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Abstract

The escalating crisis of carbapenem resistance in Pseudomonas aeruginosa, particularly strains producing Class A
carbapenemases, necessitates urgent development of therapeutic strategies. This study aimed to investigate the
potential of the methanolic extract of Terminalia chebula fruit, a well-known medicinal plant, to restore imipenem
activity against imipenem-resistant P. aeruginosa. Antimicrobial susceptibility testing confirmed that the clinical
isolates were resistant to imipenem alone. Experimental evaluation using agar well diffusion assays demonstrated
that T. chebula extract possessed intrinsic antibacterial activity and significantly enhanced the efficacy of imipenem
against these resistant strains, as evidenced by a substantial increase in zone of inhibition (P<0.05). To elucidate the
underlying mechanism, molecular docking studies were performed on representative compounds of T. chebula,
Chebuloside 1, and Pedunculoside, against the active site of a Class A carbapenemase, alongside imipenem.
Docking revealed that both Chebuloside Il and Pedunculoside exhibited superior binding free energies (—9.14 and
—8.31 kcal/mol, respectively) compared to imipenem (—7.94 kcal/mol). Docking analysis suggested these
phytochemicals may act as competitive inhibitors by occupying the catalytic pocket through extensive hydrogen
bonding and hydrophobic interactions, thereby hindering carbapenemase activity. Preliminary in silico toxicity
predictions suggested a favorable safety profile for Chebuloside Il and Pedunculoside. Collectively, this research
supports a dual mechanism: the extract disrupts bacterial processes (likely by affecting membrane integrity), while
its key components act as potent competitive inhibitors of carbapenemases. This combined action validates T.
chebula as a promising natural agent to combat serious B-lactam resistance in Gram-negative pathogens, paving the
way for the development of natural adjunctive therapeutics.
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Introduction archaeological and ethnobotanical evidence
The utilization of medicinal plants as therapeutic suggesting their use for millennia (1). This vast
agents is deeply rooted in human history, with botanical diversity is a rich reservoir for the
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discovery of bioactive compounds, particularly
phenolics and tannins. These secondary
metabolites, which include flavonoids and
triterpenoids, play protective roles in plants and
confer diverse antimicrobial, anti-inflammatory,
and antioxidant properties against pathogens
through varied chemical mechanisms (2, 3).

Antimicrobial resistance has emerged as a
critical public health threat in the 21st century.
The increasing prevalence of multi-drug-
resistant (MDR) bacteria has made treating
nosocomial infections, especially those caused
by Gram-negative organisms, significantly more
arduous (4,5,6). Pseudomonas aeruginosa, a
ubiquitous opportunistic pathogen, is a major
contributor to these hospital-acquired infections.
Its intrinsic and  acquired  resistance
mechanisms—such as the production of pB-
lactamase enzymes, including carbapenemases,
increased efflux pump activity, and biofilm
formation—enable it to neutralize a broad
spectrum of antibiotics, including carbapenems
(7). This bacterium is recognized by the World
Health Organization as a priority pathogen due
to the severe infections and increased mortality
it causes, particularly in immunocompromised
patients (8,9).

In response to this crisis, attention has turned
toward natural sources, including medicinal
plants, as alternatives or adjuncts to
conventional antibacterial treatments.
Terminalia chebula, a member of the
Combretaceae family, is renowned in traditional
Iranian, Indian, and Chinese medicine as a
medicinal herb (10). Phytochemical studies
confirm that its fruit is abundant in polyphenols,
tannins, flavonoids, and gallic acid, yielding
potent antibacterial, antiviral, and antioxidant
effects (11). Bioactive components, such as
chebulagic acid and chebulinic acid, have been
previously reported (12). Several studies have
shown that methanolic or ethanolic extracts of T.
chebula exhibit inhibitory activity against both
Gram-positive and Gram-negative bacteria,

including P. aeruginosa, and may enhance the
efficacy of B-lactam antibiotics (13).

While many studies have reported the
antimicrobial effects of T. chebula extracts,
results remain somewhat inconsistent, depending
on the extraction solvent, concentration, and the
specific bacterial strain. Critically, the precise
mechanism of action—such as direct f-
lactamase inhibition versus other pathways—has
not been fully elucidated, necessitating targeted
studies against carbapenem-resistant strains and
the evaluation of specific compound interactions
with molecular targets (14). Although aqueous
extracts offer high vyields of water-soluble
compounds, they are less efficient at extracting
non-polar to moderately polar compounds, such
as certain flavonoids and specific glycosides
critical for membrane interaction or enzyme
binding. Conversely, pure organic solvents can
cause co-extraction of lipids or waxes, which
might interfere with bioassays. Therefore,
methanolic extraction was chosen as the optimal
balance to concentrate the hypothesized active
inhibitors—namely hydrolyzable tannins and
polyphenols—which are associated with the
observed antimicrobial efficacy of T. chebula
(15, 16).

To address this knowledge gap, computational
modeling and molecular docking offered an
effective means to predict the precise interaction
between plant-derived active compounds and
bacterial target proteins, such as the active sites
of carbapenemases (17, 18). Integrating
microbiological results with these computational
simulations was essential for a deeper
understanding of inhibitory mechanisms and to
pave the way for novel, naturally sourced
antibacterial drug design. Since no study has
directly correlated the molecular docking
outcomes with the in vitro potentiating effect
against imipenem-resistant P. aeruginosa, this
study was thus designed to explore whether the
observed antibacterial effects of T. chebula are
associated with possible membrane-disruptive
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properties and interactions with carbapenemase
enzymes at the molecular level.

Materials and Methods
Plant Material and Identification

Fresh fruits of T. chebula were collected from
Minab, Hormozgan Province, Iran (27°06" N,
57°08" E; elevation = 200 m above sea level).
The region has a hot, arid climate with an annual
precipitation of 100-200 mm, primarily in
winter. Given that T. chebula naturally thrives in
tropical regions, such as India and China, the
ecological and climatic conditions in Minab
offer a comparable environment, making it a
suitable habitat for studying its phytochemical
and biological properties. The plant species was
taxonomically verified by botanists at the
Herbarium of Islamic Azad University, Gorgan
Branch, and a voucher specimen (voucher code:
MRCP-1424) was deposited for future reference
(5,6).

After collection, fruits were washed, air-dried in
shade at room temperature (25 + 2°C) until
constant weight, and then ground into fine
powder using a Panasonic MJ-J176P grinder
(Japan). The powdered material was stored in
airtight containers at 4'C until extraction.

Preparation of Methanolic Extract

Extraction was performed by cold maceration. A
total of 50 g of powdered T. chebula fruit was
mixed with 500 mL of 80% methanol (Merck,
Germany) (solvent-to-solid ratio 1:10 w/v) and
incubated at 4°C for 14 days with intermittent
shaking. The mixture was centrifuged at 4000
rpm for 20 minutes, and the supernatant was
filtered through Whatman No. 1 filter paper.
Solvent removal was achieved under reduced
pressure using a rotary evaporator (Heidolph,
Germany) at 40°C. The extract was further dried
at room temperature for 48 h, yielding
approximately 12.3% (w/w) dry residue. The
dried extract was stored at 4°C in sterile amber
vials until use.

For antimicrobial assays, a stock solution (100
mg/mL) was prepared in dimethyl sulfoxide
(DMSO) (Merck, Germany). The final DMSO
concentration in test media never exceeded 10%
(v/v), which was confirmed to be non-inhibitory

to bacterial growth. A DMSO-only control was
included in all experiments (5,6).

Antioxidant Activity

The antioxidant activity was determined using
the ferric reducing antioxidant power (FRAP)
assay. First, a standard curve was prepared using
different concentrations of ferrous sulfate
(FeSO4), and their absorbance was measured
with a Cary UV-Vis 4000 spectrophotometer at
593 nm. For the FRAP reagent preparation, 25
mL of 300 mM acetate buffer, 2.5 mL of 10 mM
TPTZ  solution  (2.4,6-tripyridyl-s-triazine)
(Sigma-Aldrich, UK) in 40 mM HCIl (Merck,
Germany), and 2.5 mL of 20 mM FeCI3-6H20
solution were mixed in a volumetric ratio of
10:1:1 to prepare the FRAP reagent. Then,
specific volumes of Flower extract of Vinca
herbacea at 50 mg/mL in 80% methanol were
added to the FRAP reagent. Samples were
diluted twofold in some cases. After an
appropriate incubation period, the absorbance of
the resulting colored complex was measured at
593 nm. The antioxidant activity of the samples
was calculated from absorbance values using the
FeSO4 standard curve, expressed as micromoles
per gram of dry weight (umol/g DW) (19).

Bacterial Strain and Culture Conditions

An imipenem-resistant Pseudomonas
aeruginosa clinical isolate producing a Class A
carbapenemase was obtained from the Microbial
Culture Collection of the Iranian Research
Organization for Science and Technology. The
strain identity was verified via standard
biochemical tests and 16S rRNA sequencing.
For comparative reference, P. aeruginosa PTCC
1430 (antibiotic-sensitive control) was also
included. Bacterial cultures were maintained on
Mueller—Hinton agar (MHA; Merck, Germany)
at 37 °C and sub-cultured every 48 h for routine
use (5,6).

Screening of Pathogenic Bacteria for
Susceptibility and Resistance to B-Lactam
Antibiotics

To evaluate the susceptibility and resistance of
the studied pathogenic bacteria to [-lactam
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antibiotics, the disk diffusion method was
employed. A bacterial suspension equivalent to
the 0.5 McFarland standard (approximately 1.5
x 10 CFU/mL) was prepared and uniformly
inoculated onto the surface of Mueller—Hinton
agar (Ibresco, Italy). Standard antibiotic disks,
including penicillin G (10 units), ampicillin (10
ng), penicillin V (10 units), ceftriaxone (30 pg),
cefotaxime (30 pg), ceftazidime (30 pg),
imipenem (10 pg), and cefixime (10 pg) (Pad
Tan Teb Company, Iran), were placed on the
agar surface. The plates were then incubated at
37°C for 24-48 hours (5,6,21).

After the incubation period, the diameters of the
zones of inhibition around each disk were
measured, and bacterial susceptibility or
resistance to each antibiotic was determined
accordingly. The results were interpreted
according to the guidelines and criteria provided
by the Clinical and Laboratory Standards
Institute (CLSIL, 2021).

Disk Diffusion Test

The disk diffusion test was performed to
evaluate antimicrobial susceptibility. Mueller—
Hinton agar plates with a uniform depth of 4 mm
were prepared according to the manufacturer's
instructions. Sterile paper disks (6 mm in
diameter) and imipenem antibiotic disks (10 pg;
Pad Tan Teb Company, Iran) were impregnated
with 10 uL of T chebula extract at different
concentrations. The disks were then air-dried
under sterile conditions for 24 hours, followed
by incubation in a sterile incubator at 37 °C for
1 hour to ensure complete drying (20,21).
Subsequently, the disks were aseptically placed
onto the surface of Mueller—Hinton agar plates
inoculated with aP
adjusted to  the
0.5 McFarland turbidity standard. Inoculation

uniformly
aeruginosa suspension

was carried out using a sterile cotton swab to
evenly spread the bacterial suspension over the
entire agar surface, ensuring homogeneous
growth. A blank disk impregnated with 10%
DMSO served as a negative control on each

plate. Additionally, to examine the synergistic
effect, 10 uL of T chebula extract was added to
an imipenem antibiotic disk in one of the
treatments (20,21).

Statistical Analysis

All experiments were conducted in three
independent  biological replicates  (n=3).
Statistical comparisons were made using
GraphPad Prism 10.6.1. Normality was
confirmed using the Shapiro-Wilk test, followed
by independent-samples t-test analysis for
pairwise  comparisons.  Differences  were
considered statistically significant at P<0.05.

Modified Carbapenem Inactivation Method
(mCIM) for Carbapenemase Production

To confirm whether our P. aeruginosa isolate
harbored a carbapenemase enzyme, we
employed the modified Carbapenem Inactivation
Method (mCIM) (22,23).

First, we prepared a dense culture of our P.
aeruginosa strain in nutrient broth and immersed
an imipenem disk directly into this suspension,
incubating the tube at 37°C for 4 hours.
Concurrently, for our indicator system, we
prepared a suspension of the imipenem-sensitive
control organism (Salmonella Typhimurium
PTCC 1596) to a 0.5 McFarland density and
spread it evenly across a Mueller-Hinton agar
plate, confirming its susceptibility to the
imipenem disc via standard testing. After 4
hours, we carefully removed the imipenem disc
from the P. aeruginosa tube, pressing it gently
against the tube wall to remove excess fluid.
This "spent" disk was then placed onto the
inoculated indicator plate. If the P. aeruginosa
isolate was indeed producing a carbapenemase,
the enzyme would have degraded the antibiotic
on the disc, leading to a zone of inhibition of 6-
10 mm around the disc on the indicator plate,
signaling a positive result for carbapenemase
production.

Modified Strip Carbapenemase Nordmann—
Poirel Test (Carba NP) Test for
Carbapenemase Class Determination

For the crucial step of determining the class of
the carbapenemase enzyme (Class A vs. Class
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B), we adapted the Carbapenemase Nordmann—
Poirel test (Carba NP) test (24,25). This is a
colorimetric assay relying on the hydrolysis of
the imipenem B-lactam ring, which causes the
phenol red pH indicator to shift from red to
yellow upon acidification. To simplify the
process and reduce costs, we used paper strips
(Whatman, 15x15mm) instead of a liquid
solution and imipenem-cilastatin powder. The
test was run directly on the bacterial growth. We
prepared two strips: the control strip was
moistened with 50 pL of Solution A (Phenol
Red, ZnSO, -7H, O, pH 7.8), and the test strip
was moistened with 50 uL. of Solution B
(Solution A + 12mg/mL imipenem). Then,
using a calibrated loop (1puL), we directly
inoculated the bacterial culture grown on
Mueller-Hinton Agar onto both strips.

We monitored the strips for a color change from
red to yellow over the first 1-5minutes. A
significantly more intense yellow color
compared to the control strip indicated that the
isolate produced a carbapenemase. To type the
enzyme, we ran parallel tests incorporating
specific inhibitors: clavulanic acid for Class A

1: 1,2,6-trigalloyl-p-D-
glucopyranose

2: 1,6-bis-0-(3,4,5-
trihydroxybenzoyl)
hexopyranose

3: 1-Methylhistidine

inhibition, and ethylenediaminetetraacetic acid
(EDTA) for metallo-p-lactamase (Class B)
inhibition. If the test strip remained red or
reddish-orange in the presence of Clavulanic
acid, this confirmed the presence of a Class A
carbapenemase, as the enzyme activity was
successfully inhibited.

Molecular Docking

To achieve a deeper, atomic-level understanding
of the potential mechanism for carbapenemase
enzyme inhibition by the bioactive compounds
present in the methanolic extract of T. chebula,
molecular docking simulations were performed
using AutoDock 4.2 software at a standard
temperature of 298.15K. The chemical
structures of the 23 compounds identified in the
extract (Figure 1), based on three authoritative
references (26-28), were first optimized using
HyperChem 7.5 software, employing the
B3LYP/6-31G basis set to generate physically

realistic 3D structures.
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6: Bromhexine

5: 6-galloylglucose

7: chebulic acid

8: chebuloside 11
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Figure 1. 2D Structue of 22 Phytochemical Compounds Present in the Methanol Extract of 7. chebula and Co-crystalized Ligand

(Imipenem)

Consistent with our in vitro findings of Class A
carbapenemase production, the crystal structure
of the enzyme (Protein Data Bank [PDB] ID:
SF83, with a resolution of 1.38 A°) was retrieved
from the RCSB PDB database and employed as
the receptor for molecular docking studies

against the molecules listed in Figure 1. The
catalytic

core of Class A B-lactamases is defined by a set
of critically conserved amino acid residues,
specifically Ser64 (corresponding to Ser70 in the
Ambler numbering system, A [p-lactamase

Herbal Medicines Journal. 2026, 11(1)
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[ABL]), Lys67 (ABL Lys73), Arg238 (ABL
Arg244), Ser125 (ABL Ser130), Asnl27 (ABL
Asnl32), Thr232 (ABL Thr237), and Glul61
(ABL Glul66). The -catalytic residue Ser64
binds to the B-lactam ring of the antibiotic,
forming an  acyl-enzyme  intermediate.
Subsequently, Glul61 functions as a general
base, facilitating the activation of a water
molecule for the deacylation of the enzymatic
complex. Furthermore, all characterized Class A
carbapenemases exhibit the presence of the
invariant Cys63 (ABL Cys69) and Cys233 (ABL
Cys238) residues. These two cysteines form a
stabilizing disulfide linkage hypothesized to be
integral for maintaining the structural integrity
and conferring carbapenemase function to these
enzymatic entities (29, 30).

Protein and ligand preparation followed
standard protocols: The structure was visualized
using UCSF Chimera v.1.18. All waters, ligands,
and heteroatoms were removed to clean the
structure for docking studies. Polar hydrogens
were added, and Gasteiger charges were
assigned. Grid box center was set at (x=8.194,
y=3.639, z= —7.417) with dimensions of 38 x 38
x 36 points (spacing 0.375 A). To ensure
sufficient sampling, the number of genetic
algorithm runs was set to 100, while all other
parameters were set to their default values.

To validate our docking protocol, the co-
crystallized ligand was redocked into the
enzyme’s active site. The Root Mean Square
Deviation (RMSD) between the co-crystallized
pose and the redocked pose was calculated using
PyMOL 2.5. As illustrated in Figure 2, this
crucial validation step demonstrates the
reliability of our methodology. The calculated
RMSD value of 1.859 A between the
experimental X-ray crystallographic structure
(red pose) and our computationally docked
structure (Syan) falls significantly below the
generally accepted threshold of 3.0 A for
reliable docking studies (31). This low RMSD
value provides robust empirical evidence

confirming that our simulation parameters
accurately model the ligand-protein interactions
within the target enzyme's binding pocket.

Figure 2. Results of Re-docking of the Co-crystallized
Ligand (Imipenem)

The experimentally determined pose obtained
from X-ray crystallography (shown in red) is
superimposed with the docked pose (shown in
Syan), yielding an RMSD of 1.859 A.

Finally, the 2D and 3D interaction maps of the
ligands with the highest binding affinity (hit
ligands) were generated using PyMOL 2.5 and
Discovery Studio Client 2017 to enable detailed
analysis of the inhibitory mechanism.

In Silico Toxicity Prediction

Toxicity prediction and safety profiling within
computational environments have become
integral components of modern drug discovery
and chemical safety assessment. These
approaches leverage advanced algorithms and
machine learning models to evaluate the
potential toxic effects of compounds based on
their molecular structures and properties,
thereby reducing reliance on traditional in vivo
testing. In this study, we employed a state-of-

Herbal Medicines Journal. 2026, 11(1)
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the-art toxicity prediction software platform,
ProTox-II (https://tox-new.charite.de/protox_II),
which integrates multiple predictive models to
assess the safety profile of the compounds under
investigation. The  software utilizes a
combination of quantitative structure-activity
relationship models and deep learning

techniques to generate toxicity scores and
identify  potential adverse effects. This
computational approach not only accelerates
screening but also enhances the accuracy of
toxicity predictions, providing valuable insights
into the safety profiles of candidate molecules
before experimental validation (32). However,
these results are preliminary and require further
in vitro and in vivo confirmation.

Results

Antioxidant Activity

The antioxidant activity of 7. chebula leaves
was evaluated using the FRAP assay, with all
measurements performed in triplicate (n = 3).
The reducing power determined by the FRAP
assay was 53.107 + 3.721.

These results indicate that 7. chebula leaves
possess active antioxidant compounds. The
value obtained from the FRAP assay
demonstrates the extract’s ability to reduce ferric
ions (Fe*[]) to ferrous ions (Fe?[1), highlighting
a strong antioxidant capacity and potential
effectiveness in neutralizing free radicals.

Antibiotic Susceptibility Testing

The results of the disk diffusion assay showed
that all tested B-lactam antibiotics, including
penicillin G, penicillin V, ampicillin,
ceftriaxone, cefotaxime, ceftazidime, cefixime,
and imipenem, were classified as resistant ®
category according to the criteria and guidelines
of the CLSI 2021. The diameters of the
inhibition zones formed around the antibiotic
disks were smaller than the reference values
established by CLSI, indicating that the studied
bacterial strains are resistant to these antibiotics.
These findings demonstrate a high level of

antibiotic resistance among the investigated
pathogenic bacteria.

Assessment of the Antibacterial Activity of
Terminalia chebula Extract via Agar Disk
Diffusion Test

Initial antimicrobial susceptibility testing
revealed a critical clinical finding: the P
aeruginosa isolate under investigation exhibited
resistance to imipenem. This resistance profile
underscores the urgent clinical need for novel
therapeutic  strategies or adjuvants that
canneutralize established resistance pathways.
Further characterization of the isolate's
susceptibility to plant-derived extracts was
performed using standardized inhibition assays.

Zones of inhibition increased progressively at
concentrations>6.25 mg/mL. When combined
with  imipenem, the extract produced
significantly larger inhibition zones at all tested
concentrations (100, 50, 25, 12.5, 6.25, 3.12, and
1.56 mg/mL), with reported p-values indicating
statistical significance (100 mg/mL (P=0.02), 50
mg/mL (P=0.021), 25 mg/mL (P=0.007), 12.5
mg/mL (P=0.001), 6.25 mg/mL (P=0.00), 3.12
mg/mL (P=0.00), and 1.56 mg/mL (P=0.00).
The observed improvement in inhibition zone
diameters in the combination experiments
suggests that the extract sensitizes the bacteria to
imipenem, consistent with a potentiating effect
(Figure 3). In summary, the results strongly
suggest that the methanolic extract of 7. chebula
fruit possesses intrinsic antibacterial activity and
functions as an effective natural adjuvant,
significantly enhancing the efficacy of imipenem
against drug-resistant P. aeruginosa strains.
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Figure 3. Potentiating Effects of 7. chebula Fruit Extract in
Agar Disc Diffusion Assays Against P. aeruginosa.

The disc diameter used in the assay was 6 mm.
Mean values (£SD) are reported from three
independent  studies.  P-values<0.02  are
represented with a single asterisk symbol (*), P-
values<0.007 are represented with a double
asterisk symbol (**). While P values=0.00 are
represented with a triple asterisk symbol (**%*).

Modified Carbapenem Inactivation Method
(mCIM) and Carbapenemase Nordmann—
Poirel (Carba NP) Test

The crucial step in characterizing the resistance
mechanism involved phenotypic testing for
carbapenemase production. Specifically, the
mCIM was performed on a P aeruginosa
isolate. The results indicated that the zone of
influence (ZOI) ranged from 6 mm to 10 mm
when challenged with the carbapenem disk after
incubation for 4 hours of incubation in the
presence of the test extract or suspected enzyme
mixture. Furthermore, the modified Carba NP
Test provided clearer kinetic data. After
inoculating the bacterium onto strips containing
solutions A (control) and B (imipenem), a color
change was observed within 1 to 5 minutes. The
test strip changed color from red to yellow,
indicating imipenem hydrolysis and,
consequently, the presence of carbapenemase
activity in the tested isolate. To determine the
carbapenemase class, the test was repeated in the
presence of specific inhibitors. When clavulanic
acid was added, the intensity of the color change
was markedly reduced, whereas no color change

was observed in the presence of EDTA. This
indicated that the enzyme produced by P
aeruginosa was sensitive to a Class A inhibitor
and could therefore be classified as a Class A
carbapenemase. The observation of a positive
mCIM result, combined with the reproducible
inhibition of the Carba NP color change by
Clavulanic  acid, strongly suggests the
phenotypic presence of a Class A serine [-
lactamase (Class A carbapenemases), such as an
extended-spectrum B-lactamase type enzyme, in
the tested Paeruginosa isolates. The
identification of potent Class A carbapenemase
producers in P. aeruginosa poses a significant
clinical challenge, as these enzymes degrade the
last-line treatments, such as carbapenems,
leading to difficult-to-treat infections (30). This
finding provides a mechanistic context:
imipenem resistance in the isolate is likely
enzyme-mediated, suggesting that enzymatic
inhibition is a plausible mechanism by which the
extract could restore antibiotic susceptibility.
This necessity to circumvent such robust
resistance mechanisms directly justifies the
subsequent computational investigation into
potential non-B-lactam inhibitors derived from
natural sources, such as those present in T
chebula.

Molecular Docking Analysis and Toxicity
assay

To elucidate the molecular basis for the
observed potentioal effect between the T.
chebula extract and imipenem, molecular
docking simulations were performed utilizing
the AutoDock 4.2 software package against the
Class A Carbapenemase structure (PDB ID:
5F83). This analysis aimed to identify the key
active compounds responsible for enzyme
inhibition,  thereby  restoring  imipenem
sensitivity, a sensitivity loss confirmed in our
in vitro assays, where imipenem alone failed to
inhibit the resistant P. aeruginosa strain.

The simulation results revealed that several
phytochemicals present in the methanolic
extract—including Pedunculoside and

Herbal Medicines Journal. 2026, 11(1)
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Chebuloside II exhibited a high binding affinity
for the enzyme's active site. Their binding
energies were lower at —8kcal/mol, with
calculated inhibition constants (Ki) ranging from
0.200uM to 0.815uM. This performance
significantly surpasses that of the reference co-
crystallized ligand (—7.94 kcal/mol), as detailed
in Table 1.

The predictive toxicology assessment, utilizing
computational tools, such as ProtoX-Il, serves as
a critical preliminary step to minimize the cost,
time, and ethical burden associated with drug
development by rapidly estimating various
toxicological endpoints, including acute toxicity
(LD50), hepatotoxicity, carcinogenicity, and
mutagenicity (29). While these models do not
replace rigorous in vitro and in vivo validation,
they are powerful instruments for prioritizing
natural product candidates. In this study, the
toxicological profiles of seven bioactive
phytochemicals from T. chebula fruit, identified
as high-affinity binders in the molecular docking
analysis, were compared with those of the
antibiotic imipenem (Table 2). The ProtoX-II
predictions provide an essential initial
perspective on the compounds’ toxicological
potential.  Among all docked molecules,
Peduncloside and Chebuloside Il appeared to
possess low acute toxicity
(LD50~>3000 mg/kg), comparable to imipenem.
However, these two compounds still indicated
potential for clinical and nutritional toxicity,
likely linked to their  broad-spectrum
antimicrobial activity against host microbiota.
Conversely, other compounds, such as Ellagic
acid, Bromhexine, Diclosulam, Sanguiin H4,
and Aureusidin 6-glucuronide, displayed higher
predicted acute toxicity and elevated risks for
carcinogenicity or  Blood-Brain  Barrier
penetration, thus marking them as lower-priority
candidates for immediate in vitro or in vivo
validation.

Comparative binding analysis, as depicted in
Figure 4 and detailed in Table 3, elucidates the

intricate interactions of the co-crystallized ligand
(imipenem), Pedunculoside, and Chebuloside 11
within the catalytic pocket of Class A
carbapenemase.  This  detailed  structural
investigation reveals differential  binding
affinities and interaction patterns, underpinning
their respective inhibitory potentials against the
enzyme.

The co-crystallized ligand (imipenem), serving
as the reference inhibitor, exhibited a binding
free energy of —7.94 kcal/mol. As visualized in
Figure 4A, its interactions are primarily
mediated through conventional hydrogen bonds
with key residues Thr230, Thr232, Serl25,
Ser64, Asnl27, and Lys229. Complementing
these electrostatic interactions, Figure 4A also
highlights n—Sulfur (with Trp99), Salt Bridge
(with Lys229 and Arg238), Unfavorable Donor-
Donor (with Arg238), and van der Waals
contacts (with Cys233, Ser165, Glul61, Prol62,
and Thr211). These interactions collectively
form the canonical B-lactam—enzyme complex
characteristic of carbapenem-hydrolyzing serine
B-lactamases, thereby validating the docking
strategy and establishing a crucial baseline for
subsequent affinity comparisons.

Table 1. Binding Energy and Inhibition Constants of
Various Phytochemical Compounds Present in 7. chebula

Extract with Their Active Site of the Enzyme
Carbapenemase.

Compounds AGyingine (kcal/mol)  Ki (uM)
1,2,6-trigalloyl-B-D-

glucopyranose -5.71 64.97
1,6-bis-0-(3,4,5-
trihydroxybenzoyl) -6.13 31.91
1-Methylhistidine -4.06 1050
4-Methoxycinnamic acid 455 45853
6-galloylglucose -3.99 1190
Bromhexine 739 384
Chebulic acid -4.24 781.48
Chebuloside 11 914 0.200
Chloramben -4.45 547.47
Quinic acid 3.5 4130
Diclosulam -6.46 18.31
Ellagic acid -6.6 14.45
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Gallic acid -4.17 875.19
Hamamelitannin 540 1063
Methyl gallate -4.13 939.07
propyl gallate 48 300.85
Pyrogallol -3.63 2200
sanguiin H4 752 3.09

Pedunculoside -8.31 0.815
Theogallin -4.51 494.33
Shikimic acid -4.15 902.58
Aureusidin 6-glucuronide -6.24 26.68
Co-crystalized ligand 7,94 151

(imipenem)

Table 2. Prediction of the Toxicity of Imipenem Antibiotic and Some Compounds with Binding Energy Greater Than 6 kcal/mol.

p:::\tlilceittzrs Imipenem Bromhexine Cheb;)lluside Diclosulam  Ellagic acid Sal;_%:iin Peduncloside aglll::::)dl:::fe-
Predicted LD50 5000 2000 4000 1000 2991 2260 3220 1000
(mg/kg)
Hepatotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive
Carcinogenicity Inactive Inactive Inactive Inactive Active Inactive Inactive Active
Immunotoxicity Inactive Inactive Active Inactive Inactive Inactive Active Inactive
Mutagenicity Inactive Inactive Inactive Inactive Inactive Active Inactive Inactive
Cytotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive
BBB-barrier Inactive Active Inactive Active Active Active Inactive Active
Ecotoxicity Inactive Active Inactive Inactive Inactive Inactive Inactive Inactive
Clinical toxicity Active Inactive Active Inactive Active Active Active Active
Nutritional Active Inactive Active Active Active Active Active Inactive
toxicity

In stark contrast, Pedunculoside displayed a
lower (more favorable) binding energy of —8.31
kcal/mol and an estimated Ki=0.815 pM,
suggesting an improved affinity compared to
imipenem. Figure 4B offers a detailed structural
view of these interactions. A dense
hydrogen-bonding network is formed with
Glu98, Thr232, Asp268, and Ala264, mirroring
some of imipenem's contacts but extending
further towards the loop region encompassing
Cys233-Cys63, where multiple van der Waals
interactions are observed. Furthermore, Figure
4B emphasizes a significant n—alkyl coupling
with Trp99, enhancing hydrophobic stability
within the catalytic channel. This pattern implies
that Pedunculoside not only binds similarly to
imipenem but also establishes stronger
dispersion forces, thereby increasing complex

stability and potentially slowing enzymatic
hydrolysis.

The most potent interaction was observed with
Chebuloside 11, with a binding energy of —9.14
kcal/mol and Ki of 0.200 uM, signifying the
strongest binding affinity among the studied
ligands. Figure 4C provides a comprehensive
visualization of these interactions. This molecule
forms multiple hydrogen bonds with Asp268,
Ala264, Thr232, Asnl27, Ser64, and Glul6l,
effectively bridging both the central catalytic
residues (Ser64, Glul6l) and the peripheral
stabilizing residues. Additionally, Figure 4C
illustrates van der Waals contacts with 11
residues; alkyl and m—alkyl interactions occur
with Leul24 and Trp99, respectively. Notably,
one unfavorable donor—donor interaction with
Lys67 is present, which slightly counterbalances
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these favorable attractions but does not
significantly diminish the overall binding
energy.

The collective structural data presented in Figure
4 unequivocally demonstrate a clear binding-
energy hierarchy:

Chebuloside 11 (—9.14 kcal/mol)<Pedunculoside
(—8.31 kcal/mol)<imipenem (=7.94 kcal/mol).
This hierarchy correlates inversely with their
respective Ki values and reflects a progressive
enhancement in both electrostatic and non-polar
contributions to the binding affinity. Crucially,
the natural ligands, particularly Chebuloside II,
occupy a deeper and more extended region of
the catalytic groove. As suggested by the
detailed contacts in Figure 4C, these ligands
form additional hydrophobic clamps that may
play a critical role in impeding the
conformational mobility of the active-site serine.
This mechanism is distinct from the transient

acylation typically observed with carbapenems.
These compelling binding affinities and unique
interaction modes observed in the active site
strongly suggest that these plant-derived
glycosides, especially Chebuloside 11, possess
significant potential as novel inhibitors of Class
A carbapenemases.

The findings presented herein, detailing the
superior binding energies and distinct structural
interactions of Pedunculoside and Chebuloside
Il compared to the reference inhibitor imipenem,
warrant further exploration. The subsequent
discussion will delve into the implications of
these structural insights for the mechanism of
inhibition, compare these findings with existing
literature on carbapenemase inhibitors, and
outline the potential of these natural products as
scaffolds for the development of next-generation
therapeutic agents against carbapenem-resistant
bacteria.

Table 3. Binding Interactions of the Cocrystallized Ligand, Top Tow Phytochemicals, Against Active Site of the

Carbapenemase.
Inhibitor Amino Acids in the Binding Pocket Interaction Types No. of Bonds
Asp268, Ala264, Thr232, Glu98 Conventional H-Bond
2,1,1,1
Thr2s2 Carbon H-Bond
. 1
Peduncloside Trp99 Pi-Alkyl
2
Ala214, Val265, Arg267, Arg238, Serl25, Cys63, Cys233,
ASn165, Pro162, Thr211, Ala234, Asn127 Van der Waals
Asp268, Ala264, Thr232, Asn127, Ser64, Glu161 Conventional H-Bond
Leul24, Trp99 Alkyl 211111
Chebuloside II Lys67 Unfavorable Donor-Donor 13
Ala214, Val265, Arg267, Arg238, Serl125, Cys63, Cys233, Van der Waals !
Asn165, Pro162, Glu9s, Thr211
Thr230, Thr232, Ser125, Ser64, Asp127, Lys229 Conventional H-Bond
Lys229, Arg238 Salt Bridge 122111
Co-crystalized Trp99 Pi-Sulfur 1,1
ligand 1
(Imipenem) Arg238 Unfavorable Donor-Donor
Cys233, Serl65, Glu161, Pro162, Thr211 Van der Waals 1
12 Herbal Medicines Journal. 2026, 11(1)
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Interactions

van der Waals - Unfavorable Donor-Donor

Conventional Hydrogen Bond Alkeyl
Carbon Hydrogen Bond Pi-Alkyl
Salt Bridge Fi-Sulfur
Attractive Charge

H-Eonds

Donor

Acceptor

Figure 4. 2D and 3D Images of Ligand-Protein Molecular Interactions, Including the Crystal Ligand and Two Selected

Compounds at the Enzyme Carbapenemase Binding Site.

Discussion

The convergence of experimental and in silico
findings in this study elucidates a compelling
adjuvant effect of the methanolic extract of T.
chebula fruit on imipenem against imipenem-
resistant P. aeruginosa strains harboring Class A
carbapenemases. The clinical isolate's reistance
to imipenem alone, as confirmed by initial
antimicrobial susceptibility testing, highlights
the critical need for innovative therapeutic
strategies to overcome existing resistance
mechanisms. Our investigation reveals that T.
chebula extract not only possesses intrinsic
antibacterial properties but also acts as a potent
adjuvant, significantly enhancing the efficacy of
imipenem.

The agar well diffusion assay provided robust
experimental evidence for this dual action.
While imipenem alone failed to elicit zones of
inhibition, signifying complete resistance, the T.
chebula extract demonstrated concentration-
dependent antibacterial activity. More strikingly,
its combination with imipenem resulted in
significantly enlarged inhibition zones across all
tested concentrations (P < 0.05 for
concentrations > 6.25 mg/mL). This observation
strongly suggests that components within the
extract sensitize the bacteria to imipenem, a
phenomenon consistent with the established role
of certain natural compounds in inhibiting f-

lactamase activity. The statistical significance
and the progressive increase in inhibition zones
underscore a genuine potentiating effect, moving
beyond mere additive benefits.

Complementing these experimental
observations, our refined molecular docking
analysis provides a detailed structural and
energetic  rationale  for  the  observed
enhancement. The binding free energy hierarchy
- Chebuloside I (-9.14
kcal/mol)<Pedunculoside (—8.31 kcal/mol) <
imipenem (—7.94 kcal/mol) — directly correlates
with the experimental findings and suggests a
mechanism  beyond simple  competitive
inhibition. As visualized in Figure 4,
Chebuloside 11 and Pedunculoside engage the
catalytic pocket of Class A carbapenemase with
markedly superior affinities compared to
imipenem.

Chebuloside I, the most potent binder,
establishes an intricate network of interactions,
including multiple hydrogen bonds with key
residues such as Asp268, Ala264, Thr232,
Asnl127, Ser64, and Glul6l. These interactions
bridge both central catalytic residues (Ser64,
Glul6l) and peripheral stabilizing residues,
effectively anchoring the inhibitor within the
active site. This comprehensive engagement,
occupying a deeper, and more extensive region
of the catalytic groove than imipenem, likely
impairs the conformational flexibility of the
active-site serine residue. This contrasts with the
transient acylation typically induced by
carbapenems, suggesting a distinct mode of
inhibition.
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Pedunculoside, while less potent than
Chebuloside 11, also demonstrates improved
binding over imipenem. Its interaction profile,
featuring hydrogen bonds with Glu98, Thr232,
Asp268, and Ala264, alongside significant ©—
alkyl  coupling with  Trp99, enhances
hydrophobic stability within the catalytic
channel. This suggests that Pedunculoside,
through a combination of electrostatic and
dispersion forces, achieves greater complex
stability, potentially prolonging the enzyme’s
inactive state.

Crucially, the phytochemicals in T. chebula,
such as Chebuloside Il and Pedunculoside, lack
the electrophilic B-lactam ring or analogous
reactive moieties necessary for covalent
acylation of the catalytic serine residue. This
implies that their inhibitory action is likely
reversible and non-covalent, acting primarily by
competitively occupying the active site. By
transiently blocking substrate access, these
compounds effectively reduce the
carbapenemase's catalytic efficiency (kcat/Km).
This kinetic blockade allows the concurrently
administered imipenem to persist in its active
form for a longer duration, thereby amplifying
its bactericidal effect against the resistant P.
aeruginosa strain.

The in silico toxicity predictions from ProTox-
I, indicating favorable safety profiles for
Chebuloside 11 and Pedunculoside (LDsq > 3000
mg/kg, with no predicted significant
hepatotoxicity or mutagenicity), further enhance
their potential as therapeutic leads. Although
these  computational  predictions  require
empirical validation through in vitro cytotoxicity
and in vivo toxicity assays, they provide an
encouraging preliminary assessment.

Specifically, the experimental agar well
diffusion assays demonstrated that while
imipenem alone showed no inhibitory zone
against the resistant P. aeruginosa strain, the
combination of imipenem with the T. chebula
extract resulted in substantial inhibition zones.

This enhancement in activity directly correlates
with our docking data, which predicts that
Chebuloside 1l and Pedunculoside act as
competitive inhibitors. By binding more
effectively to the carbapenemase active site,
these phytochemicals are predicted to reduce the
enzyme's efficiency in degrading imipenem.
This reduction in enzymatic activity would, in
turn, prolong the effective lifespan of imipenem
in the bacterial periplasm, allowing it to exert its
bactericidal effect. The superior binding energy
of Chebuloside 1l (-9.14 kcal/mol) and
Pedunculoside (—8.31 kcal/mol) compared to
imipenem (—7.94 kcal/mol) computationally
supports the experimental observation that the
extract sensitizes bacteria to imipenem. The
detailed interactions predicted by docking (e.g.,
hydrogen-bonding  networks,  hydrophobic
interactions) suggest that these compounds
occupy and stabilize the active site, hindering
substrate access or proper enzyme conformation,
thereby reducing carbapenemase activity.

In summary, the combined in vitro and in silico
evidence strongly supports a dual mechanism for
the antibacterial effect of T. chebula extract:
intrinsic antibacterial activity, possibly involving
membrane perturbation (33, 34) or disruption of
metabolic pathways (35), and "a crucial adjuvant
role through reversible, competitive inhibition of
Class A carbapenemases by phytochemicals,
such as Chebuloside 1l and Pedunculoside".
These compounds serve not as direct
carbapenemase inactivators but as competitive
blockers that restore susceptibility to imipenem.
This approach offers a promising avenue for
developing novel therapeutic strategies to
address the growing threat of carbapenem-
resistant ~ Gram-negative  bacteria.  Future
research should focus on kinetic inhibition
analyses, biophysical studies, and in vivo
efficacy and safety evaluations to fully realize
the therapeutic potential of these natural
product-derived inhibitors.
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Despite the promising results regarding the
synergistic effect of T. chebula extract with
imipenem against resistant P. aeruginosa,
several limitations should be acknowledged.
First, molecular docking, while providing
valuable insights into potential binding
mechanisms, is a computational approximation
that does not fully simulate the dynamic and
complex intracellular environment. Second, the
use of a crude methanolic extract—though
effective—contains a complex mixture of
phytochemicals; while we identified
Chebuloside 11 and Pedunculoside as key
candidates via in silico analysis, the synergistic
contribution of other minor components cannot
be ruled out. Furthermore, our study was
conducted on a single resistant strain; thus, the
generalizability of these findings to other
clinical isolates or different resistance
mechanisms  warrants  further  exploration.
Finally, while in silico toxicity assessments were
encouraging, these results are preliminary and
underscore the necessity for rigorous in vitro
cytotoxicity assays and subsequent in vivo
investigations.

Future studies should aim to isolate and purify
the identified phytochemicals to validate their
individual contributions to enzyme inhibition
and  antibacterial ~ synergy.  Additionally,
performing kinetic enzyme inhibition assays and
expanding the scope to a broader panel of MDR
clinical isolates will be crucial to confirm these
findings and move toward the potential
development of natural-product-based adjuvant
therapies.

Conclusion

This study successfully demonstrated the
potentiation of imipenem activity against
imipenem-resistant P. aeruginosa by the
methanolic extract of T. chebula fruit.
Experimental validation through agar well
diffusion assays confirmed that the extract
significantly enhances the efficacy of imipenem,

restoring its bactericidal effect. Molecular
docking simulations provided a strong
mechanistic basis for this observation, revealing
that key phytochemicals in the extract, namely
Chebuloside 1l and Pedunculoside, exhibit
higher binding affinities for the Class A
carbapenemase active site than imipenem itself.

The proposed mechanism involves reversible
competitive inhibition of carbapenemase activity
by these phytochemicals, thereby reducing the
enzyme's catalytic efficiency and prolonging the
presence of active imipenem. This "adjuvant” or
"enhancing" action, rather than direct enzyme
inactivation, represents a promising strategy for
overcoming carbapenem resistance.
Furthermore, preliminary in silico toxicity
assessments suggest a favorable safety profile
for these identified compounds, warranting
further investigation.

Collectively, these findings highlight T. chebula
extract as a valuable source of potential adjuvant
agents for combating carbapenem-resistant P.
aeruginosa. This research opens avenues for the
development of novel therapeutic combinations
that could revitalize the utility of carbapenem
antibiotics. Future work should prioritize in vitro
Kinetic analyses, detailed biophysical
characterization of inhibitor-enzyme
interactions, and comprehensive in vivo studies
to translate these promising results into clinical
applications.
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