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Abstract

Purpose of Review Helicobacter pylori (H. pylori) infections cause various gastric diseases in humans, such as gastritis,
peptic ulcerations, and even gastric cancer. Bismuth-based triple or quadruple therapies have been commonly recommended
for the treatment of H. pylori infections. Up to now, the molecular mechanisms by which bismuth inhibits the growth of H.
pylori are far from fully clear.

Recent Findings The present concise review intends to cover the most recent reports and discoveries, especially in the past
10 years ever since our previous review on the inhibitory mechanism of bismuth-containing drugs against H. pylori. The
proteome work and in vitro studies all supported that enzyme inhibition, attenuated ROS defense, disruption of the intracel-
lular iron metabolism, and reduced bacterium-host cell adhesion are the principal mechanisms underlying the actions of
bismuth against H. pylori.

Summary The review presented here will help us to understand further the molecular mechanisms underlying the actions
of metal-based drugs and stimulate further development of effective anti-bacterial drugs.
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Introduction

The Gram-negative microaerophilic bacterium Helicobacter
pylori infects around half of the population worldwide. The
long-term colonization of H. pylori in the stomach causes
various gastric diseases, including gastritis, peptic ulcerations,
gastric carcinoma, and mucosa-associated lymphoid tissue
lymphoma [1], and more recently established, gall bladder
cancer, diabetes mellitus, and iron deficiency anemia (IDA)
[2]; the latter of which is closely related to the polymorphism
of NapA of H. pylori [3, 4]. Complete eradication of H. pylori
from the stomach is the method to treat the various kinds of
gastric diseases related to H. pylori infections. For example,
proton-pump inhibitor (PPI) or bismuth-based drugs have been
routinely used together with two antibiotics (triple therapy) for
the treatment of H. pylori infections [5]. However, the failure
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rate of H. pylori treatment has been increasing primarily due
to the antibiotic resistance to clarithromycin, metronidazole, or
levofloxiacin [6], leading to point mutations in the genome of
H. pylorito attenuate the efficiency of antibiotic drugs [7]. Bis-
muth-based drugs, such as colloidal bismuth subcitrate (CBS)
and ranitidine bismuth citrate (RBC), could be used to reduce
antibiotic resistance levels when co-administered with PPI
and antibiotics [8, 9], because bismuth salts act as an antisep-
tic rather than an antibiotic [7]. Especially in areas with high
rates of clarithromycin and metronidazole resistance, bismuth-
containing quadruple therapy is the preferred treatment option
[10]. The regimen can be administered by using a single cap-
sule formulation (three-in-one, Pylera®) containing bismuth
subcitrate potassium, metronidazole, and tetracycline (triple,
Pylera®) in combination with PPI or oramizole. An evaluative
work, which tallied the results of relevant studies, confirmed
that bismuth-based quadruple therapy using Pylera is an easy,
efficacious regimen that achieves cure rates above 90% and
is well tolerated [11]. Several reports have also demonstrated
the effectiveness of bismuth-containing quadruple therapy
through trials. In a multicenter, open-label, single-arm, multi-
national study, H. pylori eradication rates ranged from 93.2 to
93.8% in the ITT (intention-to-treat analysis) population and
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94.7 t0 95.0% in the PP (per-protocol) population, indicating
that bismuth-based quadruple therapy produced high eradica-
tion rates in subjects who had previously failed to eradicate H.
pylori [12]. Another randomized, open-label, non-inferiority
phase 3 trial conducted in Europe also provided clinicians with
assurance of the safety and tolerability of bismuth through a
large comparative study of standard and quadruple combina-
tion therapies [13].

The molecular mechanisms for the actions of bismuth
against H. pylori have attracted many researchers worldwide
ever since its successful medical usage. Up to now, the estab-
lished mechanisms suggest that bismuth inhibits the bacterium
in a complicated way and have been reviewed by Lambert
and Midolo [14], the Sun group [15], and ourselves [16]. The
major in vivo biological targets for bismuth seem to be pro-
teins and enzymes [17, 18], possibly through interference with
zinc/iron cofactors in significant enzymes and/or iron/nickel
metabolism. Previously established mechanisms of actions
for bismuth include (1) inhibition of enzymes, such as urease,
catalase, lipase/phospholipase [19], and fumarase [20],; (2)
inhibition of adhesion of H. pylori to surface epithelial cells
[21]; (3) inhibition of ATP synthesis [22] and inhibition of
the activity of F1-FO ATPase; and (4) inhibition of protein,
cell wall synthesis, and membrane function [23]. In a pro-
teome work by our group, we found that the major molecular
mechanisms of bismuth’s action against H. pylori seem to be
enzyme inhibition, interference with nickel homeostasis and
the induced reactive oxidative stress [16, 18, 24]. Bismuth-
induced oxidative stress was confirmed by the presence of
higher levels of lipid hydroperoxide and hemin in bismuth-
treated H. pylori cells [24]. The protease activities were also
found to decrease eight-fold upon bismuth treatment [24],
indicating a heavy load for the intracellular metabolism due
to the accumulation of unwanted proteins intracellularly. A
recent temporal kinetic analysis showed that upon entering
H. pylori, bismuth initially interferes with the TCA cycle, fol-
lowed by urease activity, and subsequently induces oxidative
stress and suppresses energy production, while triggering a
broad downregulation of metabolic levels [25]. Therefore, the
molecular mechanisms of bismuth against H. pylori seem to
be a systematic action on quite a variety of metabolisms and
biological pathways. The present review intends to cover the
most recent reports and discoveries in the field of inhibitory
mechanisms of bismuth against H. pylori (Fig. 1) especially
in the past ten years to act as an update to our last review [16].

Proteome-wide Identification of Potential
Targets of Bismuth in H. pylori

About 15 years ago, we published a proteomic work with

an aim to identify potential intracellular targets of bismuth
in H. pylori in one kick [24]. Eight significantly up- or
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downregulated proteins upon bismuth treatment were
identified, among which four proteins (HspA, HspB, NapA,
and TsaA) can be bound to the immobilized bismuth affinity
chromatography (Bi-IMAC). In a follow-up proteome work by
Sun et al. using Bi-IMAC and MS, 166 potential Bi-binding
proteins from H. pylori were identified [26]. The Sun group
relied on continuous-flow gel electrophoresis plus ICP-MS to
simultaneously identify proteins and the bound metal ions [27].
With bismuth-treated H. pylori 26,695 as a model strain, they
detected several bismuth-binding proteins [27], such as UreA/B,
CeuE, TsaA/AhpC, cell-binding factor 2, and Hp1286. Among
them, Hp1286 is involved in isoprenoid quinone metabolism/
transport/storage [28]; CeuE is the periplasmic iron-binding
protein in an iron(IIl) ABC transporter [29]; and cell binding
factor 2 is a secreted peptidyl-prolyl cis/trans-isomerase [30].
The Sun group further developed an in-house metalloprteomic
method to couple a newly developed fluorescent probe with
continuous-flow gel electrophoresis plus ICP-MS [31]. With
this method, they identified 63 Bi-binding and 119 Bi-regulated
proteins in H. pylori and the proteins are mainly involved in pH
buffering and reactive oxidative stress (ROS) defense.

Based on these four proteomic studies, several potential
mechanisms of actions of bismuth were proposed. At first,
bismuth represses the bacterial capability of fighting against
ROS, possibly by inhibiting the ROS resistance system of
peroxiredoxins, thioredoxin, TsaA/AhpC, NapA, and so
on. In the previous work, H. pylori TsaA was found to be
cleaved or degraded upon bismuth treatment [24]. TsaA is a
major component of the thiol specific antioxidant (Tsa) that
catalyzes the reduction of hydroperoxides and peroxynitrite
[32, 33]. NapA is named to reflect its ability to mediate
neutrophil adhesion to endothelial cells [34], and is identified
as a 150 kDa DNA-binding dodecamer that protects cells
from DNA damage [35]. NapA is found to be a Bi**-binding
protein and its expression is upregulated by bismuth [24],
which suggests that the upregulation of NapA expression is
a response of H. pylori toward bismuth-induced ROS. The
binding between NapA and bismuth was confirmed by a laser
ablation-ICP-MS [36]. The polymorphism in NapA gene is
closely related to the occurrence of IDA [4]. Thr70-type
NapA is significantly higher in IDA patients than the wild-
type standard Ser70-type. The in vitro study by our group
suggested that Thr70-type NapA has much stronger ability to
sequester iron(II) compared with the Ser-70 type [3].

The second mechanism is to disturb iron homeostasis
through Fur (an iron regulatory factor) inhibition and the
ROS-mediated destruction of [Fe-S] clusters [37, 38]. Iron
is essential for almost all living organisms and is closely
involved in a wide range of metabolic and cellular pathways
[39]. Bacteria rely on various complex strategies to maintain
intracellular iron homeostasis: to satisfy its own requirement
for the iron and to prevent the toxic effects owing to the
hydroxyl radicals produced by Fenton reaction in the presence
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Fig. 1 A model describing the mechanism of bismuth-based drugs against H. pylori. By interfering with functions of key enzymes and proteins
as a major inhibitory pathway, bismuth inhibits the normal growth of H. pylori and weakens its antioxidant defense and colonization capacity

of excessive iron [40]. Fur is a global regulator to control the
intracellular iron content to achieve a balance between iron
uptake, storage, iron-protein maturation, and excretion [39].
HpFur contains three binding sites: a structural zinc-binding
site S1, a regulatory binding site S2, and a co-regulatory
binding site S3 [41]. In an in vitro study, bismuth was
found to bind to HpFur protein at the S1 site and induce
oligomerization state changes, resulting in disrupted DNA-
binding capability [42]. The disruption of the iron regulation
through HpFur is thus a direct target of bismuth-based drugs.

The third mechanism is to directly inhibit the urease activ-
ity by the disruption of urease maturation function of several
nickel binding proteins, such as HspA/B, HypB, UreG, and
the urease subunit UreB [43], Hpn [44, 45], and Hpn-like
proteins [46]. Hpn and Hpn-like are similar His-rich protein
[44, 47], and HspA exhibits a unique His/Cys-rich C-terminal
extension which other GroES-like proteins do not have [48].

These proteins are supposed to be involved in the intracellular
nickel storage [49, 50]. Bismuth binds to these proteins and
disrupts their relevant functions in the maturation of urease,
and as a result, the ability of H. pylori for the colonization in
the acidic gastric environment is diminished [51].

Bismuth Disrupts the Function of Several
Key Proteins in H. pylori

Bismuth-based drugs are used for decades in the treatment
of H. pylori infections and they are believed to be safe to
the human bodies if administrated properly. The reason is
that bismuth can bind to antioxidant tripeptide glutathione
(GSH) [52]. Bismuth was passively absorbed, bound to
GSH, and transported into cells via the multidrug resist-
ance protein (MRP) [52]. GSH is one of the two key thiols,
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besides metallothionein [53] and protects mammalian cells
from severe cell vacuolation, degradation, and death as in
H. pylori [16].

Inhibition of enzymes is an important way for bismuth-
containing drugs to work. For stable survival and
colonization, H. pylori has developed a few methods to cope
with the harsh acidic environment in the gastric mucosa. For
example, H. pylori can produce several enzymes essential
for gastric colonization, including alcohol dehydrogenase
[54], urease [55], protease [56], and phospholipase [57].
Once inside the cells of H. pylori, bismuth may bind to
various proteins/enzymes and in turn perturb a variety
of biological pathways. Although the antimicrobial
mechanism involved in bismuth is not thoroughly defined,
much current evidence suggests that Bi** interacts with the
cysteine residues of the target protein and interferes with the
sulfur-containing metal-binding site [58]. A metallomics
study used laser ablation inductively coupled plasma mass
spectrometry to search for bismuth compound targets in
H. pylori [36], and as a result, seven candidate bismuth-
binding proteins were screened, including four enzymes,
whose biological significance deserved further exploration.

H. pylori synthesizes a membrane-bound Ni—Fe hydro-
genase which catalyzes reversible oxidation of molecular
hydrogen and permits respiratory-based energy produc-
tion for the bacteria in the mucosa [59]. The assembly of
the Ni-Fe hydrogenase relies on the chaperone proteins
HypA/B. Knockout of either hypA or hypB gene leads to
complete loss of the hydrogenase activity and reduced bac-
terial habitation in the gastric environment [59]. Bi(III)
binds equal molar equivalent of HypB with a dissocia-
tion constant of 9.4 (x£2.5)x 107> M and induces the
protein dimerization in equal molar equivalent or further
oligomerization in excess Bi(IIl) [60]. The formation of
higher order oligomers completely abolishes the GTPase
activity of HypB, which may pose a threat to H. pylori to
coordinate its biological processes and metabolisms.

Proteases are widely present in organisms and are one of
the largest functional groups of proteins. Bacterial proteases
are known to be essential in maintaining homeostasis,
nutrient uptake, and infection of the host [61]. Proteolytic
enzymes produced by invasive bacterial species often play
an important role in their viability and pathogenicity. A
comparative proteomic analysis showed that treatment of
H. pylori with CBS resulted in an approximately eightfold
decrease in total protease activity [24], confirming that
these enzymes are potential targets for bismuth-based anti-
ulcer drugs [56, 62]. In addition, the phospholipase secreted
by H. pylori is able to degrade the lipids of the gastric
mucosa, thereby damaging the protective layer of mucus gel
in the stomach [63, 64]. There is evidence suggesting that
bismuth salts inhibit the activity of phospholipases A2 and
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C, and the inhibition is supposed to be due to the binding of
bismuth to the calcium site of phospholipase [57, 65].
Urease is highly expressed in H. pylori, up to 10% of total
proteins expressed. The initially synthesized protein is in its
inactive apo-form, which still requires a nickel-bound matura-
tion process. The mechanism for the translocation of nickel
to apo-urease in H. pylori has been identified, the process
with a collaboration of several accessory proteins, UreE,
UreF, UreG, and UreH [66]. Among the accessory proteins,
UreG was found to have the potential to interact with bismuth
[67]. Each UreG monomer was observed to bind to approxi-
mately two Bi(IIl) ions with an apparent dissociation constant
of 3.1x 1072* M. Mutagenesis of the metal-binding site of
UreG demonstrated that the binding of Bi** was associated
with Cys66 and Cys46, where Cys66 is also involved in the
binding of Ni** [68]. This study suggests that once Bi** occu-
pies the binding site of UreG, Ni** will no longer be able to
insert. Both the tertiary structure of UreG and the complex
with other accessory proteins are also disturbed by the binding
of Bi**, which severely interferes with Ni2* transport [43, 69].
Carbon metabolism is essential in maintaining cellular
structure and supplying energy [70]. Proteomic analysis
revealed that nearly 10 enriched pathways of carbohydrate
metabolism, such as glycolysis, the pentose phosphate
pathway, and the citric acid cycle (TCA), were significantly
inhibited upon treatment with bismuth-based drugs [71].
Glucose appears to be the main carbohydrate utilized by H.
pylori [72, 73]. H. pylori is able to metabolize glucose via
glycolysis, pentose phosphate pathway, and Entner-Doudor-
off pathway. In the presence of CBS, a downregulation of
gene expression associated with glycolysis as well as the
pentose phosphate pathway was observed, and the binding
of bismuth to the glycolytic enzymes fructose-diphosphate
aldolase (FbpA) and enolase (Eno) was also detected [31],
suggesting that bismuth-based drugs inhibit glucose catabo-
lism. The TCA cycle has a dual function in cellular metabo-
lism as a hub for the metabolic linkage of sugars, lipids, and
amino acids. It provides both precursors for a variety of bio-
syntheses, such as ketoglutarate, succinate, and oxaloacetate,
and a source of energy for cellular metabolism through the
production of reduced nucleotides [74]. Bioassays have con-
firmed that CBS may impede central carbon metabolism and
disrupt the TCA cycle: the activity of enzymes in the TCA
cycle usually decreases in a dose-dependent manner after
CBS treatment [74]. The expression of enzymes involved
in the TCA cycle, such as aconitic acid hydratase (Acna),
isocitrate dehydrogenase (Icd), and fumarase, is inhibited by
bismuth [71]. Fumarase has been most thoroughly studied.
It catalyzes the reversible hydration of fumarate to malate in
the TCA cycle and generates reducing equivalents to facilitate
oxidative ATP synthesis, which is essential for cellular ener-
getics [75]. A proteomic work showed that fumarase is able
to bind bismuth and is one of the major targets of intracellular
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bismuth-containing drugs [56]. Fluorescence quenching
assays on bismuth titration showed that each fumarase binds
one molar equivalent of Bi** and results in an apparently non-
competitive near stoichiometric inactivation of fumarase [20].

Conclusion

Bismuth-based triple or quadruple therapies have been com-
monly recommended for the treatment of H. pylori infec-
tions—associated gastric diseases. The proteome work and
the in vitro validation studies in the past 5 years supported
that enzyme inhibition, attenuated ROS defense capability,
disruption of the intracellular iron metabolism, and abol-
ished bacterium-host interactions are supposed to be the
major molecular mechanisms of bismuth’s action against
H. pylori. Despite the information gathered so far, many
aspects of the molecular mechanisms underlying the actions
of bismuth toward H. pylori in vivo are still far from clear.
Therefore, as stated 5 years ago,(16) cell- and tissue-wide
advanced nuclear techniques, such as neutron activation
analysis, X-ray emission/fluorescence spectroscopy, isotope
dilution and tracing, X-ray absorption, neutron scattering,
electron paramagnetic resonance, and nuclear magnetic reso-
nance [76, 77], can be used to clarify in several ways the
inhibitory effects of bismuth against H. pylori: the cellular
localization of bismuth inside the bacterium; the structure of
bismuth-containing metalloenzymes, implying the possible
inhibitory ways; bismuth-DNA species inside the bacterium
and the proteins binding to these adducts; and so on.
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