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Oleuropein, the major bioactive secoiridoid in olive leaves, has been reported to exhibit anti-Helicobacter
pylori (H. pylori) activity. However, its precise molecular targets and the underlying mechanisms, especially
its direct interactions with key virulence factors, remain poorly defined. This study aimed to elucidate the
inhibitory effect and mechanism of oleuropein on a crude H. pylori urease (HPU) extract using jack bean
urease (JBU) as a reference enzyme and by integrating network pharmacology-based target prediction
with comprehensive experimental validation. Network pharmacology analysis identified urease subunits
within a key functional module of the H. pylori protein—protein interaction network, suggesting urease as
a high-priority target of oleuropein. Subsequent enzymatic assays showed that oleuropein inhibited both
HPU and JBU activities in a concentration-dependent manner, exhibiting ICsq values of 1.27 + 0.04 mM
and 2.17 £ 0.03 mM, respectively. Kinetic analyses indicated that oleuropein acts as a slow-binding, mixed-
type inhibitor of HPU activity and a slow-binding, noncompetitive inhibitor of JBU activity, revealing distinct
interaction patterns with bacterial and plant ureases. Protection and reactivation experiments using thiol-
containing reagents demonstrated that the inhibition is reversible and involves interaction with sulfhydryl
groups at the active site of urease. Consistent with these findings, molecular docking results suggested that
oleuropein binds in the vicinity of the flap region of HPU and forms stabilizing hydrogen bonds and
hydrophobic interactions with key residues, including CYS321, which is critical for maintaining active-site
conformation. In conclusion, this study provides the first systematic evidence that oleuropein acts as an
effective, reversible, and slow-binding inhibitor of HPU activity, possibly involving interactions with thiol-
containing residues at or near the enzyme's active site. These findings offer a mechanistic explanation for
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the International Agency for Research on Cancer (IARC) desig-
nated H. pylori as a group 1 carcinogen, its infection is regarded

1. Introduction

Helicobacter pylori (H. pylori), a Gram-negative bacterium, first
identified by Warren and Marshall in 1982, is a significant
pathogen responsible for chronic gastritis, peptic ulcer disease,
and gastric mucosa-associated lymphoid tissue disorders.™” It is
estimated that half of the world's population is infected with H.
pylori, with a higher prevalence in developing regions.** Since
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as a leading risk factor for gastric cancer.>® A key contributor to
its pathogenicity is its highly active urease production, which
enables its long-term colonization in the acidic environment of
the stomach.

Urease (EC 3.5.1.5) is a nickel-dependent enzyme broadly
distributed in bacteria, fungi, algae, and plants.”® Its catalytic
activity relies on nickel ions and a carbamylated lysine residue
at the active site.”'® Excessive urease activity leads to the over-
production of ammonia and elevated pH levels, resulting in
detrimental impacts on agriculture, ecosystems, and human
health.' In agriculture, elevated urease activity drives substan-
tial ammonia volatilization during urea fertilization, leading to
environmental pollution and economic loss.”” In humans,
bacterial urease promotes the progression of various diseases;
for example, urease from urinary tract pathogens such as the
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Proteus species alkalizes urine and contributes to crystal
precipitation and stone formation.” For H. pylori, the urease-
mediated hydrolysis of urea generates ammonia and carbon
dioxide, establishing a localized neutral microenvironment that
facilitates its survival and colonization and the development of
chronic gastric inflammation.™ Although antibiotics can treat
H. pylori infection, the increasing prevalence of antibiotic
resistance highlights the urgent need for alternative therapeutic
strategies, including the development of novel urease
inhibitors.

The existing urease inhibitors are generally classified into
substrate analogues (e.g., hydroxamic acids® and phosphate
esters'®) and non-substrate analogues (e.g., imidazole deriva-
tives,"” polyphenols,'® and metal complexes)." Although phos-
phate esters show strong inhibitory potency, they are unstable
under acidic gastric conditions, limiting clinical use.** Hydr-
oxamic acids typically exhibit favorable aqueous solubility.
However, their clinical application as urease inhibitors can be
significantly limited by severe adverse effects, such as terato-
genicity.” These limitations highlight the need for safe, natu-
rally derived urease inhibitors.

Oleuropein (C,5H3,043, Fig. 2A), the predominant secoiridoid
phenolic compound found in the olive tree (Olea europaea L),
occurs especially in fresh olive fruits and leaves.**** This key
bioactive constituent of olive products has attracted wide scien-
tific attention due to its varied beneficial effects on health,
including potent antioxidant, anti-inflammatory,* antimicro-
bial,*® and gastric protective activities.>” The molecular structure
of oleuropein, characterized by an ortho-diphenolic group, not
only confers a powerful radical-scavenging capacity but also
enables it to modulate various cellular signaling pathways.
Recent evidence has further illuminated the inhibitory effects of
olive leaf extracts and oleuropein against H. pylori infections.”*>°
However, its precise molecular targets and the underlying
mechanisms remain poorly defined. In particular, whether
oleuropein directly targets the urease system, a key virulence
factor required for H. pylori survival in the acidic gastric envi-
ronment, has not been systematically investigated.

Based on network pharmacology predictions, this study
aimed to systematically assess the inhibitory effect of oleur-
opein on the crude H. pylori urease extract (HPU) and elucidate
the underlying mechanism. Using jack bean urease (JBU) as
a reference enzyme, we conducted enzyme inhibition assays,
kinetic studies, inhibition-site analysis, reactivation experi-
ments, and molecular docking. To the best of our knowledge,
this is the first study to integrate network pharmacology with
enzymatic and mechanistic analyses to investigate oleuropein
targeting HPU. These investigations provide insights into the
anti-H. pylori activity of oleuropein and support its potential as
a naturally derived urease-targeting lead compound.

2. Materials and methods

2.1 Chemicals and reagents

Oleuropein (C,5H3,043, CAS: 32619-42-4, purity =98%) was
obtained from Chengdu Desite Biotechnology Co., Ltd JBU (type
III, 40.3 units per mg solid) and urea were purchased from
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Sigma Aldrich (St. Louis, USA). Acetohydroxamic acid (AHA),
boric acid (BA), sodium fluoride (NaF), sodium nitroprusside,
sodium salicylate, and sodium hypochlorite were procured from
Shanghai McLean Biochemical Technology Co., Ltd. Di-
thiothreitol (DTT) and i-cysteine (r-cys) were acquired from
Beijing Solarbio Science & Technology Co., Ltd., while gluta-
thione (GSH) was obtained from Dalian Meilun Biotechnology
Co., Ltd. Sodium hydroxide (NaOH) was sourced from Tianjin
Damao Chemical Reagent Factory. All reagents used in this
study were of analytical-grade purity.

2.2 Network pharmacology

2.2.1 Data source and preparation. The canonical SMILES
of oleuropein was retrieved from the PubChem database to
define its chemical structure for the study. Concurrently,
a proteome-wide set of protein sequences for H. pylori was ob-
tained by searching and downloading all reviewed entries from
the UniProt database, yielding 613 reviewed protein sequences
for subsequent computational screening.

2.2.2 Prediction of potential drug-target interactions. The
binding affinities between oleuropein and the H. pylori pro-
teome were predicted using the DeepPurpose computational
framework. The pre-trained model “model_mpnn_aac_davis”
was employed for this large-scale virtual screening to identify
potential protein targets with high binding potential.

2.2.3 Construction and analysis of the protein-protein
interaction (PPI) network. Potential target proteins identified
from the DeepPurpose prediction were used to construct a PPI
network using the STRING database. The resulting network was
imported into Cytoscape software (version 3.10.1) for visualiza-
tion and further topological analysis. To identify highly inter-
connected functional clusters, the MCODE plugin was applied to
the PPI network. The proteins within the top-scoring modules
were considered key functional targets for subsequent analysis.

2.3 H. pylori culture and preparation of crude H. pylori
urease extract

H. pylori was cultivated on Columbia agar supplemented with
bovine serum albumin under microaerophilic conditions (5%
0,, 10% CO, and 85% N,) at 37 °C for 72 hours. The method for
HPU extraction was adapted from a study by Xiao et al.** Fifty
milliliters of H. pylori solution was centrifuged (5000 rpm, 4 °C,
10 minutes) to obtain precipitated bacteria, which were washed
twice with PBS, and the suspensions were stored at —80 °C for
24 hours. Primarily, the frozen bacterial solution was thawed
and allowed to equilibrate at room temperature. Subsequently,
three milliliters of distilled water and protease inhibitor were
added to the bacterial solution, mixed, sonicated for 1 min,
centrifuged (15 000 rpm, 4 °C, 10 minutes) and desalted. Ulti-
mately, the supernatant was collected as the crude H. pylori
urease (HPU) extract, and the obtained extract was mixed with
the same volume of glycerol and stored at 4 °C.

2.4 Standard urease activity test

The standard urease test mixture consists of 150 mM urea and
a 20 mM HEPES buffer (pH = 7.5), and the reaction is initiated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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upon the addition of different concentrations of urease solu-
tions. After 20 minutes of continuous reaction at room
temperature, the ammonia produced was determined at 595 nm
through an improved phenol-hypochlorite method to evaluate
urease activity.*” Under these conditions, the specific activity of
HPU was 17.0 U mg ', compared with 40.3 U mg " for JBU.

2.5 Urease inhibition experiment

To assess inhibition, urease was pre-incubated with various
concentrations of oleuropein or AHA in the 20 mM HEPES
buffer (pH = 7.5) for 20 min at 37 °C. The reaction was then
initiated by adding 150 mM urea, and the ammonia produced
was quantified at 595 nm using the Berthelot reagent. The
urease activity in the absence of an inhibitor was used as the
control and defined as 100% activity. Residual activity (RA%)
was calculated as the percentage of activity relative to this
uninhibited control. The ICs, value, representing the inhibitor
concentration that reduced activity by 50%, was subsequently
determined. Results are expressed as the mean of three inde-
pendent replicates.

2.6 Inhibition kinetic study

The inhibition mode of oleuropein against urease was investi-
gated using Lineweaver-Burk plots, where the reciprocal of
reaction velocity was plotted against the reciprocal of substrate
concentration. The kinetic parameters, Michaelis constant (Ky)
and the maximum velocity (Vimax), were derived in the presence
of varying oleuropein concentrations to characterize the inhi-
bition type. Furthermore, secondary plots were constructed by
plotting oleuropein concentration against the slope or intercept
to determine the inhibition constants K; and K.

2.7 Analysis of reaction progress curve

The time-dependent inhibition of urease by oleuropein was
examined by monitoring ammonia formation over time. Two
experimental setups were compared: a direct assay and a pre-
incubation assay. In the direct assay, the reaction was trig-
gered by mixing a solution containing urease and varying
concentrations of oleuropein with the urea substrate. In the pre-
incubation assay, urease was first incubated with oleuropein for
20 minutes at 37 °C prior to the addition of urea to start the
reaction. Urease activity at designated time points was deter-
mined using a standard method, and the resulting data were
fitted to a curve for analysis.

2.8 Urease protection test

To probe the molecular target of oleuropein inhibition, HPU
was pre-incubated with protective compounds known to bind
specifically to the active site. These included sulthydryl agents
(DTT, 1-cys, GSH) that engage the critical thiol group and
inorganic agents (BA, NaF) that coordinate the catalytic Ni*".
This pre-incubation (20 mM HEPES, pH = 7.5, 37 °C, 20
minutes) was followed by the addition of oleuropein and
a further 20-minute incubation. The residual urease activity was
then determined in triplicate.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.9 Oleuropein-sulfhydryl interaction test

The protective effects of sulfhydryl compounds (DTT, t-cys, and
GSH) on the inhibition of the enzyme by oleuropein were
investigated at varying incubation times and with different
addition sequences. In short, the sulthydryl compound, oleur-
opein and HPU in the mixture were incubated at 37 °C for 5, 10,
30, and 40 minutes. In the interaction-sequence experiment
involving oleuropein, sulthydryl compounds, and urease, any
two of the three components were first pre-incubated at 37 °C
for 20 minutes. The third component was then added, and the
resulting mixture was further incubated at 37 °C for an addi-
tional 20 minutes.

2.10 Reactivation of oleuropein-inactivated urease

The restoration of enzyme activity suppressed by oleuropein
was examined in the presence of protective agents. First, the
enzyme was inactivated by pre-incubation with oleuropein in
the 20 mM HEPES buffer (pH = 7.5) at 37 °C for 20 minutes.
Then, 1.25 mM of a protective agent was added to the mixture.
Finally, the residual enzyme activity was measured at different
incubation times to monitor the extent of reactivation.

2.11 Molecular docking

The molecular docking of oleuropein with urease was carried
out using AutoDock Vina. The three-dimensional crystal struc-
tures of both HPU (PDB ID: 1E9Z) and JBU (PDB ID: 4GOA) were
obtained from the Protein Data Bank (PDB) and prepared by
removing all crystallographic water molecules and non-
essential heteroatoms, followed by the addition of polar
hydrogens using AutoDockTools. The 3D structure of oleur-
opein was obtained from PubChem and then converted into the
required PDBQT format. The docking grid box was centered on
the active site region of each urease. Default Autodock Vina
parameters were used, and the highest-scoring conformations
from Autodock Vina were analyzed and visualized using PyMOL.

2.12 Statistical analysis

Data from three independent experiments were plotted using
GraphPad Prism 8.0, and the results were represented as the
means + standard errors. Data differences were analyzed using
one-way ANOVA with Dunnett's post-hoc test in SPSS 29.0. A P
value below 0.05 was considered statistically significant.

3. Results

3.1 Target prediction and protein-protein interaction
network analysis of oleuropein against H. pylori

To elucidate the mechanisms of oleuropein against H. pylori,
a target prediction was performed using the DeepPurpose
computational framework. As shown in Fig. 1, a total of 72 H.
pylori proteins were identified as potential targets of oleuropein
with a predicted binding affinity threshold of —log(K4) > 10,
suggesting potential binding interactions.

Subsequently, a PPI network was constructed with these
potential targets to explore their functional relationships. After
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Fig. 1 Network pharmacology analysis of oleuropein targets against H. pylori. (A) Protein—protein interaction (PPI) network of oleuropein-
associated H. pylori target proteins. (B) Subnetwork of Module 1 target proteins. (C) Bar chart showing the predicted dissociation constants
(—log (Ky)) of oleuropein binding and the corresponding degree values for Module 1 targets.

filtering, a robust PPI network comprising 58 nodes was computational evidence positioned the urease system as a high-
established. A module analysis of this network revealed several priority target for the subsequent experimental validation of its
topological modules. Notably, Module 1 was identified as the inhibition.

most significant functional cluster, as it housed the hub node

with the highest degree value in the entire network. Critically,

this module encompassed key components of the urease 3.2 Inhibitory effects of oleuropein on urease

complex (UreA and UreF), a virulence factor essential for H.
pylori colonization and survival in the acidic gastric environ-
ment. The enrichment of targets involved in central metabolism
alongside urease subunits within Module 1 strongly suggests
a synergistic multi-target action of oleuropein. This

Guided by the network pharmacology prediction that posi-
tioned the urease complex as a high-priority target, we experi-
mentally assessed the inhibitory effect of oleuropein on HPU.
To better interpret the biological relevance of this effect, JBU
was also tested as a non-bacterial reference urease. This

23640 | RSC Adv, 2026, 16, 23637-23650 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Suppressive effect of oleuropein (OLE) towards HPU and JBU activity. (A) Plant source and chemical structure of OLE. The enzyme was
treated with OLE (B for HPU and C for JBU) and AHA (D for HPU and E for JBU). Each experiment was conducted in triplicate.

comparison allowed us to determine whether oleuropein acted
as a general urease inhibitor or exhibited differential inhibition
toward the bacterial enzyme.

The results demonstrated that oleuropein significantly
inhibited the activity of both ureases in a dose-dependent
manner (Fig. 2B and C). The calculated ICs, values for oleur-
opein were 1.27 £+ 0.04 mM for HPU and 2.17 £+ 0.03 mM for
JBU, confirming its broad, yet more potent, functional impact
on the bacterial enzyme. For comparison, the well-characterized
urease inhibitor AHA (Fig. 2D and E), used as a positive control,
exhibited ICs, values of 0.07 £ 0.003 mM for HPU and 0.02 +
0.0004 mM for JBU under the same experimental conditions.

The successful experimental validation of the urease inhi-
bition functionally corroborates our initial computational
prediction. The observed potency against HPU highlights
oleuropein's potential to specifically target a critical virulence
factor in H. pylori.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.3 Determination of Ky; and V.«

The Michaelis constant (Ky;) and maximum velocity (Vinax) were
determined using Lineweaver-Burk plots to investigate the
inhibition type and mechanism of oleuropein on urease. As
shown in Fig. 3A, the lines intersect at a defined point in the
second quadrant. The Ky gradually increased, and Vpax
progressively decreased with an increase in the concentrations
of the inhibitor, revealing that oleuropein is a mixed-type
inhibitor for HPU. In addition, the values of the equilibrium
inhibitory constants for the binding of oleuropein to the free
enzyme K; and the enzyme-substrate complex Kjs were 0.58 £
0.02 and 0.69 + 0.01 mM, respectively, which were calculated
from the replots of inhibitor concentration versus slope or
intercept (Fig. 3B and C).

For JBU, the lines intersect at a specific point on the x-axis
(Fig. 3D). The Ky remained relatively stable, while V., gradu-
ally decreased with an increase in inhibitor concentration,

RSC Adv, 2026, 16, 23637-23650 | 23641
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Fig. 3 Kinetic analyses of urease suppression by oleuropein (OLE). (A) Lineweaver—Burk plots for HPU in the absence and presence of different
concentrations of OLE. (B and C) Secondary plots of slope and intercept versus OLE concentration for HPU used to determine the inhibition
constants K; and Kis. (D) Lineweaver—Burk plots for JBU in the absence and presence of different concentrations of OLE. (E) Secondary plot of
slope versus OLE concentration for JBU used to determine the inhibition constant K;. Each experiment was conducted in triplicate.

which is characteristic of non-competitive inhibition. The value
of the equilibrium inhibitory constant K; was determined to be
0.69 & 0.04 mM (Fig. 3E).

3.4 Reaction progress curve

The reaction progress curves for urease inhibition by oleuropein
revealed a distinct time-dependent behavior, as shown in Fig. 4.
A critical difference was observed between the non-
preincubated and preincubated systems.

In the non-preincubated system (Fig. 4A and C), where the
enzyme, substrate, and inhibitor were mixed simultaneously,
the reaction progress curves showed a linear trend. This indi-
cates that the full inhibitory effect was not immediate, and the
enzyme maintained a relatively constant rate of substrate
hydrolysis throughout the assay period.

23642 | RSC Adv, 2026, 16, 23637-23650

In contrast, the preincubated system (Fig. 4B and D), where
the enzyme was pre-mixed with the inhibitor before the reac-
tion was initiated by adding the substrate, exhibited concave-
downward curves. This shape is characteristic of a process
where the inhibitor's effect develops over time. The pre-
incubation period allowed oleuropein to bind to the enzyme,
forming an initial complex. Upon substrate addition, this
complex undergoes a time-dependent transition to a more
stable, fully inhibitory complex (EI*¥), resulting in a progres-
sive decrease in reaction velocity from an initial rate (V) to
a final steady-state rate (V). This clear contrast confirms that
the inhibition of urease by oleuropein is time-dependent,
which is consistent with a slow-binding inhibition
mechanism.?*3*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Reaction progress curves for urease-catalyzed urea hydrolysis in the absence and presence of oleuropein (OLE). (A and B) Progress curves
for HPU under non-preincubated and preincubated conditions. (C and D) Progress curves for JBU under non-preincubated and preincubated
conditions. In the preincubated system, urease was incubated with OLE before the addition of urea. Ammonia production was monitored over

time. Each experiment was repeated three times.

3.5 Protective test of the oleuropein-inhibition urease

This study investigated the potential interaction sites of oleur-
opein on urease by using sulfhydryl compounds (DTT, GSH, and
L-cys) and inorganic compounds (BA and NaF). Fig. 5A and B
showed that the residual urease activity of oleuropein-inhibited
urease in the thiol-containing compound system was higher
than that in the thiol-free system. Sulthydryl compounds
markedly diminished oleuropein-induced urease inactivation,
indicating that oleuropein might interact with the sulfhydryl
site of urease. In addition, Fig. 5C and D demonstrated that the
residual urease activity in the inorganic compound system,
which included oleuropein, BA, NaF, and urease, was signifi-
cantly lower than that in the system with oleuropein without the
presence of inorganic compounds. In conclusion, the protective
effect of sulthydryl compounds is greater than that of inorganic
compounds, suggesting that sulthydryl groups at or near the
urease active site may be involved in oleuropein-mediated
inhibition.

3.6 Oleuropein-thiol-urease interaction test

As shown in Fig. 6, the inhibitory effect of oleuropein on urease
intensified with a prolonged incubation time. However, the
protective action of thiols (DTT, GSH, 1-cys) against this inhi-
bition was not time-dependent (Fig. 6A and B). Moreover, urease

© 2026 The Author(s). Published by the Royal Society of Chemistry

activity varied according to the sequence in which oleuropein,
urease, and thiols were added. Higher activity was observed
when thiol reagents were introduced before oleuropein,
compared with their addition after oleuropein had already
interacted with urease (Fig. 6C and D). Overall, these findings
highlight the essential role of thiol groups in the oleuropein-
induced inactivation of HPU and JBU.

3.7 Reactivation of oleuropein-inactivated urease

As illustrated in Fig. 7, following its reaction with oleuropein,
urease suffered an activity loss of approximately 80%. After
adding 1.25 mM DTT, the activity of the oleuropein-inhibited
HPU and JBU recovered in a time-dependent pattern, with
maximum reactivation reaching approximately 40% and 30% of
the original activity, respectively, indicating that the inactivation
was reversible. It was further verified that the recovery of the
activity of the oleuropein-inactivated urease by sulfhydryl
compounds was consistent with the protection test results, sug-
gesting that the interaction between oleuropein and the sulfhy-
dryl group at the active site of urease is crucial for the inhibition.

3.8 Molecular docking analysis

To explore a possible structural basis for the inhibition, we
performed the molecular docking of oleuropein into the

RSC Adv, 2026, 16, 23637-23650 | 23643
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Fig. 5 Protective roles of thiol-containing compounds and inorganic agents against urease inhibition by oleuropein (OLE). Panels A and B depict
the effects of thiol reagents (DTT, GSH, L-cys) on the OLE-induced loss of HPU and JBU activities. Panels C and D present the influence of
inorganic substances (BA, NaF) on the OLE-mediated suppression of HPU and JBU activities. OLE was used at concentrations of 2.5 mM (for HPU)
and 4.5 mM (for JBU). Data are reported as the mean + SEM of three independent assays. **P < 0.01 vs. the urease group; #P < 0.05, #*#P < 0.01vs.

the OLE group.

catalytic core of the HPU and JBU. As depicted in Fig. 8, the
results suggest a potential pattern of oleuropein and urease
binding. In this research, the binding free energy values from
HPU and JBU were —5.451 and —5.026 kcal mol *, respectively.
The optimal binding modes of oleuropein are represented in
the enzyme surface (Fig. 8A and C) and cartoon mode (Fig. 8B
and D), respectively. For HPU, oleuropein primarily interacts
with residues in the flap region, including CYS321, MET319,
HIS323, GLN364, MET366, and GLY367, through hydrogen
bonding. This region is located on the mobile flap that closes
the active site. Moreover, the amino acid residues, ASN168,
VAL320, and ARG368, formed hydrophobic interactions with
oleuropein.

For JBU, oleuropein formed hydrogen bonds with ALA436,
ARG439, ALA440, HIS492, ASP494, GLY550, ASP633, GLN635
and ALA636, respectively. The benzene ring of oleuropein
established hydrophobic bonds with protein residues CYS592,
LYS490, HIS519, VAL591, HIS593, and HIS594. These results

23644 | RSC Adv, 2026, 16, 23637-23650

further support the possibility that sulfhydryl-containing resi-
dues at or near the active site are involved in the overall process
of oleuropein-mediated urease. This finding aligns with the
outcomes observed in both the protection and reactivation
tests, thereby supporting a possible mechanism for oleuropein-
mediated urease inhibition.

4. Discussion

Persistent colonization by H. pylori is a major risk factor for
chronic gastritis, peptic ulcer disease, and gastric cancer.
Among its virulence factors, urease plays a central role in
enabling bacterial survival in the highly acidic gastric environ-
ment by generating ammonia and creating a locally neutral
microenvironment. Therefore, urease has long been regarded as
a strategic target for controlling H. pylori infection.**?¢ In this
study, we combined network pharmacology, enzymatic charac-
terization, and molecular docking to systematically investigate

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the interaction between oleuropein, a natural secoiridoid from
olive leaves, and urease from H. pylori.

Our network-based analysis predicted 72 putative H. pylori
protein targets of oleuropein. Within the constructed PPI
network, urease-related proteins, specifically UreA and UreF,
clustered within a highly connected functional module

© 2026 The Author(s). Published by the Royal Society of Chemistry

alongside proteins involved in central metabolism. UreA is
a structural subunit essential for the formation of the urease
active site,*” while UreF functions as a nickel chaperone critical
for nickel insertion and enzyme maturation.*® Their topological
prominence and co-localization in this functional module
suggest that the urease system may represent a critical point of

RSC Adv, 2026, 16, 23637-23650 | 23645
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intervention for oleuropein's anti-H. pylori action. Based on this
prediction, we selected urease as a key target for experimental
validation and mechanistic investigation.

Enzymatic assays confirmed that oleuropein inhibits both
HPU and JBU in a concentration-dependent manner, with
somewhat higher potency against HPU. The calculated IC5, for
HPU (1.27 £ 0.04 mM) was lower than that for JBU (2.17 £ 0.03
mM), indicating a potentially greater affinity for the bacterial
enzyme. The inclusion of JBU as a reference urease is important
because it helps distinguish general urease inhibition from
inhibition that may be more relevant to the bacterial enzyme.
Although oleuropein inhibited both enzymes, its relatively
stronger effect on HPU suggests potential biological relevance
to its anti-H. pylori activity. Although the ICs, values of oleur-
opein are in the millimolar range and, therefore, indicate lower
potency than that of the classical urease inhibitor AHA, they are
within the typical range for many unoptimized natural prod-
ucts.*>** Together with the favorable safety profile of oleuropein
as a dietary component, these findings support its potential as
a lead compound or adjunctive agent rather than a direct
replacement for existing urease inhibitors.

From a translational perspective, oleuropein may represent
a promising scaffold for further development. Future studies
are warranted to optimize its structure for improved potency
and selectivity and to validate its activity in cell-based H. pylori
infection models and in vivo infection models. In addition, its
natural origin and favorable safety profile suggest potential
utility as an adjunctive agent in anti-H. pylori therapy.

Detailed kinetic analysis revealed important differences in
the inhibition modes of oleuropein toward ureases from

23646 | RSC Adv, 2026, 16, 23637-23650

different sources. For HPU, Lineweaver-Burk plots indicated
a mixed-type inhibition pattern, characterized by an increase in
Ky and a decrease in Vi, with increasing oleuropein concen-
trations. This suggests that oleuropein can bind both the free
enzyme and enzyme-substrate complex, at a site that partially
overlaps with or is allosterically coupled to the substrate-
binding region. In contrast, the inhibition of JBU was consis-
tent with a noncompetitive mechanism, manifesting as
a reduced Vy,.x With minimal change in Ky. The observed
divergence in inhibition patterns is likely rooted in distinct
structural features between HPU and JBU. JBU, the first urease
extracted from plants, has been widely used as a model
enzyme.*»** Structurally, JBU is composed of six identical
subunits, totaling 90 cysteine residues, with each monomer
containing two nickel ions and fifteen cysteine residues.**** In
contrast, HPU is a heterooligomer composed of o and
B subunits, which distinguishes it from the monomeric struc-
tures of ureases of fungi, bacteria, and plants.*

The reaction progress curves further demonstrated that
oleuropein is a slow-binding inhibitor of both HPU and JBU. In
assays without pre-incubation, the reaction proceeded approx-
imately linearly, suggesting that the full inhibitory effect
developed over time. In contrast, the pre-incubation of urease
with oleuropein before substrate addition produced concave-
downward progress curves, indicative of a time-dependent
decrease in reaction rate. This kinetic behavior is consistent
with a two-step inhibition mechanism, in which an initial EI
complex forms rapidly and then slowly converts into a more
tightly bound EI* complex. Such slow-binding characteristics
are often associated with conformational rearrangements of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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enzyme or the inhibitor and are considered advantageous from
a pharmacological standpoint because they can prolong the
target residence time in vivo.

Protection and reactivation experiments with thiol-
containing reagents provided additional mechanistic insight.
Specifically, the sulfhydryl compounds like DTT, GSH, r-cys
react with the thiol groups,*® while the inorganic reagents, such
as BA and NaF, interact with the nickel ions located in the
urease active center.”” In the present study, DTT, GSH, and L-cys
markedly attenuated the inhibitory effect of oleuropein on
urease and promoted the recovery of activity in oleuropein-
treated enzymes, whereas inorganic agents that target the
nickel center (BA, NaF) afforded weaker protection. These
observations strongly implicate sulfhydryl groups, most likely
cysteine residues, as key sites for oleuropein interaction. The
fact that inhibition is reversible and can be reversed by thiol
reagents argues against irreversible covalent modification or
non-specific denaturation and, instead, suggests a reversible,
thiol-sensitive interaction at or near the active site.

Molecular docking provided a plausible structural basis for
the observed inhibition. The simulations suggested that oleur-
opein stably binds within the active site pocket of HPU, and its
binding site directly encompasses the key cysteine residue
CYS321 in the flap region. This residue engages in strong
hydrophobic interactions with oleuropein. Similarly, interac-
tion with the corresponding cysteine residue (CYS592) in JBU
was observed. Although CYS321 is not directly involved in nickel
ion coordination in urease, its location in the flap region is
crucial for maintaining the correct active site conformation and
the open-close movement of the flap.**** By binding to CYS321
and other residues, oleuropein likely “locks” the flap, hindering
its necessary conformational changes, thereby impeding
substrate access or product release. This is consistent with the
observed mixed-type inhibition and time-dependent
characteristics.

Our findings are in line with previous reports that various
natural polyphenols and plant-derived compounds inhibit
urease, typically by interacting with active-site residues.
Consistent with this, several phytochemicals, including baicalin
(IC50 = 0.82 £ 0.07 mM), scutellarin (ICs, = 0.47 £ 0.04 mM),*
piceatannol (IC5, = 0.67 = 0.02 mM),*" patchouli alcohol (IC5, =
2.67 £+ 0.79 mM),** and andrographolide (ICs, = 3.175 & 0.34
mM)** have been reported to inhibit HPU by targeting urease
sulfhydryl groups. Notably, oleuropein exhibits urease inhibi-
tory potency within a similar order of magnitude, being less
potent than scutellarin, baicalin, and piceatannol but compa-
rable to or greater than patchouli alcohol and andrographolide.
More importantly, oleuropein exhibits a distinctive combina-
tion of features, including a slight preference for bacterial over
plant urease and a slow-binding, mixed-type inhibition of HPU.
These characteristics, together with its favorable safety profile
as a dietary component, make oleuropein an attractive and
complementary scaffold to existing thiol-dependent natural
urease inhibitors for further structural optimization aimed at
improving its potency and selectivity toward HPU.

Despite these advances, several limitations of this study
should be acknowledged. First, all mechanistic experiments

© 2026 The Author(s). Published by the Royal Society of Chemistry
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were carried out in vitro, and the anti-H. pylori efficacy of
oleuropein was not evaluated in cellular or in vivo infection
models. Second, although the crude H. pylori urease extract
(HPU) used in this study showed measurable urease activity, it
may still contain non-urease proteins that could potentially
interact with sulthydryl compounds, protective agents, or inor-
ganic reagents, thereby influencing the results of the protection,
sulfhydryl interaction, and reactivation assays to some extent.
Nevertheless, the overall consistency observed across multiple
independent approaches, including inhibition kinetics,
protection and reactivation experiments, and molecular dock-
ing analysis, strongly supports urease as a primary target of
oleuropein. In addition, the use of JBU as a reference enzyme
provides support for the proposed inhibitory mechanism.
Third, although our network pharmacology analysis suggested
multiple potential targets of oleuropein in H. pylori, this study
focused exclusively on urease, and other predicted targets
remain to be validated. Addressing these limitations will
require future studies using purified urease or recombinant
enzyme systems, together with site-directed mutagenesis of key
residues, such as CYS321, validation in cell-based H. pylori
infection systems, and the in vivo evaluation of oleuropein or its
derivatives in infection models.

5. Conclusion

This study demonstrated that oleuropein effectively inhibited
the activity of the crude H. pylori urease (HPU) extract in a time-
dependent manner and exhibited a mixed-type inhibition
pattern. Mechanistic analyses suggest that this inhibitory effect
is associated with interaction with sulfhydryl groups at or near
the urease active site, particularly involving the flap-region
residue CYS321. These findings provide mechanistic insights
into the anti-H. pylori activity of oleuropein and support its
potential as a natural lead compound for urease-targeted
intervention.
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