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Effective eradication therapy for Helicobacter pylori is a worldwide demand. 

Aspartate α-decarboxylase (ADC) was reported as a drug target in H. pylori, 

in an in silico study, with malonic acid (MA) as its inhibitor. We  evaluated 

eradicating H. pylori infection through ADC inhibition and the possibility of 

resistance development. MA binding to ADC was modeled via molecular 

docking. The minimum inhibitory concentration (MIC) and minimum 

bactericidal concentration (MBC) of MA were determined against H. pylori 

ATCC 43504, and a clinical H. pylori isolate. To confirm selective ADC 

inhibition, we  redetermined the MIC in the presence of products of the 

inhibited enzymatic pathway: β-alanine and pantothenate. HPLC was used to 

assay the enzymatic activity of H. pylori 6x-his tagged ADC in the presence of 

different MA concentrations. H. pylori strains were serially exposed to MA for 

14 passages, and the MICs were determined. Cytotoxicity in different cell lines 

was tested. The efficiency of ADC inhibition in treating H. pylori infections was 

evaluated using a Sprague–Dawley (SD) rat infection model. MA spectrum of 

activity was determined in different pathogens. MA binds to H. pylori ADC 

active site with a good docking score. The MIC of MA against H. pylori ranged 

from 0.5 to 0.75 mg/mL with MBC of 1.5 mg/mL. Increasing β-alanine and 

pantothenate concentrations proportionally increased MA MIC. The 6x-his 

tagged ADC activity decreased by increasing MA concentration. No resistance 

to ADC inhibition was recorded after 14 passages; MA lacked cytotoxicity in 

all tested cell lines. ADC inhibition effectively eradicated H. pylori infection in 

SD rats. MA had MIC between 0.625 to 1.25 mg/mL against the tested bacterial 

pathogens. In conclusion, ADC is a promising target for effectively eradicating 

H. pylori infection that is not affected by resistance development, besides 

being of broad-spectrum presence in different pathogens. MA provides a lead 

molecule for the development of an anti-helicobacter ADC inhibitor. This 

provides hope for saving the lives of those at high risk of infection with the 

carcinogenic H. pylori.
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Introduction

Helicobacter pylori is the primary cause of peptic ulcer, 
besides being classified as a class I  carcinogen by the World 
Health Organization. Infection with H. pylori is associated with 
both intra-gastric and extra-gastric disorders. Despite the 
extensive research during the last three decades, no effective 
vaccine against H. pylori is available (Robinson and Atherton, 
2021). Antibiotics are used for the clinical management of 
H. pylori infections (Xu et al., 2021). However, poor patients’ 
compliance to the long and complex treatment regimens and the 
fast-paced antibiotic resistance development magnified by the 
stalled development of new anti-helicobacter agents have posed 
a global threat (Ventola, 2015; Abadi, 2016). This requires an 
urgent intervention to propose new treatments for H. pylori 
infections (Xu et al., 2021).

The availability of the genomic sequences of pathogenic 
bacteria has provided huge data that can be used for identifying 
potential drug and vaccine targets through subtractive genomic, 
proteomic or transcriptomic approaches (Nandode et al., 2012; 
Yan and Gao, 2020). Using a subtractive proteomic approach, 
we previously identified 17 essential targets in H. pylori with 42 
possible Drugbank ligands, of which several small organic acids 
were potential ligands for many of the retrieved essential targets 
(Ibrahim et  al., 2020). These molecules have a well-known 
antibacterial activity, such as (S)-3-phenyllactic acid (Mu et al., 
2012), citric acid (Adamczak et al., 2020), malonic acid (Feng 
et al., 2010), dipicolinic acid (Jadamus et al., 2005), and D-tartaric 
acid (Hu et al., 2019; Coban, 2020).

Aspartate α-decarboxylase (ADC) enzyme was proposed as 
an essential drug target, conserved in H. pylori and more than 200 
common pathogens (Ibrahim et al., 2020), suggesting it as broad-
spectrum target. ADC catalyzes the bacterial alpha 
decarboxylation of L-aspartate into β-alanine, required for 
pantothenate production (the ionized form of pantothenic acid or 
vitamin B5). Pantothenate is the precursor of CoA (Song et al., 
2015; Zhang et al., 2015), which is an essential cofactor for many 
enzymes in almost all living organisms. Nearly 9% of the 3,500 
enzymatic activities identified in the Braunschweig enzyme 
database use CoA as a cofactor in the metabolism of fats, 
carbohydrates, and proteins, as well as energy production (Spry 
et al., 2008). Disruption of the genes/enzymes in CoA biosynthesis 
can lead to lethal phenotypes (Walia et  al., 2009). ADC was 
identified as a Mycobacterium tuberculosis drug target inhibited by 
pyrazinamide (Gopal et al., 2020). Malonic acid was proposed as 
a potential inhibitor of the H. pylori ADC enzyme (Ibrahim 
et al., 2020).

In this study, we confirmed ADC as a promising drug target 
for eradicating H. pylori infections. Besides being conserved in 
many pathogenic species, no resistance development to ADC 
inhibition was detected in H. pylori following 14 serial passages. 
The possible utilization of malonic acid as an ADC inhibitor is 
also proposed, where malonic acid can be used as a lead molecule 
for developing ADC inhibitors.

Materials and methods

Bacterial strains and culture conditions

Helicobacter pylori ATCC 43504 and a clinical H. pylori isolate 
(HPM001) from the culture collection of the Department of 
Clinical Pathology, Faculty of Medicine (Kasr El-Aini), Cairo 
University, Cairo, Egypt, were used in the study. H. pylori strains 
were stored in brain heart infusion broth (MAST, 
United  Kingdom) containing 10% fetal bovine serum (FBS) 
(Sigma-Aldrich, Germany) and 20% glycerol at −70°C. When 
needed, and unless otherwise stated, H. pylori was subcultured on 
Columbia agar base (LabM, United  Kingdom) containing 5% 
sheep blood and DENT supplement (Oxoid, United Kingdom), 
and incubated at 37°C for 72 h under microaerophilic conditions 
(5% O2, 10% CO2, and 85% N2 at 95% humidity) using CampyGen 
paper sachets (Oxoid, United Kingdom; Piccolomini et al., 1997) 
or a candle jar (Sudhakar et al., 2008).

Escherichia coli DH5α and E. coli BL21 were used in cloning 
and expression experiments. Acinetobacter baumannii ATCC 
19606, Burkholderia cenocepacia ATCC BAA-245, E. coli ATCC 
25922, Enterococcus faecium ATCC 27270, Enterococcus faecalis 
ATCC 19433, Klebsiella pneumoniae ATCC 10031, Pseudomonas 
aeruginosa ATCC 27856, and Staphylococcus aureus ATCC 25923 
were used in testing the spectrum of activity. They were stored in 
Muller-Hinton broth (Oxoid, United Kingdom) containing 20% 
glycerol at −70°C. When needed, they were subcultured on Lauria 
Bertani (LB) agar (LabM, United  Kingdom) and incubated at 
37°C for 18 h. The culture media were supplemented with 50 μg/
mL ampicillin if required.

Molecular docking of malonic acid to the 
active site of ADC enzyme

Before performing the modeling study, the amino acid 
sequences of the ADC enzyme (about 50 sequences) from 
H. pylori 26695 (PDB ID: 1UHE; used in docking study), H. pylori 
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ATCC 43504 (the standard strain used in this study) and from 
randomly selected H. pylori strains were downloaded from the 
National Center for Biotechnology Information (NCBI) and 
analyzed by multiple sequence alignment, using Clustal Omega 
(Madeira et al., 2022). The molecular docking study of malonic 
acid to the binding site of ADC was done at the Micro-analytical 
Unit, Molecular Modelling Laboratory, Faculty of Pharmacy, 
Cairo University, Cairo, Egypt. The modeling studies were 
performed using Molecular Operating Environment (MOE, 
2015.10). All minimizations were performed with MOE until a 
root mean squared distance gradient of 0.05 kcal.mol−1 Å−1 was 
reached using MMFF94x force field, and the partial charges were 
automatically calculated. The X-ray crystallographic structure of 
the H. pylori ADC enzyme (PDB ID: 1UHE) was downloaded 
from the Protein Data Bank. Ligands not involved in binding and 
water molecules were removed from each co-crystallized enzyme. 
The protein was prepared for the docking study using Protonate 
3D protocol in MOE with default options. The co-crystalized 
ligand (N-2-(2-amino-1-methyl-2-oxoethylidene) asparaginate) 
was used to define the binding site for docking. Triangle Matcher 
placement method and London ΔG scoring function were used 
for docking.

Docking setup was first validated by self-docking the 
co-crystallized ligand in the vicinity of the enzyme’s binding 
site. The docking of the enzyme’s natural ligand (aspartate) 
was performed to expose its intermolecular interactions with 
the active binding site. The validated setup was then used to 
predict the malonate-receptor interactions at the ADC 
binding site.

Determination of malonic acid minimum 
inhibitory concentration

The MIC of malonic acid was determined by agar dilution and 
broth microdilution methods, against H. pylori ATCC 43504 and 
H. pylori HPM001 strains. Malonic acid (Loba, India) was 
dissolved in distilled water to the desired concentration, sterilized 
by a 0.22 μM syringe filter, and used within 72 h of preparation. 
Inocula for MIC testing were prepared by suspending colonies in 
saline to reach an optical density equivalent to 2.0 McFarland 
turbidity standard (approximately 1×107 to 1×108 CFU/mL) 
(CLSI, 2015). The culture media used in MIC determination were 
freshly prepared, according to the manufacturer’s instruction, and 
supplemented with 1% yeast extract (LabM, United Kingdom) to 
enhance bacterial growth (Walsh and Moran, 1997).

Agar dilution method
Determination of MIC by the agar dilution method was 

performed according to the clinical and laboratory standards 
institute (CLSI) guidelines (CLSI, 2015). Briefly, 2 μL of the 
inoculum (containing 1×104 CFU) was spotted on the surface of 
Muller-Hinton agar (Oxoid, United  Kingdom) plates 
supplemented with 5% sheep blood and containing the specified 

concentration of malonic acid (6 to 0.19 mg/mL) followed by 
incubation at 37°C for 72 h, under microaerophilic conditions. 
The MIC was the lowest concentration of malonic acid that 
completely inhibited visible bacterial growth (CLSI, 2015). The 
experiment was done in triplicates.

Broth microdilution method
MIC determination by broth microdilution method was 

carried out in 96-well round-bottom micro-titre plates. Each well 
contained 100 μL of brucella broth (Conda, Spain) containing 10% 
FBS. Malonic acid solution (12 mg/mL) was two-fold serially 
diluted in the broth-FBS mixture to get concentrations ranging 
from 6 to 0.19 mg/mL. The bacterial inoculum was diluted 1:10, 
and 10 μL of the diluted inoculum was transferred to each well to 
contain 5 × 105 CFU/mL followed by incubation at 37°C for 72 h 
under microaerophilic conditions. The MIC was the lowest 
concentration of malonic acid completely inhibiting the visible 
growth of the tested organism. The experiment was carried out 
in triplicates.

Determination of the minimum 
bactericidal concentration of malonic 
acid

The MBC of malonic acid against both H. pylori ATCC 43504 
and H. pylori HPM001 was determined, according to Moraes and 
colleagues (Moraes et  al., 2021). Briefly, following MIC 
determination by broth microdilution method, 10 μL were 
transferred from wells showing no visible growth onto the surface 
of Muller-Hinton agar plate supplemented with 5% sheep blood 
and incubated at 37°C for 72 h, under microaerophilic conditions. 
The MBC was the lowest concentration that failed to show 
bacterial growth on the agar plate.

Evaluation of ADC inhibition by malonic 
acid

Determination of the MIC of malonic acid in 
presence of β-alanine and pantothenate

β-alanine and pantothenate, the downstream products of 
the enzymatic pathway (EC: 4.1.1.11) potentially inhibited by 
malonic acid, were used to confirm the selective inhibition of 
H. pylori ADC enzyme by malonic acid. The MIC of β-alanine 
(Sigma-Aldrich, Germany) and pantothenate (Loba Chemie, 
India) against H. pylori ATCC 43504 and H. pylori HPM001 
were determined by agar dilution and broth microdilution 
methods, as described earlier. The MIC of malonic acid 
against H. pylori ATCC 43504 and H. pylori HPM001 was 
determined in the absence and presence of increasing 
sub-inhibitory concentrations of β-alanine (0.6–560 mM) or 
pantothenate (0.25–228 mM). Experiments were done 
in triplicates.
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Assessment of recombinant Helicobacter pylori 
6xHis-tagged ADC activity in presence of 
malonic acid

Cloning and expression of Helicobacter pylori ADC 

enzyme

The genomic DNA of H. pylori ATCC 43504 was extracted 
using GeneJet Genomic DNA Purification Kit (Thermo Fisher 
Scientific, Lithuania). Primers used in the study were supplied by 
Macrogen, Korea, and are listed in Supplementary Table S1. The 
panD gene was amplified using KI001 and KI002 primers; The 
polymerase chain reaction (PCR) products were digested by 
EcoRI/XhoI enzymes (Puregene, Genetix, India) and ligated using 
T4 DNA ligase (Takara, Japan) with the similarly digested 
pET-22b(+) plasmid (Merck, Germany). The recombinant 
plasmid (RecPl) was transformed into chemically competent 
E. coli DH5α cells (Sambrook and Russel, 2001). Clones were 
selected on LB agar plates containing 50 μg/mL ampicillin; the LB 
agar plates were incubated at 37°C for 24 h, and the obtained 
colonies were screened by PCR using combinations of the 
following primers; KI001, KI002, KI003 (Yang et al., 2020), and 
KI004 (Yang et al., 2020).

RecPl from successful clones was extracted using QIAprep 
Spin Miniprep kit (Qiagen, Germany) and transformed into 
chemically competent E. coli BL21. Overnight culture of E. coli 
BL21/RecPl was subcultured in LB broth containing 50 μg/mL 
ampicillin and incubated at 37°C with shaking (250 rpm) to reach 
an optical density of approximately 0.6 at 600 nm. Protein 
expression was induced by using 0.75 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) (Scharlau, Spain), and incubation 
at 37°C for 4 h with shaking at 200 rpm. Cells were harvested by 
centrifugation at 6000 rpm for 10 min at 4°C and resuspended in 
binding buffer (50 mM sodium phosphate buffer, 500 mM NaCl 
and 100 mM imidazole, pH = 7.4). The crude extract, of IPTG-
induced E. coli BL21/RecPl in binding buffer, was prepared by 
sonication for 30 min on ice, followed by centrifugation at 
6000 rpm for 20 min at 4°C and filtered using 0.45 μM syringe 
filter (Mo et al., 2018). 6xHis-tagged ADC protein purification was 
performed using Ni-NTA spin columns (Qiagen, Germany), 
according to the manufacturer’s instructions. The purified protein 
was analyzed using sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and its concentration was 
determined by BCA protein assay kit (Novagen, Germany), 
according to the manufacturer’s instructions.

Assay of Helicobacter pylori 6xHis-tagged ADC 

enzymatic activity

Aspartate α-decarboxylase activity was determined in the 
crude extract of IPTG-induced E. coli BL21/RecPl and the purified 
recombinant H. pylori 6xHis-tagged ADC protein, according to 
Pei et al. (Pei et al., 2017). The reaction mixture contained either 
500 μL of the crude extract and 536 μL of a 60 g/l L-aspartate 
solution (adjusted to pH 7.0 with NaOH) or 25 μg/mL of the 
purified 6xHis-tagged ADC and 1 mL of a 6.66 mg/mL L-aspartate 

solution (adjusted to pH 7.0 with NaOH). The assay was repeated 
in presence of increasing concentrations of malonic acid (0.1875, 
0.375, 0.75, 1.5, 3, and 6 mg/mL equivalent to 1.8, 3.75, 7.5, 15, 30 
and 60 mM). After incubating the reaction mixture at 37°C for 
20 min, the reaction was stopped by adding 0.1 mL of 1 M 
NaOH. The production of β-alanine was measured by high 
performance liquid chromatography (HPLC) using Waters 2,690 
Alliance HPLC system equipped with a Waters 996 photodiode 
array detector, Column C18 Inertsil ODS 4.6 mm × 250 mm, 5 μM 
Mobile phase: Acetate buffer pH 7.5: Methanol (80,20%); Mode of 
elution: Isocratic; Flow rate: 1 mL/min; Temperature: Ambient and 
Wavelength: 210 nm.

Assessment of resistance development 
to ADC inhibition

Helicobacter pylori ATCC 43504 and H. pylori HPM001 
strains were subjected to 14 consecutive serial passages in 
increasing malonic acid concentrations. Similarly, serial passage 
in increasing clarithromycin (Abbott, United  States) 
concentrations as a comparator (Abadi, 2016) was performed 
according to Haas and colleagues with modifications (Haas et al., 
1990). Briefly, broth microdilution testing was performed for 
malonic acid and clarithromycin against the tested H. pylori 
strains. Following incubation, a subculture from the well-
containing ½ of the MIC of each drug onto Columbia agar plates 
supplemented with 5% sheep blood, and DENT supplement was 
done. The plates were incubated for 72 h at 37°C under 
microaerophilic conditions. At the end of incubation period, 
colonies (considered as P0) were suspended in saline to reach an 
optical density equivalent to 2.0 McFarland turbidity standard, 
and the process of MIC determination was repeated using P0 
colonies as inoculum. The process was repeated for 14 consecutive 
serial passages.

In vitro cytotoxicity of malonic acid

The cytotoxicity of malonic acid was assessed using 
sulforhodamine B (SRB) colorimetric assay against normal oral 
epithelial and human skin fibroblast cell lines. Cell lines were 
maintained in Dulbecco’s Modified Eagle Medium (DMEM); the 
medium for culturing cell lines was supplemented with 100 mg/
mL streptomycin, 100 units/mL penicillin, and 10% FBS. Briefly, 
100 μL aliquots of cell suspension (5 × 103 cells) were treated in 
triplicates with 100 μL culture medium containing malonic acid at 
concentrations: 6 and 60 mg/mL and incubated for 2 h at 37°C in 
a humidified incubator with 5% CO2. Cells were fixed with 10% 
trichloroacetic acid and incubated at 4°C for 1 h. The 
trichloroacetic acid solution was removed, and the cells were 
washed with sterile distilled water. SRB solution (70 μL of 0.4% 
w/v solution) was added and incubated in a dark place at room 
temperature for 10 min. Plates were washed with 1% acetic acid 
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and allowed to air-dry overnight. Tris (150 μL of 10 mM) was 
added to dissolve the protein-bound SRB stain, and the absorbance 
was measured at 540 nm using a microplate reader (Allam et al., 
2018; Hosny et  al., 2020). The half maximal inhibitory 
concentration (IC50) was calculated as the concentration of the test 
compound that inhibited the viability of the tested cells by 50% 
(Mahavorasirikul et al., 2010).

In vivo efficiency of ADC inhibition in 
treatment of Helicobacter pylori 
infections

We developed a rat infection model to test the efficiency of 
ADC inhibition by malonic acid in treating H. pylori infections. 
Male Sprague–Dawley (SD) rats (10 weeks) weighing 160–200 
grams, purchased from the New veterinary center (Cairo, Egypt), 
were used in the study (Li et  al., 2018). The sample size was 
calculated according to the equation: 2(Zα

/2 + Zβ)2 × P (1–P)/(p1 – 
p2)2, where Zα

/2 = Z0.05/2 = 1.96 (from Z table) at type 1 error of 5%; 
Zβ = Z0.20 = 0.842 (from Z table) at 80% power; pooled 
prevalence = (0.8 + 1)/2, and the value was adjusted for 5% attrition 
(Charan and Kantharia, 2013).

Rats were randomly assigned to Makrolon cages (3-4/cage). 
Environmental conditions were maintained at a temperature of 
22–25°C and a 12-h light/dark cycle with food and water ad 
libitum unless fasting was required. The rats were allowed to 
acclimatize for 1 week prior to the experiment. All procedures 
involving the use of animals were performed following the 
recommendations of the National Institutes of Health Guide for 
Care and Use of Laboratory Animals (National Research Council, 
2010), and were approved by the Ethics Committee of the Faculty 
of Pharmacy, Cairo University, Cairo, Egypt [Approval no. MI 
(1894)].

Infecting rats by Helicobacter pylori
Before the infection, all rats received vancomycin once daily 

(25 mg/kg/day), by oral gavage, for 1 week to reduce the gastric 
microbial load and facilitate H. pylori colonization (Stahl et al., 
2014). Forty-eight rats were randomly distributed into two 
infection groups, each composed of 24 rats. H. pylori ATCC 43504 
and H. pylori HPM001 were each used to infect the corresponding 
group of rats, starting from day 8 of the experiment in five 
infection cycles. For each infection cycle, rats were forced to fast 
for 18–24 h before receiving the infection dose. Three hours prior 
to infection, omeprazole (25 mg/kg/day), dissolved in sterile 
distilled water, was administered orally to reduce gastric acidity 
and augment the colonization process (Li et al., 1998). Infection 
was carried out by administering 5 × 108 CFU/mL of H. pylori 
strain in 1 mL sterile water within 30 min of preparation, using an 
oro-gastric tube attached to a 3-cc or 5-cc syringe, without 
anaesthesia. Infection was done on days 8, 10, 12, 14, and 16 of the 
experiment (Werawatganon, 2014). Feeding was resumed 2 h 
following each infection dose (Supplementary Figure S1).  

An uninfected negative control group (n = 4) received sterile water 
instead of the bacterial inoculum throughout the infection process.

Confirmation of successful Helicobacter pylori 
infection

Successful infection of rats was confirmed using the H. pylori 
stool antigen (HpSA) test (ACON, United States; Asgari et al., 
2020). The test was carried out according to the manufacturer’s 
instructions at room temperature immediately after collecting the 
fecal samples. The result was read within 10–20 min, where any 
shade of color in the test line region was considered positive. The 
test was performed on days 16, 23, and 30 of the experiment.

On day 30 of the experiment, we further confirmed successful 
infection by sacrificing three rats from each infection group and 
four from the negative control group. According to Li and 
colleagues (Li et  al., 1998), with modifications, the rats were 
euthanized by decapitation under anesthesia using thiopental 
(EIPICO, Egypt). The stomach was dissected, and immediately 
homogenized in 20 mL brucella broth using Witeg® HG-15D 
homogenizer at 1500 rpm for 20 s, or until it yielded a homogenous 
suspension. The CLO rapid urease test (Kimberly-Clark, 
United States) was performed to confirm urease activity (Cai et al., 
2014), following the manufacturer’s instructions, where the test 
result was read at room temperature within 72 h. Any change in 
color, from deep orange to magenta red color, was 
considered positive.

In addition, a sterile swab was soaked in the homogenized 
stomach suspension and spread in triplicates onto the surface of 
Columbia agar plates, supplemented with 5% sheep blood and 
DENT supplement. The plates were incubated for 72 h at 37°C 
under microaerophilic conditions. Colonies of H. pylori were 
identified by the characteristic morphological appearance (small 
translucent to pale colonies), microscopical characters (Gram 
negative spiral, curved or coccoid bacilli) (Andersen and 
Wadström, 2001), and positive oxidase (HIMEDIA, India), 
catalase, and urease tests (Kadkhodaei et al., 2020).

Malonic acid treatment
On day 38 of the experiment, each infected group (n = 21 rats; 

infected with either H. pylori ATCC 43504 or H. pylori HPM001) 
was subdivided into three subgroups (Supplementary Figure S2); 
an untreated group (n = 7) receiving only sterile water, group A 
receiving ¼ LD50 (327.5 mg/kg) of malonic acid once daily (n = 7), 
and group B receiving ¼ LD50 (327.5 mg/kg) of malonic acid twice 
daily (n = 7), by oral gavage for 3 weeks. The used LD50 was 
specified in the malonic acid manufacturer’s safety data sheet and 
was equivalent to 1,310 mg/kg.

Follow-up of the treatment efficiency was performed on 
days 7, 14, and 21 from the beginning of treatment (days 45, 
52, and 59 of the experiment) using HpSA. At the end of 
treatment, all rats were euthanized as described earlier. The 
stomach was dissected, weighed, and homogenized in brucella 
broth. As mentioned earlier, the presence of H. pylori was 
determined by the CLO rapid urease test, culturing, 
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microscopical and biochemical characteristics of the recovered 
isolates from stomach homogenates. The count in stomach 
was determined by the plate count method; the stomach’s 
homogenate of each rat was serially diluted (1,10, 1:100, and 
1:1000), and 50 μL of each dilution was spread onto Columbia 
blood agar plates supplemented with 5% sheep blood, and 
DENT supplement and incubated for 72 h at 37°C, under 
microaerophilic conditions (Li et  al., 1998). Following 
incubation, the number of H. pylori colonies was counted, and 
the total H. pylori count per mg stomach was calculated  
(Li et al., 1998).

Assessment of the spectrum of activity of 
malonic acid

The spectrum of activity of malonic acid was assessed by 
determining malonic acid MIC against eight other pathogenic 
bacterial species (A. baumannii ATCC 19606, B. cenocepacia 
ATCC BAA-245, E. coli ATCC 25922, E. faecium ATCC 27270, 
E. faecalis ATCC 19433, K. pneumoniae ATCC 10031, 
P. aeruginosa ATCC 27856, and S. aureus ATCC 25923) using 
broth microdilution method, according to the CLSI guidelines 
(CLSI, 2018). Malonic acid solution was serially diluted in 
Muller-Hinton broth (100 μL) to get concentrations ranging 
from 6 to 0.19 mg/mL. The inoculum was prepared to 
be  equivalent to 0.5 McFarland standard (containing 
approximately 1–2 × 108 CFU/mL with most species) and was 
further diluted 1:10 (to get a concentration of 107 CFU/mL). 
10 μL of the diluted inoculum was transferred to each well to 
contain 5 × 105 CFU/mL. Plates were incubated at 37°C for 20 h. 
The MIC was the lowest concentration that completely inhibited 
the visible growth of the tested organism. The experiment was 
carried out in triplicates.

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism 8.0.1. Two-way ANOVA and the unpaired t-test were 
used to evaluate the results of determining the MIC of 
malonic acid. Two-way ANOVA and multiple t tests, using 
the Holm-Sidak method, were used to analyse the results of 
in vitro confirmation of ADC inhibition by malonic acid, 
treatment follow-up using HpSA test, and the results of the 
H. pylori total plate count. The difference was significant at 
p < 0.05 in all tests. Post hoc test using Dunnett’s method was 
used to evaluate the significance of the results of H. pylori 
total plate count in treated and untreated groups. Pearson 
correlation coefficient was used to evaluate the correlation 
between different concentrations of β-alanine and 
pantothenate and the MIC of malonic acid as well as the 
correlation between different malonic acid concentrations 
and ADC enzymatic activity.

Results

Successful docking of malonic acid to 
ADC binding site

Multiple sequence alignment of the sequences of ADC 
enzyme from H. pylori 26695 (PDB ID: 1UHE), H. Pylori ATCC 
43504, and from other randomly selected H. Pylori strains showed 
high level of conservation (Supplementary Figure S3). Malonic 
acid interaction with the ADC binding site was modeled via 
molecular docking. The docking setup was first validated by self-
docking the co-crystallized potential ligand [N-2-(2-amino-1-
methyl-2-oxoethylidene) asparaginate] in the vicinity of the 
binding site of the ADC. It bound the amino acids: Isoleucine (Ile) 
26, Threonine (Thr) 57, Asparagine (Asp) 71, and Alanine (Ala) 
74 through ionic, hydrogen bond, and hydrophobic interactions, 
with a docking score of −4.4312 kcal/mol (Figure 1A). Docking of 
aspartate (ADC substrate) with ADC was used to identify its 
intermolecular interactions with the active binding site. Aspartate 
interacted with the amino acids Thr57 and Ala74 through 
hydrogen bonding and hydrophobic interactions, with a docking 
score of −3.9130 kcal/mol (Figures 1B,C). The validated setup was 
then used to predict the ligand-receptor interactions for malonate 
with the ADC binding site. Malonate interacted with the key 
amino acids in the binding site (Thr57 and Ala74) through 
hydrogen bonding and hydrophobic interactions, with a docking 
score of −3.5542 kcal/mol (Figures 1D,E).

In vitro anti-helicobacter activity of 
malonic acid

The MIC of malonic acid was determined by agar dilution and 
broth microdilution methods against H. pylori ATCC 43504 and 
H. pylori HPM001. The MIC against both strains was 0.75 mg/mL 
when using the agar dilution method. Upon using the broth 
microdilution method, the MIC was 0.5 ± 0.17 and 0.75 mg/mL 
against H. pylori ATCC 43504 and H. pylori HPM001. The MBC 
of malonic acid was 1.5 mg/mL for both strains. No significant 
difference was recorded between the MIC of malonic acid against 
H. pylori ATCC 43504 and H. pylori HPM001 using either the agar 
(p = 0.8529) or the broth microdilution methods (p = 0.8784). 
There was also no significant difference between the mean MIC of 
malonic acid recorded against the tested strains by both methods 
(p = 0.54).

ADC inhibition by malonic acid

Confirmation of ADC inhibition by malonic acid was carried 
out by determining the MIC of malonic acid in the presence of 
increasing sub-inhibitory concentrations of β-alanine and 
pantothenate (the products of the inhibited enzymatic reaction). 
The MIC of β-alanine and pantothenate were 1.12 M (100 mg/mL) 
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and 456 mM (100 mg/mL), respectively. Supplementing the 
growth media with increasing concentrations of β-alanine or 
pantothenate resulted in a significant increase in the mean 
malonic acid MIC (Figures  2A,B) determined using the agar 
dilution and broth microdilution methods. A strong uphill linear 
relationship between β-alanine (r  = 0.6857) or pantothenate 

(r  = 0.7670) concentrations and the MIC of malonic acid was 
observed (Figures 2C,D).

Further confirmation of ADC inhibition by malonic acid was 
carried out by assaying β-alanine, the product of the enzymatic 
action of recombinant H. pylori 6x-His-tagged ADC on aspartate, 
in the presence of an increasing concentration of malonic acid 

A

B C

D E

FIGURE 1

Interaction of the binding site of aspartate α-decarboxylase with different ligands. (A) The co-crystalized ligand ((N-2-(2-amino-1-methyl-2-
oxoethylidene)asparaginate)). (B,C) Aspartate (Two-D structures and three-D structures). (D,E) Malonate (Two-D structures and three-D structures). 
Images were generated by Molecular Operating Environment (MOE, 2015.10) software.
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using HPLC. The panD gene, encoding ADC, was amplified from 
H. pylori ATCC 43504 genome, resulting in a DNA fragment of 
375 bp; the DNA fragment was inserted in the pET22b + plasmid. 

The constructed recombinant RecP1 plasmid (pET22b + with 
panD insert) was transformed into E. coli DH5α. Clones were 
confirmed by PCR using different combinations of primers 

A

B

C D

FIGURE 2

Minimum inhibitory concentration (MIC) of malonic acid in presence of the products of aspartate α-decarboxylase catalyzed enzymatic reaction. 
MIC of malonic acid in the presence of increasing concentrations of (A) β-alanine and (B) pantothenate, using both agar dilution and broth 
microdilution methods, against both Helicobacter pylori ATCC 43504 and the clinical H. pylori isolate (HPM001). The correlation between the MIC 
of malonic acid and the concentrations of (C) β-alanine, and (D) pantothenate.
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(Figures 3A,B). The cloned DNA fragment encoded 123 amino 
acids polypeptide, 117 amino acids for ADC, and six amino acids 
for the His-tag. The whole fragment was predicted to have a size 
of 13.8 kDa using (Bioinformatics.Org/sms/prot_mw.html). The 
recombinant plasmid RecP1 was transformed into E. coli BL21, 
and the recombinant protein was purified using Ni-NTA columns. 
A single intense band (37% of the elute) with the expected size of 
13.8 KDa was visualized on SDS-PAGE (Figures  3C,D). A 
standard curve for β-alanine was constructed using HPLC 
(Supplementary Figure S4). The ADC activity of the crude extract 
of IPTG-induced E. coli BL21/RecPl and the purified 6x-his tagged 
ADC was measured. There was a decrease in the concentration of 
the produced β-alanine by increasing malonic acid concentration. 
A strong downhill linear relationship between β-alanine and 
malonic acid concentrations was recorded in crude and purified 
enzyme preparations (r  = −0.8605 and − 0.6575, respectively; 
Figure 4).

Lack of resistance development in 
Helicobacter pylori by repeated ADC 
inhibition using malonic acid

Helicobacter pylori ATCC 43504 and H. pylori HPM001 were 
subjected to serial passage in the presence of increasing 
concentrations of either malonic acid or clarithromycin 
(comparator). No increase in the MIC of malonic acid against 
both strains was recorded after 14 serial passages. However, there 
was an increase in the MIC of clarithromycin against both strains. 
The MIC of clarithromycin against H. pylori ATCC 43504 and 
H. pylori HPM001 was 6 and 48 μg/mL and increased by 16-fold, 
following 14 serial passages (Figure 5).

Malonic acid is not cytotoxic

The in vitro cytotoxicity of malonic acid was evaluated in oral 
epithelial and human skin fibroblast cell lines using two 
concentrations, 6 mg/mL (equivalent to 10X the average MIC) and 
60 mg/mL (approximately the in vivo used dose per rat). The IC50 
was higher than 60 mg/mL, with recorded cell viability of 
82.13% ± 2.13 and 61.36% ± 2.25  in oral epithelial cells and 
85.91 ± 1.1% and 79.03 ± 0.94% in human skin fibroblast for 6 and 
60 mg/mL, respectively.

Successful treatment of Helicobacter 
pylori infection by ADC inhibition

Helicobacter pylori ATCC 43504 and H. pylori HPM001were 
used to infect SD male rats (n = 48). An uninfected group that 
received only sterile water served as a negative control (n = 4). The 
HpSA test was used to monitor infection; on day 16 (the day of the 
last infection cycle), all rats (n = 52) tested negative. The following 

week (day 23), 87.5% (n = 21) and 83.3% (n = 20) of H. pylori 
ATCC 43504 and H. pylori HPM001 infected rats tested positive, 
and by day 30, all infected rats tested positive. Rats in the 
uninfected control group remained negative throughout 
the experiment.

Successful infection was further confirmed by sacrificing 
three rats from each infected group, besides the four 
uninfected rats, to validate the HpSA test results. The rapid 
urease CLO test was performed on the homogenized stomachs 
of the sacrificed rats. Homogenized stomachs of all infected 
rats tested positive for urease, while those of uninfected rats 
tested negative. Colonies resulting from culturing the 
homogenized stomachs of infected rats were positive for 
urease, oxidase, and catalase. Microscopically examining the 
Gram-stained colonies under 1,000× magnification revealed 
the characteristic spiral-shaped Gram-negative single rods 
indicative of H. pylori. No growth was observed when 
culturing the stomachs of uninfected rats.

Infected rats with H. pylori ATCC 43505 and H. pylori 
HPM001 (n = 21 each) were treated with malonic acid (¼ LD50 
once (n = 7) and twice (n = 7) daily); in addition to two control 
untreated groups (n = 7 each) that received sterile water once 
and twice daily (Supplementary Figure S5). All rats survived the 
entire treatment period. The untreated rats (n  = 14) tested 
positive for H. pylori by the HpSA test throughout the 3-weeks 
treatment period. All treated rats (n = 42) tested positive for 
H. pylori after the first week of treatment. The number of rats 
that tested negative in the HpSA test increased by the end of the 
second week of treatment to reach 15% (n = 4). This includes 
three rats treated with ¼ LD50 twice daily and one treated with 
¼ LD50 once daily. By the end of the 3 weeks treatment period, 
93% of the infected rats in the treatment groups (n = 26) tested 
negative in the HpSA test. Only two rats failed to clear the 
infection; they were treated with ¼ LD50 (n  = 2) once daily 
(Supplementary Figure S5). Follow-up of the number of rats 
clearing the infection following each week of treatment is shown 
in Figure 6A.

By the end of the treatment period, all rats (n = 42) were 
sacrificed, and the stomachs were dissected, weighed, and 
homogenized. Performing the rapid urease CLO test on 
homogenized stomachs confirmed the HpSA test results. Upon 
culturing the homogenized stomachs, no visible growth was 
observed in rats testing negative with the HpSA test; the total 
H. pylori plate count of the untreated group (n = 14) ranged from 
2,850 to 3,400 CFU/mg stomach. However, the homogenized 
stomachs of the two rats that failed to clear the infection (treated 
with ¼ LD50 once daily and tested positive with the HpSA test at 
the end of the treatment period) had a mean total H. pylori plate 
count of 1,030 CFU/mg stomach. There is a significant difference 
between the mean of the total H. pylori counts in the stomachs of 
rats that failed to clear the infection (treated with ¼ LD50 of 
malonic acid once daily) and the mean of the total H. pylori 
counts in the stomachs of the untreated group (p  < 0.0001; 
Figure 6B).
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The broad-spectrum of MA as an ADC 
inhibitor

Malonic acid MIC was determined against other pathogenic 
species (A. baumannii ATCC 19606, B. cenocepacia ATCC 

BAA-245, E. coli ATCC 25922, E. faecium ATCC 27270, E. faecalis 
ATCC 19433, K. pneumoniae ATCC 10031, P. aeruginosa ATCC 
27856, and S. aureus ATCC 25923) by the broth microdilution 
method. The MIC of malonic acid ranged from 0.625 to 1.25 mg/
mL in the tested species (Supplementary Table S2).

A

B

C D

FIGURE 3

Cloning and expression of Helicobacter pylori ATCC 43504 aspartate α-decarboxylase. (A) Schematic diagram generated by BioEdit (7.2.5., 2015) 
of pET22b + vector containing the panD insert with the positions of different primers highlighted. (B) Polymerase chain reaction (PCR) amplicons 
produced by different primer combinations performed on H. pylori ATCC 43504 DNA (panD), empty pET22b(+) plasmid vector and the 
recombinant plasmid vector pET22b(+) containing the insert panD, (C) Crude protein extract from: lane 1: Escherichia coli BL21, lane 2: E.coli 
BL21/RecPl induced by 0.5 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG), lane 3: E. coli BL21/RecPl induced by 0.75 mM IPTG (D) The wash, 
bind and elute of Ni-NTA columns purification of the recombinant protein from E. coli BL21/RecPl.
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Discussion

Aspartate α-decarboxylase was previously reported, using in 
silico proteomic approaches, as a promising conserved drug target 
in H. pylori with malonic acid as the proposed inhibitor (Ibrahim 
et al., 2020). Here, the conservation of ADC in 50 non-redundant 
H. pylori strains, including the strain for which the crystallographic 
structure of ADC enzyme was available in the protein databank 

(H. pylori 26695) and the standard H. pylori ATCC 43504 strain, 
was confirmed. We modeled the interaction of malonic acid to 
H. pylori ADC via molecular docking, which resulted in a docking 
score (−3.5542) similar to that of its natural substrate, aspartate 
(−3.9130). Both interacted with the key amino acids in the ADC 
binding site using similar bonds (hydrogen bonding and 
hydrophobic interactions); these key amino acids (Thr57 and 
Ala74) are totally conserved in the aligned ADC sequences. 
Aspartic acid (2-amino-butanedioic acid, C4H7NO4) and malonic 

A B

FIGURE 4

Selective inhibition of Helicobacter pylori aspartate α-decarboxylase (ADC) by malonic acid. β-alanine (Black line) produced from the action of 
(A) crude enzyme extract and (B) purified 6x-His tagged ADC, of Isopropyl β-D-1-thiogalactopyranoside induced Escherichia coli BL21/RecPl, in 
the presence of increasing concentrations of malonic acid. The red lines depict the correlation between the two variables.

FIGURE 5

Lack of resistance development in Helicobacter pylori by repeated exposure to aspartate α-decarboxylase inhibition using malonic acid. Fold 
increase in minimum inhibitory concentration (MIC) of malonic acid and clarithromycin against H. pylori ATCC 43504 and the clinical H. pylori 
HPM001 isolate, following 14 serial passages.

https://doi.org/10.3389/fmicb.2022.1019666
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Ibrahim et al. 10.3389/fmicb.2022.1019666

Frontiers in Microbiology 12 frontiersin.org

acid (propanedioic acid, C3H4O4) are structurally similar, with the 
latter being one carbon less. A low docking score with good 
interaction results reveals the stability of the ligands and receptors 
interactions (Syahri et al., 2017). Interaction of the inhibitor with 
weak bonds to the enzyme’s binding site suggests reversible 
competitive inhibition (Kwon et  al., 2022). ADC enzyme was 
reported as a drug target in M. tuberculosis and could be inhibited 
by pyrazinamide (Gopal et al., 2020).

The MIC of malonic acid against H. pylori ranged from 0.5 to 
0.75 mg/mL. This is the first report about the anti-helicobacter 

activity of malonic acid. Few studies have reported the antibacterial 
activity of malonic acid as a component of the pine needles extract 
(Feng et al., 2010), and in ternary complexes (El-Sherif, 2010). 
Several studies reported using short-chain acids as antimicrobial 
agents (Dittoe et al., 2018; El Baaboua et al., 2018; Gómez-García 
et al., 2019; Kovanda et al., 2019), besides the prolonged use of 
organic acids as food preservatives (Ricke, 2003). Malonic acid and 
its salts are known inhibitors of succinate dehydrogenase enzyme, 
involved in the cellular respiration as a part of Kreb’s cycle, of 
different bacterial species including H. pylori (Chen et al., 1999; 

A

B

FIGURE 6

Inhibition of aspartate-α-decarboxylase successfully treated Helicobacter pylori infected rats. (A) Weekly follow up of the number of rats that 
cleared infection with either H. pylori ATCC 43504 or the clinical H. pylori HPM001 strains as indicated by H. pylori Stool Antigen (HpSA) test 
during the 3 weeks treatment period. (B) The total H. pylori count in the stomachs of malonic acid treated and untreated (control) groups of rats at 
the end of the 3 weeks treatment period. OD, once daily; BID, twice daily; LD50, lethal dose 50; Control, rat groups that received sterile water 
instead of malonic acid.
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Minato et al., 2013; Meylan et al., 2017; Matsumoto et al., 2020). 
Inhibition of succinate dehydrogenase was reported to 
be  responsible for the antimicrobial activity of many natural 
compounds (Keohane et al., 2018; Guo et al., 2021). However, in 
our previous in silico study on druggable targets in H. pylori, 
succinate dehydrogenase was not retrieved among the list of 
essential or choke points proteins of H. pylori (Ibrahim et al., 2020).

The results of the agar dilution and broth microdilution 
methods, used for MIC determination, were comparable, with no 
significant difference. This agrees with other studies comparing 
both methods against H. pylori (Piccolomini et  al., 1997), and 
H. cinaedi (Tomida et al., 2013). The agar dilution method, the 
CLSI approved method for antimicrobial susceptibility testing 
(CLSI, 2015), is time-consuming and tedious compared to the 
broth microdilution method. Therefore, the broth microdilution 
method can be  an alternative to the agar dilution method for 
determining MIC in H. pylori. Moreover, the difference in the MIC 
value between H. pylori ATCC 43504 and the clinical H. pylori 
HPM001 strain, determined by both methods, was non-significant.

The MBC of malonic acid was almost only two-fold its MIC, 
confirming the bactericidal nature of ADC inhibition in H. pylori 
by malonic acid. Antimicrobial agents are bactericidal if the MBC 
is not more than four-fold the MIC (French, 2006).

The selective ADC inhibition by malonic acid was further 
confirmed by the significant dose-dependent increase in malonic 
acid MIC (p  < 0.05) in presence of increasing sub-inhibitory 
concentrations of β-alanine and pantothenate (the end products 
of the enzymatic reaction catalyzed by ADC enzyme), with a 
strong uphill positive relationship between either β-alanine 
(r  = 0.6857) or pantothenate (r  = 0.767) concentrations and 
malonic acid MIC. Similarly, pyrazinamide, the first-line anti-
tuberculosis agent, interferes with CoA biosynthesis in 
M. tuberculosis by inhibiting the ADC enzyme (Shi et al., 2014; 
Gopal et al., 2020). β-alanine and pantothenate also antagonize the 
activity of pyrazinamide in M. tuberculosis (Shi et  al., 2014). 
Pantothenate auxotrophic strains of M. tuberculosis are insensitive 
to pyrazinamide, while prototrophic strains are sensitive (Dillon 
et  al., 2014). Similarly, Zymomonas mobilis pantothenate 
auxotrophs grow well in media supplemented with β-alanine 
(Gliessman et al., 2017). Several natural and synthetic pantothenic 
acid analogues possess anti-bacterial activity (Spry et al., 2008). 
Humans depend on the exogenous uptake of pantothenic acid, 
while some bacteria, plants, and fungi are capable of de novo 
synthesis of pantothenic acid from β-alanine (Webb et al., 2004). 
The absence of ADC enzyme in humans makes it a specific 
promising drug target (Sharma et al., 2012).

The activity of the recombinant 6x-His-tagged ADC enzyme 
was assayed in presence of increasing concentrations of malonic 
acid to further confirm ADC inhibition by malonic acid. Direct 
measurement of the β-alanine concentration, by HPLC, in the 
enzymatic reaction catalyzed by either the crude extract of IPTG-
induced E. coli BL21/RecPl or the purified recombinant 6x-His-
tagged ADC showed a significant reduction in enzymatic activity 
with increasing malonic acid concentration (p < 0.000001).

Repeated exposure to ADC inhibition by malonic acid did 
not develop resistance in any of the tested H. pylori strains. In 
contrast, clarithromycin-resistant and susceptible H. pylori 
strains readily developed resistance following 14 serial passages, 
with the MIC increasing by 16-fold at the end of the passages. 
Similar studies reported an increased MIC of clarithromycin 
against H. pylori isolates following repeated exposure (Kobayashi 
et al., 2002). This confirms the superiority of ADC inhibition as 
a drug target in H. pylori, where the relapse of H. pylori infection 
usually occurs due to incomplete eradication or the emergence of 
resistant strains (Abadi, 2016).

Malonic acid had no cytotoxic effect on the tested oral 
epithelial or human skin fibroblast cells, even at the highest tested 
concentration (60 mg/mL). According to the US national cancer 
institute guidelines, any compound is considered to lack cytotoxic 
activity if it has an IC50  > 4 μg/mL (Kroll, 2001; Ramasamy 
et al., 2012).

The effectiveness of ADC inhibition in treating H. pylori 
infection was tested in a SD rat infection model. Developing a 
successful H. pylori infection model is challenging as the infection 
models take a long time with high failure rates (Taylor and Fox, 
2012; Werawatganon, 2014). Infection with H. pylori Sydney strain 
remains the most successful animal model for H. pylori infection 
(Taylor and Fox, 2012). However, infection with other strains like 
H. pylori B128 and H. pylori ATCC 43504 was also successful 
(Israel et  al., 2001; Hahm et  al., 2002; Fox et  al., 2003). 
Non-toxigenic H. pylori strains often fail to induce successful 
animal infection compared to the cagA-positive and vacA-positive 
strains (Werawatganon, 2014). We used H. pylori ATCC 43504 
and a clinical cagA-positive and vacA-positive H. pylori isolate 
(H. pylori HPM001) to infect SD male rats.

Our model was successful, as H. pylori colonized ~85.4% of 
rats by the end of first week post-infection and 100% by the end 
of the second week. The HpSA test was used to monitor infection 
throughout the study; it has been used previously to detect 
H. pylori infection in C57BL/6 mice and the results were validated 
by PCR and rapid urease test (Sjunnesson et al., 2003; Moon et al., 
2013). We validated the HpSA test results using the rapid urease 
test and culture techniques. The results of oxidase, catalase, and 
urease tests performed on colonies from cultured stomachs of 
infected and non-infected rats matched the HpSA test.

Aspartate α-decarboxylase Inhibition by malonic acid was 
effective in the complete eradication of H. pylori infection when ¼ 
LD50 (327.5 mg/kg) of malonic acid was administered twice daily 
for 3 weeks. This dosing regimen was optimum in terms of safety 
and effectiveness against H. pylori. Administering malonic acid at 
¼ LD50 (327.5 mg/ kg) once daily for 3 weeks resulted in a 100% 
survival rate and 85.7% curing following the 3 weeks treatment 
period. However, the average H. pylori plate count of the 
homogenized stomachs from the non-cured rats showed a 
significant difference (p < 0.0001) from the average H. pylori plate 
count of untreated infected rats. Prolonging the treatment period 
with the once-daily dose regimen could cause complete curing. 
This is evidenced by the significant difference (p < 0.0001) in the 
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percentage of the HpSA positive results recorded in the first and 
second week of treatment and that recorded in the second and 
third week of treatment. The percentage of positive HpSA test 
results following each week of treatment declined slowly in the 
group receiving ¼ LD50 (327.5 mg/ kg) once daily (mean positive 
results following each week of treatment were 100, 92.8, and 14.2%, 
respectively). However, this decline was moderate and steady in the 
group treated with ¼ LD50 (327.5 mg/ kg) twice daily (mean 
positive test results following each week of treatment were 100, 
78.6, and 0%, respectively). This agrees with previous studies about 
the significant impact of prolonging treatment, either from seven 
to 10 days or from 10 to 14 days, on eradicating H. pylori infection 
in man (Lee et al., 2010; Fallone et al., 2013; Yuan et al., 2017).

The inhibition of succinate dehydrogenase by malonate in 
different models (mice and rats) is known to modulate tissue 
inflammation (Yang et al., 2019; Jespersen et al., 2020); however, 
whether the use of malonate derivatives in treatment of H. pylori 
infection will also result in modulating gastric tissue 
inflammation needs to be tested.

Aspartate α-decarboxylase was confirmed as a broad-
spectrum target, with comparable malonic acid MIC, in eight 
bacterial species other than H. pylori. P. aeruginosa and E. faecalis 
had the lowest MIC (0.625 mg/mL), similar to the mean MIC 
recorded against H. pylori (0.6875 mg/mL). This agrees with our 
previous in silico results regarding the possible broad-spectrum of 
ADC as a drug target (Ibrahim et al., 2020).

The high MIC values recorded with malonic acid will hinder 
its applicability in treatment of patients with H. pylori infections. 
Nevertheless, we  present malonic acid as a non-toxic lead 
molecule that can be structurally modified to produce an effective 
anti-helicobacter agent. Future studies will then be required to 
determine the kinetics of enzyme inhibition of the newly-
developed inhibitors and whether these inhibitors will have an 
inhibitory effect on succinate dehydrogenase.

The successful use of in silico approach in prediction of novel 
therapeutic targets in microbial species was described previously 
(Kaplan et  al., 2012; Serral et  al., 2021). This study is another 
example of using in silico approach in predicting druggable targets 
in pathogenic species and their possible ligands that can be utilized 
as lead molecule for the development of novel antimicrobial agents.

Conclusion

Aspartate α-decarboxylase is a promising drug target in 
H. pylori, with low tendency for resistance development by repeated 
exposure. Malonic acid can be  a lead molecule for developing 
effective anti-helicobacter compounds functioning through ADC 
inhibition. This offers new hope for saving the lives of those at high 
risk of infection with the carcinogenic H. pylori pathogen.

The determination of H. pylori MIC by broth microdilution 
method is comparable to the gold standard agar dilution method. 
The broth dilution method is much easier to perform and more 
efficient in terms of cost and time. Additionally, we successfully 

developed H. pylori infection model by strains other than the 
Sydney strain in SD rats that can be used for further in vivo testing.

Data availability statement

The original contributions presented in the study are included 
in the article/supplementary material, further inquiries can 
be directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by Ethics 
Committee of the Faculty of Pharmacy, Cairo University, Cairo, 
Egypt [Approval no. MI (1894)].

Author contributions

MK, MR, and OH contributed to the study conception and 
design. KI performed the experiment and wrote the first draft of the 
manuscript. KI, MK, and OH contributed to data analysis and 
provided the required resources for the work. MK, TE, MR, and OH 
supervised the work. MK and OH contributed in the preparation of 
the final article. All authors approved the submitted version.

Funding

Publication fees are partially covered by Cairo University.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be  found 
online at: https://www.frontiersin.org/articles/10.3389/fmicb. 
2022.1019666/full#supplementary-material

https://doi.org/10.3389/fmicb.2022.1019666
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1019666/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1019666/full#supplementary-material


Ibrahim et al. 10.3389/fmicb.2022.1019666

Frontiers in Microbiology 15 frontiersin.org

References
Abadi, A. T. B. (2016). Vaccine against Helicobacter pylori: inevitable approach. 

World J. Gastroenterol. 22, 3150–3157. doi: 10.3748/wjg.v22.i11.3150

Adamczak, A., Ożarowski, M., and Karpiński, T. M. (2020). Antibacterial activity 
of some flavonoids and organic acids widely distributed in plants. J. Clin. Med. 9:109. 
doi: 10.3390/jcm9010109

Allam, R. M., Al-Abd, A. M., Khedr, A., Sharaf, O. A., Nofal, S. M., Khalifa, A. E., 
et al. (2018). Fingolimod interrupts the cross talk between estrogen metabolism and 
sphingolipid metabolism within prostate cancer cells. Toxicol. Lett. 291, 77–85. doi: 
10.1016/j.toxlet.2018.04.008

Andersen, L. P., and Wadström, T. (2001). “Basic bacteriology and culture,” in 
Helicobacter pylori: Physiology and genetics.. eds. H. L. T. Mobley, G. L. Mendz and 
S. L. Hazell (Washington, DC: ASM press), 132–154.

Asgari, B., Kermanian, F., Yaghoobi, M. H., Vaezi, A., Soleimanifar, F., and 
Yaslianifard, S. J. V. M. (2020). The anti-helicobacter pylori effects of lactobacillus 
acidophilus, L. plantarum, and L. rhamnosus in stomach tissue of C57BL/6 mice. 
Visceral Medecine 36, 137–143. doi: 10.1159/000500616

Cai, J., Kim, T.-S., Jang, J. Y., Kim, J., Shin, K., Lee, S.-P., et al. (2014). In vitro and 
in vivo anti-Helicobacter pylori activities of FEMY-R7 composed of fucoidan and 
evening primrose extract. Lab.Anim. Res. 30, 28–34. doi: 10.5625/lar.2014.30.1.28

Charan, J., and Kantharia, N. (2013). How to calculate sample size in animal 
studies? J. Pharmacol. Pharmacother. 4, 303–306. doi: 10.4103/0976-500X.119726

Chen, M., Andersen, L. P., Zhai, L., and Kharazmi, A. (1999). Characterization of 
the respiratory chain of Helicobacter pylori. FEMS Immunol. Med. Microbiol. 24, 
169–174. doi: 10.1111/j.1574-695X.1999.tb01278.x

CLSI (2015). Methods for antimicrobial dilution and disk susceptibility testing of 
infrequently isolated or fastidious bacteria. CLSI guideline M45: Wayne, PA: Clinical 
and Laboratory Standards Institute.

CLSI (2018). Methods for dilution antimicrobial susceptibility tests for bacteria that 
grow aerobically; CLSI standard M07. Wayne, PA: Clinical and Laboratory 
Standards Institute.

Coban, H. B. (2020). Organic acids as antimicrobial food agents: applications and 
microbial productions. Bioprocess Biosyst. Eng. 43, 569–591. doi: 10.1007/
s00449-019-02256-w

Dillon, N. A., Peterson, N. D., Rosen, B. C., and Baughn, A. D. (2014). Pantothenate 
and pantetheine antagonize the antitubercular activity of pyrazinamide. Antimicrob. 
Agents Chemother. 58, 7258–7263. doi: 10.1128/AAC.04028-14

Dittoe, D. K., Ricke, S. C., and Kiess, A. S. (2018). Organic acids and potential for 
modifying the avian gastrointestinal tract and reducing pathogens and disease. 
Front. Vet. Sci. 5:216. doi: 10.3389/fvets.2018.00216

El Baaboua, A., El Maadoudi, M., Bouyahya, A., Belmehdi, O., Kounnoun, A., 
Zahli, R., et al. (2018). Evaluation of antimicrobial activity of four organic acids used 
in chicks feed to control salmonella Typhimurium: suggestion of amendment in the 
search standard. Int. J. Microbiol. 2018:7352593. doi: 10.1155/2018/7352593

El-Sherif, A. A. (2010). Synthesis, solution equilibria and antibacterial activity of 
co (II) with 2-(aminomethyl)-benzimidazole and dicarboxylic acids. J. Solut. Chem. 
39, 1562–1581. doi: 10.1007/s10953-010-9593-y

Fallone, C. A., Barkun, A. N., Szilagyi, A., Herba, K. M., Sewitch, M., Martel, M., 
et al. (2013). Prolonged treatment duration is required for successful Helicobacter 
pylori eradication with proton pump inhibitor triple therapy in Canada. Can. J. 
Gastroenterol. 27, 397–402. doi: 10.1155/2013/801915

Feng, S., Zeng, W., Luo, F., Zhao, J., Yang, Z., and Sun, Q. (2010). Antibacterial 
activity of organic acids in aqueous extracts from pine needles (Pinus massoniana 
lamb.). Food Sci. Biotechnol. 19, 35–41. doi: 10.1007/S10068-010-0005-2

Fox, J. G., Wang, T. C., Rogers, A. B., Poutahidis, T., Ge, Z., Taylor, N., et al. (2003). 
Host and microbial constituents influence helicobacter pylori-induced cancer in a 
murine model of hypergastrinemia. Gastroenterology 124, 1879–1890. doi: 10.1016/
s0016-5085(03)00406-2

French, G. (2006). Bactericidal agents in the treatment of MRSA infections—the 
potential role of daptomycin. J. Antimicrob. Chemother. 58, 1107–1117. doi: 10.1093/
jac/dkl393

Gliessman, J. R., Kremer, T. A., Sangani, A. A., Jones-Burrage, S. E., and 
McKinlay, J. B. (2017). Pantothenate auxotrophy in Zymomonas mobilis ZM4 is due 
to a lack of aspartate decarboxylase activity. FEMS Microbiol. Lett. 364:fnx136. doi: 
10.1093/femsle/fnx136

Gómez-García, M., Sol, C., de Nova, P. J., Puyalto, M., Mesas, L., Puente, H., et al. 
(2019). Antimicrobial activity of a selection of organic acids, their salts and essential 
oils against swine enteropathogenic bacteria. Porcine Health Manag. 5, 32–38. doi: 
10.1186/s40813-019-0139-4

Gopal, P., Sarathy, J. P., Yee, M., Ragunathan, P., Shin, J., Bhushan, S., et al. (2020). 
Pyrazinamide triggers degradation of its target aspartate decarboxylase. Nat. 
Commun. 11, 1661–1610. doi: 10.1038/s41467-020-15516-1

Guo, F., Chen, Q., Liang, Q., Zhang, M., Chen, W., Chen, H., et al. (2021). 
Antimicrobial activity and proposed action mechanism of linalool against 
Pseudomonas fluorescens. Front. Microbiol. 12:562094. doi: 10.3389/fmicb.2021. 
562094

Haas, C., Nix, D. E., and Schentag, J. (1990). In vitro selection of resistant 
helicobacter pylori. Antimicrob. Agents Chemother. 34, 1637–1641. doi: 10.1128/
aac.34.9.1637

Hahm, K. B., Lee, K., Kim, Y., Hong, W., Lee, W., Han, S., et al. (2002). Conditional 
loss of TGF-β signalling leads to increased susceptibility to gastrointestinal 
carcinogenesis in mice. Aliment. Pharmacol. Ther. 16 Suppl 2, 115–127. doi: 10.1046/
j.1365-2036.16.s2.3.x

Hosny, Y., Abutaleb, N. S., Omara, M., Alhashimi, M., Elsebaei, M. M., 
Elzahabi, H. S., et al. (2020). Modifying the lipophilic part of phenylthiazole 
antibiotics to control their drug-likeness. Eur. J. Med. Chem. 185:111830. doi: 
10.1016/j.ejmech.2019.111830

Hu, C. H., Ren, L. Q., Zhou, Y., and Ye, B. C. (2019). Characterization of 
antimicrobial activity of three lactobacillus plantarum strains isolated from Chinese 
traditional dairy food. Food Sci. Nutr. 7, 1997–2005. doi: 10.1002/fsn3.1025

Ibrahim, K. A., Helmy, O. M., Kashef, M. T., Elkhamissy, T. R., and Ramadan, M. A. 
(2020). Identification of potential drug targets in helicobacter pylori using in silico 
subtractive proteomics approaches and their possible inhibition through drug 
repurposing. Pathogens 9:747. doi: 10.3390/pathogens9090747

Israel, D. A., Salama, N., Arnold, C. N., Moss, S. F., Ando, T., Wirth, H.-P., et al. 
(2001). Helicobacter pylori strain-specific differences in genetic content, identified 
by microarray, influence host inflammatory responses. J. Clin. Investig. 107, 611–620. 
doi: 10.1172/JCI11450

Jadamus, A., Vahjen, W., and Simon, O. (2005). Studies on the mode of action of 
probiotics: effects of the spore-specific dipicolinic acid on selected intestinal 
bacteria. J. Agric. Sci. 143, 529–535. doi: 10.1017/S0021859605005666

Jespersen, N. R., Hjortbak, M. V., Lassen, T. R., Støttrup, N. B., Johnsen, J., 
Tonnesen, P. T., et al. (2020). Cardioprotective effect of succinate dehydrogenase 
inhibition in rat hearts and human myocardium with and without diabetes mellitus. 
Sci. Rep. 10, 10344–10315. doi: 10.1038/s41598-020-67247-4

Kadkhodaei, S., Siavoshi, F., and Akbari Noghabi, K. (2020). Mucoid and coccoid 
helicobacter pylori with fast growth and antibiotic resistance. Helicobacter 25:e12678. 
doi: 10.1111/hel.12678

Kaplan, N., Albert, M., Awrey, D., Bardouniotis, E., Berman, J., Clarke, T., et al. 
(2012). Mode of action, in vitro activity, and in vivo efficacy of AFN-1252, a selective 
antistaphylococcal FabI inhibitor. Antimicrob. Agents Chemother. 56, 5865–5874. 
doi: 10.1128/aac.01411-12

Keohane, C. E., Steele, A. D., Fetzer, C., Khowsathit, J., Van Tyne, D., Moynié, L., 
et al. (2018). Promysalin elicits species-selective inhibition of Pseudomonas 
aeruginosa by targeting succinate dehydrogenase. J. Am. Chem. Soc. 140, 1774–1782. 
doi: 10.1021/jacs.7b11212

Kobayashi, I., Muraoka, H., Hasegawa, M., Saika, T., Nishida, M., Kawamura, M., 
et al. (2002). In vitro anti-helicobacter pylori activity of BAS-118, a new benzamide 
derivative. J. Antimicrob. Chemother. 50, 129–132. doi: 10.1093/jac/dkf106

Kovanda, L., Zhang, W., Wei, X., Luo, J., Wu, X., Atwill, E. R., et al. (2019). In vitro 
antimicrobial activities of organic acids and their derivatives on several species of 
gram-negative and gram-positive bacteria. Molecules 24:3770. doi: 10.3390/
molecules24203770

Kroll, D. J. (2001). Natural compounds in cancer therapy: promising nontoxic 
antitumor agents from plants and other natural sources. J. Nat. Prod. 64, 1605–1606. 
doi: 10.1021/np000765k

Kwon, C. W., Yeo, S., and Chang, P.-S. (2022). Characterization and molecular 
docking study of cathepsin L inhibitory peptides (SnuCalCpIs) from Calotropis 
procera R. Br. Scient. Rep. 12:5825. doi: 10.1038/s41598-022-09854-x

Lee, B. H., Kim, N., Hwang, T. J., Lee, S. H., Park, Y. S., Hwang, J. H., et al. (2010). 
Bismuth-containing quadruple therapy as second-line treatment for Helicobacter 
pylori infection: effect of treatment duration and antibiotic resistance on the 
eradication rate in Korea. Helicobacter 15, 38–45. doi: 10.1111/j.1523-5378 
.2009.00735.x

Li, H., Kalies, I., Mellgård, B., and Helander, H. (1998). A rat model of chronic 
helicobacter pylori infection: studies of epithelial cell turnover and gastric ulcer 
healing. Scand. J. Gastroenterol. 33, 370–378. doi: 10.1080/00365529850170991

Li, H., Liang, X., Chen, Q., Zhang, W., and Lu, H. (2018). Inappropriate treatment 
in helicobacter pylori eradication failure: a retrospective study. Scand. J. Gastroenterol. 
53, 130–133. doi: 10.1080/00365521.2017.1413132

Madeira, F., Pearce, M., Tivey, A. R. N., Basutkar, P., Lee, J., Edbali, O., et al. 
(2022). Search and sequence analysis tools services from EMBL-EBI in 2022. Nucleic 
Acids Res. 50, W276–W279. doi: 10.1093/nar/gkac240

https://doi.org/10.3389/fmicb.2022.1019666
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3748/wjg.v22.i11.3150
https://doi.org/10.3390/jcm9010109
https://doi.org/10.1016/j.toxlet.2018.04.008
https://doi.org/10.1159/000500616
https://doi.org/10.5625/lar.2014.30.1.28
https://doi.org/10.4103/0976-500X.119726
https://doi.org/10.1111/j.1574-695X.1999.tb01278.x
https://doi.org/10.1007/s00449-019-02256-w
https://doi.org/10.1007/s00449-019-02256-w
https://doi.org/10.1128/AAC.04028-14
https://doi.org/10.3389/fvets.2018.00216
https://doi.org/10.1155/2018/7352593
https://doi.org/10.1007/s10953-010-9593-y
https://doi.org/10.1155/2013/801915
https://doi.org/10.1007/S10068-010-0005-2
https://doi.org/10.1016/s0016-5085(03)00406-2
https://doi.org/10.1016/s0016-5085(03)00406-2
https://doi.org/10.1093/jac/dkl393
https://doi.org/10.1093/jac/dkl393
https://doi.org/10.1093/femsle/fnx136
https://doi.org/10.1186/s40813-019-0139-4
https://doi.org/10.1038/s41467-020-15516-1
https://doi.org/10.3389/fmicb.2021.562094
https://doi.org/10.3389/fmicb.2021.562094
https://doi.org/10.1128/aac.34.9.1637
https://doi.org/10.1128/aac.34.9.1637
https://doi.org/10.1046/j.1365-2036.16.s2.3.x
https://doi.org/10.1046/j.1365-2036.16.s2.3.x
https://doi.org/10.1016/j.ejmech.2019.111830
https://doi.org/10.1002/fsn3.1025
https://doi.org/10.3390/pathogens9090747
https://doi.org/10.1172/JCI11450
https://doi.org/10.1017/S0021859605005666
https://doi.org/10.1038/s41598-020-67247-4
https://doi.org/10.1111/hel.12678
https://doi.org/10.1128/aac.01411-12
https://doi.org/10.1021/jacs.7b11212
https://doi.org/10.1093/jac/dkf106
https://doi.org/10.3390/molecules24203770
https://doi.org/10.3390/molecules24203770
https://doi.org/10.1021/np000765k
https://doi.org/10.1038/s41598-022-09854-x
https://doi.org/10.1111/j.1523-5378.2009.00735.x
https://doi.org/10.1111/j.1523-5378.2009.00735.x
https://doi.org/10.1080/00365529850170991
https://doi.org/10.1080/00365521.2017.1413132
https://doi.org/10.1093/nar/gkac240


Ibrahim et al. 10.3389/fmicb.2022.1019666

Frontiers in Microbiology 16 frontiersin.org

Mahavorasirikul, W., Viyanant, V., Chaijaroenkul, W., Itharat, A., and 
Na-Bangchang, K. (2010). Cytotoxic activity of Thai medicinal plants against human 
cholangiocarcinoma, laryngeal and hepatocarcinoma cells in vitro. BMC 
Complement. Altern. Med. 10, 55–64. doi: 10.1186/1472-6882-10-55

Matsumoto, Y., Nakashima, T., Cho, O., Ohkubo, T., Kato, J., and Sugita, T. (2020). 
Pyruvate-triggered TCA cycle regulation in Staphylococcus aureus promotes 
tolerance to betamethasone valerate. Biochem. Biophys. Res. Commun. 528, 318–321. 
doi: 10.1016/j.bbrc.2020.05.035

Meylan, S., Porter, C. B. M., Yang, J. H., Belenky, P., Gutierrez, A., Lobritz, M. A., 
et al. (2017). Carbon sources tune antibiotic susceptibility in Pseudomonas 
aeruginosa via tricarboxylic acid cycle control. Cell Chem. Biol. 24, 195–206. doi: 
10.1016/j.chembiol.2016.12.015

Minato, Y., Fassio, S. R., and Häse, C. C. (2013). Malonate inhibits virulence gene 
expression in vibrio cholerae. PLoS One 8:e63336. doi: 10.1371/journal.pone.0063336

Mo, Q., Li, Y., Wang, J., and Shi, G. (2018). Identification of mutations restricting 
autocatalytic activation of bacterial l-aspartate α-decarboxylase. J. Amino Acids 50, 
1433–1440. doi: 10.1007/s00726-018-2620-9

Moon, D.-I., Shin, E.-H., Oh, H.-G., Oh, J.-S., Hong, S., Chung, Y., et al. (2013). 
Usefulness of a helicobacter pylori stool antigen test for diagnosing H. pylori infected 
C57BL/6 mice. Lab. Anim. Res. 29, 27–32. doi: 10.5625/lar.2013.29.1.27

Moraes, T. D. S., Lima, L. K. D., Veneziani, R. C. S., Ambrósio, S. R., Santos, R. A. 
D., Silva, J. J. M. D., et al. (2021). In vitro antibacterial potential of the oleoresin, leaf 
crude hydroalcoholic extracts and isolated compounds of the Copaifera spp. against 
helicobacter pylori. Journal of biologically active products from. Nature 11, 183–189. 
doi: 10.1080/22311866.2021.1914730

Mu, W., Yu, S., Zhu, L., Zhang, T., and Jiang, B. (2012). Recent research on 
3-phenyllactic acid, a broad-spectrum antimicrobial compound. Appl. Microbiol. 
Biotechnol. 95, 1155–1163. doi: 10.1007/s00253-012-4269-8

Nandode, S., Damale, M., and Harke, S. (2012). In silico comparative analysis of 
metabolic pathways of Heamophilus influenzae and helicobacter pylori to identify 
potential drug targets. Int J Pharm. Bio. Sci 3, 412–420.

National Research Council (2010). Guide for the care and use of laboratory 
animals. 8th Edn. Washington, D.C: National Academies Press.

Pei, W., Zhang, J., Deng, S., Tigu, F., Li, Y., Li, Q., et al. (2017). Molecular 
engineering of L-aspartate-α-decarboxylase for improved activity and catalytic 
stability. Appl. Microbiol. Biotechnol. 101, 6015–6021. doi: 10.1007/
s00253-017-8337-y

Piccolomini, R., Di Bonaventura, G., Catamo, G., Carbone, F., and Neri, M. 
(1997). Comparative evaluation of the E test, agar dilution, and broth microdilution 
for testing susceptibilities of helicobacter pylori strains to 20 antimicrobial agents. J. 
Clin. Microbiol. 35, 1842–1846. doi: 10.1128/jcm.35.7.1842-1846.1997

Ramasamy, S., Wahab, N. A., Abidin, N. Z., Manickam, S., and Zakaria, Z. (2012). 
Growth inhibition of human gynecologic and colon cancer cells by Phyllanthus 
watsonii through apoptosis induction. PLoS One 7:e34793. doi: 10.1371/journal.
pone.0034793

Ricke, S. (2003). Perspectives on the use of organic acids and short chain fatty 
acids as antimicrobials. Poult. Sci. 82, 632–639. doi: 10.1093/ps/82.4.632

Robinson, K., and Atherton, J. C. (2021). The Spectrum of helicobacter-mediated 
diseases. Annu. Rev. Pathol. 16, 123–144. doi: 10.1146/annurev-pathol-032520- 
024949

Sambrook, J., and Russel, D. W. (2001). “Molecular Cloning: A Laboratory Manual. 
New York: Cold Spring Harbor.

Serral, F., Castello, F. A., Sosa, E. J., Pardo, A. M., Palumbo, M. C., Modenutti, C., 
et al. (2021). From genome to drugs: new approaches in antimicrobial discovery. 
Front. Pharmacol. 12:647060. doi: 10.3389/fphar.2021.647060

Sharma, R., Kothapalli, R., Van Dongen, A. M., and Swaminathan, K. (2012). 
Chemoinformatic identification of novel inhibitors against mycobacterium 
tuberculosis L-aspartate α-decarboxylase. PLoS One 7:e33521. doi: 10.1371/journal.
pone.0033521

Shi, W., Chen, J., Feng, J., Cui, P., Zhang, S., Weng, X., et al. (2014). Aspartate 
decarboxylase (PanD) as a new target of pyrazinamide in mycobacterium 
tuberculosis. Emerg. Microb. Infect. 3, 1–8. doi: 10.1038/emi.2014.61

Sjunnesson, H., Fält, T., Sturegård, E., Al-Soud, W. A., and Wadström, T. (2003). 
PCR-denaturing gradient gel electrophoresis and two feces antigen tests for 
detection of helicobacter pylori in mice. Curr. Microbiol. 47, 278–0285. doi: 10.1007/
s00284-002-3952-x

Song, C. W., Lee, J., Ko, Y.-S., and Lee, S. Y. (2015). Metabolic engineering of 
Escherichia coli for the production of 3-aminopropionic acid. Metab. Eng. 30, 
121–129. doi: 10.1016/j.ymben.2015.05.005

Spry, C., Kirk, K., and Saliba, K. J. (2008). Coenzyme a biosynthesis: an 
antimicrobial drug target. FEMS Microbiol. Rev. 32, 56–106. doi: 
10.1111/j.1574-6976.2007.00093.x

Stahl, M., Ries, J., Vermeulen, J., Yang, H., Sham, H. P., Crowley, S. M., et al. 
(2014). A novel mouse model of campylobacter jejuni gastroenteritis reveals key 
pro-inflammatory and tissue protective roles for toll-like receptor signaling during 
infection. PLoS Pathog. 10:e1004264. doi: 10.1371/journal.ppat.1004264

Sudhakar, U., Anusuya, C., Ramakrishnan, T., and Vijayalakshmi, R. (2008). 
Isolation of helicobacter pylori from dental plaque: a microbiological study. J. Ind. 
Soc. Periodontol. 12, 67–72. doi: 10.4103/0972-124X.44098

Syahri, J., Yuanita, E., Nurohmah, B. A., Armunanto, R., and Purwono, B. (2017). 
Chalcone analogue as potent anti-malarial compounds against plasmodium 
falciparum: synthesis, biological evaluation, and docking simulation study. Asian 
Pac. J. Trop. Biomed. 7, 675–679. doi: 10.1016/j.apjtb.2017.07.004

Taylor, N. S., and Fox, J. G. (2012). Animal models of Helicobacter-induced 
disease: methods to successfully infect the mouse. Methods Mol. Biol. 921, 131–142. 
doi: 10.1007/978-1-62703-005-2_18

Tomida, J., Oumi, A., Okamoto, T., Morita, Y., Okayama, A., Misawa, N., et al. 
(2013). Comparative evaluation of agar dilution and broth microdilution methods 
for antibiotic susceptibility testing of helicobacter cinaedi. Microbiol. Immunol. 57, 
353–358. doi: 10.1111/1348-0421.12044

Ventola, C. L. (2015). The antibiotic resistance crisis: part 1: causes and threats. 
Pharm. Therap. 40, 277–283.

Walia, G., Kumar, P., and Surolia, A. (2009). The role of UPF0157 in the folding 
of M. tuberculosis dephosphocoenzyme a kinase and the regulation of the latter by 
CTP. PLoS One 4:e7645. doi: 10.1371/journal.pone.0007645

Walsh, E., and Moran, A. (1997). Influence of medium composition on the growth 
and antigen expression of helicobacter pylori. J. Appl. Microbiol. 83, 67–75. doi: 
10.1046/j.1365-2672.1997.00164.x

Webb, M. E., Smith, A. G., and Abell, C. (2004). Biosynthesis of pantothenate. Nat. 
Prod. Rep. 21, 695–721. doi: 10.1039/B316419P

Werawatganon, D. (2014). Simple animal model of helicobacter pylori infection. 
World J. Gastroenterol. 20, 6420–6424. doi: 10.3748/wjg.v20.i21.6420

Xu, D., Zhao, S., Dou, J., Xu, X., Zhi, Y., and Wen, L. (2021). Engineered endolysin-
based “artilysins” for controlling the gram-negative pathogen helicobacter pylori. 
AMB Express 10, 1–9. doi: 10.3390/antibiotics10111277

Yan, F., and Gao, F. (2020). A systematic strategy for the investigation of vaccines 
and drugs targeting bacteria. Comput. Struct. Biotechnol. J. 18, 1525–1538. doi: 
10.1016/j.csbj.2020.06.008

Yang, Y., Shao, R., Tang, L., Li, L., Zhu, M., Huang, J., et al. (2019). Succinate 
dehydrogenase inhibitor dimethyl malonate alleviates LPS/d-galactosamine-induced 
acute hepatic damage in mice. Innate Immun. 25, 522–529. doi: 10.1177/175342591 
9873042

Yang, Y., Wang, J., Xu, J., Liu, Q., Wang, Z., Zhu, X., et al. (2020). Characterization 
of IL-22 bioactivity and IL-22-positive cells in grass carp Ctenopharyngodon idella. 
Front. Immunol. 11:586889. doi: 10.3389/fimmu.2020.586889

Yuan, X.-Y., Yan, J.-J., Yang, Y.-C., Wu, C.-M., Hu, Y., and Geng, J.-I. (2017). 
Helicobacter pylori with east Asian-type cagPAI genes is more virulent than strains 
with Western-type in some cagPAI genes. Braz. J. Microbiol. 48, 218–224. doi: 
10.1016/j.bjm.2016.12.004

Zhang, X.-S., Tegtmeyer, N., Traube, L., Jindal, S., Perez-Perez, G., Sticht, H., et al. 
(2015). A specific a/T polymorphism in Western tyrosine phosphorylation B-motifs 
regulates helicobacter pylori CagA epithelial cell interactions. PLoS Pathog. 
11:e1004621. doi: 10.1371/journal.ppat.1004621

https://doi.org/10.3389/fmicb.2022.1019666
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1186/1472-6882-10-55
https://doi.org/10.1016/j.bbrc.2020.05.035
https://doi.org/10.1016/j.chembiol.2016.12.015
https://doi.org/10.1371/journal.pone.0063336
https://doi.org/10.1007/s00726-018-2620-9
https://doi.org/10.5625/lar.2013.29.1.27
https://doi.org/10.1080/22311866.2021.1914730
https://doi.org/10.1007/s00253-012-4269-8
https://doi.org/10.1007/s00253-017-8337-y
https://doi.org/10.1007/s00253-017-8337-y
https://doi.org/10.1128/jcm.35.7.1842-1846.1997
https://doi.org/10.1371/journal.pone.0034793
https://doi.org/10.1371/journal.pone.0034793
https://doi.org/10.1093/ps/82.4.632
https://doi.org/10.1146/annurev-pathol-032520-024949
https://doi.org/10.1146/annurev-pathol-032520-024949
https://doi.org/10.3389/fphar.2021.647060
https://doi.org/10.1371/journal.pone.0033521
https://doi.org/10.1371/journal.pone.0033521
https://doi.org/10.1038/emi.2014.61
https://doi.org/10.1007/s00284-002-3952-x
https://doi.org/10.1007/s00284-002-3952-x
https://doi.org/10.1016/j.ymben.2015.05.005
https://doi.org/10.1111/j.1574-6976.2007.00093.x
https://doi.org/10.1371/journal.ppat.1004264
https://doi.org/10.4103/0972-124X.44098
https://doi.org/10.1016/j.apjtb.2017.07.004
https://doi.org/10.1007/978-1-62703-005-2_18
https://doi.org/10.1111/1348-0421.12044
https://doi.org/10.1371/journal.pone.0007645
https://doi.org/10.1046/j.1365-2672.1997.00164.x
https://doi.org/10.1039/B316419P
https://doi.org/10.3748/wjg.v20.i21.6420
https://doi.org/10.3390/antibiotics10111277
https://doi.org/10.1016/j.csbj.2020.06.008
https://doi.org/10.1177/1753425919873042
https://doi.org/10.1177/1753425919873042
https://doi.org/10.3389/fimmu.2020.586889
https://doi.org/10.1016/j.bjm.2016.12.004
https://doi.org/10.1371/journal.ppat.1004621

	Aspartate α-decarboxylase a new therapeutic target in the fight against Helicobacter pylori infection
	Introduction
	Materials and methods
	Bacterial strains and culture conditions
	Molecular docking of malonic acid to the active site of ADC enzyme
	Determination of malonic acid minimum inhibitory concentration
	Agar dilution method
	Broth microdilution method
	Determination of the minimum bactericidal concentration of malonic acid
	Evaluation of ADC inhibition by malonic acid
	Determination of the MIC of malonic acid in presence of β-alanine and pantothenate
	Assessment of recombinant Helicobacter pylori 6xHis-tagged ADC activity in presence of malonic acid
	Cloning and expression of Helicobacter pylori ADC enzyme
	Assay of Helicobacter pylori 6xHis-tagged ADC enzymatic activity
	Assessment of resistance development to ADC inhibition
	In vitro cytotoxicity of malonic acid
	In vivo efficiency of ADC inhibition in treatment of Helicobacter pylori infections
	Infecting rats by Helicobacter pylori
	Confirmation of successful Helicobacter pylori infection
	Malonic acid treatment
	Assessment of the spectrum of activity of malonic acid
	Statistical analysis

	Results
	Successful docking of malonic acid to ADC binding site
	In vitro anti-helicobacter activity of malonic acid
	ADC inhibition by malonic acid
	Lack of resistance development in Helicobacter pylori by repeated ADC inhibition using malonic acid
	Malonic acid is not cytotoxic
	Successful treatment of Helicobacter pylori infection by ADC inhibition
	The broad-spectrum of MA as an ADC inhibitor

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

