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Abstract: Helicobacter pylori infection is closely linked to digestive diseases such as inflammation, ulceration, gastric cancer, and 
mucosa-associated lymphoid tissue lymphoma. Current treatment relies on antibiotic combinations, but antibiotic resistance increas-
ingly undermines eradication efforts. Urease, a metalloenzyme secreted by H. pylori, is crucial for bacterial colonization. Traditional 
urease inhibitors target either the active site or mimic the substrate, but the buried active site poses a challenge for effective inhibition. 
Moreover, current inhibitors often have non-negligible side effects. Recent research highlights complex interactions during urease 
maturation, involving auxiliary proteins and nickel ion transfer. These studies suggest that auxiliary proteins involved in metalloen-
zyme maturation, as well as the process of nickel ion delivery, could be novel targets for inhibitors. This review summarizes nickel ion 
delivery during urease maturation, interactions between auxiliary proteins, and the structure of the active site. It also categorizes and 
summarizes half inhibitory concentration (IC50) values of existing inhibitors. Finally, we discuss potential inhibitors’mechanisms of 
action, challenges, and future perspectives, aiming to provide new strategies for eradicating H. pylori infection. 
Keywords: Helicobacter pylori, urease inhibitors, urease active site, nickel ions, auxiliary proteins

Introduction
Helicobacter pylori (H. pylori), which infects approximately 50% of the world’s population., is transmitted mainly in the 
digestive tract, and reciprocal transmission among family members is relatively common.1 After colonization, untreated 
H. pylori infection persists for the lifetime of the host, rarely resolves spontaneously, most people are usually 
asymptomatic.2 However, in some people, persistent infection causes chronic inflammation of the gastric mucosa, 
which in turn leads to the development of chronic non-atrophic gastritis, atrophic gastritis, intestinal metaplasia, and 
dysplasia. The characteristics of H. pylori, which is transmitted by the digestive tract, and its persistent colonisation, with 
a high recurrence rate after eradication treatment (5–10% in adults and children in developing countries), are the main 
reasons for the high prevalence of H. pylori infection.3 More than 75% of duodenal ulcers and 17% of gastric ulcers are 
associated with H. pylori infection. H. pylori has been classified as a human carcinogen because infection with H. pylori 
is the strongest known risk factor for gastric cancer, which is the second leading cause of cancer-related deaths 
worldwide.4 There is also evidence that H. pylori is associated with extragastric disorders, including iron deficiency 
anaemia, idiopathic thrombocytopenic purpura, and vitamin B12 deficiency.5

The Kyoto Global Consensus Report states that there is a consensus on the necessity of treating individuals with H. 
pylori gastritis for eradication unless there are competing considerations.6 Currently, medications used to eradicate H. 
pylori include proton pump inhibitors (PPIs), bismuth, and antibiotics.7 The first-line treatment of H. pylori infections 
consists of the use of proton pump inhibitors associated with two antibiotics (clarithromycin plus amoxicillin or 
metronidazole) for a period of 1–2 weeks.8
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However, the tricky part is that the antibiotic resistance rate is increasing every year. Investigations have found that H. 
pylori resistance rates have risen gradually since 2013 or 2014 and remain at high levels. Furthermore, a survey of trends 
in antibiotic resistance from 2015 to 2020 found that total resistance increased by 2.8% per year relative to the previous 
year, with resistance to clarithromycin, metronidazole and levofloxacin increasing by 2.7%, 2.3% and 2.4% per year, 
respectively.9,10 In light of this increase in global antibiotic resistance, there is a need to rethink antibiotic stewardship 
strategies and develop new treatment guidelines.11 Consequently, there is an urgent need to develop new methods and 
drugs that can effectively eradicate H. pylori and a vaccine for H. pylori.12

Urease is the most highly secreted protein of H. pylori.13 It hydrolyses urea with high efficiency, creating suitable 
conditions for H. pylori to colonize extremely acidic environments. At the same time, as one of the most important virulence 
factors of H. pylori, urease can cause local tissue damage. Therefore, targeting urease for drug design, immunotherapy, and 
vaccine development may lead to major breakthroughs in eradicating H. pylori infection and preventing its spread.14,15 

Additionally, according to the World Health Organization (WHO), urease is prevalent among numerous antibiotic-resistant 
pathogens, highlighting the importance of developing effective urease inhibitors.16 Traditional urease inhibitors typically 
target the active site or simulate the substrate to inhibit enzyme activity. However, owing to the deeply buried active site and 
strong substrate specificity of bacterial urease, the development efficiency of these traditional inhibitors is low.17 In 
addition, most of these compounds have serious side effects, toxicity and instability. For example, the only urease inhibitor 
currently approved for clinical use, acetohydroxamic acid (AHA), used in the treatment of recurrent urinary catheter 
obstruction and bladder stones, has shown side effects such as haemolytic anaemia and teratogenicity and has been reduced 
in clinical use and withdrawn from the general market.18,19 Therefore, there is great promise in the development of new 
effective urease inhibitors for the treatment of infections associated with ammonia-producing bacteria, such as H. pylori in 
the digestive system and Proteus in the urinary system.20

In fact, some of the antibiotics that have been routinely used at present also have urease inhibitory effect, and their 
structure can be modified to become stronger urease inhibitors. For example, the hydroxamic acid and hydrazine 
derivatives of levofloxacin exhibit unusual urease inhibitory activities.21 In addition, two novel series of nitroimidazoles, 
which are synthesized for the reaction of metronidazole and salicylic acid derivatives, have been shown to inhibit H. 
pylori urease, and molecular docking suggested that the possible mechanism is the inhibition of the active site of the 
urease. However, its specific mechanism of action and biological and toxicological studies are still unclear.22

Encouragingly, several cutting-edge compounds that can inhibit the maturation and activation of urease have been 
identified. These compounds offer new opportunities for designing more effective urease inhibitors and identifying new 
targets for antibacterial drug development.23 In view of these findings, this review comprehensively analyses the 
synthesis and activation mechanisms of urease and summarizes the existing and potential types of inhibitors to provide 
a more comprehensive and in-depth reference for future research.

Biological Characteristics of H. pylori Urease
Function of Urease
Once in the stomach, H. pylori neutralizes the hostile acidic environment through the activity of the bacterially encoded 
urease. The bacterial cell subsequently moves towards the gastric epithelium via flagellum-mediated motility.24 H. pylori 
adhesins further interact with host cell receptors, leading to successful colonization and persistent infection. After successful 
colonization, H. pylori produces several effector proteins/toxins that damage the host gastric mucosal tissue and alter the 
pattern of gastric hormone release, thereby affecting gastric physiology.25–27 It is thus clear that urease plays a key role in the 
initial stages of successful colonization by H. pylori and is the initial step in its survival mechanism. Thus, it may be possible to 
eradicate H. pylori colonization at its source by effectively inhibiting urease synthesis or activity.28

As one of the most abundantly expressed proteins in H. pylori, urease is a nickel metal enzyme that can produce 
ammonia by hydrolysing urea to survive in a highly acidic gastric environment,29,30 and additionally promotes flagellar 
swimming in the mucosal layer through urease-mediated hydrolysis of urea.31 Urease can also provide nutrients for 
bacteria by releasing host metabolites.25 At the same time, urease is also actively involved in the production of proton 
power to maintain the life activities of bacteria.32
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In addition, H. pylori urease exhibits a range of biological activities independent of its catalytic function. It induces an 
inflammatory response in vivo, promotes platelet aggregation and angiogenesis, and more directly activates human 
neutrophils and endothelial cells, triggering the generation of reactive oxygen species (ROS).33–35 In addition, H. pylori 
urease may also be neurotoxic, and its proinflammatory activity and activation of the immune system together trigger 
pathological processes such as neuroinflammation and tau protein phosphorylation, which are key factors in the 
progression of neurodegenerative diseases.36 In summary, H. pylori urease is not only crucial for the survival and 
growth of H. pylori in the acidic gastric environment but also one of the key molecules involved in its pathogenicity.28

Urease Active Site
The active site of urease contains two nickel ions bridged by a carbamylated lysine residue and coordinated by one 
aspartate and four histidine residues.37 This structure not only provides the necessary metal ion coordination environment 
for urease but also ensures the catalytic activity and substrate specificity of urease through precise amino acid 
arrangement and coordination. In addition to the active site of urease that binds directly to the substrate, the nearby 
active flap is crucial for the catalytic activity of urease, especially the multiple cysteine residues containing sulfhydryl 
groups on the active flap.38 Superposition of the structures of uninhibited H. pylori urease and AHA-inhibited H. pylori 
urease shows that the active flap is a helix‒flip‒helix secondary structure formed by a fragment consisting of residues 
α313–α346, which regulates the open and closed states of the active site via conformational changes, opening the active 
site when the inhibitor binds and closing it when the inhibitor is not bound. Furthermore, although the amino acid 
sequence of the active flap region in H. pylori urease shows a high degree of conservation in the primary and secondary 
helical structures, there is a significant difference in the region of specific residues preceding the active flap (especially 
α308 to α312). This difference is not coincidental because the active site, which is the core of the enzyme-catalysed 
reaction, is highly structurally conserved. It has been suggested that these nonconserved amino acid residues play a 
crucial role in these mobile flaps and may be a key factor in regulating the flexibility and conformational changes of the 
mobile flap. This difference may have led to different dynamic behaviours of the urease-catalysed active flaps of H. 
pylori, Klebsiella aerogenes, and Bartonella, thus affecting the catalytic properties of the respective enzymes. This is the 
reason why H. pylori urease has an unusually low Km value compared with other urease-producing bacteria; under the 
physiological conditions of the human stomach, the enzyme has evolved to function efficiently even in the presence of 
urea concentrations as low as 1.7–3.4 mM, owing to its extremely low Km value.39–41

Urease Generation and Activation
Safe Entry of Nickel Metal Ions into Bacterial Cells
The gene cluster encoding H. pylori urease consists of seven adjacent gene segments, UreABIHEFG.42 The core 
structure of urease is a ((αβ)3)4 heterodimer of the β and α subunits encoded by the structural genes UreA and UreB, 
known as apo-urease.43 At this point, the enzyme is inactive, and a nickel ion must be embedded in the active centre of 
the enzyme for it to function.29 The urease active site is located in the α-subunit and is highly conserved, and there are 
two binding sites for nickel ions on one subunit, so an active urease molecule requires 24 nickel ions to be fully 
enzymatically active.44,45

Nickel ions are free in the blood, and nickel ions in the blood enter the bacterial outer membrane through the outer 
membrane proteins FecA3 and FrpB4, and under the control of the protein NikR, enter the bacteria through the 
cytoplasmic membrane protein channel NixA (Figure 1).46,47 NixA is a high-affinity Ni2+ transporter that can indepen-
dently absorb Ni2+ and transfer it to the cytoplasm during urease synthesis.48 However, nickel ions are cytotoxic, and 
when nickel ions enter the cell and compete with other ions to bind to enzymes, they may replace those ions that are 
essential for enzyme function, such as magnesium ions (Mg2+); this displacement leads to the loss of enzyme function, 
thus affecting the normal metabolism and function of the cell.43 Nickel ions, therefore, cannot move freely to the metal 
active site, but the cells have evolved an interesting mechanism to transfer this toxic metal to the enzyme active site 
through the auxiliary proteins encoded by the auxiliary genes (UreEFGH) in the urease gene cluster.49 Specifically, these 
accessory proteins undergo meticulous conformational adjustments to assemble into specific protein complexes. 
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Simultaneously, during the process of conformational change, nickel ions are efficiently and orderly transferred between 
these accessory proteins, thereby ensuring that toxic metal ions do not leak into the cytoplasm. Ultimately, nickel ions are 
safely and accurately directed to their active sites.37

These accessory proteins are required for nickel insertion into the active centre of the enzyme, and studies have 
confirmed that UreF, UreG and UreH knockout mutants have a complete loss of urease activity, whereas the residual 
activity of UreE knockout mutants is only 1% of that of the wild type. Thus, these individual auxiliary proteins and their 
complex forms play irreplaceable roles in inserting nickel ions into the active centre of the enzyme and in regulating 
urease activity.50

Auxiliary Proteins Deliver Nickel Ions to the Urease Active Site
Upon entering the bacterium, nickel ions are first involved in the synthesis of another nickel-containing enzyme, 
hydrogenase, which is the key enzyme that supplies energy to H. pylori. During the maturation pathway of hydrogenase, 
nickel ions are delivered to the hydrogenase coenzyme HypA, which then transfers nickel ions from HypA to UreE 
through the formation of the HypA/UreE2 complex and into the maturation pathway of urease.51 During the formation of 
urease, the individual auxiliary proteins play different roles. The primary function of UreE is to facilitate the transport of 
nickel ions to the downstream protein UreG, with the nickel ions bound to UreE serving as the sole nickel ion supply for 
the synthesis of urease.52 UreE exists in solution as a homodimer, and each UreE dimer can bind only one nickel ion. 
Studies have demonstrated that the presence of the auxiliary protein, UreE, enhances the activity of urease.53

The central player among the many auxiliary proteins of urease is UreG, a GTPase,54 and each UreG has two specific 
binding motifs, a conserved metal-binding Cys-Pro-His motif and a GTPase P-loop motif, which, when replaced, disrupts 
urease maturation.55–57 The monomeric form of UreG lacks GTPase activity, and its activation as a GTPase is contingent 

Figure 1 The nickel delivery along the urease-maturation pathway. Ni2+ enters bacterial cells to form hydrogenase. It’s then transferred via HypA-UreE interaction, initiating 
urease maturation. Ni2+-loaded UreE interacts with UreGFH, transferring Ni2+ to the dimerized UreG. Stimulated by bicarbonate, UreG releases Ni2+ to the urease α 
subunit, activating it. Urea enters via UreI, gets hydrolyzed by urease into NH4+, which diffuses through UreI for neutralization in the periplasm.
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upon its dimerization.58 Specifically, the presence of nickel ions plays a crucial role in dictating the conformational state 
of UreG. In the absence of nickel, UreG remains in its monomeric form irrespective of the guanine nucleotide 
concentration.57

In the presence of nickel and GDP, UreG forms dimers, although these dimers may not be as stable as those formed in 
the presence of nickel and GTP. In fact, UreG forms stable dimers only in the presence of both GTP and nickel ions. 
When GDP is the only guanine nucleotide present, it binds to a specific ligand located between the two UreG monomers. 
These GDP-bound UreG dimers are then recruited by the homodimer UreF2H2, which strictly interacts with UreF via 
UreG to form the UreGFH complex to form the UreGFH complex, and the formed UreGFH complex awaits the injection 
of nickel ions.37,57,59

During nickel ion delivery, nickel ions released from the UreE dimer are not directly received by the monomeric form 
of UreG, but are taken up by the complex UreGFH. The key step in the transfer of nickel ions from UreE to UreG relies 
on the simultaneous involvement of GTP and Mg2+.

Specifically, under the synergistic effect of GTP and Mg2+, the two UreG subunits inside the UreGFH complex, 
which were originally in a separated state, will undergo a dimerisation reaction. Immediately thereafter, this dimerised 
UreG will detach from the UreGFH complex and, through the interaction between the Arg 101 of UreE and the Cys66 of 
UreG, tightly bind to another independent UreE dimer and together form a stable UreE2G2 complex. The formation of 
this complex is crucial for the advancement of the whole process, as it not only significantly enhances the binding 
capacity of the UreG dimer to GTP but also ensures that nickel ions can be efficiently and unidirectionally transferred 
from UreE to the UreG dimer.60 The detached UreFH, on the other hand, forms a preactivation complex together with the 
urease precursor and awaits the entry of nickel ions.

On the basis of the completion of the UreE2G2 complex, bicarbonate acts as a trigger for the hydrolysis of the nickel 
ion-bound UreG dimer with the participation of GTP, resulting in the redissociation of the UreG dimer into a monomeric 
form, as well as the conversion of GTP into GDP. During this process, nickel ions are precisely released and directly 
localised to the preactivation complex formed by the apourease and the UreFH complex.57

Upon the nickel ions ingress into the central active site of the urease enzyme, it is noteworthy that the nickel-binding 
site within the urease is intricately positioned deep within the enzyme’s structure, significantly removed from the nickel- 
binding site of UreG. To cross this spatial barrier, a narrow tunnel is naturally formed within the UreFH/apourease 
complex, serving as an efficient conduit for the precise migration of nickel ions from the UreG binding site to the active 
site of the urease, thereby markedly accelerating the activation process of the enzyme.61 Subsequently, following the 
successful activation of the urease, the UreI channel protein promptly responds and opens, ensuring unimpeded and rapid 
permeation of urea molecules into the cellular interior.62

UreI is a distinctive inner membrane protein that significantly enhances the influx efficiency of urea molecules by 
forming a proton-gated urea channel.63 This protein possesses the ability to pre-bind with apourese, forming a membrane 
complex, which facilitates the efficient assembly of the apourease apoprotein on the membrane surface. Upon successful 
activation of the urease in the presence of nickel ions, the UreI channel promptly responds by rapidly opening its 
gateway, allowing urea to freely and rapidly enter the bacterial urease system. Within this system, urea is efficiently 
converted into ammonia and carbon dioxide, a process that occurs swiftly within the cytoplasm, effectively achieving 
rapid neutralization of pH levels.50

In summary, the transport process of nickel ions is not only dependent on the involvement of individual accessory 
proteins but also requires intricate interactions between multiple accessory proteins. This includes the formation of 
complexes such as UreGFH, UreFH, UreE2G2 and the preactivation complex. These accessory proteins are intercon-
nected and each is essential to the overall process. Any disruption of this intricate sequence may result in failure of urease 
formation and activation.37

Urea Hydrolysis by Activated Urease
The UreI protein is a proton-gated urea channel that closes at a neutral pH (approximately 7.0) and opens at an acidic pH 
(approximately 5.0). The UreI channel consists of six subunits, each containing six transmembrane helices that form a 
central channel with a diameter of approximately 95 Å  and a height of approximately 45 Å . There is a double-layer 
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stopper formed by ordered lipids in the centre of the channel, which jointly enhances the stability of the channel.62 The 
channel has two contraction sites, which are near the bacterial cytoplasm and periplasm. Conserved aromatic and 
aliphatic residues play key roles at these contraction sites. The first contraction site is composed of Leu 6, Phe 84 and 
Trp 149. The second contraction site is composed of Leu 13, Thr 87, Tyr 88, Leu 152 and Trp 153. These sites ensure the 
selective passage of urea molecules by limiting the size of the channel while preventing the entry of protons and avoiding 
acidification within the cell.

Under acidic conditions, the periplasmic loop structures of UreI channels undergo conformational changes and open 
the channels. Protonated residues such as histidines and carboxylic acids on these loops are essential for sensing ambient 
pH and regulating channel opening and closing. When the pH is reduced, the protonated residues sense the acidic 
environment, triggering a conformational change in the channel that allows urea to rapidly enter the bacterial cytosol. In 
the cytosol, urease decomposes urea into ammonia (NH3) and carbon dioxide (CO2), which are then returned to the 
periplasm, neutralizing the protons entering the bacterial periplasm and thereby maintaining the periplasmic pH at 
approximately 6.1 under extremely acidic conditions. This adaptive mechanism enables Helicobacter pylori to survive 
the highly acidic gastric environment by neutralizing stomach acid through ammonia production, while effectively 
preventing self-toxicity caused by excessive cytoplasmic alkalization.64,65

Classification of Urease Inhibitors
Since urease is essential for the colonization of H. pylori, urease inhibitors have been researched and developed, and 
many natural products and synthetic or semisynthetic compounds have been studied and classified as urease inhibitors. 
The inhibitory activity of urease inhibitors was expressed as half inhibitory concentration (IC50). The ammonia 
production concentration of urease inhibitors was usually measured by Berthelot’s method and compared with that of 
standard urease inhibitors (AHA or thiourea). The IC50 values were calculated according to the experimental design 
formula. In conclusion, a smaller IC50 implies better urease inhibitor activity.66,67

This review categorizes these compounds into three primary groups based on their enzymatic inhibition mechanisms. It 
briefly summarizes the half-maximal inhibitory concentrations (IC50 values) of representative inhibitors belonging to the 
first and second categories, while providing a detailed elaboration on the third category. 1) Substrate-like inhibitors 
(Table 1): Structurally similar to substrates, these compounds bind to amino acid residues and/or Ni²+ in the enzyme’s 
active site in a mode analogous to urea (eg, thiourea and urea derivatives); 2) Mechanism-based inhibitors (Table 2): 
Although structurally distinct from substrates, these inhibitors directly bind to the active site or critical surrounding 
residues. Based on binding sites, they are further classified into: 2.1) Metal-chelating compounds (eg, hydroxamic 
acids), which complex with nickel ions; 2.2) Active site residue-targeting compounds (eg, metal complexes and imida-
zoles); 2.3) Sulfhydryl group-binding compounds (eg, quinones and phenols);68,69 3) Urease maturation inhibitors 
(Table 3): These inhibitors disrupt urease activity by interfering with its maturation process.8,23,70

Inhibitors of Urease Maturation
Most of the current inhibitors that target the urease maturation process are natural compounds, most of which come from 
herbs with thousands of years of experience in use. Rhizoma Coptidis (derived from the rhizome of Coptis chinensis 
Franch., officially recorded in the Chinese Pharmacopoeia) is one of the most commonly used herbs for the treatment of 
gastrointestinal disorders. Its functional components are mainly alkaloids, including berberine, palmatine, epiberberine 
and jatrorrhizine, some of which significantly inhibit urease activity.78 The study elucidates that following berberine 
treatment, the expression levels of both UreB mRNA and UreB protein exhibit a concentration-dependent downregula-
tion. Furthermore, the results of molecular docking analysis indicate that berberine is capable of binding to the amino 
acid residues located at the active site of urease. This suggests that berberine not only inhibits the formation of urease but 
also directly targets its active site, thereby exerting a synergistic inhibitory effect.66

Meanwhile, another alkaloidal extract derived from Rhizoma coptidis, coptisine, interferes with the urease maturation 
process by inhibiting the activity of the urease auxiliary protein UreG and hindering the formation of UreG dimers. In 
addition, safranine promotes the dissociation of nickel ions from UreG dimers, thereby inhibiting urease production. 
More interestingly, safranine also binds to sulfhydryl groups on the active flap around the urease active centre, further 
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Table 1 Substrate Analogs Urease Inhibitors

Classifications Tape of Inhibitor Representative Inhibitor Inhibition 
Objects

Inhibitor of 
Reference

IC50 Ref.

Thiourea and its 

derivatives

Thiourea

Thiourea

Jack Bean 
Urease

– 4.720μM [71]

Acylthioureas compounds

1-(4-chlorophenyl)-3 palmitoyl thiourea

Jack Bean 
Urease

Thiourea 

(IC50=4.720μM)

0.0170μM [71]

N-arylacetothioureas

N-(4-Chlorophenylaceto)urea

H. pylori urease AHA 

27.2±0.7μM (Extracted 

urease) 
171±9μM (Urease in 

intact cell)

0.16 ± 0.05μM (Extracted 

urease) 

3.86 ± 0.10μM (Urease in 
intact cell)

[72]

Thiobarbituric acid derived 

compounds

2-{[(4,6-dioxo-2-thioxotetrahydropyrimidin-5(2H)-ylidene)  

methyl]amino}-4nitrobenzoic acid

Jack Bean 
Urease

Thiourea 

(IC50 = 21±0.011μM)

8.53±0.027μM [73]

Urea derivatives Phenylurea compounds

1-(3-Chlorophenyl)-3-(3-nitrophenyl) urea

Bacillus pasteurii 
urease

AHA 

(IC50 = 27.0±0.5μM)

12.19 ± 0.15 [74]

Phenylurea compounds

1-(3-Chlorophenyl)-3-(2-methoxy-5-(trifluoromethyl)phenyl) urea

Bacillus pasteurii 
urease

AHA 
(IC50 = 27.0±0.5μM)

13.34 ± 0.01 [74]
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Table 2 Mechanistic Urease Inhibitors

Classifications Tape of Inhibitor Representative Inhibitor Inhibition 
Objects

Inhibitor of 
Reference

IC50 Ref.

2.1 Binding to nickel ions in the active site

Hydroxamic acid 

derivatives

acetohydroxamic acid

AHA

Jack Bean Urease – 17±2μM [22]

hydrazides

7-(4-Acetylpiperazin-1-yl)-1-cyclopropyl-6-fluoro-1,4-dihydro- 

N-hydroxy-4oxoquinoline-3-carboxamide

Urease AHA (IC50=120μM) 1.22μM [21]

N-acetyl ciprofloxacin 

hydroxamic acid

7-(4-Acetylpiperazin-1-yl)-1-cyclopropyl-6-fluoro-1,4-dihydro- 
4oxoquinoline-3-carbohydrazide

Urease AHA (IC50=120 μM) 2.22μM [21]

2.2 Combining with the amino acid residues in the active site

Metal complexes Schiff 

base compounds

[CuZnCl2L4] complex

H. pylori Urease – 2.2±0.01μM [8]

Schiff 

base compounds

[Cu2Cl4(L1)2]

H. pylori Urease – 0.03 

±0.78μM

[8]
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Nitroimidazole 

derivatives

Metronidazole derivatives

2-(2-Methyl-5-nitro-1H-imidazol-1-yl)ethyl5-bromo-2(2-(2-methyl- 

5-nitro-1H-imidazol-1-yl)ethoxy)benzoate

H. pylori Urease AHA 

(IC50 = 17 ± 2μM)

26 ± 3μM [68]

Metronidazole derivatives

2-(2-Methyl-5-nitro-1H-imidazol-1-yl)ethyl5-chloro-2(2-(2-methyl-5- 

nitro-1H-imidazol-1-yl)ethoxy)benzoate

H. pylori Urease AHA 

(IC50 =17± 2μM)

12 ± 1μM [22]

2.3 Binding to the cysteine surrounding the active site

Organic compounds Quinones

1,4-benzoquinone moiety

– – ND [68]

Phenols

Hydroquinones

– – ND [75]

(Continued)
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Table 2 (Continued). 

Classifications Tape of Inhibitor Representative Inhibitor Inhibition 
Objects

Inhibitor of 
Reference

IC50 Ref.

Natural compounds Flavones

Baicalin

Jack Bean Urease AHA 
(IC50 =0.14± 

0.05mM))

0.82± 0.07 
mM

[38]

Flavones

Scutellarin

Jack Bean Urease AHA 

(IC50 =0.14± 

0.05mM))

0.47± 0.04 

mM

[38]

Isoquinoline alkaloids

Palmatine

H. pylori urease 
Jack Bean Urease

AHA 
(IC50 =0.07± 

0.01mM) 

(IC50 =0.02± 
0.00mM)

0.53 ± 
0.01mM 

0.03 ± 

0.00mM

[76]

Abbreviations: AHA: Acetohydroxamic acid; ND: Not determined.
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Table 3 Inhibitors of Urease Maturation

Classifications Inhibition of Auxiliary Protein Types Representative 
Inhibitor

Inhibition 
Objects

Inhibitor of 
Reference

IC50 Ref.

Natural 
compounds

Reducing the protein expression level of UreB

Epiberberine

H. pylori urease AHA 
(IC50 =3.965 
±0.13μg/mL)

9.613 
±1.86ug/mL

[66]

Inhibition of UreG activity 
Inhibition of dimer formation of UreG

Coptisine

H. pylori urease 
Jack Bean Urease

AHA 
(IC50 =0.09± 

0.01mM) 
(IC50 =0.02± 

0.01mM)

1.78 ± 
0.06mM 
0.26 ± 

0.02mM

[29]

Downregulating the gene expression levels of ureB, ureE, ureI and nixA and reducing the protein 
expression level of UreB

Patchouli alcohol

H. pylori urease AHA 25–50μM [48]

Multimerisation with UreA and UreB proteins

Zerumbone

H. pylori urease ND ND [77]

(Continued)
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Table 3 (Continued). 

Classifications Inhibition of Auxiliary Protein Types Representative 
Inhibitor

Inhibition 
Objects

Inhibitor of 
Reference

IC50 Ref.

Binds the UreG and inhibits its GTPase activity

Compound A

H. pylori urease AHA 
(IC50 = 1321 ± 

291μM).

16.7 ± 6.5 μM [23]

Binds the UreG and inhibits its GTPase activity

Compound B

H. pylori urease AHA 
(IC50 = 1321 ± 

291μM).

9.5 ± 7.6 μM [23]
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synergistically inhibiting urease activity. Together, these findings reveal the multiple mechanisms of action of flavonoids 
in the inhibition of urease.29

Patchouli, a traditional herbal remedy in Asian countries for the treatment of gastrointestinal disorders such as 
gastritis and ulcers, boasts a historical pedigree spanning several centuries. Within this herbal medicine, Patchouli alcohol 
(PA), a tricyclic sesquiterpene compound, has demonstrated potent eradication capabilities against H. pylori in vitro, 
alongside significant inhibitory effects on urease activity. More specifically, PA achieves this by downregulating the 
expression levels of crucial genes, including UreB, ureE, UreI, and NixA (the nickel transporter protein), which 
subsequently reduces the abundance of the UreB protein. This mechanism effectively suppresses the expression of 
urease-related proteins and genes, thereby blocking the synthesis of urease.48

Zerumbone is a major constituent of the tropical zingiberaceous plant Zingiber zerumbet (also known as shampoo 
ginger). Rhizomes, which contain large amounts of zerumbone, were used as anti-inflammatory folk medicines in 
Southeast Asia as early as the early second century.79 Gingerone has a wide range of pharmacological effects, including 
anti-inflammatory, antibacterial and anticancer effects, and in natural systems, it can be used as a starting material for the 
diversification of the biosynthesis of other natural products.80 Studies have shown that gingerone has the ability to inhibit 
the urease activity of H. pylori. Although it does not have a direct effect on gene transcription and protein expression of 
UreA and UreB, gingerone is able to induce dimerisation, trimerisation or tetramerisation of UreA and UreB proteins, 
which in turn has an effect on the structure of deacylated urease. Since deacylated urease plays an important role in the 
maturation and activation of urease, this effect of gingerone indirectly affects the activity level of H. pylori urease.77

Currently, there exist numerous therapeutic regimens for the eradication of H. pylori infections in clinical practice, 
with bismuth-containing compounds serving as a pivotal component in most of these schemes. Research has demon-
strated that colloidal bismuth citrate possesses a unique capability: it effectively disrupts the transitional UreG dimer 
formed in the presence of a GTPase activator element, resulting in the loss of GTPase activity of this dimer, without 
interfering with the stable Ni²+/GTP binding state of UreG. Crucially, colloidal bismuth citrate precisely targets UreG, 
inhibiting the formation of the 2E-2G complex, and thereby efficiently blocking the production of urease. Based on these 
findings, research suggests that UreG holds promise as an alternative novel target for the development of potent urease 
inhibitors.23

Building upon this theoretical foundation, researchers have screened two compounds, A and B (Table 3), from the PubChem 
database, which target UreG. These two compounds exhibit remarkable urease inhibitory activity, with half-maximal inhibitory 
concentrations (IC50) against clinically isolated strains of Helicobacter pylori as low as 16.7 ± 6.5 µM and 9.5 ± 7.6µM, 
respectively, providing invaluable leads for future drug development endeavors.23

Conclusion and Future Prospects
H. pylori has a large infection base in the population, and the resistance rate to conventional antibiotic treatment is 
increasing annually, especially for clarithromycin-resistant H. pylori strains;81 even the WHO lists clarithromycin- 
resistant H. pylori as a strain in urgent need of the development of a new drug,82 researchers around the world are 
trying to solve this problem in different ways.

Urease has a long history of research, and a variety of inhibitors have been developed and modified for its active site.83 

However, the majority of previous research has predominantly focused on the active sites of existing urease enzymes. If the 
synthesis and activation of urease could be preemptively inhibited, the suppression of its activity would yield significantly 
greater efficacy with less effort.84 Some studies have demonstrated that some inhibitors of urease maturation have higher 
activity than AHA. Furthermore, our summary revealed that the majority of potential inhibitors capable of disrupting the 
urease maturation process are predominantly derived from natural sources. In recent times, plant-based natural products have 
garnered significant attention due to their innate origin, non-toxic or low toxicity profiles, chemical stability, and exceptional 
bioavailability.85 This suggests that there is unlimited potential to focus on the urease maturation process to design and develop 
safe and less costly urease inhibitors.

Although some natural products that inhibit urease maturation have shown good effects in inhibiting urease activity, 
their clinical application is still mainly for the treatment of other gastrointestinal diseases, and the treatment of 
Helicobacter pylori infection is not universal. The possible reasons are as follows:
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Insufficient Clinical Trial Data
Although the efficacy of berberine triple therapy (consisting of berberine 500 mg, amoxicillin 1000 mg, and vonoprazan 
20 mg) has been demonstrated to be comparable to that of vonoprazan quadruple therapy (vonoprazan 20 mg, amoxicillin 
1000 mg, clarithromycin 500 mg, and colloidal bismuth tartrate 220 mg) and rabeprazole quadruple therapy (rabeprazole 
10 mg, amoxicillin 1000 mg, clarithromycin 500 mg, and colloidal bismuth tartrate 220 mg) in some single-centre, small- 
sample clinical trials. Moreover, it has been observed that berberine triple therapy is well tolerated, safe and economic-
ally advantageous, while avoiding the necessity of bismuth and its associated adverse effects.86,87 However, it must be 
acknowledged that there is still a lack of robust large-scale multicentre clinical trials to further validate these findings.

Development of Multitarget Inhibitors
Inhibitors with a single target may face the problem of drug resistance. Therefore, future studies could explore the 
development of multitarget inhibitors, such as the simultaneous inhibition of the urease active centre, the active flap 
around the urease active centre, and the urease maturation process (eg, epiberberine, coptisine), to improve therapeutic 
efficacy and reduce the occurrence of drug resistance.

Drug Delivery
Urease is found both intracellularly and extracellularly, but the main function of urease is carried out intracellularly.88 

Finding a means of delivering urease inhibitors precisely to the site of H. pylori colonization is an important research 
direction.

In conclusion, the maturation and activation of urease are extremely complex processes that require the accurate 
delivery of nickel ions to its active centre through the interaction of accessory proteins. Any problems with interactions 
are likely to affect their maturity. Each accessory protein has its own unique function. However, only some of these 
proteins can be inhibited, and only a few of these inhibited proteins have been identified as targets of potent urease 
inhibitors. In addition, few studies have investigated the necessary auxiliary nickel ion transport protein interactions to 
develop of urease inhibitor compounds. Therefore, the development of urease inhibitors could focus on the maturation of 
urease, leading to the development of more accurate, more effective and safer urease inhibitors, new strategies for the 
eradication of H. pylori infection, and significant progress in the field of drug development. We look forward to 
identifying urease inhibitors that could promote a new, more effective H. pylori eradication programme and clinical 
treatment of urease-related diseases, bringing new breakthroughs and hope.
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