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Abstract: Helicobacter pylori is responsible for a wide range of gastric diseases, including gastric
cancer and gastritis. With half of the world’s population infected by H. pylori and the current
standard of care associated with suboptimal outcomes, a search for more effective drugs is critical. To
facilitate drug screening for H. pylori, we developed a microtiter plate-based compound screening
method that is faster and can screen multiple compounds. We identified activities of fexinidazole
and its sulfoxide and sulfone metabolites against H. pylori. Both fexinidazole and its metabolites
exhibited equipotency against S51, 60190, and G27 strains, which were about 3—6-fold more potent
than the currently used metronidazole. We also determined the minimal inhibitory concentration
(MIC) of metronidazole, fexinidazole, and its metabolites against these strains by a traditional agar
plate-based method. While MIC values of fexinidazole and metronidazole were similar against all
the strains, both sulfoxide and sulfone showed lower MIC values than metronidazole against SS1
and 60190. Given the recent FDA approval of fexinidazole, our data on the in vitro antibacterial
activities of fexinidazole and its metabolites support further evaluation of this drug with the goal
of producing an alternative nitro-based antimicrobial with good safety profiles for the treatment of
H. pylori infection.

Keywords: Helicobacter pylori; compound screen; fexinidazole; antibacterial

1. Introduction

Helicobacter pylori is the most common bacterial pathogen in the world, infecting almost
half of the world’s population [1]. It significantly impacts global health as the main cause
of chronic gastritis, peptic ulcers, and gastric malignancy [1-5]. In addition, it has recently
become clear that chronic infection with H. pylori can exacerbate other disease conditions,
including self-limiting infections, stroke, and ischemic heart disease, due to H. pylori-
induced host responses [6,7]. Eradication of H. pylori is mandatory in the prevention and
management of these gastroduodenal diseases. Once detected, treatment is complicated
and expensive, requiring combinations of antibiotics and proton pump inhibitors (PPIs)
administered for extended periods [8-10]. Even with optimal management, treatment
failures remain an increasingly serious problem [11-13]. Further, even after successful
treatment, reinfection can occur, with rates as high as 30% per year [14-16]. Therefore, the
discovery and development of new anti-H. pylori drugs with both superior therapeutic
efficacy and negligible adverse effects are a critical unmet need to treat H. pylori infection.

Generally, screening of compounds against H. pylori involves investigating the minimal
inhibitory concentration (MIC) of specific compounds through procedures such as serial
broth dilutions or the Kirby—-Bauer method [17]. However, H. pylori grows slowly in contrast
to other commonly cultured bacteria, which can make traditional screening methods for H.
pylori time-consuming and cost-inefficient. To overcome these drawbacks, recent studies
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have used high-throughput screening (HTS) technology that is fast, including the Fourier
transform infrared (FTIR) spectroscopy [18,19]. In this study, we modeled a HTS assay
designed to screen multiple compounds for another microaerophilic pathogen, Entamoeba
histolytica [20], to screen different compounds for H. pylori. Our procedure involved using a
modified broth dilution method that screened compounds in 96-well broth cultures of H. py-
lori using the commercially available BacTiter-Glo Microbial Cell Viability Assay (Promega)
to determine the half-maximal effective concentration (ECsp) of each compound. This assay
measures ATP bioluminescence generated when luciferase catalyzes the transformation of
luciferin into oxyluciferin, yielding PPi, AMP, and light in the presence of cellular ATP and
oxygen. The whole organism screening formatted to 96-well microtiter plates represents a
rapid, sensitive, and more efficient assay for screening multiple compounds to identify bac-
tericidal compounds. The screen was validated with the currently used drug metronidazole.
Since nitroimidazole scaffolds have an established history of anti-H. pylori activity, the use of
nitroimidazole drugs already approved for human use opens the possibility to rapidly and
cost-effectively repurpose drugs to treat H. pylori infection. We used our newly developed
screening method to investigate the activity of a rediscovered nitroimidazole compound,
fexinidazole, and its metabolites fexinidazole sulfoxide and fexinidazole sulfone. Fexinida-
zole is inexpensive and was recently approved by the U.S. Food and Drug administration
(FDA) [21]. This is a promising alternative and safe nitro-based antimicrobial drug, con-
sidering H. pylori treatment failures due to an increase in resistance to the current metron-
idazole drug [22-26]. After confirming the activities of these compounds in a 96-well
plate liquid culture, we determined the MIC of these compounds in a traditional agar
plate-based method.

2. Results
2.1. Viability Assay for H. pylori

Screening methods on agar plates to assess the bactericidal activity of compounds
against H. pylori are slow-paced, labor-intensive, and not amenable to high-throughput
screening. To accelerate the identification of anti-H. pylori compounds, we miniaturized
the assay that relies on the correlation of the H. pylori colony-forming unit (CFU) and the
intracellular ATP generated by the organism. When different H. pylori CFU were seeded
into 96-well microtiter plates, the luminescence generated from the bacteria demonstrated
a strong linear correlation (R? = 0.9) (Figure 1). A total of 3 x 10° H. pylori CFU per well in
a 96-well plate was used in subsequent BacTiter-Glo cell viability assays.

2.2. In Vitro Activity of Metronidazole, Fexinidazole, Fexinidazole Sulfoxide, and Fexinidazole
Sulfone against Various H. pylori Strains

Since metronidazole is one of the antibiotics used in the standard triple therapy for
H. pylori infection, we first determined the ECsy of metronidazole against three different
strains in our microtiter plate-based assay. The ECsy of metronidazole against strains
60190, G27, and SS1 ranged from 7.8 to 11.1 uM (Figure 2). Once our assay could deter-
mine the ECsy of metronidazole on different strains, we expanded the assay to investigate
the effect of the FDA-approved 5-nitroimidazole derivative fexinidazole and its metabo-
lites fexinidazole sulfoxide and fexinidazole sulfone on these three strains. The parent
drug fexinidazole and the metabolites exhibited about 2 pM ECsg against all three strains
(Figures 3-5). These growth inhibition experiments suggest that fexinidazole and the
metabolites have broad activity against H. pylori strains, and they are about 4-6-fold more
potent than metronidazole (Table 1). The screening of these compounds also generated a Z’
of 0.7-0.8.
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Figure 1. Correlation between H. pylori CFU and ATP bioluminescence in a 96-well microtiter plate.
Different numbers of bacteria were seeded in a 96-well plate and ATP bioluminescence was measured
after 24 h of incubation. Values plotted are the means and standard deviations of triplicate wells. The
line represents a regression curve for the plotted data. RLU, relative light unit.

A B
100+ 100 =
c -
H 80+ $ 80
= 8
2 60 2 60
£ - 40 y,
= 40 g
1 5 204
0 204 ]
o B3 " T T 1
X T T T 1 -0.5 I 0.5 1.0 15 2.0
05 ®| w 05 10 15 20 o
.20
log[uM] log[uM]
C
100+
_5 80
2 60+
[
< 40+
|
s Y
G\‘, L] L) ]
0.5 05 1.0 15 20
.20-
log[uM]

Figure 2. Concentration-dependent inhibition of growth of H. pylori by metronidazole. Strains
SS1 (A), 60190 (B), and G27 (C) were treated with different concentrations of metronidazole for
24 h and ECs( curves were generated from mean values of percentage growth inhibition & SEM of
metronidazole against H. pylori.
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Figure 3. Concentration-dependent inhibition of growth of H. pylori by fexinidazole. Strains SS1 (A),
60190 (B), and G27 (C) were treated with different concentrations of fexinidazole for 24 h and ECs
curves were generated from mean values of percentage growth inhibition £+ SEM of fexinidazole

against H. pylori.
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Figure 4. Concentration-dependent inhibition of growth of H. pylori by fexinidazole sulfoxide. Strains
SS1 (A), 60190 (B), and G27 (C) were treated with different concentrations of fexinidazole sulfoxide
for 24 h and ECsg curves were generated from mean values of percentage growth inhibition + SEM

of fexinidazole sulfoxide against H. pylori.
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Figure 5. Concentration-dependent inhibition of growth of H. pylori by fexinidazole sulfone. Strains
SS1 (A), 60190 (B), and G27 (C) were treated with different concentrations of fexinidazole sulfone for
24 h and ECs) curves were generated from mean values of percentage growth inhibition + SEM of

fexinidazole sulfone against H. pylori.

Table 1. EC5 values of fexinidazole, fexinidazole sulfoxide, fexinidazole sulfone, and metronidazole

against H. pylori.

Compound Strain Mean (uM) 95% Lower CL (uM) ! 95% Upper CL (uM) !
SS1 2 1.2 1.9
Fexinidazole 60190 29 2.1 34
G27 2.4 2 3.6
SS1 15 1.1 1.8
Fexinidazole sulfoxide 60190 1.9 1.8 25
G27 1.7 1.6 2.4
SS1 1.7 1.6 2.1
Fexinidazole sulfone 60190 1.8 1.6 2.5
G27 2.1 1.7 3.1
SS1 11.1 6.1 19.9
Metronidazole 60190 7.8 6.1 10.1
G27 9.3 6.1 15.4

1 CL, confidence limit.

2.3. MIC Determination of Metronidazole, Fexinidazole, Fexinidazole Sulfoxide, and Fexinidazole
Sulfone against H. pylori Strains

Considering the potency of fexinidazole and the metabolites on three strains of H.
pylori, we also determined the MIC of these compounds in a traditional agar-based assay
and compared it with the MIC of one of the standard antibiotics, metronidazole. While
24 h incubation of the SS1 strain with 5 uM of metronidazole or fexinidazole completely
inhibited the growth of bacteria, both sulfoxide and sulfone metabolites exhibited an MIC of
2.5 uM (Figure 6A). For the strain 60190, both metronidazole and fexinidazole had similar
MIC values of about 10 uM, whereas sulfoxide and sulfone metabolites demonstrated
about 2.5- to 4-fold lower MIC values than fexinidazole, with sulfoxide having an MIC of
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2.5 uM and sulfone having an MIC of 3.75 uM (Figure 6B). Metronidazole, fexinidazole,
and the metabolites could not completely inhibit the growth of the G27 strain at lower
concentrations and the MIC value of these compounds was 30 uM, which was much higher
than the MIC values obtained with the other two strains (Figure 6C).
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Figure 6. The MIC values of metronidazole, fexinidazole, fexinidazole sulfoxide, and fexinidazole
sulfone against different strains of H. pylori. Strains SS1 (A), 60190 (B), and G27 (C) were treated with
1% DMSO or different concentrations of metronidazole, fexinidazole, fexinidazole sulfoxide, and
fexinidazole sulfone for 24 h and colonies in agar plates were counted for bacterial growth. Values
plotted are means and standard deviations from three different experiments. * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001 by Student’s t-test compared to DMSO-treated H. pylori.

3. Discussion

The current worldwide standard treatment of H. pylori infection, termed standard triple
therapy, consists of the administration of a proton pump inhibitor (PPI) and a combination
of two antibiotics (clarithromycin plus amoxicillin or metronidazole) for at least seven
days [8-10]. However, this therapy is associated with poor compliance of patients, side
effects of the antibiotics, and high cost. Moreover, the increasing emergence of H. pylori
strains resistant to some of the antibiotics has resulted in a progressive decline in recent
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years to unacceptable low eradication rates ranging from 60% to 75% [22-28]. It is now
under discussion whether it is still ethical to continue the use of standard triple therapy in
light of its declining efficacy [26]. To improve the eradication rates, alternative therapies
such as quadruple and sequential treatment regimens have been suggested [26,27,29].
However, these therapies cannot address the problem of the growing trend in antimicrobial
resistance of H. pylori. To combat these issues, new, effective, and safe drugs that are
fast-acting, thereby reducing side effects, are urgently needed.

To accelerate the identification of new lead compounds for the treatment of H. pylori
infection, we adapted a luciferase-based cell viability assay previously used to accurately
identify potent compounds against other microaerophilic pathogens [20,30]. This simple
luminescence-based assay is less labor-intensive and does not rely on extensive staining
methods or colony counting. Our assay in a 96-well microtiter plate opens the possibility of
developing a high-throughput screen for H. pylori by interfacing the assay with workstation-
based automation. This will facilitate the screening of a large compound library and
streamline the identification of lead compounds and subsequent determination of the
structure—activity relationship in vitro.

Our assay was validated with metronidazole, one of the current drugs used in the
treatment of H. pylori infection. Although metronidazole has been in clinical use for
over 50 years, the expanded potential of metronidazole-based agents for microaerophilic
pathogens has recently been demonstrated by others and our group [31-35]. Re-examination
of ‘old’ nitroimidazoles is a valuable strategy in the development of new drugs for treatment
of both parasitic and bacterial diseases. For example, a nitroimidazole drug, fexinidazole,
was found highly effective and safe against sleeping sickness caused by Trypanosoma
brucei gambiense, and it has received FDA approval for the treatment of human African
trypanosomiasis [21] and was included in the WHO'’s List of Essential Medicines. A de-
tailed analysis of the genotoxic potential of fexinidazole was undertaken [36], and these
studies suggested that fexinidazole may not be genotoxic. Previous studies showed that
fexinidazole is rapidly metabolized in vivo through oxidation to at least two biologically
active sulfoxide and sulfone metabolites and the blood concentrations of these metabolites
exceed that of fexinidazole, suggesting that the metabolites are the therapeutically relevant
species in vivo [36]. Free fractions of metabolites in human studies were about 60% and
43% for sulfoxide and sulfone, respectively, indicating that neither metabolite is highly
protein-bound [37].

Considering an increased interest in identification of antibacterial nitro-heterocyclic
compounds [31,35,38-40], we initiated investigations of fexinidazole and its two principal
metabolites, fexinidazole sulfoxide and fexinidazole sulfone, against H. pylori. Moreover,
the recent FDA approval of fexinidazole makes it a good candidate to repurpose for the
treatment of H. pylori infection cost-effectively. The effect of fexinidazole and its metabolites
on the activity of H. pylori was relatively fast, occurring within 24 h of incubation with about
2 uM of compounds, which reduced the growth of 50% of bacteria. The human clinical
studies demonstrated that once-daily oral dosing of 1800 mg/day for 4 days led to plasma
concentrations of sulfoxide and sulfone metabolites of 7.768 and 18.79 pg/mL, respectively,
or 26.3 and 60.4 uM, respectively [37], which are about 13-30-fold more than the in vitro
ECsp we identified against H. pylori. To our knowledge, this is the first reported evaluation
of the antibacterial activity of fexinidazole and the metabolites against H. pylori strains.

Since the route of fexinidazole synthesis involves simple chemistry and shorter steps,
the treatment cost with fexinidazole is expected to be relatively inexpensive. For the
treatment of African sleeping sickness, it was calculated to be not more than USD 50 per
treatment, or likely significantly less [36]. Considering the shorter treatment schedule than
African sleeping sickness, the total cost for the treatment of H. pylori infection might be
significantly less than the cost of treatment for African sleeping sickness. Future studies
will determine the activity of fexinidazole and the metabolites on dormant forms and
metronidazole-resistant H. pylori strains and evaluate the in vivo efficacy in a mouse model
of H. pylori infection.
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4. Materials and Methods
4.1. Chemicals and Reagents

White, solid-bottom tissue culture-treated 96-well microplates were purchased from
Greiner Bio-One (Monroe, NC, USA). BacTiter-Glo Microbial Cell Viability Assay was pur-
chased from Promega (Madison, WI, USA), dimethyl sulfoxide (DMSO) and metronidazole
were purchased from Sigma-Aldrich (St. Louis, MO, USA), and fexinidazole, fexinidazole
sulfoxide, and fexinidazole sulfone were provided by the Drugs for Neglected Diseases
initiative (DND) through Epichem Pty Ltd. (Bentley, WA, Australia).

4.2. H. pylori Bacterial Culture

H. pylori strains SS1, G27, and 60190 were used in this study. H. pylori SS1 is a mouse-
adapted strain [41], and G27 (kind gift from Karen Guillemin, University of Oregon) [42]
and 60190 [43] are clinical isolates. All strains were cultured on Columbia agar plates that
were supplemented with 5% laked horse blood and 1% amphotericin B and incubated
at 37 °C under microaerobic conditions (10% CO,, 85% N, and 5% O,), as described in
our previous studies [44—46]. The broth cultures were prepared by subculturing H. pylori
in liquid media, brain heart infusion (BHI) supplemented with 5% fetal bovine serum
(FBS), and then incubated for 24 h at 37 °C under microaerobic conditions on a reciprocal
shaker [46].

4.3. H. pylori Strain Viability Assay

Broth cultures of H. pylori strain SS1 were centrifuged at 5000 x g for 10 min to obtain a
bacterial pellet and then resuspended in BHI supplemented with 5% FBS [13]. In a 96-well
plate, each well was dispensed with 30 uL containing 1 x 10°, 3 x 10°%, and 5 x 10° H.
pylori CFU and 170 uL of BHI supplemented with 5% FBS. The plates were incubated
for 24 h at 37 °C under microaerophilic conditions on a reciprocal shaker. At the end of
incubation, the plates were equilibrated to room temperature for 30 min and 100 uL of
BacTiter-Glo Microbial Cell Viability Assay solution (Promega) was added to each well.
The microplates were shaken on a microplate orbital shaker (VWR, Radnor, PA, USA) at
360 rpm for 10 min and the plates were incubated for an additional 10 min to stabilize the
luminescent signal. The resulting ATP bioluminescence released by lysed H. pylori was
measured by an EnVision 2104 Multilabel Reader (PerkinElmer, Waltham, MA, USA) at
room temperature [47]. The growth assay was performed in triplicate in three independent
experiments and the data were analyzed by GraphPad Prism 9.

4.4. In Vitro Activity of Metronidazole, Fexinidazole, Fexinidazole Sulfoxide, and Fexinidazole
Sulfone against Various H. pylori Strains

Broth cultures of H. pylori strains S51, G27, and 60190 were centrifuged at 5000 x g for
10 min to obtain a bacterial pellet and then resuspended in BHI supplemented with 5%
FBS [13]. In a 96-well plate, each well was dispensed with 30 uL containing 3 x 10° H. pylori
CFU, 169 pL of BHI supplemented with 5% FBS, and 1 pL of various concentrations (ranging
from 0.0015 to 50 uM) of fexinidazole, fexinidazole sulfoxide, fexinidazole sulfone, or
metronidazole. Here, 0.5% DMSO and 50 uM metronidazole served as negative and positive
controls, respectively. The plates were incubated for 24 h at 37 °C under microaerophilic
conditions on a reciprocal shaker. The growth inhibition assay was performed in triplicate
in three independent experiments and the ECsj values of metronidazole, fexinidazole, and
the metabolites were determined by the BacTiter-Glo Microbial Cell Viability Assay. The
data were analyzed on GraphPad Prism 9 to determine ECs, values.

4.5. MIC Determination of Metronidazole, Fexinidazole, Fexinidazole Sulfoxide, and Fexinidazole
Sulfone against Various H. pylori Strains

Broth cultures of H. pylori strains SS1, G27, and 60190 were centrifuged and resus-
pended as described previously. In a 96-well plate, each well was dispensed with 20 uL
containing 1 x 10° H. pylori CFU, 179 uL of BHI supplemented with 5% FBS, and 1 uL of
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various concentrations (ranging from 1.25 to 50 uM) of 1:1 serial dilution (starting at 30 or
50 uM) and one 1:2 serial dilution (starting at 2 M) of either fexinidazole, fexinidazole
sulfoxide, fexinidazole sulfone, or metronidazole. BHI medium with 1% DMSO served
as a negative control. The plates were incubated for 24 h at 37 °C under microaerophilic
conditions on a reciprocal shaker. Dilutions were performed for each individual well and
then 10 puL of each diluted sample was inoculated onto Columbia agar plates supplemented
with 5% laked horse blood and 1% amphotericin B [46]. The cultures were incubated
overnight at 37 °C under microaerophilic conditions before colonies were counted.

5. Conclusions

In summary, we have demonstrated low micromolar ECsj of fexinidazole and the
metabolites against three strains of H. pylori. Both fexinidazole and its metabolites were
relatively fast-acting and exhibited activity within 24 h of incubation. The MIC values of
fexinidazole and its metabolites were also in the low micromolar range against two strains
of H. pylori. Considering the low cost, oral availability, and good safety profiles, fexinidazole
warrants further investigation for repurposing for the treatment of H. pylori infection. We
have also demonstrated that a bioluminescence-based assay is a faster and less labor-
intensive method for screening and identifying drug activity against H. pylori compared to
the labor-intensive serial broth dilution and colony-counting method.

Author Contributions: Conceptualization, A.D. and M.O.; methodology, AM., JN.C., PB., AD. and
M.O.; formal analysis, A.M., A.D. and M.O,; investigation, A.M.; writing—original draft preparation,
AM. and A.D.; writing—review and editing, M.O.; supervision, A.D. and M.O.; project administra-
tion, A.D. and M.O.; funding acquisition, A.D. and M.O. All authors have read and agreed to the
published version of the manuscript.

Funding: The project described was partially supported by the National Institutes of Health, Grant
UL1TR001442. The content is solely the responsibility of the authors and does not necessarily
represent the official views of the NIH.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: We are grateful to Graeme Bilbe of DND;, for providing fexinidazole, fexinida-
zole sulfoxide, and fexinidazole sulfone through Epichem Pty Ltd., Australia.

Conflicts of Interest: The authors declare no conflict of interest. The funder had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

ISR

Peek, R.M., Jr.; Blaser, M.]. Helicobacter pylori and gastrointestinal tract adenocarcinomas. Nat. Rev. Cancer 2002, 2, 28-37.
[CrossRef] [PubMed]

Fox, J.G.; Wang, T.C. Inflammation, atrophy, and gastric cancer. J. Clin. Investig. 2007, 117, 60-69. [CrossRef] [PubMed]
Peterson, W.L. Helicobacter pylori and peptic ulcer disease. N. Engl. ]. Med. 1991, 324, 1043-1048. [CrossRef]

Suerbaum, S.; Michetti, P. Helicobacter pylori infection. N. Engl. |. Med. 2002, 347, 1175-1186. [CrossRef] [PubMed]
Wotherspoon, A.C.; Doglioni, C.; Diss, T.C.; Pan, L.; Moschini, A.; de Boni, M.; Isaacson, P.G. Regression of primary low-grade
B-cell gastric lymphoma of mucosa-associated lymphoid tissue type after eradication of Helicobacter pylori. Lancet 1993, 342,
575-577. [CrossRef]

McBee, M.E.; Zheng, P.Z.; Rogers, A.B.; Fox, J.G.; Schauer, D.B. Modulation of acute diarrheal illness by persistent bacterial
infection. Infect. Immun. 2008, 76, 4851-4858. [CrossRef] [PubMed]

Zajacova, A.; Dowd, ].B.; Aiello, A.E. Socioeconomic and race/ethnic patterns in persistent infection burden among U.S. adults. .
Gerontol. A Biol. Sci. Med. Sci. 2009, 64, 272-279. [CrossRef]

Furuta, T.; Graham, D.Y. Pharmacologic aspects of eradication therapy for Helicobacter pylori Infection. Gastroenterol. Clin. N.
Am. 2010, 39, 465-480. [CrossRef]

Gisbert, J.P; Pajares, ].M. Treatment of Helicobacter pylori infection: The past and the future. Eur. ]. Intern. Med. 2010, 21, 357-359.
[CrossRef]


http://doi.org/10.1038/nrc703
http://www.ncbi.nlm.nih.gov/pubmed/11902583
http://doi.org/10.1172/JCI30111
http://www.ncbi.nlm.nih.gov/pubmed/17200707
http://doi.org/10.1056/NEJM199104113241507
http://doi.org/10.1056/NEJMra020542
http://www.ncbi.nlm.nih.gov/pubmed/12374879
http://doi.org/10.1016/0140-6736(93)91409-F
http://doi.org/10.1128/IAI.00745-08
http://www.ncbi.nlm.nih.gov/pubmed/18710857
http://doi.org/10.1093/gerona/gln012
http://doi.org/10.1016/j.gtc.2010.08.007
http://doi.org/10.1016/j.ejim.2010.07.009

Antibiotics 2022, 11, 1605 10 of 11

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gisbert, ].P; Pajares, R.; Pajares, ].M. Evolution of Helicobacter pylori therapy from a meta-analytical perspective. Helicobacter
2007, 12 (Suppl. 2), 50-58. [CrossRef]

Bruce, M.G.; Maaroos, H.I. Epidemiology of Helicobacter pylori infection. Helicobacter 2008, 13 (Suppl. 1), 1-6. [CrossRef]
[PubMed]

D’Elios, M.M.; Andersen, L.P. Helicobacter pylori inflammation, immunity, and vaccines. Helicobacter 2007, 12 (Suppl. 1), 15-19.
[CrossRef] [PubMed]

McMabhon, B.J.; Hennessy, T.W.; Bensler, ].M.; Bruden, D.L.; Parkinson, A.J.; Morris, ].M.; Reasonover, A.L.; Hurlburt, D.A.; Bruce,
M.G,; Sacco, E; et al. The relationship among previous antimicrobial use, antimicrobial resistance, and treatment outcomes for
Helicobacter pylori infections. Ann. Intern. Med. 2003, 139, 463-469. [CrossRef] [PubMed]

Frenck, RW,, Jr.; Clemens, ]. Helicobacter in the developing world. Microbes Infect. 2003, 5, 705-713. [CrossRef]

Gisbert, J.P. The recurrence of Helicobacter pylori infection: Incidence and variables influencing it. A critical review. Am. ].
Gastroenterol. 2005, 100, 2083-2099. [CrossRef]

Parsonnet, J. What is the Helicobacter pylori global reinfection rate? Can. J. Gastroenterol. 2003, 17 (Suppl. B), 46B—48B. [CrossRef]
Bauer, A.W.; Kirby, W.M.; Sherris, ].C.; Turck, M. Antibiotic susceptibility testing by a standardized single disk method. Am. J.
Clin. Pathol. 1966, 45, 493-496. [CrossRef]

Sampaio, P.S.; Calado, C.R.C. Potential of FTIR-Spectroscopy for Drugs Screening against Helicobacter pylori. Antibiotics 2020,
9, 897. [CrossRef]

Sousa Sampaio, P.N.; Calado, C.R.C. Antimicrobial evaluation of the Cynara cardunculus extract in Helicobacter pylori cells
using mid-infrared spectroscopy and chemometric methods. . Appl. Microbiol. 2022, 133, 1743-1756. [CrossRef]

Debnath, A.; Parsonage, D.; Andrade, RM.; He, C.; Cobo, E.R.; Hirata, K.; Chen, S.; Garcia-Rivera, G.; Orozco, E.; Martinez, M.B,;
et al. A high-throughput drug screen for Entamoeba histolytica identifies a new lead and target. Nat. Med. 2012, 18, 956-960.
[CrossRef]

Mullard, A. FDA approves first all-oral sleeping sickness drug. Nat. Rev. Drug Discov. 2021, 20, 658. [CrossRef] [PubMed]
Graham, D.Y. Efficient identification and evaluation of effective Helicobacter pylori therapies. Clin. Gastroenterol. Hepatol. 2009, 7,
145-148. [CrossRef]

Laheij, R].; Rossum, L.G.; Jansen, ].B.; Straatman, H.; Verbeek, A.L. Evaluation of treatment regimens to cure Helicobacter pylori
infection—A meta-analysis. Aliment. Pharmacol. Ther. 1999, 13, 857-864. [CrossRef] [PubMed]

Laine, L.; Fennerty, M.B.; Osato, M.; Sugg, J.; Suchower, L.; Probst, P.; Levine, ].G. Esomeprazole-based Helicobacter pylori
eradication therapy and the effect of antibiotic resistance: Results of three US multicenter, double-blind trials. Am. J. Gastroenterol.
2000, 95, 3393-3398. [CrossRef] [PubMed]

Megraud, F. H. pylori antibiotic resistance: Prevalence, importance, and advances in testing. Gut 2004, 53, 1374-1384. [CrossRef]
Paoluzi, O.A.; Visconti, E.; Andrei, F,; Tosti, C.; Lionetti, R.; Grasso, E.; Ranaldi, R.; Stroppa, I.; Pallone, F. Ten and eight-
day sequential therapy in comparison to standard triple therapy for eradicating Helicobacter pylori infection: A randomized
controlled study on efficacy and tolerability. J. Clin. Gastroenterol. 2010, 44, 261-266. [CrossRef]

Vakil, N.; Lanza, E; Schwartz, H.; Barth, J. Seven-day therapy for Helicobacter pylori in the United States. Aliment. Pharmacol.
Ther. 2004, 20, 99-107. [CrossRef]

Yamaoka, Y.; Graham, D.Y.; Lu, H. Should triple therapy for Helicobacter pylori infection be abandoned as no longer effective?
US Gastroenterol. 2008, 4, 65-67.

Yamaoka, Y.; Graham, D.Y. Empiric H. pylori therapy-10-day concomitant, bismuth quadruple or 14-day triple therapy: None is
best. Transl. Cancer Res. 2016, 5, S1476-51478. [CrossRef]

Debnath, A.; Shahinas, D.; Bryant, C.; Hirata, K.; Miyamoto, Y.; Hwang, G.; Gut, J.; Renslo, A.R.; Pillai, D.R.; Eckmann, L.; et al.
Hsp90 inhibitors as new leads to target parasitic diarrheal diseases. Antimicrob. Agents ChemoTher. 2014, 58, 4138-4144. [CrossRef]
Mao, WJ.; Lv, P.C,; Shi, L.; Li, H.Q.; Zhu, H.L. Synthesis, molecular docking and biological evaluation of metronidazole derivatives
as potent Helicobacter pylori urease inhibitors. Bioorg. Med. Chem. 2009, 17, 7531-7536. [CrossRef] [PubMed]

Jarrad, A.M.; Ang, CW.; Debnath, A.; Hahn, H.J.; Woods, K.; Tan, L.; Sykes, M.L.; Jones, A.].; Pelingon, R.; Butler, M.S.; et al.
Design, Synthesis, and Biological Evaluation of 2-Nitroimidazopyrazin-one/-es with Antitubercular and Antiparasitic Activity. J.
Med. Chem. 2018, 61, 11349-11371. [CrossRef] [PubMed]

Jarrad, A.M.; Debnath, A.; Miyamoto, Y.; Hansford, K.A.; Pelingon, R.; Butler, M.S.; Bains, T.; Karoli, T.; Blaskovich, M.A.;
Eckmann, L.; et al. Nitroimidazole carboxamides as antiparasitic agents targeting Giardia lamblia, Entamoeba histolytica and
Trichomonas vaginalis. Eur. ]. Med. Chem. 2016, 120, 353-362. [CrossRef] [PubMed]

Jarrad, A.M.; Karoli, T.; Debnath, A.; Tay, C.Y.; Huang, ].X.; Kaeslin, G.; Elliott, A.G.; Miyamoto, Y.; Ramu, S.; Kavanagh, A.M.;
et al. Metronidazole-triazole conjugates: Activity against Clostridium difficile and parasites. Eur. . Med. Chem. 2015, 101, 96-102.
[CrossRef] [PubMed]

Miyamoto, Y.; Kalisiak, J.; Korthals, K.; Lauwaet, T.; Cheung, D.Y.; Lozano, R.; Cobo, E.R.; Upcroft, P.; Upcroft, J.A.; Berg, D.E.;
et al. Expanded therapeutic potential in activity space of next-generation 5-nitroimidazole antimicrobials with broad structural
diversity. Proc. Natl. Acad. Sci. USA 2013, 110, 17564-17569. [CrossRef]

Torreele, E.; Bourdin Trunz, B.; Tweats, D.; Kaiser, M.; Brun, R.; Mazue, G.; Bray, M.A.; Pecoul, B. Fexinidazole-a new oral
nitroimidazole drug candidate entering clinical development for the treatment of sleeping sickness. PLoS Negl. Trop. Dis. 2010,
4,€923. [CrossRef]


http://doi.org/10.1111/j.1523-5378.2007.00576.x
http://doi.org/10.1111/j.1523-5378.2008.00631.x
http://www.ncbi.nlm.nih.gov/pubmed/18783514
http://doi.org/10.1111/j.1523-5378.2007.00530.x
http://www.ncbi.nlm.nih.gov/pubmed/17727455
http://doi.org/10.7326/0003-4819-139-6-200309160-00008
http://www.ncbi.nlm.nih.gov/pubmed/13679322
http://doi.org/10.1016/S1286-4579(03)00112-6
http://doi.org/10.1111/j.1572-0241.2005.50043.x
http://doi.org/10.1155/2003/567816
http://doi.org/10.1093/ajcp/45.4_ts.493
http://doi.org/10.3390/antibiotics9120897
http://doi.org/10.1111/jam.15679
http://doi.org/10.1038/nm.2758
http://doi.org/10.1038/d41573-021-00140-5
http://www.ncbi.nlm.nih.gov/pubmed/34363027
http://doi.org/10.1016/j.cgh.2008.10.024
http://doi.org/10.1046/j.1365-2036.1999.00542.x
http://www.ncbi.nlm.nih.gov/pubmed/10383518
http://doi.org/10.1111/j.1572-0241.2000.03349.x
http://www.ncbi.nlm.nih.gov/pubmed/11151867
http://doi.org/10.1136/gut.2003.022111
http://doi.org/10.1097/MCG.0b013e3181acebef
http://doi.org/10.1111/j.1365-2036.2004.02029.x
http://doi.org/10.21037/tcr.2016.12.39
http://doi.org/10.1128/AAC.02576-14
http://doi.org/10.1016/j.bmc.2009.09.018
http://www.ncbi.nlm.nih.gov/pubmed/19804978
http://doi.org/10.1021/acs.jmedchem.8b01578
http://www.ncbi.nlm.nih.gov/pubmed/30468386
http://doi.org/10.1016/j.ejmech.2016.04.064
http://www.ncbi.nlm.nih.gov/pubmed/27236016
http://doi.org/10.1016/j.ejmech.2015.06.019
http://www.ncbi.nlm.nih.gov/pubmed/26117821
http://doi.org/10.1073/pnas.1302664110
http://doi.org/10.1371/journal.pntd.0000923

Antibiotics 2022, 11, 1605 11 of 11

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Tarral, A.; Blesson, S.; Mordt, O.V.; Torreele, E.; Sassella, D.; Bray, M.A.; Hovsepian, L.; Evene, E.; Gualano, V.; Felices, M.;
et al. Determination of an optimal dosing regimen for fexinidazole, a novel oral drug for the treatment of human African
trypanosomiasis: First-in-human studies. Clin. Pharmacokinet. 2014, 53, 565-580. [CrossRef]

Bkhaitan, M.M.; Alarjah, M.; Mirza, A.Z.; Abdalla, A.N.; El-Said, H.M.; Faidah, H.S. Preparation and biological evaluation of
metronidazole derivatives with monoterpenes and eugenol. Chem. Biol. Drug Des. 2018, 92, 1954-1962. [CrossRef]

Moshafi, M.H.; Sorkhi, M.; Emami, S.; Nakhjiri, M.; Yahya-Meymandi, A.; Negahbani, A.S.; Siavoshi, F.; Omrani, M.; Alipour, E.;
Vosooghi, M.; et al. 5-Nitroimidazole-based 1,3,4-thiadiazoles: Heterocyclic analogs of metronidazole as anti-Helicobacter pylori
agents. Arch. Pharm. 2011, 344, 178-183. [CrossRef]

Sasahara, G.L.; Gouveia Junior, ES.; Rodrigues, R.O.; Zampieri, D.S.; Fonseca, S.; Goncalves, R.C.R.; Athaydes, B.R.; Kitagawa,
R.R.; Santos, F.A.; Sousa, E.H.S,; et al. Nitro-imidazole-based ruthenium complexes with antioxidant and anti-inflammatory
activities. J. Inorg. Biochem. 2020, 206, 111048. [CrossRef]

Lee, A.; O'Rourke, J.; De Ungria, M.C.; Robertson, B.; Daskalopoulos, G.; Dixon, M.F. A standardized mouse model of Helicobacter
pylori infection: Introducing the Sydney strain. Gastroenterology 1997, 112, 1386-1397. [CrossRef]

Baltrus, D.A.; Amieva, M.R.; Covacci, A.; Lowe, T.M.; Merrell, D.S.; Ottemann, K.M.; Stein, M.; Salama, N.R.; Guillemin, K. The
complete genome sequence of Helicobacter pylori strain G27. J. Bacteriol. 2009, 191, 447-448. [CrossRef] [PubMed]

Peek, R M., Jr.; Blaser, M.].; Mays, D.].; Forsyth, M.H.; Cover, T.L.; Song, S.Y.; Krishna, U.; Pietenpol, J.A. Helicobacter pylori
strain-specific genotypes and modulation of the gastric epithelial cell cycle. Cancer Res. 1999, 59, 6124-6131. [PubMed]

Jung, S.W.; Thamphiwatana, S.; Zhang, L.; Obonyo, M. Mechanism of antibacterial activity of liposomal linolenic acid against
Helicobacter pylori. PLoS ONE 2015, 10, e0116519. [CrossRef] [PubMed]

Obonyo, M.; Sabet, M.; Cole, S.P.; Ebmeyer, J.; Uematsu, S.; Akira, S.; Guiney, D.G. Deficiencies of myeloid differentiation factor
88, Toll-like receptor 2 (TLR2), or TLR4 produce specific defects in macrophage cytokine secretion induced by Helicobacter pylori.
Infect. Immun. 2007, 75, 2408-2414. [CrossRef] [PubMed]

Obonyo, M.; Zhang, L.; Thamphiwatana, S.; Pornpattananangkul, D.; Fu, V.; Zhang, L. Antibacterial activities of liposomal
linolenic acids against antibiotic-resistant Helicobacter pylori. Mol. Pharm. 2012, 9, 2677-2685. [CrossRef]

Shing, B.; Singh, S.; Podust, L.M.; McKerrow, J.H.; Debnath, A. The Antifungal Drug Isavuconazole Is both Amebicidal and
Cysticidal against Acanthamoeba castellanii. Antimicrob. Agents ChemoTher. 2020, 64, €02223-19. [CrossRef]


http://doi.org/10.1007/s40262-014-0136-3
http://doi.org/10.1111/cbdd.13366
http://doi.org/10.1002/ardp.201000013
http://doi.org/10.1016/j.jinorgbio.2020.111048
http://doi.org/10.1016/S0016-5085(97)70155-0
http://doi.org/10.1128/JB.01416-08
http://www.ncbi.nlm.nih.gov/pubmed/18952803
http://www.ncbi.nlm.nih.gov/pubmed/10626802
http://doi.org/10.1371/journal.pone.0116519
http://www.ncbi.nlm.nih.gov/pubmed/25793403
http://doi.org/10.1128/IAI.01794-06
http://www.ncbi.nlm.nih.gov/pubmed/17353291
http://doi.org/10.1021/mp300243w
http://doi.org/10.1128/AAC.02223-19

	Introduction 
	Results 
	Viability Assay for H. pylori 
	In Vitro Activity of Metronidazole, Fexinidazole, Fexinidazole Sulfoxide, and Fexinidazole Sulfone against Various H. pylori Strains 
	MIC Determination of Metronidazole, Fexinidazole, Fexinidazole Sulfoxide, and Fexinidazole Sulfone against H. pylori Strains 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	H. pylori Bacterial Culture 
	H. pylori Strain Viability Assay 
	In Vitro Activity of Metronidazole, Fexinidazole, Fexinidazole Sulfoxide, and Fexinidazole Sulfone against Various H. pylori Strains 
	MIC Determination of Metronidazole, Fexinidazole, Fexinidazole Sulfoxide, and Fexinidazole Sulfone against Various H. pylori Strains 

	Conclusions 
	References



