.E.S.T. (Toxicity Estimation Software Tool, 
Version 5.1.2, U.S. Environmental Protection 
Agency). Potential biological targets were 
identified using the SuperPred server.
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Development of a comparative decision 
score: To enable a comparative analysis of 
the compounds based on their drug-like-
ness and toxicity profiles, a multi-parameter 
scoring system was developed. A compound 
was considered more favorable if it exhibit-
ed the following characteristics: 1) improved 
drug-likeness: lower values for molecular 
weight, XLogP3, number of hydrogen bond 
donors and acceptors, number of rotatable 
bonds, total polar surface area (TPSA), and 
heavy atom count; 2) reduced toxicity: high-
er oral rat LD₅₀, higher bioconcentration 
factor, absence of developmental toxicity or 
mutagenicity, low toxicity class, high biode-
gradability, and metabolism by cytochrome 
P450; 3) favorable absorption: higher solu-
bility at 25 °C; and 4) no structural alerts: no 
alerts for promiscuous protein binding, DNA 
binding, or carcinogenicity.
Given the challenge of visually interpreting 
complex, multi-parameter data, a qualitative 
three-color heat-map was generated in Mi-
crosoft Excel 2019 (conditional formatting 
→ color scales) to provide an intuitive over-
view (green: optimal, pink: intermediate, 
and red: suboptimal). However, to address 

the need for a rigorous and objective metric 
that avoids visual subjectivity, this qualita-
tive data was converted into a quantitative 
decision score using the following formula:

Decision Score = (Σ [pink cells + red cells] + 
targets count) - (Σ green cells)

In this formula, the target count represents 
the number of biological targets identified 
by the SuperPred server, integrating poly-
pharmacology into the assessment. This 
scoring system was specifically designed to 
ensure that a lower numerical value unam-
biguously indicates a more promising can-
didate, thereby providing a single, objective 
benchmark for ranking all compounds.
Statistical analysis: Molecular docking 
scores (MolDock scores: DSC) of the 12 stud-
ied compounds were compared using one-
way analysis of variance (ANOVA); a p-value 
< .05 was considered statistically significant. 
For conciseness, post-hoc comparisons of 
the scores of each compound against the 
control (thioridazine) were reported. For 
each compound, the minimum docking en-
ergy (the most negative value) represented 

Figure 1) STRING-db analysis of EFP associations in MTB-H37Rv. The network illustrates the functional partners 
of DrrA and DrrB, identifying DrrC as the most closely associated protein with the highest co-expression score 
(left-hand graph and network). This strong co-expression pattern is not observed in other bacterial genera 
(right-hand graph), indicating its specificity to MTB. The lines connecting the nodes represent the evidence 
for each interaction, as defined by the STRING database: curated databases (pink), experimentally determined 
(green), predicted interactions (blue), gene neighborhood (red), gene fusions (purple), gene co-occurrence 
(orange), and text-mining (yellow). In the co-expression graph, the deep-brown color represents a higher 
confidence score.
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Protein Phyto/Chemical 
Agent

NO. of 
Poses

Best 
Docking 

Score
Hydrogen Bond Common 

Residues

DrrA

Curcumin 49 -137.87 Gln 158, Arg 82, and Ser 56

Gln 158, 
Arg 82, 

and Ile 84, 
Asp 150, 

Val 86, Trp 
110, Val 

157

Rosmarinic acid 62 -135.53 Gln 158, 2Arg 82, Arg 81, Ile 84, and Trp 110
Pracinostat 54 -132.81 Ile 84, Pro 159, and 2Val 157

Crocetin 48 -128.64 2Gln 90
6-Dpg. 41 -127.69 Arg 82

Kanzonol C 55 -124.65 Ile 84, Arg 82, Gln 158

Vulgaxanthin 48 -124.63 Val 86, Asp 150, Cys 153, Val 157, Arg 82, Ile 
84

Chlorogenic acid 62 -121.86 2Asp 150, 2Arg 82, Gln 158, 5Val 86, Trp 110

Kanzonol B 80 -119.15 Val 156, Val 157, Ile 84, Gly 154

Skf-100330A 83 -118.65 Val 86, Gly 88
Piperine 61 -117.72 No hydrogen bound

Thioridazine 47 -108.21 No hydrogen bound

Table 1) Molecular docking analysis of phytochemical and chemical agents with Mycobacterium tuberculosis 
proteins DrrA, DrrB, DrrC, and Rv1819c. This table presents the number of binding poses per agent, the optimal 
docking score, hydrogen bond interactions at the primary pose, and common binding site residues across all 12 
agents.

Figure  2) Comparative DSCs of the 12 evaluated compounds docked against the DrrA, DrrB, DrrC, and Rv1819c 
proteins. DSC for the reference ligand, thioridazine (a known efflux pump inhibitor), is marked by the red R 
word. Significant differences (p< .05, ANOVA) compared to thioridazine are indicated by a blue asterisk (*). The 
three top-scoring ligands for each target were curcumin, rosmarinic acid, and pracinostat for DrrA; curcumin, 
kanzonol C, and Skf-100330A for DrrB; rosmarinic acid, curcumin, and kanzonol C for DrrC; and andcrocetin, 
curcumin, and kanzonol C for Rv1819c.
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Protein Phyto/Chemical 
Agent

NO. of 
Poses

Best 
Docking 

Score
Hydrogen Bond Common 

Residues

DrrB

Curcumin 70 -156.04 3Asn 119, Arg 109

Ala 181, 
Arg 109, 
Arg 136, 
Arg 245, 
Asn 119, 
Ser 256

Kanzonol C 53 -138.01 Ser 114, Thr 192, Arg 136

Skf-100330A 70 -134.76 Ala 181

Pracinostat 30 -133.78 Ala 181, Phe 185

Piperine 72 -133.77 No hydrogen bound

Crocetin 66 -133.07 Arg 109

Kanzonol B 53 -131.69 Thr 259. 2Gln 88, Gly 249, Arg 245, Ser 256

6-Dpg 55 -127.84 No hydrogen bound

Rosmarinic acid 64 -129.75 2Thr 51, 3Thr 52

Chlorogenic acid 70 -116.88 Ser 256, 2Tyr 89, Arg 245

Vulgaxanthin 51 -115.59 Met 125, Met 127, Phe 122, Pro 129, Leu 133, 
3Arg 136, Asn 119

Thioridazine 77 -113.86 No hydrogen bound

DrrC

Rosmarinic acid 34 -160.09 Gly 18, Arg 121, Pro 118, His 120, Gln 29, Ser 
123, 2Gln 33, Leu 114, and Gly 124

Gly 18, Gly 
124, Arg 

121,

Arg 104, 
Gln 33, Gln 
29, Ser 123, 
Thr 47, Asp 

101

Curcumin 41 -158.44 Gly 124, Leu 16, Gly 18, Gln 33, Gln 29, Ser 123, 
and Arg 121

Kanzonol C 34 -155.75 Asp 101

Skf-100330A 44 -137.23 Gly 18, Pro 118, Gln 29

Pracinostat 23 -133.47 Arg 236, Thr 74, Ser 77

Crocetin 43 -132.82 No hydrogen bound

Vulgaxanthin 34 -132.09 Arg 104, Ile 46, Thr 47, 2Asp 101, Asp 44, Ala 
131

6-Dpg 33 -126.73 Arg 104, Thr 47

Kanzonol B 50 -124.84 Thr 47, Phe 97, Asp 101

Thioridazine 50 -122.72 No hydrogen bound

Chlorogenic acid 50 -121.98 Asp 44, 2Thr 47, Trp 41, Leu 37, 2Asp 101, Val 
98, Arg 128

Piperine 50 -116.96 Gln 29

Rv1819c

Crocetin 21 -159.74 Gly 576, 2Arg 608, Thr 578

Arg 471, 
Arg 608, 
Gln 498, 
Gln 557, 

Gly 463, Gly 
465, Gly 
576, Gly 
554, Lys 
466, His 
607, Ser 
552, Ser 
579, Thr 
578, Thr 
468, Thr 
467, Val 

605

Curcumin 31 -155.85 3Arg 608, Gln 498, Lys 466, Thr 468

Kanzonol C 33 -152.68 Ser 552, Gly 554, Thr 467, Gln 498, Lys 466, His 
607, and Val 605

Pracinostat 18 -138.16 2Ala 548, 2Arg 471, Lys 466, 2Thr 467

Thioridazine 39 -133.59 His 607

Skf-100330A 27 -132.44 Ser 579, Gln 557

Chlorogenic acid 32 -131.83  4Arg 608, 3Thr 578, 4Gly 576, Val 605, 4Ser 579,
Gln 557, Pro 553

6-Dpg 26 -130.63 His 607, 2Thr 467

Rosmarinic acid 20 -128.89 3Arg 471, 2Thr 468, 2Gly 465, 2Gly 463, Lys 466, 
2Glu 298

Vulgaxanthin 21 -127.79 Lys 466, Thr 467, Gly 463, Val 605, 2Gly 576, Thr 
578, Gly 554, Ser 552, 3Gln 498

Kanzonol B 46 -126.32 Lys 466, Gly 465, 2His 607, Ser 462, Ser 552, Gly 
554

Piperine 36 -123.34 Arg 608, Gly 554, Ser 552
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the most favorable binding conformation.

Findings
Efflux protein selection: Analysis of the 
STRING database to identify genes most 
closely associated with drrA and drrB re-
vealed drrC as the top candidate in M. tu-
berculosis H37Rv strain, based primarily on 
its high co-expression level. This strong as-
sociation appears to be specific to MTB, as 
supporting evidence in other organisms is 
limited (Figure 1).
Homology modeling: In this study, the opti-
mal model for DrrA, generated using 16,325 
templates (the top 50 were used), had a 
GMQE score of 0.89 and an SID of 85.20%. 
The DrrB model, generated using 183 tem-
plates (the top 50 were used), had a GMQE 
score of 0.81 and an SID of 71.73%. For DrrC, 
the model generated using 173 templates 
(the top 50 were used) yielded a GMQE 
score of 0.9 and an SID of 78.99%. Details of 
homology modeling are available as noted in 
data availability section.
Molecular docking results: The compar-
ative docking results of all 12 compounds 
against the four target proteins (DrrA, DrrB, 
DrrC, and Rv1819c) are summarized in Fig-
ure 2. Detailed data, including the number 
of binding poses per compound, optimal 
docking score, hydrogen bond interactions 
in the top-ranked pose, and common bind-
ing site residues across all agents, are pro-
vided in Table 1. 
The binding interactions of the top three li-
gands and the control agent (thioridazine) 
are shown in Figures 3A, 3B, and 3C. These 
figures depict the structures of the modeled 
proteins, their binding sites, and their key 
interacting amino acid residues.
For the Rv1819c protein (PDB: 6TQE), the 
top-performing ligands primarily interacted 
within a region identified as the ATP-binding 
site. Figure 4A shows a representative 
docking pose at this site, and the detailed 

Figure 3) Molecular docking poses and interactions 
of top-scoring ligands with modeled Drr proteins. 
The binding pocket of each protein is outlined 
in yellow. Hydrogen bonds are depicted as black 
dashed lines, with thicker lines indicating stronger 
interactions. The top three compounds and the 
control (thioridazine) are shown for (A) DrrA, (B) 
DrrB, and (C) DrrC. Thioridazine formed no hydrogen 
bonds with any of the Drr proteins. The minimum 
DSC for the top ligands is provided for each protein 
(see Findings section).
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protein-ligand interactions are illustrated in 
Figure 4B.
Molecular dynamics and stability of pro-
tein-ligand complexes: The stability of 
the docked poses was assessed by monitor-
ing the RMSD of the ligand heavy atoms in 
200-picosecond molecular dynamics (MD) 
simulations. A low ligand RMSD value in-

dicates that the ligand position within the 
binding pocket is stable, validating the initial 
docking pose [13]. In this study, the observed 
low and stable ligand RMSD profiles indicat-
ed that each complex rapidly reached equi-
librium and maintained a consistent binding 
mode throughout the simulation period. Fig-
ure 5 presents the RMSD trajectories of the 

Figure 4) Molecular docking poses and interactions within the ATP-binding site of the Rv1819c protein (PDB: 
6TQE). The binding pocket is outlined in yellow. Hydrogen bonds are shown as black dashed lines (thickness 
indicates strength). The top three compounds, crocetin, curcumin, and kanzonol C, are shown, along with 
thioridazine, which formed a single hydrogen bond with His607. The native ATP ligand (pink) and the Mg²⁺ ion 
(gray sphere) are shown within the binding pocket for reference.
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Figure 5) RMSD trajectories from 200 ps molecular dynamics simulations. RMSD values are shown for the top 
three ligands bound to each protein (DrrA, DrrB, DrrC, Rv1819c), alongside the control compound thioridazine. 
Low RMSD fluctuations across all simulations indicate stable binding and minimal complex deformation, 
validating the docking poses.

Figure 6) Graphical abstract proposing a mechanism for efflux pump inhibition. Phytochemicals (curcumin, 
kanzonol C, rosmarinic acid, and crocetin) and known EPIs (e.g., thioridazine) are hypothesized to bind to 
mycobacterial efflux pumps (e.g., DrrABC, Rv1819c), preventing the extrusion of antibiotics (e.g., isoniazid, 
rifampin). This inhibition is proposed to increase intracellular antibiotic concentrations, thereby potentiating 
their efficacy against MTB.
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top three compounds bound to DrrA, DrrB, 
DrrC, and Rv1819c, alongside the control 
compound (thioridazine).
DrrA complexes: During simulations with 
the DrrA protein, rosmarinic acid exhibited 
the highest stability with minimal fluctua-
tions (< 1 Å� ) in the final picoseconds. Cur-
cumin and pracinostat also demonstrated 
acceptable stability, maintaining RMSD val-
ues below 3 Å�  at the binding site. Although 
thioridazine showed low RMSD values, par-
ticularly towards the simulation end, the 
overall results indicated that the modeled 
DrrA protein was a suitable target for ros-
marinic acid, curcumin, and pracinostat.
DrrB complexes: For DrrB, curcumin dis-
played the lowest RMSD fluctuations, fol-
lowed by kanzonol C and Skf-100330A. Thi-
oridazine again showed favorable stability 
with an RMSD value of below 2 Å�  in the final 
stages of the simulation.

DrrC complexes: Simulations of DrrC com-
plexes revealed that curcumin and rosma-
rinic acid had lower RMSD fluctuations than 
Kanzonol C. Thioridazine exhibited very low 
RMSD values, which were lower than those 
of the phytochemicals in this system.
Rv1819c complexes: All three top com-
pounds (crocetin, curcumin, and kanzonol C) 
bound to the ATP-binding site of the Rv1819c 
protein (PDB: 6TQE) with low RMSD fluctu-
ations, confirming the stability of these com-
plexes. Thioridazine also demonstrated sta-
ble binding with RMSD changes below2  Å� .
Collectively, these MD simulations support 
the docking results, indicating good binding 
stability and favorable interactions between 
the evaluated phytochemicals and the target 
efflux pump proteins.
Evaluation of drug-likeness and toxicity: 
The drug-likeness and toxicity profiles of 
the lead compounds were quantitatively 

Table 2) Heat-map presentation of cheminformatics analysis, RO5 compliance, and toxicity estimates for the 
evaluated compounds. Compounds were ranked using a decision score algorithm (see Materials and Methods), 
with lower scores indicating a more favorable overall profile. The resulting ranking from most to least favorable 
was as follows: crocetin, curcumin, kanzonol C, rosmarinic acid, pracinostat, thioridazine, and Skf-100330A.

Abbreviations: Persistent: PRS; Cyt 450: cytochrome P450; PTQS/PTQ/PSQ: primary & secondary & tertiary, 
and other types of metabolism by Cyt 450 
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assessed using a decision score algorithm 
detailed in the Methods section, which 
integrates parameters from Lipinski’s rule 
of five (RO5), ADME properties, and toxicity 
predictions. Based on this analysis, the 
compounds were ranked from most to least 
favorable as follows: crocetin > curcumin > 
kanzonol C > rosmarinic acid > pracinostat 
> thioridazine > Skf-100330A (Table 
2). Based on this ranking, crocetin was 
identified as the lead candidate, exhibiting 
the most promising drug-like properties 
and the lowest predicted toxicity among the 
compounds evaluated.

Discussion
The increasing incidence of MDR and exten-
sively drug-resistant (XDR) MTB is a signif-
icant global health challenge, underscor-
ing the urgent need for novel therapeutic 
strategies. A key mechanism of resistance in 
MTB involves overexpression of EFPs, which 
reduce intracellular antibiotic concentra-
tions through active extrusion [14]. Among 
these, ABC transporters utilize primary ac-
tive transport to efflux a broad spectrum of 
chemotherapeutic agents, thereby dimin-
ishing their clinical efficacy. Beyond anti-
biotic efflux, these proteins are also crucial 
for transporting structural lipids across the 
mycobacterial cell wall. Therefore, inhibiting 
EFP function may not only restore antibiotic 
susceptibility but also disrupt essential bac-
terial processes, including cell division and 
energy metabolism, potentially shortening 
the duration of TB therapy [1]. This study fo-
cused on ABC transporters DrrA, DrrB, DrrC, 
and Rv1819c, which are implicated in resis-
tance to anti-TB drugs. 
The selection of the drrABC operon was 
based on STRING database analysis, which 
confirmed these genes as the most closely 
associated and co-expressed ABC transport-
ers in MTB H37Rv strain. This computa-
tional finding is supported by our previous 

experimental work, which demonstrated 
significant overexpression of DrrA and DrrB 
in MDR-MTB clinical isolates compared to 
drug-sensitive strains [7]. The DrrABC com-
plex is known to confer a multidrug-resis-
tance phenotype, including resistance to 
doxorubicin, by translocating substrates 
across the membrane. Although the evidence 
for DrrC is less direct, its high co-expression 
suggests an integral role in this complex. 
Therefore, it was hypothesized that tar-
geting these specific EFPs could effectively 
counteract efflux-mediated resistance.
Molecular docking and dynamics simulations 
revealed that several phytochemicals, 
including curcumin, rosmarinic acid, and 
crocetin, bound with high affinity to DrrA, 
DrrB, DrrC, and Rv1819c and formed 
stable complexes. Notably, many of these 
compounds exhibited improved binding 
characteristics compared to the control 
efflux pump inhibitor (thioridazine). 
Furthermore, ADMET and drug-likeness 
profiling showed that these phytochemicals, 
particularly crocetin, possessed promising 
toxicity profiles and pharmacological 
properties. These findings suggest that the 
identified phytochemicals are promising 
candidates for adjuvant therapy aimed 
at inhibiting MTB efflux pumps. By 
potentiating the activity of conventional 
antibiotics, such compounds could provide a 
strategic pathway for overcoming multidrug 
resistance in tuberculosis. In summary, the 
integrated computational analysis  used in 
this study identified several phytochemicals 
as promising candidates for inhibiting 
key efflux pumps in M. tuberculosis. Co-
expression data retrieved  from the STRING 
database identified  DrrC, alongside DrrA 
and DrrB, as a critical component of the ABC 
transporter system and a potential target for 
anti-efflux therapeutics.
Molecular docking studies revealed that 
curcumin, kanzonol C, rosmarinic acid, and 
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crocetin exhibited the highest binding affini-
ties to the modeled structures of DrrA, DrrB, 
DrrC, and the known Rv1819c protein. Nota-
bly, all of these natural compounds demon-
strated higher docking scores compared 
to the control efflux pump inhibitor, thiori-
dazine. The stability of these ligand-protein 
complexes was further validated by molec-
ular dynamics simulations, which showed 
low RMSD fluctuations at the binding sites. 
Furthermore, a comprehensive evaluation of 
toxicity and drug-likeness profiles indicated 
that crocetin, curcumin, and kanzonol C pre-
sented the most favorable profiles among the 
compounds tested. A proposed mechanism, 
illustrated in Figure 6, suggests that these 
phytochemical inhibitors could potentiate 
conventional anti-TB therapies by blocking 
efflux-mediated antibiotic extrusion, there-
by increasing their intracellular concentra-
tion and efficacy. The findings are supported 
by existing literature on the antimycobacte-
rial properties of these compounds. 
The efficacy of curcumin and its derivatives 
has been previously documented by 
mechanisms including synergistic effects 
with antibiotics, inhibition of biofilm 
formation, and modulation of host immune 
responses [15], supporting its potential as 
an adjuvant therapy, as demonstrated in a 
murine TB model [16]. Similarly, Kanzonol C 
has been reported to inhibit MTB-H37Rv 
reverse transcriptase [17]. 
Rosmarinic acid and its methyl ester deriva-
tive exhibit direct inhibitory effects against 
both drug-sensitive and MDR-MTB strains, 
with proposed targets including lipoamide 
dehydrogenase, a component crucial for de-
fense against host  reactive nitrogen inter-
mediates stress [18, 19], and the stress protein 
Rv2623, which is implicated in persistence 
and chronic infection [18, 20, 21].
The potential of crocetin as an anti-myco-
bacterial agent is further supported by prior 
research. A docking study by Pradhan and

colleagues (2023) demonstrated that cro-
cetin bound to protein kinase G in MTB, a 
virulence factor that enables bacterial per-
sistence by inhibiting lysosomal degrada-
tion [22]. Furthermore, Hussain et al. (2014) 
reported that hexane and methanol extracts 
of Crocus sativus (saffron), from which cro-
cetin is derived, inhibited the growth of MTB 
H37Rv on Lö� wenstein-Jensen medium by 
66-78% [23]. Our computational results align 
with these findings, suggesting that the se-
lected phytochemicals, including crocetin, 
may enhance drug retention within the my-
cobacterial cell by inhibiting efflux pumps, 
thereby potentially resensitizing MDR 
strains to conventional antibiotics.
Collectively, the evidence implies that cur-
cumin, kanzonol C, rosmarinic acid, and 
crocetin exert multi-faceted effects on MTB 
growth and pathogenesis. While their direct 
anti-MTB properties have been document-
ed [15-18, 22, 23], the present study specifically 
demonstrated their promising potential as 
EPIs. This action could yield significant syn-
ergistic effects when co-administered with 
first-line anti-TB antibiotics such as isonia-
zid and rifampin. Notably, efflux inhibition 
by curcumin and rosmarinic acid has been 
previously reported in other bacterial sys-
tems [24, 25], bolstering the plausibility of our 
findings.  The widespread use of these com-
pounds in food and cosmetic products is in 
contrast to the contradictory pharmacolog-
ical effects observed due to their dietary 
intake. This discrepancy is multifactorial 
and primarily stems from the challenge of 
achieving a pharmacologically relevant con-
centration at the site of infection through 
diet alone. Key determinants of efficacy, in-
cluding bioavailability, metabolic stability, 
route of administration, and tissue penetra-
tion, could not be optimized through casual 
consumption, explaining the lack of consis-
tent anti-infective outcomes.
The novelty of this study lies in the inte-
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grated application of bioinformatics and 
cheminformatics methodologies. Co-expres-
sion analysis, homology modeling, molec-
ular docking, molecular dynamics simula-
tions, and ADMET profiling were combined 
to systematically evaluate phytochemicals 
against the target proteins. This comprehen-
sive multi-stage screening strategy identi-
fied curcumin, kanzonol C, and crocetin as 
the most promising drug candidates. 
This framework allowed us to prioritize 
compounds not only based on binding affin-
ity but also based on their stability and drug-
like properties, de-risking the selection pro-
cess for future experimental work. There-
fore, this study provides a robust compu-
tational foundation for subsequent in vitro 
and in vivo studies to evaluate the therapeu-
tic potential of these promising candidates, 
particularly curcumin, kanzonol C, rosma-
rinic acid, and crocetin, as components of a 
novel combination therapy against MDR-TB.
Although this in silico study provides a strong 
rationale for phytochemical-based EPIs, sev-
eral limitations must be acknowledged. Our 
computational predictions require experi-
mental validation to account for complex in 
vivo factors not captured by the models, such 
as metabolic stability of the compounds, ex-
pression levels of efflux pumps within gran-
ulomas or host environments, bioavailabili-
ty, and achievable concentrations at the site 
of infection. Although validated, our homolo-
gy models are approximate; high-resolution 
crystal structures provide a more definitive 
basis for docking studies.
Future work must prioritize in vitro and 
ex vivo assays to confirm efflux inhibition 
and synergism with standard antibiotics. 
The use of  techniques such as site-directed 
mutagenesis of identified binding residues 
and surface plasmon resonance to measure 
binding affinity are essential next steps. Ulti-
mately, efficacy and toxicity must be evaluat-
ed in appropriate animal models before any 

clinical investigation of these compounds as 
adjuvant therapies for MDR/XDR -TB.

Conclusion
Our integrated in silico analysis identified 
curcumin and kanzonol C as the top-per-
forming phytochemicals, demonstrating the 
highest binding affinity and stability to the 
modeled structures of the DrrA, DrrB, and 
DrrC efflux pumps. Given the crucial role of 
these proteins in MTB antibiotic resistance, 
administration of curcumin, kanzonol C, or 
a combination of them could potentially en-
hance therapeutic outcomes by inhibiting 
efflux activity. Therefore, these phytochem-
icals are proposed as strong candidates for 
adjuvant therapy to potentiate the efficacy 
of first-line anti-TB antibiotics, such as iso-
niazid and rifampin. Furthermore, this study 
highlighted crocetin as a highly promising 
inhibitor of the well-characterized Rv1819c 
ABC transporter, a protein known to extrude 
a broad spectrum of compounds, including 
aminoglycosides and fluoroquinolones. Cro-
cetin yielded the most favorable DSC for this 
target.
Based on these findings, future in vitro and 
ex vivo studies are recommended to evaluate 
the potential of these phytochemicals, both 
individually and in complex formulations, to 
resensitize drug-resistant MTB to conven-
tional antibiotics.
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