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Abstract

The global rise in antibiotic resistance has posed significant challenges to the effective management of Helicobacter
pylori (H. pylori), a gastric pathogen linked to chronic gastritis, peptic ulcers, and gastric cancer. Conventional antibi-
otic therapies, while effective, face significant challenges, such as increasing antibiotic resistance, high recurrence
rates, and adverse effects such as gut microflora dysbiosis. These limitations have driven the exploration of alterna-
tive antibiotic-free therapies, including the use of plant-based compounds, probiotics, nanoparticles, phage therapy,
antimicrobial peptides, and H. pylori vaccines. Among these, urease-targeted therapy has shown particular promise.
Urease enables the survival and colonization of H. pylori by neutralizing stomach acidity. Targeting this urease with-
out disrupting beneficial gut microflora offers a selective mechanism to impair H. pylori, due to the absence of this
enzyme in most of the human gut microbiome. In this review, we highlight advancements and limitations in the field
of antibiotic-free therapies, with a particular focus on anti-urease strategies. We explore the structural and functional
characteristics of urease, its role in H. pylori pathogenesis, and its potential as a therapeutic target. For the first time,
we provide a comprehensive analysis of natural, semisynthetic, and synthetic anti-urease compounds, emphasizing
their mechanisms of action, efficacy, and safety profiles. Advances in silico, in vitro, and in vivo studies have identified
several promising anti-urease compounds with high specificity and minimal toxicity. By focusing on urease inhibition
as a targeted strategy, this review underscores its potential to overcome antibiotic resistance while minimizing gut
dysbiosis and improving the outcomes of H. pylori infection treatment.
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Introduction

Helicobacter pylori (H. pylori) is a Gram-negative, micro-
aerophilic, spiral-shaped bacterium that colonizes the
human gastric epithelium. It has garnered significant
attention from researchers, clinicians, and public health
officials due to its remarkable adaptability to the acidic
gastric environment and its association with a wide range
of gastrointestinal disorders, including chronic gastri-
tis, peptic ulcers, mucosa-associated lymphoid tissue
(MALT) lymphoma, and gastric adenocarcinoma [1, 2].
Its pathogenesis is primarily attributed to a variety of vir-
ulence factors such as urease, cytotoxin-associated gene
A (CagA), vacuolating cytotoxin A (VacA), and adhesins
like BabA and SabA, which allow it to adhere to the gas-
tric mucosa, evade immune responses, and cause epithe-
lial damage [3].

The infection typically occurs during childhood and,
without treatment, can persist for decades or even
for the host’s lifetime. H. pylori is considered one of
the most prevalent chronic bacterial infections glob-
ally, affecting an estimated 4.4 billion individuals [2].
Its prevalence is strongly influenced by geographic and
socioeconomic factors. Higher infection rates—often
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exceeding 70-80%—are reported in regions such as
Africa, South America, South Asia, and Eastern Europe,
largely due to crowded living conditions, poor sanitation,
and limited access to healthcare [4]. In contrast, North
America, Western Europe, and Oceania exhibit lower
prevalence rates ranging from 20—40%, although elevated
rates persist among marginalized groups such as immi-
grants and those with lower socioeconomic status [5].

From a public health perspective, the disease burden
associated with H. pylori is profound. The bacterium is
a Group I carcinogen, as classified by the International
Agency for Research on Cancer (IARC) and is the leading
cause of non-cardia gastric cancer, which remains among
the top causes of global cancer mortality. Beyond cancer,
H. pylori is responsible for over 90% of duodenal ulcers
and 80% of gastric ulcers, contributing significantly to
gastrointestinal morbidity worldwide [4].

Traditionally, H. pylori has been treated with triple or
quadruple antibiotic-based regimens, which combine
a proton pump inhibitor (PPI) with antibiotics such as
amoxicillin, clarithromycin, metronidazole, tetracycline,
levofloxacin, or rifabutin [6, 7]. However, the emergence
of antimicrobial resistance (AMR) has led to decline in
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treatment efficiency, with therapeutic failures now affect-
ing 20-30% of cases. Particularly alarming is the wide-
spread resistance to clarithromycin, which led the World
Health Organization (WHO) in 2017 to classify clarithro-
mycin-resistant H. pylori as a high-priority pathogen
requiring urgent research and new treatment options [8].
Additionally, prolonged use of PPIs has been linked to
adverse outcomes such as gut microbiota dysbiosis, min-
eral malabsorption, and altered immune responses [9].

Given these limitations, there has been a notable shift
toward the exploration of non-antibiotic and adjunc-
tive therapies that reduce resistance risk and minimize
microbiota disruption. These include nanoparticle-based
drug delivery, plant-derived phytochemicals, probiot-
ics, bacteriophage therapy, antimicrobial peptides, and
vaccines [10-15]. Among these, anti-urease compounds
have emerged as a compelling alternative due to their
targeted inhibition of urease—an essential enzyme for H.
pylori’s acid-neutralizing survival strategy. By selectively
disabling this enzyme, these agents impair the bacteri-
um’s ability to colonize the stomach, potentially without
exerting strong selective pressure or affecting beneficial
flora.

This review focuses on the role of anti-urease thera-
peutic strategies in the treatment of H. pylori infections,
examining their mechanisms of action, in silico design
strategies, selectivity, and clinical relevance as part of a
broader effort to develop innovative and effective treat-
ment approaches.

H. pylori pathogenesis and persistence
mechanisms—an overview

H. pylori is widely recognized as a gastric pathogen with
a restricted host range that predominantly colonizes the
human stomach during childhood. Despite its pervasive
prevalence, with infection rates exceeding 90% in devel-
oping regions and impacting more than half of the global
population, the majority of H. pylori infections remain
asymptomatic, posing significant public health concerns
because of their potential to cause severe gastrointesti-
nal diseases such as peptic ulcers and gastric cancer [16,
17]. The pathogenesis and persistence of H. pylori are
attributed to its sophisticated mechanisms for coloniza-
tion, immune evasion, and adaptation to the harsh gastric
environment [18-21]. H. pylori employs a multifaceted
approach to colonize the gastric mucosa and evade the
host immune response. Upon entering the stomach, H.
pylori uses its flagella to navigate through the acidic envi-
ronment toward the protective mucus layer lining the
stomach epithelium [22]. The bacterium adheres to gas-
tric epithelial cells via outer membrane proteins such as
BabA (blood group antigen-binding adhesin) and SabA
(sialic acid-binding adhesin), facilitating attachment to
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host cell receptors and promoting persistent colonization
[23] (Fig. 1).

Furthermore, H. pylori manipulates host cell signaling
pathways to disrupt tight junctions, thereby increasing its
survival and proliferation. The bacterium secretes effec-
tor proteins such as CagA (cytotoxin-associated gene
A) and VacA (vacuolating cytotoxin A), which modulate
host cell functions, induce inflammation, and contribute
to tissue damage. CagA is delivered into host cells via a
type IV secretion system (T4SS), leading to alterations
in cellular processes, whereas VacA induces vacuole for-
mation, disrupting cellular homeostasis [24, 25] (Fig. 1).
Those virulence factors also present promising targets,
with inhibitors showing potential in neutralizing its tox-
icity [26], while epitope-based subunit vaccines offer a
complementary strategy for broad H. pylori prevention
[27].

H. pylori has evolved several mechanisms to persist in
the hostile gastric environment. One such mechanism
is its ability to transition from a spiral to a coccoid form
under adverse conditions such as nutrient deprivation or
antibiotic exposure. The coccoid form is viable but non-
culturable, allowing H. pylori to survive for extended
periods and potentially revert to its spiral form when
conditions become favorable [28].

Biofilm formation is another persistence strategy
employed by H. pylori. Biofilms are structured commu-
nities of bacteria encased in an extracellular matrix that
protects them from environmental stresses, including
antibiotic treatment and immune responses. Biofilm-
associated H. pylori exhibit increased resistance to anti-
biotics and can act as reservoirs of genetic diversity,
facilitating the spread of antibiotic resistance genes [29]
(Fig. 1). One of the most critical virulence factors in H.
pylori pathogenesis is the urease enzyme. Urease plays a
pivotal role in the ability of bacteria to colonize the stom-
ach and establish infection. The enzyme catalyzes the
hydrolysis of urea into ammonia and carbon dioxide, a
reaction that neutralizes gastric acid and creates a more
hospitable microenvironment for the bacterium [30, 31].
In addition to neutralizing stomach acid, urease con-
tributes to immune evasion. The ammonia produced by
urease activity is toxic to host cells and disrupts their cel-
lular functions, leading to cell death and tissue damage.
This damage elicits an inflammatory response character-
ized by the infiltration of neutrophils and other immune
cells, which H. pylori further exploits to its advantage
[32] (Fig. 1). H. pylori-induced inflammation is chronic
and can lead to the disruption of gastric mucosal integ-
rity, creating niches for bacterial colonization [33]. The
chronic inflammatory response also increases the risk of
developing gastric malignancies, including adenocarci-
noma and MALT lymphoma [34]. Moreover, the urease
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Fig. 1 Helicobacter pylori's major virulence factors and their effects on the gastric epithelium. H. pylori adheres to gastric epithelial cells via the outer
membrane proteins BabA and SabA. The bacterium secretes effector proteins such as CagA and VacA, disrupting host cell functions and inducing
inflammation. CagA is delivered via a type IV secretion system, whereas VacA induces vacuole formation. Urease, another critical virulence factor

in H. pylori, is used to resist gastric acidity by creating a neutral gastric microenvironment. This diagram was created and designed with https://www.

biorender.com/

enzyme itself can act as an immunogen, stimulating an
immune response that contributes to tissue damage and
disease progression [35].

Urease—a critical virulence factor of H. pylori

H. pylori depends on its specific virulence factor, ure-
ase, to thrive in the harsh acidic environments of the
stomach. Urease catalyzes the hydrolysis of urea into
ammonia and bicarbonate, creating a localized neutral
microenvironment that shields the bacterium from gas-
tric acid. Additionally, ammonia itself contributes to neu-
tralizing the acidic surrounding environment. This allows
H. pylori to colonize the gastric mucosa and evade host
immune defenses. An in-depth understanding of the
molecular mechanisms underlying the unique urease-
mediated survival mechanism adopted by this pathogen
is paramount in developing treatments specifically tar-
geting H. pylori urease (HPU). This next section delves
into the structural and functional characteristics of HPU,
revealing its role as a cornerstone in H. pylori pathogen-
esis [30, 31, 36] (Fig. 2). Unlike other urease-producing
bacteria, H. pylori’s survival is intricately attributed to
its urease activity, presenting a promising avenue for
urease-targeted therapeutic interventions. The absence

of the urease-encoding gene in the human genome and
the gut microbiome further strengthens the appeal of
this strategy [37]. By developing treatments specifically
targeting HPU, we can selectively suppres viability of
H. pylori infections while minimizing disruption to the
gut microflora, unlike antibiotic-based therapies. Ure-
ase, classified as a nickel-dependent hydrolase, is a cata-
lytically potent enzyme responsible for the conversion of
urea into ammonia and bicarbonate. The significance of
this enzyme extends beyond a mere biochemical process,
as it plays a critical role in the survival and pathogenesis
of various bacteria, notably H. pylori. The importance of
this enzyme is centered on its catalytic power and its role
in bacterial adaptation to the acidic gastric environment
[38, 39] (Fig. 2). Notably, the absence of urease in the
human gut microflora and many E. coli strains ensures
that targeting H. pylori urease preserves the gut microbi-
ota balance and overall health. In addition to the gut, ure-
ase is also present in other non-H. pylori bacteria, such as
Proteus mirabilis, Klebsiella pneumoniae, Staphylococcus
saprophyticus, and Ureaplasma urealyticum [40]. Proteus
mirabilis urease activity is associated with urinary tract
infections (UTIs) and the formation of struvite stones,
which can lead to chronic kidney issues [41, 42]. Other
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Fig. 2 Helicobacter pylori urease (HPU) activity in the stomach. HPU hydrolyzes urea into ammonia (NHs) and carbon dioxide (CO,) within the acidic
gastric environment. The ammonia produced creates a neutral microenvironment that protects the bacterium from the acidic pH (1-3)
of the gastric lumen and helps the bacterium colonize the gastric epithelium. This diagram was created and designed with https://www.biorender.

com/

urease-producing bacteria, such as Klebsiella pneumo-
niae, can cause respiratory infections and UTIs [43],
Staphylococcus saprophyticus is commonly associated
with UTIs [44], and Ureaplasma urealyticum is known
to cause urogenital infections and complications during
pregnancy [45, 46]. In the context of H. pylori, urease
emerges as a virulence factor, contributing significantly
to bacterial survival in the hostile gastric environment
[4]. The focus here is on unraveling the complexities of
urease in H. pylori, with an emphasis on its structural
organization and functional significance.

H. pylori urease structure

HPU consists of two structural subunits, UreA (26 kDa)
and UreB (61 kDa), which assemble into a functional
enzyme complex [47], forming a complex tetrahedral
structure by four trimers of dimers ((«f);), [48], result-
ing in twelve active sites per functional HPU molecule.
This intricate arrangement harbors a unique catalytic
site featuring two Ni(Il) ions bridged by a carbamylated
lysine, facilitating efficient urea hydrolysis. This arrange-
ment underscores the ability of the enzyme to catalyze
the hydrolysis of urea with remarkable efficiency [30, 49].
A detailed description of ligand—receptor interactions is
crucial for rational drug design targeting H. pylori ure-
ase. The enzyme’s active site contains a binuclear nickel
center that is coordinated by conserved residues, includ-
ing His219, His275, and Asp363, which are critical for

urea hydrolysis. Importantly, the His492 residue resides
within a flexible mobile flap region, which acts as a gate
regulating access to the active site. Upon substrate or
inhibitor binding, this flap undergoes conformational
changes that modulate catalytic activity. Selective inhibi-
tors often form hydrogen bonds or coordinate directly
with the nickel ions, while also interacting with flap-
region residues like His492 to stabilize binding. For
instance, hydroxamic acid-based inhibitors can chelate
both nickel atoms and form additional polar contacts
with the surrounding amino acids, enhancing affinity and
specificity. This dual mechanism—metal coordination
and hydrogen bonding with the dynamic flap—has been
shown to be a key strategy in designing inhibitors that are
both potent and selective for H. pylori urease, minimizing
off-target effects on other microbial or human metallo-
enzymes [50-52]. Notably, tetrahedral assembly contrib-
utes significantly to enzyme stability and functionality,
allowing for the simultaneous processing of multiple urea
molecules and increasing the efficiency of ammonia and
bicarbonate production [31]. This structural architecture
highlights the sophistication embedded in urease design
(Fig. 3). The catalytic site’s involvement of nickel ions and
a carbamylated lysine residue is pivotal for the enzyme’s
catalytic ability [47]. This unique configuration gives ure-
ase an extraordinary rate enhancement, with a half-life
of 20 ms and a rate enhancement of 3x 10", surpassing
those of other known hydrolases [53]. Such dynamics
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Fig. 3 Functional organization of the urease gene cluster in H. pylori. The ureA and ureB genes encode the 26.5-kDa and 60.3-kDa subunits,
respectively. The accessory genes uref, uref, ureG, and ureH encode the accessory proteins Urek, UreF, UreG, and UreH, which serve to insert nickel
ions (Ni?*) into the apoenzyme in an energy-requiring reaction. Two nickel ions are coordinated into the active site of each UreB subunit. Thus,

each H. pylori urease contains 12 nickel ions when fully activated. The urea transporter (Urel) facilitates the influx of urea into the bacterial cytoplasm.

This diagram was created and designed with https://www.biorender.com/

at the catalytic site contribute to the efficiency of urea
hydrolysis, a process integral to bacterial survival strate-
gies [54].

Urea (NH,-CO-NH,) ammonia (NH;) + carbon dioxide (CO,)

The above reaction is fundamental for H. pylori survival
in acidic environments such as the human stomach. The
breakdown of carbamate into ammonia and carbonic
acid contributes to an increase in pH, which is central to
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the survival of H. pylori in the highly acidic conditions
of the stomach, as it neutralizes the surrounding acidic
environment [36]. Several studies have demonstrated the
adaptive mechanisms of enzymes in response to envi-
ronmental pH changes and their structural resilience.
The impact of pH on HPU was analyzed via molecular
dynamics simulations at various pH values to determine
the protonation states of urease-titratable residues and
their influence on the enzyme’s charge distribution and
stability. The results revealed that under acidic condi-
tions (pH=2 and 3), urease subunits start to separate,
leading to protein disaggregation. This study provides
insights into urease behavior in different pH environ-
ments, emphasizing its importance in H. pylori survival
in acidic conditions such as the stomach [55]. Another
study analyzing the structure and acid resistance of ure-
ase reported the crystallization of HPU, revealing a dode-
cameric assembly with significant acid resistance. The
supramolecular design of the enzyme, with large inter-
nal hollow and active sites that mutually protect each
other from acid inactivation, contributes to its stability
in acidic environments [50]. Urease-mediated hydrolysis
of urea generates ammonia, a weak base that neutralizes
incoming protons and prevents cytoplasmic acidification.
This process allows H. pylori to maintain a neutral cyto-
plasmic pH under acidic conditions, facilitated by the
export of ammonium ions via transporters. This mecha-
nism contrasts with conventional pH homeostasis in aci-
dophiles and underscores the crucial role of urease in H.
pylori survival and pathogenesis [56]. On the other hand,
the Urel channel, discussed later in detail, is crucial for
regulating urea entry into bacterium, especially under
acidic conditions. The coordinated function of these
components is vital for H. pylori survival [57, 58] (Fig. 3).

Helicobacter pylori urease—mechanism of action

The urease enzyme of H. pylori is composed of subunits
UreA and UreB. While UreA does not participate directly
in catalysis, it is essential for maintaining the structural
integrity of the enzyme. UreB, on the other hand, con-
tributes directly to the formation of the active site that
houses nickel ions—crucial cofactors required for enzy-
matic function [59, 60].

Nickel ions are embedded within the UreB subunit and
are indispensable for catalysis [52]. The maturation of
urease into its active form requires the action of several
accessory proteins, including UreE, UreF, UreG, UreH,
and Urel. These proteins coordinate the delivery and
incorporation of nickel into the urease enzyme, ensuring
its catalytic competence.

Urel, a membrane protein, functions as an H'-gated
urea channel. Under acidic stress, Urel is activated,
facilitating the influx of urea into the cytoplasm. This
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mechanism is critical for acid tolerance, as intracellu-
lar urease hydrolyzes urea into ammonia and carbon
dioxide, effectively neutralizing the acidic environment
[61-63].

Nickel acquisition in H. pylori is mediated by outer-
membrane transport systems such as FrpB4 (a TonB-
dependent transporter) and possibly FecA3. Intracellular
nickel trafficking involves complex protein networks that
manage distribution between urease and hydrogenase
systems [39]. Proteins like HspA serve dual roles in nickel
storage and delivery, acting as metallo-chaperones cru-
cial for bacterial survival under acidic conditions [39].

The nickel-responsive transcriptional regulator NikR
modulates gene expression related to urease activity,
maintaining homeostasis in response to intracellular
nickel levels. Meanwhile, the NixA transporter plays a
central role in nickel uptake, supporting urease function
and contributing to H. pylori virulence [38, 64—66].

Beyond NixA, H. pylori employs additional trans-
porters, including FrpB4 and the recently characterized
NiuBDE system. FrpB4 is particularly responsive in acidic
environments, while NiuBDE operates effectively across
a broader pH range. The complementary pH responsive-
ness of these systems underlines their adaptive impor-
tance for nickel acquisition [67, 68].

Nickel-binding proteins such as HypB, a GTPase
involved in urease and hydrogenase maturation, further
illustrate the complexity of metal coordination. Nickel
binding to HypB is regulated by nucleotide interaction,
with His-107 playing a pivotal role in metal coordination.
These interactions highlight the tight coupling between
metal binding, GTP hydrolysis, and enzymatic biosynthe-
sis in H. pylori [69].

Accessory proteins UreH, UreF, UreG, and UreE are
indispensable for urease activation. UreF, for example,
acts as a GTPase-activating protein, promoting GTP
hydrolysis by UreG—a necessary step in nickel incor-
poration. Structural modeling studies show that UreF
undergoes conformational changes upon complexing
with UreH, facilitating UreG recruitment and heterotri-
meric complex formation (UreG-UreF-UreH), which is
critical for urease maturation [70-72].

UreF also forms dimers with high o-helical content
and binds two nickel ions per dimer. Specific residues
are involved in Ni*" coordination, and mutations in these
residues impair binding, reinforcing UreF’s role in nickel
trafficking [73]. UreG, a SIMIBI-class GTPase, remains
structurally flexible even when bound to nickel and GTP.
This flexibility suggests that allosteric communication is
vital for effective urease activation [74].

Recent studies have identified UreG as a target for
urease inhibition. Colloidal bismuth subcitrate disrupts
urease maturation by interfering with UreG, suggesting
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a potential antimicrobial strategy [75]. Protein—protein
interactions within the urease gene cluster have also been
elucidated, including complexes such as UreF-UreH and
UreG-UreE, which are essential for the delivery of nickel
ions to the urease active site [76, 77].

UreG forms a (UreE),-(UreG), complex that mediates
nickel transfer from UreE, a critical step for enzyme acti-
vation [78]. Molecular dynamics studies have also iden-
tified nickel-transport tunnels within the HpUreDFG
complex. These tunnels facilitate targeted nickel transfer,
underscoring their importance in urease biosynthesis and
offering new therapeutic targets for inhibiting enzyme
activation [79].

Autoinducer-2 (AI-2), a quorum-sensing molecule, has
been shown to upregulate urease expression via suppres-
sion of the HP1021 response regulator. This modulation
enhances H. pylori survival in acidic environments and
suggests novel avenues for antimicrobial intervention tar-
geting urease regulation [80].

The histidine-rich protein Hpn plays a central role
in nickel trafficking. It binds nickel with high affinity,
contributing to both storage and mobilization. Com-
parative studies reveal differences in nickel-binding ther-
modynamics across Hpn variants from different H. pylori
strains, highlighting the significance of histidine and glu-
tamine residues in metal binding [64, 81, 82].

Finally, the interplay between urease and carbonic
anhydrases (CAs) is crucial for H. pylori’s acid acclima-
tization. Urease hydrolyzes urea to ammonia (NH;) and
carbon dioxide (CO,). In the cytoplasm, B-CA hydrates
CO,, while a-CA in the periplasm performs a similar
function. These reactions produce ions that interact with
ammonia to form NH," and bicarbonate (HCO;"), buffer-
ing protons and stabilizing intracellular and periplasmic
pH [83-85].

This dual-enzyme system—urease and carbonic anhy-
drases—demonstrates an evolved strategy by which H.
pylori survives the gastric niche (Fig. 4). These mecha-
nisms represent critical vulnerabilities that may be
exploited in the development of targeted therapies aimed
at disrupting bacterial acid resistance and colonization
(86, 87].

Conventional antibiotic therapies against H. pylori:
challenges and limitations

Managing H. pylori infection has become increasingly
challenging in recent years. The effectiveness of cur-
rent treatment strategies has been significantly com-
promised due to the emergence of antibiotic resistance
and limitations inherent to the regimens themselves.
Traditionally, H. pylori therapy has relied on standard
triple therapy, a combination of a proton pump inhibi-
tor (PPI) such as omeprazole or lansoprazole with two
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antibiotics, typically clarithromycin and amoxicillin or
metronidazole. While the initial treatment success rate
exceed 90%, the effectiveness of this approach has sig-
nificantly declined in recent years [88, 89]. This decline
is attributed primarily to the alarming increase in anti-
biotic-resistant H. pylori strains. The widespread and
often inappropriate use of antibiotics in both human
and veterinary medicine has fueled the emergence of
resistance, particularly against clarithromycin (22.2%)
and metronidazole (69.2%) [90]. This rise in resistance
significantly hinders the effectiveness of triple therapy,
necessitating the exploration of alternative treatment
options. Quadruple therapy has emerged as a response
to the declining efficacy of triple therapy. This regimen
incorporates PPIs, bismuth subsalicylate, metronida-
zole, and tetracycline. While offering enhanced bac-
terial suppression rates of up to 90% compared with
traditional triple therapy, quadruple therapy is associ-
ated with a greater incidence of side effects, including
nausea, diarrhea, metallic taste, and potential bismuth-
induced black stools. Additionally, concerns remain
regarding the potential for this more aggressive regi-
men to further accelerate the development of multid-
rug-resistant H. pylori strains [91, 92]. In addition to
antibiotic resistance, current H. pylori therapies present
other challenges. Antibiotic treatments often disrupt
the balance of the gut microflora, leading to dysbio-
sis and associated health issues such as inflammatory
bowel disease, irritable bowel syndrome, and metabolic
disturbances [93-95]. Furthermore, the effectiveness of
these standardized treatment regimens can be limited
by patient-specific factors. Coinfection with multiple H.
pylori strains harboring diverse genotypes and pheno-
types poses a significant challenge. These variations in
the bacterial population can lead to differences in drug
susceptibility, complicating treatment selection. Studies
have shown that bacterial suppression rates can be sig-
nificantly lower in patients with mixed infections than
in those harboring a single H. pylori strain [96-98].
The mechanisms by which H. pylori develops antibiotic
resistance are multifaceted. Mutations within the bac-
terial genome can disrupt the binding sites of antibiot-
ics, rendering them ineffective. Examples include point
mutations in the 23S rRNA gene for macrolides such as
clarithromycin, mutations in the gyrA and gyrB genes
for fluoroquinolones, and alterations in penicillin-bind-
ing proteins for beta-lactam antibiotics such as amoxi-
cillin. Additionally, factors such as reduced drug uptake
and efflux mediated by multidrug resistance pumps,
biofilm formation, and the ability of H. pylori to enter
a coccoid form that is less susceptible to antibiotics can
further contribute to treatment failure. These mecha-
nisms collectively contribute to a concerning rise in H.
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cytoplasmic and periplasmic pH under acidic conditions. This diagram was created and designed with https://www.biorender.com/

pylori strains resistant to multiple antibiotic classes,
posing a significant threat to successful treatment out-
come [99].

Given the evolving landscape of H. pylori treatment,
the increase in antibiotic resistance has necessitated the

exploration of various antibiotic-free therapies. These
alternative treatments focus on the use of plant-based
compounds, probiotics, nanoparticles, phage ther-
apy, antimicrobial peptides, vaccines, and anti-urease
compounds.
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Alternative antibiotic-free therapeutic strategies
against H. pylori

Plant-based compounds

In the context of plant-based therapies for combating H.
pylori, phytochemicals, which are natural compounds
found in plants and have been demonstrated to have anti-
H. pylori activity [100]. Among these compounds, flavo-
noids such as quercetin and catechins have been reported
to inhibit the growth of H. pylori and its adherence to
the gastric mucosa [101-103]. Additionally, essential oils
from herbs and spices such as oregano, thyme, and cin-
namon are recognized for their antibacterial properties
against H. pylori, potentially disrupting the bacterial cell
membrane and interfering with its metabolic processes
[104, 104—106]. Ali et al. demonstrated that two bioactive
compounds (Eugenol and cinnamaldehyde, both present
in essential oils of plants) inhibited the growth of 30 H.
pylori strains, with enhanced activity at acidic pH and no
resistance developing [107]. Another promising avenue
for generating H. pylori treatments is the exploration of
medicinal plants, particularly herbal extracts. Extracts
from certain herbs have shown potential in treating H.
pylori infections. For example, liquorice root, which con-
tains the compound glycyrrhizin, has been demonstrated
to be effective in inhibiting H. pylori growth [106, 108].
Similarly, green tea, which is rich in catechins, espe-
cially epigallocatechin gallate, has notable anti-H. pylori
activity [109, 110]. Despite the potential of these natu-
ral compounds, none of the plant-based compounds are
currently approved by the FDA as individual standard
therapies against H. pylori. In addition, a lack of stand-
ardization and quality control, insufficient clinical evi-
dence and potential interactions with other medications
can lead to undesirable side effects, leading to limitations
in the use of plant-based compounds [111, 112].

Probiotics

Probiotic therapy has gained attracted significant atten-
tion as potential treatment for H. pylori infections.
These live beneficial microorganisms offer a multifac-
eted approach to combating H. pylori. Probiotics target
H. pylori through several mechanisms. Immunologically,
they can modulate the host immune response by secret-
ing anti-inflammatory cytokines and regulating the
mucosal immune response. This modulation reduces
the release of inflammatory cytokines and chemokines,
thereby mitigating the gastric inflammation induced by
H. pylori. Probiotics stimulate the secretion of mucins
and glycoproteins, which protect the gastric mucosa
by preventing H. pylori adhesion to epithelial cells [83,
113-115]. Non-immunologically, probiotics produce
substances such as short-chain fatty acids (e.g., acetic
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and propionic acids), lactic acid, and bacteriocins. These
substances inhibit the growth of H. pylori by lowering the
local pH and directly reducing bacterial viability. Probiot-
ics also compete for adhesion sites on the gastric mucosa,
effectively limiting the ability of H. pylori to colonize and
establish infection.

In addition to their direct antimicrobial effects, probi-
otics play a crucial role in modulating the immune sys-
tem, potentially enhancing the overall response of the
host to infection [113, 116]. Specific strains, particularly
Lactobacillus and Bifidobacterium have demonstrated
effectiveness against H. pylori. These probiotic strains
have been shown to inhibit H. pylori, reduce the side
effects commonly associated with standard antibiotic
treatments, and, importantly, enhance treatment suc-
cess when used as adjuncts. This suggests a synergistic
effect, where probiotics not only contribute to their anti-
H. pylori activity but also enhances the efficacy of con-
ventional treatments. This insight into probiotic therapy
underscores its potential as a complementary approach
to H. pylori management [117-121].

Despite the promising potential of probiotics as alter-
native therapies for H. pylori, several limitations should
be considered. One major challenge is the lack of stand-
ardization in probiotic formulations. The efficacy of
different strains of probiotics can vary widely, and the
optimal strains and dosages for H. pylori eradication are
not yet well defined. Additionally, clinical evidence sup-
porting the ability of probiotics to significantly reduce H.
pylori colonization or improve clinical outcome remains
limited [113]. While some studies show that probiotics
can enhance treatment response and alleviate side effects
and reduce treatment-related side effects [122], other
studies report no significant benefit [123].

Nanoparticles

The use of nanoparticles (NPs) for treating H. pylori
and gastric cancer shows significant promise because of
their unique physicochemical properties. NPs enhance
immune regulation and enable targeted drug delivery and
the controlled release of drugs, antigens, and adjuvants
directly to the intended target sites while avoiding patho-
logical disorders [113, 124]. This controlled drug release
property allows for sustained therapeutic effects, reduc-
ing the frequency of administration and minimizing sys-
temic toxicity, which is particularly beneficial for treating
chronic infections such as H. pylori and gastric cancer.
Nanoparticles can be broadly classified into three major
categories: metal-based (e.g., silver, gold, and zinc oxide),
polymer-based (e.g., chitosan and other biodegradable
polymers), and lipid-based (e.g., liposomes and solid lipid
nanoparticles), each offering unique advantages in drug
delivery and inhibit bacterial growth [125, 126].
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Metal NPs, including those made from silver, gold, and
zinc oxide, have demonstrated strong antibacterial prop-
erties against H. pylori. Silver NPs interact with proteins
in bacterial membranes, leading to disruption of bacterial
cell functions and bacterial death. Studies have shown
that silver NPs synthesized through green methods, such
as using plant extracts, can effectively inhibit the growth
of H. pylori [127]. In addition to their direct antibacterial
effects, silver NPs have been shown to inhibit H. pylori
quorum sensing (QS) and biofilm formation, disrupting
bacterial communication pathways that contribute to
antibiotic resistance and persistence in the gastric envi-
ronment [128]. Likewise, gold and zinc oxide NPs have
been shown to damage bacterial cell membranes and
inhibit H. pylori growth, making them potent agents
against antibiotic-resistant strains [124, 129, 130]. Nota-
bly, gold NPs have been investigated as drug carriers to
enhance the antibacterial effects of conventional antibiot-
ics. A study by Fateh et al. demonstrated that conjugating
gold NPs with metronidazole significantly increased its
anti-H. pylori activity, overcoming metronidazole resist-
ance and resulting in a 17-mm growth inhibition zone
against resistant strains [131]. Additionally, an innova-
tive approach using nanocluster-mediated photothermal
therapy has demonstrated significant potential in inhibit-
ing H. pylori growth. A study by Meng et al. showed that
zinc ferrite nanoclusters, when exposed to near-infra-
red (808 nm) irradiation, effectively inhibited H. pylori
growth by inducing bacterial membrane disruption and
ribosome damage. Moreover, this treatment enhanced
antibiotic sensitivity, reducing resistance to levofloxacin
and clarithromycin while also decreasing H. pylori bio-
film formation [132].

Polymeric NPs offer a biocompatible platform for tar-
geted drug delivery in inhibiting H. pylori growth. These
versatile carriers can be loaded with antibiotics or natu-
ral antimicrobials, improving their potency and efficacy.
Chitosan-based NPs have been widely researched due
to their mucoadhesive properties, which allow them to
adhere to the gastric mucosa and deliver drugs directly
to the site of infection. These NPs can encapsulate anti-
biotics such as amoxicillin, improving their stability and
effectiveness against H. pylori in the acidic environment
of the stomach [133]. Furthermore, the ability of chitosan
NPs to provide controlled drug release ensures prolonged
drug action at the infection site, enhancing bacterial
inhibition while minimizing off-target effects. Surface
modifications of chitosan NPs with targeting ligands have
further enhanced their efficacy by directing them to spe-
cific sites of bacterial colonization [133-135]. Addition-
ally, pH-responsive coatings can be employed to ensure
the controlled release of the encapsulated drug only
within the acidic environment of the stomach, further
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enhancing the specificity and effectiveness of the therapy
[136, 137]. A recent study by Grosso et al. introduced a
novel approach using semi-interpenetrating polymer
networks (semi-IPN) as gastroretentive drug delivery
systems for H. pylori treatment. These biodegradable,
super porous, and mucoadhesive matrices demonstrated
sustained amoxicillin release at pH 1.2 and pH 5.0 over
24 h, ensuring prolonged drug retention in the stomach.
Furthermore, formulations incorporating vonoprazan (a
potassium-competitive acid blocker) alongside amoxi-
cillin showed promise in enhancing drug stability and
improving efficacy while mitigating the development of
antibiotic resistance [138].

Lipid-based NPs, such as liposomes, solid lipid nano-
particles (SLNs) and nanostructured lipid carriers
(NLCs) have also been explored for H. pylori treatment.
These systems provide a biocompatible and biodegrada-
ble drug delivery platform with the ability to encapsulate
both hydrophilic and hydrophobic drugs. A recent study
by Lopes-de-Campos et al. demonstrated the potential
of amoxicillin-loaded lipid NPs functionalized with dio-
leoylphosphatidylethanolamine (DOPE) for targeted H.
pylori. These lipid NPs exhibited strong bacterial adhe-
sion inhibition, increased gastric retention, and direct
bactericidal activity, even in the absence of antibiotics.
Additionally, the study introduced a novel floating sys-
tem to prolong gastric retention time, ensuring sustained
drug release and improved therapeutic efficacy [139].
SLNs and NLCs further offer improved drug stability,
controlled release properties, and enhanced penetration
of the gastric mucosal barrier, making them promising
candidates for H. pylori treatment therapy [140, 141].
Despite these advancements, challenges remain, such as
stability, gastrointestinal degradation, immune response,
and the need for biodegradability and compatibility of
NPs for clinical use. Future efforts aim to overcome these
hurdles, promising wider biomedical applications and
individualized precision therapy [142, 143].

Phage therapy

Phage therapy, which uses bacteriophages (phages)
and phage lysins, offers several advantages over tradi-
tional antibiotics. Phages exhibit high target specific-
ity, minimizing disruption of the gut microbiome [144,
145]. Additionally, phages exhibit a unique characteris-
tic benefit: they self-replicate at the infection site once
they encounter their target bacteria. This ability to self-
replicate at the infection site reduces the risk of off-target
effects. Furthermore, phages have been shown to rapidly
enter a death phase when the target bacteria are reduced,
minimizing the risk of prolonged exposure and potential
development of adverse immune responses [146]. More-
over, phages mutate more frequently than bacteria do,
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potentially aiding in the treatment of phage-resistant H.
pylori strains [147].

Despite these advantages, limited research has been
conducted on the use of phages for H. pylori. Recent
studies show promise for phage-based therapies, as some
phages isolated from wastewater (HPE1 and HPE2) have
demonstrated the ability to adapt to the acidic environ-
ment of the human stomach and exhibit high thermal
stability [148]. However, the harsh physiological condi-
tions inside the stomach can compromise the effective-
ness of most phages. The acidity of gastric juice and
digestive enzymes can greatly affect the biological and
structural composition of phages, thus reducing their
proliferation and concentration at the infected site [149,
150]. Cuomo et al. demonstrated the effectiveness of
lactoferrin-hydroxyapatite complex phages (Hp +LF-HA)
in specifically killing H. pylori without harming host cells.
Furthermore, hydroxyapatite nanoparticles have also
been shown to increase phage stability and lytic activity
within harsh gastric environments [151]. These advance-
ments highlight the potential for developing targeted
and effective phage therapies for H. pylori. While the
advantages of phage therapy are compelling, limitations
exist. The narrow cleavage spectrum of some phages
might necessitate a cocktail approach for broader effi-
cacy. Additionally, potential drawbacks include lysogenic
phage-mediated transfer of toxins and antibiotic resist-
ance genes, as well as bacterial endotoxin release upon
lysis [144, 152]. Further research is needed to address
these challenges and optimize phage delivery systems.
Importantly, well-designed clinical trials are crucial for
assessing the safety and efficacy of phage therapy for H.
pylori treatment.

Antimicrobial peptides

Antimicrobial peptides (AMPs) represent a naturally
occurring and diverse class of gene-encoded proteins
produced by a wide range of organisms. AMPs function
as the first line of defense in the host innate immune
response and play a critical role in combating microbial
invasions [153]. Unlike conventional antibiotics that tar-
get specific bacterial processes, AMPs primarily exert
bactericidal effects rather than bacteriostatic, as they
disrupt the microbial cell membrane [154]. This multi-
pronged approach to microbial treatment contributes to
broad-spectrum activity and significant selectivity toward
bacterial cells. Most AMPs are cationic because of the
presence of positively charged residues such as arginine,
lysine, and histidine. This positive charge allows AMPs to
interact with the negatively charged bacterial cell mem-
brane, leading to increased permeability, pore formation,
and ultimately, cell lysis [155, 156]. Additionally, AMPs
can traverse the bacterial cytoplasm and disrupt essential
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processes such as cell wall synthesis, DNA and RNA
replication, protein synthesis, and cell division [153].
Furthermore, the relatively low cost of synthesis makes
AMPs a potentially cost-effective therapeutic strategy
against antibiotic-resistant H. pylori strains [155]. Com-
pared with conventional antibiotics which have a single
target, the complex mode of action of AMPs makes it sig-
nificantly more challenging for bacteria to develop resist-
ance [157]. This low incidence of resistance development
positions AMPs as a promising strategy to combat multi-
drug-resistant (MDR) bacteria.

Several AMPs have demonstrated both in vitro and
in vivo activity against H. pylori. Synthetic analogs such
as pexiganan (MSI-78), derived from the frog skin pep-
tide magainin 2, exhibit rapid bactericidal activity against
H. pylori and synergize with beta lactams, potentially
reducing required drug dosage and mitigating associ-
ated side effects [158, 159]. Tilapia piscidin 4 (TP4) from
tilapia fish mast cells shows potent anti-H. pylori activ-
ity in vitro and reduces bacterial colonization in animal
models, suggesting its potential for effective treatment
and prevention of bacterial spread [160, 161]. Similarly,
epinecidin-1 (Epi-1) derived from grouper fish manifests
dose- and time-dependent bactericidal effects against
H. pylori and has synergistic effects with antibiotics
[162-164].

Cathelicidins, a class of AMPs with immunomodula-
tory properties, represent another promising avenue for
H. pylori treatment. Other AMPs, such as human LL-37
and its murine homolog cathelin-related antimicrobial
peptide (CRAMP), have shown significant anti-H. pylori
activity. Notably, human LL-37 exhibits increased resist-
ance to the acidic stomach environment, making it a
potentially well-suited candidate for H. pylori treatment
[165—167]. Furthermore, a study by Jiang et al. suggested
that Cbf-K16, a cathelicidin-like peptide, has bactericidal
effects on H. pylori at low pH and inhibits colonization in
an animal model, making it a potentially well-suited can-
didate for H. pylori treatment [168]. Defensins, such as
human neutrophil peptide 1 (HNP-1), and plant-derived
AMPs, such as SolyC, have also demonstrated efficacy
against H. pylori, including antibiotic-resistant strains
[169, 170]. Bicarinalin, an AMP from ant venom, has dual
modes of action: directly targeting H. pylori and inhibit-
ing bacterial adhesion to gastric cells. This dual mode of
action could significantly reduce bacterial colonization
and persistence within the stomach lining [171, 172].
Odorranain-HP from the odorous frog possesses anti-H.
pylori activity with low hemolytic potential, minimiz-
ing potential side effects [173]. PGLa-AM1, a cationic
AMP from the African clawed frog, has rapid bactericidal
activity against H. pylori [174—176]. Finally, bacteriocins
produced by certain probiotic bacteria, such as nisin A,
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pediocin BA28, and bulgaricus BB18, have been shown to
have inhibitory effects on H. pylori strains [177—-180].

While these AMPs hold immense promise, certain
limitations need to be addressed. Bacterial resistance to
AMPs, although less common than resistance to conven-
tional antibiotics, can occur through mechanisms such
as cell envelope modification or AMP degradation [155].
Additionally, natural AMPs often suffer from proteolytic
degradation, poor bioavailability, and short half-lives,
necessitating the development of more stable analogs
or delivery systems [113, 181]. Further research on their
mechanisms of action, overcoming limitations, and opti-
mizing delivery methods is crucial to fully understand
their therapeutic potential in the fight against H. pylori
infection.

Helicobacter pylori vaccine

Vaccination offers a compelling approach to prevent H.
pylori infection and reduce the associated disease bur-
den. While no licensed H. pylori vaccine exists yet, recent
advancements in vaccine development technologies and
a deeper understanding of H. pylori pathogenesis hold
promise for overcoming past challenges. Preclinical stud-
ies have yielded encouraging results with novel vaccine
technologies such as vector-based vaccines using bacteria
and multiepitope vaccines carrying specific T and B cells.
Vector-based vaccines, particularly those utilizing live
bacteria, have demonstrated the ability to elicit a robust
immune response due to their efficient delivery and rec-
ognition by the immune system [182]. Multiple epitope
vaccines, which are designed to target a broader range
of H. pylori antigens, offer an advantage in combating
strains with diverse antigenic profiles [183]. Additionally,
vaccines targeting BabA, an adhesin molecule crucial for
H. pylori adherence to the gastric epithelium, have shown
promise in animal models. The BabA vaccine has the
ability to offer protection against severe gastric disease
even without complete H. pylori suppression, suggest-
ing its potential to reduce disease burden independent of
bacterial clearance [184].

Despite these advancements, several challenges remain
in H. pylori vaccine development. Elucidating the optimal
T-cell polarization (Th1 vs. Th2) required for effective H.
pylori clearance is crucial for vaccine design [185, 186].
Additionally, the increased cost of clinical trials, particu-
larly in developing countries with limited resources and
expertise, presents a significant hurdle to progress. Con-
tinued research on novel vaccine technologies, a deeper
understanding of the immune response to H. pylori and
increased global collaboration in clinical trials are essen-
tial steps toward the development of safe and effective H.
pylori vaccines. Despite the promising potential of alter-
native antibiotic-free therapies for combating H. pylori,
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significant limitations hinder their effectiveness and reli-
ability. Plant-based compounds, while showing anti-H.
pylori activity in vitro lacks FDA approval due to insuf-
ficient clinical evidence and standardization. Probiotics,
although beneficial, face challenges such as variable effi-
cacy and undefined optimal strains and dosages. Nano-
particle-based treatments encounter issues of stability,
gastrointestinal degradation, and immune response.
Although highly specific, phage therapy requires over-
coming the harsh gastric environment and potential
safety concerns. Antimicrobial peptides, though potent,
suffer from proteolytic degradation and limited bioavail-
ability. Vaccines for H. pylori are still in developmen-
tal stages, and no licensed options are available. These
limitations underscore the critical need for effective
anti-urease compounds, which offer a targeted, scientifi-
cally validated approach to H. pylori inhibition, ensuring
better clinical outcomes and patient safety (Fig. 5) (see
Table 1).

Anti-urease compounds as targeted alternative H.
pylori therapies

The enzymatic activity of HPU plays a critical role in
bacterial survival within the hostile environment of the
stomach, as discussed in Sect. “Urease—a critical viru-
lence factor of H. pylori” By catalyzing the hydrolysis of
urea into ammonia and carbon dioxide, HPU effectively
neutralizes the acidity of the surrounding environment,
creating an alkaline microenvironment that aids in bac-
terial adherence to gastric epithelial cells. This enzy-
matic function is indispensable for H. pylori colonization
and virulence, as it enables the bacterium to evade the
destructive effects of stomach acid and establish persis-
tent infection [56, 59].

Numerous studies have underscored the potential
of HPU inhibition as a therapeutic strategy against H.
pylori infection. Several natural products and synthetic
and semisynthetic compounds have exhibited promis-
ing anti-urease activity in vitro against H. pylori. How-
ever, the translation of these findings into clinically viable
treatments poses significant challenges. Issues such as
poor bioavailability, degradation in the acidic gastric
environment, and potential cytotoxicity limit the effi-
cacy of many compounds in vivo. HPU inhibitors offer a
promising approach by targeting vital enzymes for bac-
terial survival. Notably, the absence of urease in humans
minimizes the risk of off-target effects, as HPU inhibitors
specifically target bacterial enzymes without affecting
any human enzymes. The lack of urease in Lactobacil-
lus strains, one of the main human gut microflorae and
in many strains of E. coli, a typical resident of the intes-
tinal flora, means that targeting the HPU enzyme will
not adversely affect these beneficial species [42-45].



Almarmouri et al. Gut Pathogens (2025) 17:37 Page 14 of 37

Conventional
Antibiotic Therapy

Susceptible o Resistant
H. pylori &G H. pylori
Antibiotics

Plant-based compounds
Phage therapy '

esistan «—
?%)% — > F;-I p;lor;

Probiotics

Antimicrobial peptides

%

H. pylorivaccine

Nanoparticles

Anti-urease compounds

e
Alternative Free-Antibiotic Therapies

Fig. 5 Alternative free-antibiotic therapeutic strategies for overcoming H. pylori antibiotic resistance. The increase in antibiotic resistance
has prompted the exploration of alternative therapies for H. pylori infections, including anti-urease therapy, plant-based treatments, probiotics,

nanoparticles, phage therapy, H. pylori vaccines, and antimicrobial peptides. This diagram was created and designed with https://www.biorender.
com/
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Table 1 Alternative therapeutic strategies against Helicobacter pylori: mechanisms, advantages, and limitations

Therapy type

Mechanism of action

Advantages

Limitations

Plant-based compounds

Probiotics

Nanoparticles
Phage therapy

Antimicrobial peptides (AMPs)

Vaccines

Disrupt membrane integrity, inhibit
adhesion, reduce colonization

Modulate immunity, secrete acids/
bacteriocins, compete for adhesion

Targeted drug delivery, disrupt bacte-

rial biofilms, enhance antibiotic action

Specific bacterial lysis, self-amplifying
action at infection site
Disrupt bacterial membrane, inhibit

protein/DNA synthesis, modulate
immune response

Induce mucosal and systemic
immunity against virulence factors

Natural origin, broad-spectrum
effects

Safe, can reduce inflammation,
improve treatments outcome
when combine with antibiotics

Sustained release, improves stability
of drugs, effective against resistance
High specificity, minimal microbiota
disruption

Broad-spectrum, less resistance
development, rapid killing

Potential for long-term prevention,
strain coverage

Lack of clinical approval, standardiza-
tion issues, possible drug interactions

Variable efficacy, undefined optimal
strains/dosages, limited eradication
ability alone

Stability issues, immune response,
degradation, regulatory hurdles
Sensitivity to gastric acidity, lysogenic
conversion risk, regulatory limitations

Poor bioavailability, proteolytic degra-
dation, delivery system required

Still in development, high cost of trials,
unclear immune targets

and adhesion molecules

Preserving the natural balance of the microflora is essen-
tial for maintaining overall health, particularly in the
gastrointestinal tract. In addition, this absence presents
a unique therapeutic opportunity to selectively target
urease-producing gut pathogenic bacteria. The selective
inhibition of urease can be an effective strategy against
pathogens that rely on this enzyme for survival and path-
ogenicity. This approach has the potential to treat infec-
tions caused by urease-positive bacteria, such as H. pylori
in peptic ulcer disease [187], and certain Proteus species
in urinary tract infections without harming the benefi-
cial Lactobacillus and E. coli populations. The develop-
ment of drugs that inhibit urease represents a promising
avenue for antimicrobial therapy. Such drugs could pro-
vide a more targeted approach, reducing the risk of dys-
biosis and antibiotic resistance that often accompanies
broad-spectrum antibiotic use [99]. In conclusion, anti-
urease compounds present a compelling alternative for
H. pylori suppression, minimizing the risk of off-target
effects in humans. However, challenges remain in iden-
tifying potent and selective inhibitors, optimizing their
delivery, and exploring combination therapies. Contin-
ued research in these areas is essential to unlock the full
potential of HPU inhibition and develop effective treat-
ments against this prevalent pathogen. HPU exhibits
distinct structural and dynamic characteristics that dif-
ferentiate it from ureases of other bacterial species. One
of the key distinguishing features lies in the mobility and
amino acid composition of the flap region- a highly con-
served loop that gates the active site. In H. pylori, this
flap region shows increased flexibility and unique residue
motifs, such as a His322-containing loop and a Pro-Glu-
Ala motif, which are absent in other microbial ureases
like those from Proteus mirabilis, Klebsiella pneumoniae,
or Bacillus pasteurii [47, 188]. These variations result

in altered active site geometry and ligand accessibility,
which can be specifically targeted using structure-guided
drug design.

Moreover, sequence alignment studies have revealed
that the HPU active site contains unique conserved resi-
dues and accessory subunit interactions (UreA and UreB)
that are structurally distinct compared to other micro-
bial ureases [189]. These differences can be exploited by
small-molecule inhibitors to confer high binding affinity
and specificity for HPU.

This review addresses the urgent need for innovative
approaches to managing H. pylori infections, given their
prevalence and association with various gastrointestinal
diseases. Despite the diversity of emerging non-antibiotic
therapeutic options—such as antimicrobial peptides,
phage therapy, plant-based bioactives, and nanoparti-
cles—urease inhibition presents a uniquely rational and
targeted strategy for H. pylori treatment. This prioritiza-
tion is based on several critical factors: First, urease is an
obligate survival factor for H. pylori, playing a non-redun-
dant role in acid resistance and colonization. Unlike other
alternatives that interfere with peripheral mechanisms,
urease inhibition directly compromises bacterial viabil-
ity in the stomach. Second, urease is absent in humans
and key commensals like Lactobacillus and many E. coli
strains, thereby offering a selective therapeutic window
with minimal disruption to the host microbiota. Third,
structural features unique to HPU—such as the flexible
flap region with distinct residue motifs (e.g., His322-con-
taining loop and Pro-Glu-Ala sequence)—enable highly
specific inhibitor design, enhancing selectivity and bind-
ing affinity. Finally, the existence of standardized urease
assays and molecular docking platforms [190] stream-
lines preclinical screening and drug development, while
reducing the risk of resistance development compared to
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broad-spectrum antibiotics. The cell-free urease assay is
a fundamental technique for identifying effective urease
inhibitors, providing a simplified and controlled environ-
ment to screen a diverse array of compounds without
the complexities associated with live bacterial systems.
This method involves evaluating potential anti-urease
compounds, typically identified through molecular
docking, against a commercial urease enzyme. The effi-
cacy of these compounds is determined by their ability
to reduce urease activity, either by assessing ammonia
production via colorimetric methods or monitoring pH
changes [191-193]. Notably, the cell-free assay evaluated
the anti-urease activity of compounds outside the con-
text of H. pylori. To address this, a specific anti-H. pylori
urease assay was also employed to confirm the activity of
the tested compounds against urease extracted from live
H. pylori after treatment. Ultimately, in vivo assessment
remains the ideal method to evaluate these compounds,
as it accurately reflects their impact on the colonization
and persistence of H. pylori within the gastric mucosa.

Natural anti-urease compounds
Natural compounds found in plants, animals, fungi, and
microorganisms possess diverse biological activities,
making them important in fields such as medicine, where
they are often used as the basis for drug development
owing to their therapeutic properties. Owing to their
bioactive compounds, such as phenolics, terpenoids, and
alkaloids, plants are a significant source of natural ure-
ase inhibitors [194]. These inhibitors are not only envi-
ronmentally benign but also potentially more effective
because of their biodegradability and synergistic actions.
Studies have investigated various plant extracts for their
anti-H. pylori and urease inhibitory activities. Amin
et al. evaluated the effects of extracts of Acacia nilotica,
Calotropis procera, Adhatoda vasica, Fagonia arabica,
and Casuarina equisetifolia against H. pylori [195]. These
findings which suggest competitive inhibition of A. nilot-
ica and mixed-type C. procera, support the traditional
use of these plants for stomach ailments and highlight
their potential as natural anti-H. pylori agents [195].
Another study aimed to identify the antibacterial and
urease inhibitory effects of Oliveria decumbens extracts
and fractions against H. pylori and other bacteria.
Researchers isolated three new kaempferol derivatives
and two thymol derivatives from plants and reported
that the n-hexane fraction exhibited significant anti-H.
pylori activity. Stigmasterol, tiliroside, and carvacrol were
the most potent urease inhibitors identified. This work
aligns with the traditional use of Oliveria decumbens
to treat gastrointestinal infections [196]. Coptisine, the
main alkaloid in Rhizoma Coptidis, was investigated for
its urease inhibitory effects in an interesting study [197].

Page 16 of 37

This study demonstrated the antibacterial and bacteri-
cidal effects of coptisine against H. pylori strains, includ-
ing those resistant to antibiotics. Notably, the minimum
inhibitory concentration (MIC) of Coptisine against H.
pylori ranged from 25 to 50 pg/mL. Interestingly, copti-
sine disrupts urease maturation by inhibiting the activ-
ity of UreG, a key accessory protein required for urease
assembly. It specifically hinders urease’s ability to form
dimers and bind nickel, effectively preventing the for-
mation of functional urease enzymes. This multifaceted
action suggests a comprehensive inhibitory effect on both
urease activity and its maturation process [197].

Another natural protoberberine alkaloid, epiberber-
ine, has also been investigated for its urease inhibitory
properties. Epiberberine has been identified as the most
potent urease inhibitor, exhibiting significant inhibi-
tion at low micromolar concentrations. Research indi-
cates that its mechanism of action involves slow-binding,
competitive inhibition by directly targeting the enzyme’s
active site [198]. Further studies have investigated the
inhibitory effects of evodiamine, a compound derived
from Evodia rutaecarpa, on H. pylori growth and inflam-
mation. Evodiamine effectively suppresses H. pylori by
downregulating genes essential for its replication, tran-
scription, and urease production. Additionally, it dimin-
ishes the translocation of cytotoxin-associated gene A
(CagA) and vacuolating cytotoxin A (VacA) into gastric
cells, contributing to reduced inflammation by inhibit-
ing NF-kB and MAPK pathway activation [199]. Another
example of a natural compound with anti-urease activity
is hespertin, which is a flavonoid found in citrus fruits.
Hesperetin significantly inhibits H. pylori growth by
downregulating genes involved in bacterial replication,
transcription, motility, and adherence [187]. It reduces
urease activity, H. pylori colonization and survival in the
gastric mucosa. Additionally, hesperetin was also found
to inhibit, similar to evodiamine, the translocation of the
virulence factors cagA and vacA into gastric cells, which
are key to H. pylori pathogenicity [200]. On the other
hand, Canarium album fruits have emerged as promis-
ing natural sources for the development of new treat-
ments for H. pylori infection. A study by Jiahui Yan et al.
revealed that an ethyl acetate extract notably inhibited
H. pylori growth and urease activity while downregu-
lating key virulence genes such as vacA and cagA [201].
Another natural compound, zerumbone, extracted from
Zingiber zerumbet, has unique effects on HPU activ-
ity through dimerization, trimerization, or tetrameriza-
tion with urease molecules without affecting any urease
gene transcription or urease protein expression [202].
Among the natural anti-urease compounds, flavonoids
have shown promising results through molecular dock-
ing and dynamics simulations alongside analyses of their
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physicochemical properties and toxicity. For example,
flavonoids, specifically chrysin, galangin, kaempferol,
luteolin, morin, and quercetin, demonstrate a stronger
binding affinity to urease than traditional inhibitors, such
as acetohydroxamic acid (AHA) [100]. Motivated by the
therapeutic potential of quercetin for the treatment of
gastric ulcers, Zhu-Ping Xiao et al. investigated its ure-
ase inhibitory activity against H. pylori, along with its
analogs. The findings revealed the remarkable inhibitory
potency of quercetin, with molecular docking and kinet-
ics suggesting a noncompetitive inhibition mechanism
[203]. To further research flavonoids, Izabela Korona-
Glowniak et al. investigated the efficacy of 26 differ-
ent commercial essential oils for their MICs against the
H. pylori ATCC 43504 strain. The thyme, lemongrass,
cedarwood, and lemon balm oils presented the most
potent anti-H. pylori activities, with MIC values as low
as 15.6 pg/ml. This study not only expands the series of
natural agents used against H. pylori but also underscores
the potential of essential oils, particularly cedarwood and
oregano oils, to inhibit urease activity at sub-MIC con-
centrations [204]. Another study investigated the effects
of acetohydroxamic acid (AHA), baicalin, and ebselen
on H. pylori urease activity, bacterial survival, and gene
expression. AHA and ebselen strongly inhibited ure-
ase activity at low doses, reducing it by 84% and 71%,
respectively, whereas baicalin requires relatively high
doses to achieve similar effects. All three compounds
significantly reduced bacterial viability, with AHA being
the most effective. Interestingly, the inhibitors caused an
increase in ureA and ureB gene expression, suggesting a
survival response by the bacteria. Baicalin also reduced
ATP production, whereas AHA and ebselen did not. An
analysis of clinical isolates revealed differences in urease
activity but no link to infection severity [205]. An inno-
vative strategy for managing H. pylori involves the use
of nanoparticles. A previous study demonstrated this
by synthesizing silver nanoparticles (AgNPs) from Ficus
carica leaf extract. These AgNPs manifested significant
inhibitory activity against the urease enzyme, suggesting
promising potential for H. pylori treatment via the inte-
gration of traditional plant extracts with nanotechnology
[206]. Another study employed green synthesis methods
to create silver nanoparticles from Solanum xanthocar-
pum berry extract. These nanoparticles exhibited potent
anti-H. pylori activities and significant urease inhibitory
effects. This innovative approach aligns with green chem-
istry principles and supports the potential of silver nano-
particles as antibacterial agents, particularly against H.
pylori infections [207] (Among anti-urease compounds,
Acetohydroxamic Acid (AHA) is the only agent that
reached clinical use, primarily for urease-positive urinary
tract infections. However, due to its toxicity profile and
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limited gastric applicability, it was not advanced further
for H. pylori therapy) (Table 2).

Semisynthetic anti-urease derivatives

Semisynthetic substances derived from naturally occur-
ring compounds through chemical modifications can
enhance or modify the properties of the original com-
pound, thus increasing its suitability for pharmaceutical
development. Compared to their natural counterparts,
semisynthetic derivatives can offer improved efficacy,
stability, or safety profiles. Sulforaphane (SF), a com-
pound derived from broccoli and other crucifers, is an
example of this approach. Fahey et al. reported that SF
inactivation of urease follows first-order kinetics, which
are dependent on the enzyme and SF concentrations.
Their study also provided evidence of dithiocarbamate
formation between SF and the cysteine thiols of urease
[213]. Another study explored the synthesis and molec-
ular docking of morin analogs to identify potent urease
inhibitors and antioxidants. This research identified N-
(2-chlorophenyl)-N-((4E)-2-(2,4-dihydroxyphenyl)-3,5,7-
trihydroxy-4H-chromen-4-ylidene) thiourea (M2b) and
N-(4-bromophenyl)-N-((4E)-2-(2,4-dihydroxyphenyl)-
3,5,7-trihydroxy-4H-chromen-4-ylidene) thiourea (M2i)
as potent urease inhibitors and antioxidants [214]. Xiao
et al. presented a study on the synthesis and antibacte-
rial properties of palmatine (PMT) derivatives against
H. pylori, with a focus on strains resistant to metroni-
dazole. This finding reveals that introducing a second-
ary amine at the 9-position of PMT derivatives could
increase their anti-H. pylori potency. These derivatives
are exceptionally effective against metronidazole-resist-
ant H. pylori strains, with MICs ranging from 4 to 16 pg/
mL [215]. Among the reductive derivatives of compound
W, the 4-deoxy analogs exhibit the most potent inhibi-
tory effects. Specifically, the compound 4'7,8-trihydroxyl-
2-isoflavene emerged as the most active, with an ICg,
value of 0.85 mM, indicating greater than 20-fold greater
potency than AHA, a commercial urease inhibitor [216]
(Table 3).

Synthetic anti-urease compounds

Synthetic compounds are artificially created chemicals or
substances rather than being naturally occurring. They
are designed and manufactured through specific chemi-
cal processes in laboratories or industrial settings. A lit-
erature review of anti-urease compounds revealed that
many of them are synthetic, as shown in Table 4. The syn-
thesis and evaluation of a series of novel amantadine-thi-
ourea conjugates (3a—j) as inhibitors of jack bean urease
identified N-(adamantan-1-ylcarbamothioyl) octanamide
(3j), with a 7-carbon alkyl chain, as the most promising
urease inhibitor candidate, with an IC;, of 0.0085 pM.



Page 18 of 37

(2025) 17:37

Almarmouri et al. Gut Pathogens

abe3e3| poe oulwe pue
uondnisip sueiquisw Buisned ‘s||9D [el1eg Yim
S10BJ21UI )1 PUB SUUEW JUSPUdap-UONEeIIUIOUOD pUe

(dsaH) apisoon|Bouwey-/-unaiadsay

/81l aAnnadwod e uf aseain LojAd 1 pangiyul dssH - - NW 90 - 110e41%3 [99d 1NJ) WiNjUeIN SN
103IgIyul 35831N dAI}
-jaduwoduou e se s1oe pue Aousiod Juaj|adxe Sy sey SERIENTe)
[c02) u139243NY spunodwod SpIoUOAR| 07 343 Buowy - - - Wizt :SPIOUOAR)4
10)QgIyul YHY 01 pasedwlod ‘9seain 01 puig 01 ADuap
-U3] Ja1ea1b e pamoys unadianb pue uow ‘uljoain)
‘Josajdwaey ‘uibueleb ‘uisK1yd spunodwod xis ‘spunod unadienb pue
-W0d 3say) buowy aseain LojAd ‘H bunigiyur jo ‘upow ‘uljoain| ‘josaydwaey ‘uibueleb ‘uisAiyd
[001] o|geded aie spunoduwod pIOUOAR() PA1EDIISIAUL B ||V - - - - :SpuNodwod PIOUOAR|H
ybed pue yoea se
4ons ‘sauab 25u3|NJIA Y3 31e|NB3IUMOP pue AJAlDe
953N UGIYUl ‘LojAd ‘H 4o sebueyd [ein1dniis pue |ed jw/6n [05Z1-8/]
-Ibojoydiow ay1 9onpul piNod (YIDD) 10eIIXS 2181908 Dgn Jw/bri ec¢e S1usuodwiod sdljouayd
[Lozl IA432 pue (3yDD) 10el1xa snosnbe s1oeixe O |1y - w/br[Sz9-6¢]  jw/brl €60l - s10e11%9 (DD) 0N BuID
SIER
[elj@yuda d11seb 01Ul SUIXO1 YIBA PUB \YDED) JO UONeIO|
-sueJl 34l s9oNpal ‘Uonippe uj ‘uopdnpold aseain pue
‘uoisaype ‘Aljnow ‘uondudsuel) ‘uonedl|dal Ul PAAJOAUL
uolssaidxa sauab jo uoissaiddns buipnipul AAnoe unaJadsay
[007] 10JAd *H-ue Jo wni10ads peolq sHGIYxa unaladsay - Wl 0s - - :SHNJJ SNJID Ul PUNO) SUOUBAR| 4
uoN3I03s 8| paseadsp Ul bunnsal
UONeANDE Gi-4N/MdVYIA PRONPUI-LOjAd H suqiyul pue
S|[92 SDY 01Ul UOIIeDO|SURIY \YoRA pUR \YHeD) Buniwi) SUIWeIpoA]
[661] ‘uoissaldxa ul10i4d YIS PUB SSi| S3ONPSI SUIWRIPOAT] - W 0z - - pdID23DINI DIPOAT
Jauuew juspuadap
-3WI} PUB -UOIRIIUSIUOD pue BUIpUIg-MOIS B Ul ‘Dse
-21N UBaQ e[ 10§ SAIIIAUWOD 3|IyMm NdH 404 JoxgIyul auagiaqids
[861] 3A1I2dWOodUN U Se 108 0} PUNO) Sem aUlIagIaqid] - - Naks Wi ez pIOjBY{|e SU1ISGI3C010Id
AJDAI[3P UOI [2D1U pUB ‘UOeULIO JISWIP Jw/br [sz1-/€]
‘AlADe Dain bundaye ul uoneiniew aseain 1dnisip Aq DN auisindod
[£61]  SwAzua asealn ay o Buipuig mojs suqiyul auisndo) - qu/br [0s-67] - - 'splojeyje sipidoD ewoziyy
|oioeAIRD
splIsodliL
|0IDBAIRD pUE |01915PWDNS JO 9dUdsaId ay) O} |oJR15BWHNS
[961] 3NP 9AIID3YD 150U Y} SeM UO[IDRI) dueXaY Y| - /6 og - W [£0-£20] SU3QUIND3P DLAAJO W04 Spunodulod paie|os|
SaIAIIDR AI0NGIYUl 9Seaun pue LojAd 7 bijoasinba buLpNSL) pup 7 PIQD DD
‘H-ue Juedylubis pa1gIyxs piaooid sidoi1ojp) pue -1u0bDH ‘S3aN DIISDA DPOIDYPY “UONY ‘| A (UONIY) DiadoId
[S61]  D2HOJIU DIDDIY JO S1DRAIXD |OURYISW PUR SU0ISE Y| - Jw/br [957-0] - - sidoiio|p) ‘aj3g (1) PIHOJIU DIDDIY WOI) SIDRIIXS JUe|d
JIN ]|
SIDUIDYY sbuipuly Kesse OAIA U] Kesse aseain ojAd ‘H-nuy Kesse asean aauy ||9) spenxa/spunodwod jeinjeN

HOJAd 12120qO31jaH 1sUlebe palen|eAs s1oeiIxa pue spunodulod asealn-iue [einleu Jo Alewwns g ajqer



Page 19 of 37

(2025) 17:37

Almarmouri et al. Gut Pathogens

[£02]

[907]

oLl

[607]

3|0zZepluoau Y|
SD110IGI1IUR PJEPURIS SUIOS PUR 91RJ1U JIA|IS UBYY
1ua10d 210U 3G 01 PUNO} UM SINDY Ul 95e3aIN UGIYU|

(%L F/£8°€) B2INOIY1 JONGIYUI PIePURIS U3 JO
A5e21y9 9y1 Bulydiew A|9so|d ‘9sesal eluowule

9%/ 0F 9| AJUO YlMm ‘UoIIgIYul 95eaun Juaiod pajess
-UOWISP 1DBIIXD DIUDI SN2I{ BUISN (SNBY) SISOYIUAS

sisAjeue

SIN-IS3 PUE YIAN YBNoIU) paynuap! pue g sisuauis
SNJ1ID JO 1DRIIXD JB3| 91 WO PI1e|0S| alom—us1dol
11> pue ‘uixooyiuex ‘uaideblsag—suiewnod a1y

asealoid urew

SNJIARUOIOD PUB 35e3IN LIOJAd *H Y} YIIM UOIIDRIIUI
1596U0.31S 3Y) MOYS 01 PUNOy Sem pide diusboioyd
P31eN|[eAS I3M D(J WNILULID WNjAXOY]

-UD7 JO S3AR3) JO pIde Dlj|eb pue ‘pIde d|nia)-supi) ‘pioe
Sjuabololyd “ziA spunodulod dljousyd paie|os| a1y

$129JJ9 S JaWilayz|\y-lue pue diagelpiue ‘quepixonue
‘(aspavin-nuy) LojAd ‘H -nuy ar0idul 01 buipes| (HAN)
pa1e3y-1siowun 01 paseduwod (HA) 1eay slow Jo
uoned|dde Ag 10e11x3 Jea)| [2ine| ul spunodwod piou
-one|y pue djjouayd Jo pJaIA pue asesjal syl budueyug

W Gz pue

€1°€ usamiaq buibuel anjea JJN Ue yum ‘sappuaiod
1UDIBHIP YUM AUAIDE LIOJAd "H-11Ue PRXGIYXD S21B|0SI ||
(9) ap1sodn|B-p-g-0

-g-uoipsAyd pue ‘(5) apisodn|B-p-g-0-g-joueydosAiyd
‘() 9p1s0oN|B-p-g-O-8-ulpows ‘(g) uoidsAyd ‘(g) jou
-eydosAiyd ‘(1) UIPOWIS :paYIIUDPI 49M SIUSNUISUOD
[e21WaYD Jofew ay) Se paynuspl aiam sapisodn|b

Jw/brl g-¢ -

w/br 6'¢ akad

qw/brie L qw/br z1ve

|w/Bw 9|

qw/bw /978

10eAIX A0 Windiedoyuex
WNUB|OS WOl pazISaYIuAs (SNDY) sopniedoueu Janjis

(SdNDY) Sop111edOURU IDA|IS PIZISOYIUAS DILIDD SNDI4

usydonD
‘SULIBLINOD 1DRJIXD S9ARI)| SISUSUIS SNID

pioe dluaboioyd
'$10BJ1X9 D Winleudle winjAxoyiuez

un21adsaH |013)

-dwiaey ‘uluabidy ‘pioe dlweuurd ‘uiIRdIsNY ‘ulszpieq
‘ujuabULIeN ‘PIDe DINIS4 “Ul|[IUBA ‘PID dLRWNOY) ‘PR
216.]|3 ‘uiny ‘|oy231e2014d ‘pIoe DIBULIAS ‘pIoR DI2)eD)
'91e(1eb Ay ‘UIyda1eD) ‘pide d1uaboIo|y Y’ pIoe dijjen
{(3T7)30R4IXS S9AR3) (] SIjIgoU SninpT) [21neT

(5) 3pisoan|B--g-0-g-loueydosAiyd

[807] suoulnbelyiue 931y} pue ssuouinbelyiue a1y Navas} W 098 - 1S1DRIIXD BSOIAID Xauiny
soxa|dwod auoq
-WINJSZ-35eaIN SAI1DeU| JO UOI1eulIo) a1 bunsabbns

g pue v 3seain Jo uolssaidxa uta1o.d Jo uondudsuely auoquiniaz

[co7]  2uab Jsyue bundaye INOYUM ALAIRDE asealn sidnisiq W [001-05] - - 10RIIXS YUWIS 1oquuniaz 4aqibuiy
POOM JBP3D UM LIOJAd
"H JO sulei1s [edjul]d 3sutebe SAIO. 15O 3y "95ealn Jo
uonIgiyul sy buiuwiyuod sem LojAd ‘H 1sutebe sjio

POOMIBP3D PUE ‘SSRIBUOW| ‘9311 B3] ‘9|paau auld |10 poom.Iepad)

[%07] ‘I JOAJIS SO [PIIUSSSD DAY Y3 JO OJIA Ul AUAIIDR DY | /6w 96| /6w €6 - S|I0 [e1nuass3

JIN ]|
S3DUIDYDY sbuipuly Kesse OAIA U] Kesse aseain LiojAd "H-nuy Aesse aseain 2944 ||9D s1oeaIxa/spunodwod jeinjeN

(panunuod) g ajqey



Page 20 of 37

(2025) 17:37

Almarmouri et al. Gut Pathogens

P12NPUO JOU JUSWILIDAXS :(-) {UOIIRIIUSIUOD [e1IS}DRY WNWIUIW DG ‘UOIFRIIUSIUOD AIOHGIYUI WNWIUIW DA {UOIFRIIUSIUOD A10GIYUl [ewixXew-jley 05D

saiadoud [eusy

-DegiIue BuoIs Se [|om se ALAIIDe 9seain ueaq el pue
elia10eq budnpoid-aseain 1surebe sioliqiyul aseain se
s3nsal Bujsiuoid pamoys SeARS| PUOWIe Uelpu| pue

'S9AR3| puowWe pue [23d ajeueld

[z12] ‘load a1eueibawod ‘Uniy dewuns woly spousydAjod - Jwi/bw Z1-9 Jwi/bn |z - -2wod 1INy} DBWINS Ul PaYIUSP! spunodulod dljousyd
AJ|IqelA LojAd *H Buidnpal
Ajpueoyiubis ‘“Aoualod Jaybiy buimoys us|asga Yum INW 900 ETENep
[s07] 3sealn 1IojAd ‘H pa1gIyuUl US|9sga pue ‘uljedieg - - W 8 - uljedleg
JIW 31
S3dUIRYRY sbuipuly Aesse OAIA U] Kesse aseain Liojfd "H-nuy Aesse aseain 9944 ||9D s1oelIxa/spunodwod jeinjeN

(panunud) Z 3jqey



Page 21 of 37

(2025) 17:37

Almarmouri et al. Gut Pathogens

350p [eY13]4|eY :°5g7 {PaIPNPUOD J0U JUSWILISAXS :(—) ‘UOIFRIUIDUOD |BLISIORI WNWIUIW DFIA ‘UOIFRIIUSIUOD AIOHGIYUI WNWIUIW D| ‘UO1RIIUSDUOD A10)qIyul [ewixew-jjey 05|

VHY Yum pasedwod
9UO Jud30d 10U Y} PUNoy sem (€ 1) punoduiod ‘pazisayy

(€ 1) QUDABYOSI-Z-|AX0IPAYII-8'/ 17

917] -UAS 919M SPIOUOARYS JO SOAINRALISP SAIDNPAI USSIBUIN - WW G680 'SOAINBALISP SPIOUOAR|H
(O1) spuojy2
Kesse A1121x01 Ul 9jyold A19es poob e pue sules LojAd H ue aupew|edojoidoulwejAzuaqgAyIau-d-6-AXoOyrawWi -0 '€'C
[S17] -isisal-aj0zepluonaw isuiebe AlAie [eaideqiue suqiyxa d| by/6w 0001 <% Jw/br9l-¢ Jw/brigz9 - 'SOAIIRALIDP SUlleW|ed
punoduwod 2UaI3)a1 PIRPUERS 31 0} (IZW) B3IN0IY} (SUSPIA-H-USWOIYD-H-AXOIPAY LY
paJeduwlod ALIAIIDE [BlIS1DRGIIUR JOANS PIMOYS “Ie[NDf -/'S'e-(jJAuaydAxoIpAYIp-+'7)-2-(31))-N-(Ausydowoig-y)-N
-led U1z ojAd ‘1 1sulebe Adedyys [ela1degiiue Jued (9ZN) BINOIYH(RUIPI|A-H-UBWOIYD-H-AXOIPAYLIL
-ylubis pue ‘AJIAIIOe JUBPIXORUR BUOIIS ‘UOIIGIYUl 95BN WA 1L -/'S'e-(|AuaydAxolpAyIp-+'2)-2-(31))-N-(JAusydoio|ya-z)-N
¥127) JUS||9DX3 Y3IM ULIOW JO SSA[IRALISP 1U10d IZ|N PUB GZIN ju/6rl 00s W 201 'SOAIIRALISP ULOW
salpiadoid [epIoua1deq Y2R| INg SI0MgIYUl
aseain Buoils ale YdIym ‘sa3eurAd0lyios! woly 1ede 3 s19s
AYARDE [BNP SIY "UORIGIYUI 95BIN PUOASQ SPUSIXa UOIOE JO
wIsiueyd3W Sii 1Byl buiedipul ‘sutesis aAlebau-asealn pue
aAIIsod-aseain yioq sulebe (Ju/brl 9'6-8'7=I9N) aueIng(|Auy|ns|AYyrau)-i-01eueAd0IL10S|-|
€17 S129)9 [PpIDISIDRG JUSY0d SalesIsUOWSP sueydeio)ng - - :s91eURADOIY10S] pue aueydeloyng
0s
JIW p]| esse
Kesse aseain
S3dUIRYRY sbuipuiy Kesse OAIA U] aseaun LojAd ‘H-nuy EEVINED) saweu spunodwod d13aYjufsiwag

HOJAd *H 1sulebe pa31sa) spunodulod 3seain-1ue dIIBYIUASIUILS JO Alewwng € ajqer



Page 22 of 37

(2025) 17:37

Almarmouri et al. Gut Pathogens

§||92 dLseb

PWOUIDIBI0USPER | 06/-DDS Ul UONIS)uUl LIOJAd ‘H
1UaA31d A|9AI1D9YT "SUOIIEDLIPOW D1I91S0||e-1U)|
-eA0D puUR 9AN19dWIOD JO UOHRUIGUIOD B ybnoiy)
A)AIIDR 95BN 1IgIYU| ‘PRYRUSP! 24aM spunodwlod
Jogiyul asealn juaiod ¢ ‘(eulyd ‘leybueys) pi]
‘0D (3]01g 9dua1>SdO]| pue (1DDHF) A1eiai
punodwod [ea1ul]D sbuydoH uyor woy sbnip

welynsig pue

[leg]  panoidde-qQy4 10 Y4 4O spunodwod $06¢€ 4O INO - - WA €100 - ‘ueydeD) ‘Ua|95g7 ‘1PISOUIDR(] ‘1BISOUIGOURY
uonIgiyul paxiw pue
9AI112dWO0d YyBbNOoIY) SUOIIPUOD DIPIde Japun
ymolb |elaioeq bupoedudl A1A1De 958N UGIYU|
"PayIIUSPI 219M spunodulod Jusiod ¢ ‘aseqeiep W 81l¥7€559C87 'Pr6CS6TCYZ 'OvErT88CZ
[0zz]  @uiuweud ayl woly spunodwod uol||iw €8°1 4O INO - - - [89°0-7£0] :spunodwod saulweu
9IS 9AI1DB 5:95e3IN U] SWOIe [9321U O} Uol} SujWelp -4'7-auizeli-6'¢’ | -(|Ausydopol-#)sig- v\
-eUIPIO0D PUB ‘UOJIBD-LL ‘SUOIIDRISIUI Li-LL ‘Bujpuoq Ml ‘TN—(1A-6-10ZeqIeD-H6)-9
617 usbolpAy uonigiyxa Aq A1ADe 3sealn sigiyul - - - [£'9-9°6] 'SPUQAY aujzel1-ajozeqied)
SWAzu3 2y3 Jo suon (O°HED) [O"HEA("O"NCHPIIND]
-deI31U] DigoydolpAy pue buipuog uaboipAy yim TECEONPHH  D)ND)]
[szal Bunoesaul ybnoiy ANAIDE dsealn sugIyu| - - W [gz€-50°1] - :saxa|dwod (|)nD
(97 punodwoD) apIwolg wni-|-uipuAd(|Azusqg|A
9IS 9AI1DE 3sealN JO -YI2W-7)- | -(Ayrowi(oulwe(Ayrsw(dauapliA-(H2)S
SanpIsas Juepoduwl Yum padelaiul spunodulod -UIpIWAdoIpAYRIIR10X0M1-9' Z-[AY1aWIp-€'1)))-+
1ua30d 150W Y] "eainolyl bnip plepuels ueyy W z€01 (u-ez)
e 1ua30d JoW 3I9m Y-J/ pue g/-e/ spunodwiod) - - - Wi [es2/-2€01] S9AIRALRP WiNluIpUAd-duNlIgieqAYIaWIg-N'N
191U |2D1U DjjeIawiIq 3Y3 Jo Aujige 21eInlgieq aulpliAzuag-g
[ezz] Bunelayd 1ealb e buiaey Ag AlAIIDE 9seain s1gIyu| - - - Nakeuis SOAIRALISP PIoe dLN1gieg
slongiyul
asealn Jua0d bujubisap Joj pes| buisiwold e se
(f€) punodwod 15966NSs sbuipuy 953y | "d1s
J13AJe1RD B3 3PISINO BundeIAUl ‘Auyle buipulq
Bu0IIS POMOYS 1] JONGIYUI 95BN SAINISdWOD (6 €) spiwez
-Uuou e se payiuapl sem (fg) punodwod ‘AnAnde -U3goI0o|yd-Z-(|A01y10Weq.ed|A- | -Ueiuewepe)-N
A101IGIYUl 95B2IN JUS[|9IX PIMOYS UOINIISGNS ‘(lg)
|Auaydoiojya-z e buissassod (b €) punoduwod pue apIUIRURIDO (JAoIYIouegIed|A- | -UBlUuRLIBPY)-N
[£12]  uleyd |Aye uogied-/ e buissassod (fg) punodwod - - - W [£800°0-5800°0] :$91e6N[U0D BAINOIY1-SUIPRIURWIE [SAON
oI )

SIDUIDYDY sbuipuiy

Kesse OAIA U]

Kesse aseain LiojAd ‘H-nuy Aesse aseain aaly |[9D

saweu spunodwod >13aYjuks

HojAd H Isujebe pa1sal spunoduwiod aseain-[Iue J1IBYIUAS Jo Alewwns § ajqer



Page 23 of 37

(2025) 17:37

Almarmouri et al. Gut Pathogens

(295 pue '106/-D9S ‘7DdaH) saul|
]2 J9DUBD §||3D UB[[BWILLIBW PIRMO} A}DIX0I0IAD
3|gindadiad ou pue aseain LojAd H 1suiebe Ay

(73) pIoe dluexolpAyolsdeouue((jAu
-0j|nsjAuaydifing-1ai-t)-N-(|Auaydoinu-€)-N)-¢
sppe

[cez]  -AnDe A103GIYUl 1UR|192X3 SUGIYXe 7 punodwod) - - W 8€00 - DIUEX0IPAYO1DDBOUIIIE(JAUOHNS|AIe-N-|AIY-N)
SSaUY|
-bnip pue A14es Jisy3 buiwiyuod skesse A31o1
-X01014> pue | JNQY 02I|Is Ul Aq parioddns ‘jow (S punodwod) auolyy
/1B €L —PUB /6 —JO SONJBA DY LIM SOpoUl ~(HE)z-3|0Zepiw[p]ozusg-H L-(AyIauAxoyig)- |
Bulpuiq 3|geIone) pamoys saIpnis Bupdog ‘sase {(z punodwo) auoly1-z-3|0zeplwizuag
-21N UBaQ Yde[ pue LojAd ‘H 1suiebe Aiaide A10} NW 100 WW 620 'SOAIIRALISP SUOIY3I-7
[0€7]  -Igiyurua10d paresIsuowsp G pue ¢ spunodwod) - - NW L0 NW SZ0 -9|0ZepIUWIZUSQ Pa1e|AY|e A|]9AIID3]9s-016Y
Jpuey (D saues)
SIS Ul SpUNodulod J0j A1DIX0) OU PIMOYS N $7-61 2uIpiuAdOIPAYIP JO SSAIIRALISP SulZeIpAY
S1SB|qOIgU €1 € dsnow Buisn sAesse A121x01014) [09z-061] ‘( $3S) 7| —/ SDUOIYI-Z-auIpIWLAdOIpAYIP-17
'S3IPNIS DI2UIY WOJ) PAWLUOD SEM UDIYM SIO) pue ‘SIAIBALIDP 3P
[ceal -1qiyur adAy paxiw Aq Alaioe aseain uqiyul - - - 6Tr-L7€]  -olydoipAyIp suizeipAy paseq auipiwiAdoipAyig
aUl] |92 2-02eD) yum A1l (27) @1euoy|ns-|-auedoid |Ausyd(|A-9-|ozeiyl
-|lgeauiad mo| pue ‘S92 SOV Isutebe A1DIX01014D [9-1'7]ozepiwi(Ausyd(JAUoyNsIAYIDIN)-£)-G)-€
[EWIUILL PIMOYS PUE SPIDe OUJWER SNOLRA U3IM W :p|OyeDs 3|0zZely}
lezel uonselaiut buipuiq Ag Aande aseain sugiyul - - [¥9€0-¢00l W v67  [g-1'g]ozepiui Builesq salewley|ns pue s91euoy|ns
AJl|Iqe|ieAe A||elo 9|gelapISU0d Yim
SSaUDYI|-Bnup 24e spunodwod 3say} |8 1eyl
pa1oipaid 0-e/ spunodulod Jo Apnis [ed1uayd
-0215Ayd 02I|1s U "31Is AIDR 3Y3 BuldA0D dey
3|Iqouwl 3y Jo ANjIgixaly oy bunoedwi ‘z65SAD pue
60904y Yum bunoelaiul Ag ANAIDe 3seain suqiyul
Yy / punoduwo) ‘punodwod 1us10d 150w sy} (Y £)suoln
9 01 punoj sem dnoib suapl|Azusg o1IU-Z Yim -(HS'HE'H )97 T-2ulpiuinAd(euaiAyiaui(jAuizeipAy
y / punodwod alaym uoniqiyul aseain yualod (3UaPIIAZUGOIIU-7)-7))-G-IAyIWIpP-€'1-(3)
UMOYS dABY (O/ PUB I/ £ "D/ 'W /'Y /) S9N AN {(0-/) A1210W D1NYIGIRgIAYIDWIP-€'|
[lzdd  -eausp suizeipAy ausjAyiawiAie pazisayuAs XIS - - - [95%-19°0] Bulieaq saaneAlSp SUIZRIPAY BUBAYIBWIALY
190|n d13seb pue siIsed
pasned LIojAd H Jo Juauiieal) [enuaiod ay3 1oy
sa1epipued bujsiwold 150w ay3 PaJspISuod sem (ug) apiweued
ug punodwoD BY/Bw 697 L€ pue 61Ee -01dAX0IPAU-N-(ouluwe|AuaydoIoldIP-+'7)-€ ‘(PE)
‘87867 4O 9°Q7 YIM 2D1W Ul PR1RID|OI-[|9M SeM apiweuedoldAxolpAy-N-(oujuiejAuaydololyd-g)-¢
UE pUe PE ‘B¢ 18yl PasO(ISIP 921U Ul A1IDIXO) 91Ny 0558 9AOQR ‘(e€) apiw
"B3/BW 7€ JO 9SOP e 1e [9POW 9SNOU PR1d3JUI 91ey uon -euedoldAxolpAy-N-(ourulejfuaydolo|ydip-6's)-¢
[gea] -LOJAd "H ue ul JuaWdoaAsp Siiseb paonpay -edipel3 dH - W [6'5-10] WM [$500-810°0] :SPIDe DIUeX0IPAY BuluieIuoD-3uljIuY
oI 3
S3DUIDYBY sbuipuly  Aesse OAIA U] Kesse aseaun LiojAd ‘H-1nuy  Aesse aseain 9auy |[9D saweu spunodwod d11dYuAs

(panunuod) ¢ ajqey



Page 24 of 37

(2025) 17:37

Almarmouri et al. Gut Pathogens

ECESIH PUR ¢S se yons senp

-1S31 [BI2NJD YIIM SPUOQ WIO) 10/pue punodulod

Jua10d 3Y3 JO SUO| [HD1U S31e_RYD 07 punodwod)

0¢ punodwod oy Jenoiued ur AlAnde

AJogiyur jeuondadsxa yum AN G969 01 /7| wioly
Buibuel sanjea %5 yum Alapde A1olgiyul aseain

VA4 paxqIyxa ||e pa1sa1 sBojeue 07 au1 buowy

aupony se yans
sdnoib Buimelpylm-uod3|e Jo aouasald ayr Aq
Adouaiod Alougiyul 9seain ayi sanoiduwl 7| punod

-woD ‘W 05 L FOF'EE pUe LOOF L'l usamiaq

Buibues sanjea 95| yum jenuaiod Aioygiyul

[sedd 1US|[90X3 PAIMOYS (S —L) SOARALISP ||V

2Ul| 158|qOIqY dSNOW [BWIOU € € 1sulebe JIx010}

-Aouou aleom ‘pizeluos| pue g| punodwiod 1dadxs
‘spunodwod Yy1og 10NgIyul aseain 1usiod

150U Y1 Sem 7 | punodwod afiym ‘AlIANDe uol

-IgIyul 954N pue AloleW R Ul-IUe BUOIIS YIIM

[0€7] “ouqIyul [enp 159G oY1 Se pabiswe €7 punoduwod

AUAIDE [BLISIDRGIIUR GIYXD SpUnodwod

YINWSIQ 9Y3 2J9YM ‘JUSUIUOIIAUS D1I3seD ay3 ul

SPIDe DIWEeXOIPAY 9314 PUB S}[eS YINwislq a|gn|osul
95e3[aJ SaX3|dUIOD) "UOIIRIIUSIUOD AW (| 18

SWAZUD 95831N 93 JO UONIGIYUI 996 BulAlyde

[ped] ‘Ww | Ajprewixoidde jo 957 ue yym aseain uqiyu)

ALlIGeIA (193 9%€6 19A0 YuMm ‘saull 192 (69d)

a1e1501d pue (70-7) dheday uewny o3 A1IDIX0} MO|
SUQIYX3 “UIRWIOP D11A|B1RD 94} WO} UOIRIDOSSIP

MOJS pue Alulye |NuU buike|dsip Joyqiyul 9|qIsianal

‘pides e se buoe g1g yum ‘2us buipulg-eain ayx

s1964e) A1310W B2INOIY SH 1BY] P|BIASI S3IPNIS

Buppog ploj-t pue -0/ Aq YHY Bujwiopsdino
S95BISIP PAe|2I-1OJAd *H 10) JUSWIRIL B Se [en

el -ua10d BUOIIS Pa1LIISUOWBP 6| G punoduwo)

uonessiuiwpe [ejo uodn

B3/6w 00 L buipaadxs 057 ue yum sjyoid
K19JeS B SUGIYXD OS|e 3] A1DIX0101AD pasnpul
-ojAd *H woyy s||93 SOy bundalold ‘Dain yum

Wi €21
WM [6969-€/'1]

- - WL

Wi vze

- - Nk

Jui/bri g - AW |

- AN 910 W og¢

(07) 2UO-p-aUIpI|0ZeIyI(OUOZRIPAY
(3uIp1|A0zUSGAXOYIBWIP-G'C-0WO0Ig-1)-(2))-C~(7)
((0z-1) sBojeue auouIpljozely |-

(71 PUNOdWOD) SPIWLOIYI0GIED -| -3UIZ
-esadid (JKuaydoiony-z)-N-(1Azusgoloyd-)-
{(S1—1) SoAneALSpP auizeladid pPazisaYIUAS

(e punodwoD) apiuie
-01Y100/BDRUIZRIPAY|AOUODIUOSI-Z-|AXSYOPAD-N
‘(z1 punodwoD) spiuieolyioq

-ledauizespAy (jAusydosonyiad)-N-|Aounodiuos|-z
:/7—€ PIZBIUOS] JO SSAIIRALISP SPIZBCRDIWSSOIY |

CEON)[EH(HL

YS9 CHO)EON-[@ WA EON-(LWEHOHD) 1]
TCON-@QWE(HL-eyg-ME(H L-eyg)©ig]
:soxa|duWod oleulexolpAy (1ig

(619) e2in(0192e|AUDYdOIOYD-H)-N
'SB2IN0IY} PINIISGNSOUON-N

s/ Bunoesanul Ag AAnde aseain LojAd ‘H sugiyu) - - N1 g6 - 9184112gNS YINWSIq [epIO||0D
DIW )
S3DUIDYDY sbuipuly  Aesse OAIA U] Kesse aseaun LiojAd ‘H-1nuy  Aesse aseain 9auy |[9D saweu spunodwod d1dYuAs

(panunuod) ¢ ajqey



Page 25 of 37

(2025) 17:37

Almarmouri et al. Gut Pathogens

$129)J3 SPIS JIWIRISAS [PUIIUIW YIIM JUSUIIRDI) |[D
pa1961e1 0§ PANS-|[aM 21 spunodwod Y3 1eyl
pa[BaARI §||90 Z-02€D) Ul sAesse Alljigesuliad pue

‘sa12ads sn|j1>ego1oe N6 pue jod 7 1suiebe

lova] 51591 AUAIID3]95 'S||92 SDHY UO S91pNIS A1IDIXOL.

sau
ASUply pue 15e|qOJgy UBIjeWIWEW PIEMO] A1IDIXO)
-Uou pake|ds|p pue SUOIILIIUDDUOD MO| AIDA 18
9A1129)43 "BuIpUIg 1US|PAOD BIA UISIUBYDSW UON
-1GIYul [enp e BULIBYO ‘a1IS AN SIWAZUD dY3 18

AW [SO'0-7900°0]  IWW [S600°0 -€00°0] AT [€65 -€F1]

(1) =1ew

-ej|nsiAyiawip [Auayd(jA-s-usydoiyiglozuag)-
(1) a1eweynsiAyiawip |Ausyd(jA-g-ueinjozuag)-
‘(ur) a1euoyns-|

-auexayo|2Ad |Auayd(jA-g-usydoiyi[glozuag)-i
{(31) 218UOYNSAUSZU] |AUayd(jA-G-urInjozUG)-1
{(p1) e1RU0Y

-|ns- | -auexayo)24d |Auayd(jA-G-ueinjozuag)-
1)

21eU0y|ns- | -auedoid |Auayd(|A-G-ueinjozuag)-
‘pjoyeds auaydolylozusg I0 UrINJOZUS]

Bulieaq SaAIIRALISP S1BWEJINS PUR 31RUOYNS

(1) proe
siuoidosdouoydsoyd-¢-(|AuaydAxolpAyip-1'€)-¢
san

-lleuonouny dulydsoyd,oiuoydsoyd pue a1ejAxoq

l6€7] suo2eIUl oyPads ybnoiyy asealn suqiyu| - - W1 s20 - -1BD P3AUIRIUOD 1BY] SIAIIBALISP DI|0YD33eD [SAON
geebiy pue
'79¢dsY '6LTAID '6LTXDM '69LEIY '8E LSIH senpisal
A3 Yum spuog usboipAy ajdininw buiuioy (I'S @ABALISP) 1jBS WniulWeAYIaIp 9pAY
‘3A0016 BUIpUIq 95834N 3Y3 01U [|9M 1Y 1By} -9p|ezuaq(JAYIsW(|A-G-ulplwAdoipAyenai-+'¢'z’ |
Suol1ewIoju0d 1dope 01 AlljIge 119y} pajeansl -OXOIP-1'7-AX0IPAY-9) (|A-S-uIpluAdoipAyenal
SIAIIBALISP Y10 JO BUII0P Je|Nd3[O "$1a3|N -5'€'T' |-OXOIP-H Z-AyIaWIp-¢’ | -AX0IPAH-9))-#
ondad 1] SuoIPUOD paleal-asealn Bulleall 10y 1y
S31epIpUeD [eUS10d SP SSANPALISP PIoE dUNLIGUE] SAIPALISP) 1[BS WINIUIWRIAYISIP (BUOIP-(HE'H L)1'T
BunsabbNS ‘eainolyl ueyl UoIGIyul seaun Wi zzL -auIpIWBAdAX0IPAY-0)sig(aualAyrawiA|ol-d)-,5'S
[8e7] Jaybiy Appuedyiubis paugiyxa | G PUe Ity SaAlReALIRQ - - - wWio/L :SSAIIBALISP PIoe DlNlIgleg
sulwelpauajAuayd-o
-(uapljAores|AyIaW-6)sig- NN PUe ‘apizelpAyoz
¥ pue ‘| saxa|dwod jo Joireyaq Alongiyul ayy bul U3 |AY19W-€-(3USPIAZUDGAXOYIDU-G-AXOIPAY-7)
-utejdxa Aus s1axd0od sy 1e pauonisod si | xa|d - N JO w0y pajeuoioldap ay1 aie ()7 pue ‘(1)]
-0 3[IYMm ‘95e3uN JO 1920d SANDR B3 OJUI ||oM AT SE0 (¥) LEN)(HORW)()10D] pue
Vadd] $14 7 x3|dW0d Jey) Pamoys BuiOOp JendajoN - - Nubaay - (1) €ON[E(Ad)(1)10D] :sox1dwiod (l1)3eqoD
Aj2nnoadsal ‘apizeipAyozusq(auapliAz
-U9gAX0Y13W-G-AX0IPAY-7)- N-0I0|Yd-Z pue
asealn LojAd 12100qo3ijaH bunabiel 1oy ‘pIzeIpAYOZUSgIAYIDU-E-(3UIPIAZUSGAXOIPAY-T)
sbejueApe [eIN1ONIS JIBY3 Bunybiybry ‘uon - N JO w0y pajeuoioldap ayi ale (17)7 pue (1)]
-1g1yul asealn Jouadns 1qIyxa saxa|duwod Jaddod wrl (S) O°H¥ O -L(SON)(H)TIND]
oz Jeue|d a1enbs 1ey1 pajeanas buydop Jejndsjo - - Wrtozo - "(2) HOSHD[(1)11DNnD)] ssaxajdwiod (j) Jaddod
oI 3
S3DUIDYBY sbuipuly  Aesse OAIA U] Kesse aseaun LiojAd ‘H-1nuy  Aesse aseain 9auy |[9D saweu spunodwod d11dYuAs

(panunuod) ¢ ajqey



Page 26 of 37

(2025) 17:37

Almarmouri et al. Gut Pathogens

Pa312NPUO? J0U JUBWHBAXS :(-) ‘UOIIRIIUSIUOD AI0}GIYUI WNWIUIW DA ‘UOIIRIIUSDUOD A10}IGIyul [ewixew-jjey 057

[evd]

[evdd

(8L

[ernus10d UOIGIYUl 3Y3 9dUsN Ul Ajued

-ylubis bull |Ae ay1 uo suoinIsgns dydads 1eyy
pa1edipul sisAjeue (4ys) diysuonejas Alande
—3IN1ONJ1S 3Y] "BAINOIYL JONGIYUI pIepuRlS 94}
Buissedins ‘jennuarod A101gIYul Pa1RIISUOWSP
SOAIIBALIDP 3y "SaIMAIIDR A10MGIYUl 95eain

11343 10§ P31BN|BAS 319M UDIYM ‘Spunodwod 9e—7

Aduaiod pasueyua / punod

-WOD Ul |AYI2WOoION|LI1-G-AXOYlaW-7 Se yons ‘bull
|A1e 3Y1 UO suonNIASGNS dYDads 1eyl pajeanal
sisAjeue (4ys) diysuoneai AUAIDe-aIN1dNIS

‘Wil LZ0F99°€ 01 800 F #1°0 Woyy Buibues sanjea
05| Yam pazisaLyiuAs usag ey spunoduiod 9g
SINPISaI 958N A LM

suonoel1ul buipuog usboipAy buoins (01'aay)
|9pow a1oydoseweyd ayi Yim 21035 ssauly
yb1y s 01 anp aseain Joy Jougiyul buipuiq 1599

SI0)QIyul paseqg-a1ew
-eJ|ns 1o} ajyo.d buisiwoud e buedipui sisAjeue
Jnaupjodewleyd yum 13x%20d aA1e aseain ayi Ul
9E9VTV PUB ‘OFYV TV ‘€65SIH T6¥SIH ‘6L SSIH
'6£7DYY '609DHY UHm suondessiul Ay Buiuioy
‘uonigIyul 9ARNRSdwWod pagiyxs b punodwod

(J/) 9pIWZUSGOWOIQ-7
-(jAo1yrowegled(|AuaydAxoIpAy--|A193e-€))-N
:Se2INOIY} |A2€ paseq-jouayd|A1eoy

()

BUOIP-(HE)9'T-aUIZeI-¢" L -HZ-(Aupa(oul(Auayd
(IAy1aWIoION|J111)-G-AXOYIBW-7))- | )-G-AXOIPAH-1
1595 JIYDS duizely |

1e15eWILIB I

(b1) o1eweyns
|Ausyd(jAuogiedouiwe|A1uewepe-| )--0wolig-¢
‘SOAIIPALISP 91BWRY|NG

EERIVERET |

sbuipuiy

Kesse OAIA U]

Kesse aseain Lojfd ‘H-nuy Aesse aseain a1y ||9)

saweu spunodwod d133Yuks

(penunuod) fajqeL



Almarmouri et al. Gut Pathogens (2025) 17:37

This finding highlights the importance of the alkyl chain
length within this series for enzyme inhibition. Molecu-
lar docking analysis supported these findings by showing
good binding affinity with the target protein. The study
concluded that this compound, owing to its noncompeti-
tive mode of inhibition and strong binding affinity, could
serve as a lead structure for designing more potent ure-
ase inhibitors [217] (Table 4).

Richa Arora et al. leveraged computational tools to
discover potential urease inhibitors against H. pylori.
Their approach utilized pharmacophore modeling, vir-
tual screening, and molecular docking to identify four
promising compounds from known inhibitors. This
research represents an advancement in combating H.
pylori infection by demonstrating the power of compu-
tational chemistry in drug discovery and opening new
avenues for therapeutic intervention [218] (Table 4). This
study navigates through the chemical space of N-acylg-
lycino- and hippurohydroxamic acid derivatives, known
urease inhibitors, to construct a robust three-featured
pharmacophore model. Among their notable discoveries,
miglitol and marimastat have emerged as the most potent
compounds, exemplifying the power of targeted chemical
investigations in unveiling potential therapeutic agents.
This work sets a new standard in the quest for effective
treatments against H. pylori [218].

A new class of urease inhibitors combines nitrogen-
containing heterocycles. This study demonstrated the
synthesis of carbazole-triazine hybrids, with compounds
with bulky iodo- and strong electron-withdrawing nitro
groups exhibiting the highest activity and potent ure-
ase inhibition [219]. Another study highlighted the
potential of virtual screening and molecular dynam-
ics simulations for discovering new anti-urease thera-
peutic agents. They employed rapid overlay of chemical
structures (ROCS) shape-based screening and molecu-
lar docking software to identify several potential urease
inhibitors from over 1.83 million compounds, specifi-
cally those that target antibiotic-resistant H. pylori strains
[220]. In another study, the synthesis and evaluation of
arylmethylene hydrazine derivatives for urease inhibi-
tion were investigated. These compounds exhibited sig-
nificant activity, with ICy, values ranging from 0.61 to
4.56 puM, surpassing those of standard inhibitors such
as hydroxyurea and thiourea. Notably, a compound fea-
turing a 2-nitrobenzylidene group displayed the high-
est potency [221]. Another study investigated the role of
specific functional groups in urease inhibition by evalu-
ating series containing 4-dihydropyrimidine-2-thiones,
N,S-dimethyl-dihydropyrimidines, hydrazine deriva-
tives of dihydropyrimidine, and tetrazolo dihydropy-
rimidine derivatives. This research suggests that the
free sulfur atom and hydrazine moiety might be key
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pharmacophores for inhibiting the H. pylori urease
enzyme [222]. By utilizing large-scale virtual screen-
ing of the ZINC database, Azizian et al. selected com-
pounds on the basis of their docking energy calculations
for further in vitro screening against H. pylori urease.
Their findings revealed that barbituric acid and certain
derivatives, particularly those with para substitution on
the benzylidene moiety, exhibited greater urease inhibi-
tory activity than did the standard inhibitor hydroxyurea.
This study aimed to identify new scaffolds for H. pylori
urease inhibition, potentially leading to novel therapies
for managing H. pylori infections. Barbituric acid deriva-
tives have emerged as promising candidates because of
their superior potency and potential ability to chelate
with the enzyme’s active site [223]. Building upon pre-
vious research, Biglar et al. synthesized a series of NN-
dimethylbarbituric-pyridinium derivatives and evaluated
their potency as H. pylori urease inhibitors. The results
demonstrated that these compounds were more effective
than the standard inhibitors hydroxyurea and thiourea.
This work offers promising new candidates for H. pylori
urease inhibition [224]. Recent studies have explored
various metals for their ability to inhibit urease enzyme
activity. Among these complexes, copper (II) complexes
have emerged as promising candidates. Investigations by
Cui et al. into two such complexes revealed their substan-
tial inhibitory action against H. pylori urease, surpassing
the standard inhibitor in effectiveness. This highlights
the potential of metal complexes for the development
of new H. pylori treatments [225]. Another study syn-
thesized six copper complexes with IC;, values ranging
from 0.20 to over 100 pM. The study also incorporated
molecular docking studies to elucidate the mechanism of
inhibition, concluding that copper complexes with square
planar coordination are more effective urease inhibitors
[226]. To expand the exploration of metal-based urease
inhibitors, another study investigated four new cobalt
(IIT) complexes with Schiff bases. This work contributes
to ongoing research on metal complexes as potential ure-
ase inhibitors [227].

Among the limited in vivo studies conducted on ure-
ase inhibitors against H. pylori, Liu et als research stands
out. They analyzed aniline-containing hydroxamic
acids and identified three potent compounds:
3-(3,5-dichlorophenylamino)-N-hydroxypropanamide,
3-(2-chlorophenylamino)-N-hydroxypropanamide,
and 3-(2,4-dichlorophenylamino)-N-hydroxypropan-
amide. These compounds have demonstrated remark-
able efficacy in both in vitro and in vivo studies, with
complete eradication of H. pylori in mice models [228].
Researchers synthesized novel imidazothiazole deriva-
tives containing sulfonate and sulfamate groups, which
significantly inhibited urease activity. The most potent



Almarmouri et al. Gut Pathogens (2025) 17:37

compound demonstrated an ICg, of 2.94+0.05 pM, out-
performing the control by eightfold. An enzyme kinetics
study revealed it to be a competitive inhibitor. Pheno-
typic screening against H. pylori identified several high-
potency molecules, with compound 1d emerging as a
lead candidate due to its promising inhibition profile,
minimal activity against urease-negative E. coli, and low
permeability in Caco-2 cells, suggesting its suitability for
gastrointestinal infections without systemic effects [229].
Thirteen novel alkylated benzimidazole 2-thione deriva-
tives were synthesized because of their urease activ-
ity toward H. pylori. The most potent compounds have
potential as lead candidates for developing future anti-
urease agents [230]. A novel high-throughput screening
assay was developed for detecting submicromolar urease
inhibitors among clinically used drugs. This assay identi-
fied panobinostat, dacinostat, ebselen, and disulfiram as
effective inhibitors against plant or bacterial urease, sug-
gesting their potential for treating H. pylori infections,
particularly those resistant to antibiotics [231]. In another
study, 33 (N-aryl-N-arylsulfonyl)aminoacetohydroxamic
acids were synthesized to target urease inhibition in H.
pylori. One compound, 2-(N-(3-nitrophenyl)-N-(4-tert-
butylphenylsulfonyl)) aminoacetohydroxamic acid, dis-
played exceptional activity with minimal cytotoxic effects
on mammalian cells. Its effectiveness, exceeding 690-fold
that of AHA, is attributed to its reversible mixed-mode
inhibition of urease, as demonstrated by molecular mod-
eling and docking studies [232]. Another investigation of
N-monoarylacetothioureas as anti-urease agents target-
ing H. pylori has demonstrated significant in vitro urease
inhibition with low cytotoxicity, showing promise for fur-
ther development in treating H. pylori-related diseases.
The efficacy of this compound is notably greater than
that of AHA, making it a potential candidate for H. pylori
treatments [233]. Researchers have identified numerous
potential targets for anti-urease agents by delving into the
molecular intricacies of urease. This innovative approach
led to the identification of the metallochaperone UreG
as a novel antimicrobial target against H. pylori. This
study utilized colloidal bismuth subcitrate to inhibit ure-
ase activity by disrupting the GTPase activity of UreG,
thereby halting urease maturation and offering a fresh
perspective on antimicrobial development [75]. A novel
class of bismuth hydroxamate complexes was specifically
designed to inhibit urease activity. By synthesizing and
testing these complexes, their potential in combating H.
pylori infections was demonstrated, leveraging both the
antibacterial properties of bismuth and the urease-inhib-
itory capabilities of hydroxamic acids. This approach is
promising for the development of effective treatments
against H. pylori, particularly in light of increasing anti-
biotic resistance [234]. Furthermore, the synthesis of
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piperazine derivatives was evaluated for their potential as
urease inhibitors. The synthesized derivatives exhibited
excellent inhibitory potential, with ICy, values ranging
from 1.1 to 33.40 uM, surpassing those of the standard
inhibitor thiourea. This research established a structure—
activity relationship on the basis of the substitution pat-
tern on the phenyl ring and utilized molecular docking to
understand the binding interactions within the enzyme’s
active site [235]. In another study, thiosemicarbazide
derivatives of isoniazid were also investigated, and the
results revealed a dual inhibitory effect on both inflam-
mation and urease activity. Among these derivatives,
2- isonicotinoyl-N-(perfluorophenyl) hydrazinecarboth-
ioamide has emerged as the most effective dual inhibi-
tor, suggesting a new approach for developing treatments
for H. pylori-related conditions [236]. Another study
focused on synthesizing twenty 4-thiazolidinone analogs
and examining their urease inhibitory activity. These ana-
logs exhibited a broad range of inhibitory effects, with
ICy, values between 1.73 and 69.65 pM, indicating vary-
ing levels of effectiveness against urease compared with
the standard inhibitor thiourea (IC;, value of 21.25 pM).
Research has further explored the structure—activity rela-
tionship, highlighting the influence of substituent pat-
terns on phenyl rings on urease inhibition efficacy [237].
Moreover, researchers have investigated barbituric acid
derivatives as potential urease inhibitors and synthesized
thirty-two zwitterionic adducts of diethyl ammonium
salts. In vitro tests against jack bean urease identified two
compounds (4i and 5 1) as the most effective, surpassing
the standard inhibitor thiourea [238].

Conclusions and future directions

The growing challenge of antibiotic resistance in H. pylori
infections necessitates the exploration of alternative ther-
apeutic strategies. This review underscores the immense
promise of urease inhibitors as a novel approach for
combating H. pylori infections. The substantial amount
of screening data, with the identification of highly active
organic compounds, lays a solid foundation for further
clinical development. However, future directions require
addressing the limitations identified in current screening
methods to ensure the identification of inhibitors with
specific and targeted activity against the pathogen’s ure-
ase. Furthermore, in-depth structure-activity relation-
ship (SAR) analyses are crucial for future advancements.
By comparing the mechanisms of action of candidate
inhibitors against different urease sources, researchers
can gain a deeper understanding of enzyme vulnerabili-
ties. This knowledge will be instrumental in the design
of highly selective urease inhibitors that effectively tar-
get H. pylori without impacting the gut microbiome.
Although several anti-urease compounds exist and many
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are in development, only a few have reached clinical tri-
als. Many of these compounds have been discovered
by molecular docking without additional confirmation
assays, or if conducted, by performing cell-free urease
assays. Very few compounds have been evaluated on fur-
ther in H. pylori or in animal models. Palmatine deriva-
tives and arylamino-containing hydroxamic acids are
among the promising anti-urease compounds for further
clinical studies, as they have shown interesting results
in terms of MIC and IC;, against H. pylori [215, 228]. It
would also be valuable to assess the effects of these anti-
urease compounds on gut microflora. The future of H.
pylori treatment relies on the successful development of
potent and specific urease inhibitors. By incorporating
these crucial future directions, researchers can trans-
late the promising potential of urease inhibitors into a
clinically viable reality. This will pave the way for a more
effective and targeted therapeutic approach, leading to
improved patient outcomes in the fight against H. pylori
infections.
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