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Abstract

Novel treatment options are needed for the gastric pathogen Helicobacter pylori due to its increasing antibiotic resistance. The 
vitamin K analogue menadione has been extensively studied due to interest in its anti-bacterial and anti-cancer properties. 
Here, we investigated the effects of menadione on H. pylori growth, viability, antibiotic resistance, motility and gene expression 
using clinical isolates. The MIC of menadione was 313 µM for 11/13 isolates and 156 µM for 2/13 isolates. The minimum bac-
tericidal concentrations were 1.25–2.5 mM, indicating that concentrations in the micromolar range were bacteriostatic rather 
than bactericidal. We were not able to experimentally evolve resistance to menadione in vitro. Sub-MIC menadione (16 µM for 
24 h) did not significantly inhibit bacterial growth but significantly (P<0.05) changed the expression of 1291/1615 (79.9%) genes 
encoded by strain 322A. The expression of the virulence factor genes cagA and vacA was downregulated in the presence of sub-
MIC menadione, while genes involved in stress responses were upregulated. Sub-MIC menadione significantly (P<0.0001) inhib-
ited the motility of H. pylori, consistent with the predicted effects of the observed significant (P<0.05) downregulation of cheY, 
upregulation of rpoN and changes in the expression of flagellar assembly pathway genes seen in the transcriptomic analysis. 
Through in-depth interrogation of transcriptomic data, we concluded that sub-MIC menadione elicits a general stress response 
in H. pylori with survival in the stationary phase likely mediated by the upregulation of surE and rpoN. Sub-MIC menadione 
caused some modest increases in H. pylori susceptibility to antibiotics, but the effect was variable with strain and antibiotic type 
and did not reach statistical significance. Menadione (78 µM) was minimally cytotoxic to human gastric adenocarcinoma (AGS) 
cells after 4 h but caused a significant loss of cell viability after 24 h. Given its inhibitory effects on bacterial growth, motility and 
expression of virulence- and colonization-associated genes, menadione at low micromolar concentrations may have potential 
utility as a virulence-attenuating agent against H. pylori.

Data Summary
RNA sequencing data reported on in this study are available to download from ArrayExpress under accession E-MTAB-14439. 
Supplementary materials associated with this publication are available from https://figshare.com/projects/Menadione_reduces_​
the_expression_of_virulence-_and_colonisation-associated_genes_in_Helicobacter_pylori/219631.

Introduction
Helicobacter pylori is a Gram-negative, microaerophilic bacterium that persists in the human stomach and can cause ulcers and 
gastric cancer. H. pylori is exquisitely adapted to the colonization of, and survival in, the human stomach, producing a wide 
range of virulence- and colonization-associated factors including adhesins, urease enzyme and toxins. Strains expressing the 
oncogenic cytotoxin CagA, and more virulent forms of the vacuolating cytotoxin VacA, are more strongly associated with ulcers 
and gastric cancer [1–3]. H. pylori is becoming increasingly difficult to treat due to antibiotic resistance [4], and new treatment 
options are needed.
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Menadione (2-methyl-1,4-naphthoquinone, also known as vitamin K3) is a synthetic form of vitamin K that is used as a supple-
ment in animal feed [5]. It is an organic compound that displays oxidant activity by generating reactive oxygen species via redox 
cycling. Due to its cytotoxic effects against many different types of cancer cell lines, researchers have extensively studied the 
potential utility of menadione as an anti-cancer drug [6–10].

Menadione has been investigated for its anti-bacterial properties and shown to inhibit the growth of Staphylococcus aureus, Bacillus 
anthracis and Streptococcus spp. [11]. It has also been reported to have antibiotic susceptibility-modifying activity, lowering the 
MIC of antibiotics against multidrug-resistant strains of Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa [12].

For H. pylori, menadione has been shown to inhibit bacterial growth using disc diffusion assays [13] and using agar plates 
supplemented with various concentrations of menadione [14]. Lee et al. [14] used reverse transcription polymerase chain reaction 
(RT-PCR) and cellular assays to show that menadione reduced the expression of vacA, the secA gene involved in the export of 
VacA, and the type IV secretion system components virB2, virB7 and virB10 involved in the secretion of CagA. They also used 
co-culture assays to show that pretreatment with menadione decreased the cytotoxic and pro-inflammatory effects of H. pylori on 
gastric adenocarcinoma (AGS) and monocytic leukaemia (THP-1) cells. Several studies have used RNA sequencing (RNASeq) to 
analyse the transcriptional responses of H. pylori to stressors including pH [15] and sodium chloride [16], but to our knowledge, 
there has not yet been an RNASeq analysis of the effects of menadione on H. pylori gene expression.

In this study, we determined the MIC of menadione for a collection of H. pylori clinical isolates, and we examined the effects of 
sub-MIC menadione on H. pylori. We present the first in-depth transcriptomic study of the effects of a sub-inhibitory concentra-
tion of menadione on the expression of virulence- and colonization-associated genes in H. pylori. We show that menadione can 
significantly downregulate the expression of numerous genes involved in colonization, virulence, motility and epithelial cell 
interactions including cagA, vacA, luxS, ureA/B/I and ruvC. We also show that sub-MIC concentrations of menadione inhibit 
motility and may increase the susceptibility of some strains of H. pylori to antibiotics used in eradication therapy. Our findings 
indicate that menadione has potential utility as a virulence-attenuating agent against H. pylori.

Methods
Culture of H. pylori
H. pylori clinical isolates were kindly provided by John Atherton and Karen Robinson, University of Nottingham, having been 
isolated from gastric biopsies donated by patients attending Queens Medical Centre, Nottingham, for upper gastrointestinal tract 
endoscopy. Written informed consent was obtained, and the study was approved by the Nottingham Research Ethics Committee 
2 (08/H0408/195). Cultures were maintained on blood agar base #2 (Oxoid) supplemented with 5% (v/v) defibrinated horse 
blood (Thermo Scientific) and incubated under microaerobic conditions (5% O2, 10% CO2 and 85% N2; Don Whitley DG250 
cabinet) at 37 °C.

MIC assay and growth curves
Forty-eight-hour H. pylori cultures (n=13 strains) on blood agar plates were suspended in Brucella broth (Sigma-Aldrich) 
supplemented with 5% heat-inactivated FCS (Sigma Aldrich) at an OD600 of 0.05; then, menadione (Sigma-Aldrich) was added 
to a final concentration of 0–10 mM, with a final volume of 100 µl/well in triplicate in 96-well plates. Growth controls (bacteria 
in broth, no menadione) and sterility controls (broth only) were included in every 96-well plate. Plates were incubated under 
microaerobic conditions at 37 °C, and bacterial growth was monitored by measuring the OD600 at 0, 24, 48, 72 and 96 h.

Motility assay
Forty-eight-hour H. pylori cultures of strain 322A on blood agar plates were suspended in Brucella broth supplemented with 5% 
FCS at an OD600 of 1.0, and 10 µl of the bacterial suspension was stabbed into the centre of soft agar plates (Brucella broth, 0.4% 
agar and 5% FCS) prepared with and without the addition of 8 and 16 µM menadione. After 7-day incubation under microaerobic 
conditions at 37 °C, bacterial motility was determined by measuring the diameter of the zone of growth through each plate. This 
experiment was conducted in triplicate technical replicates, independently repeated three times.

Attempted experimental evolution of menadione resistance
H. pylori strain 322A was inoculated into MIC assays using the method described above, but with 16 technical replicates at each 
menadione concentration. After 24 and 48 h, plates were screened looking for evidence of bacterial growth in any wells containing 
menadione at or above 313 µM. This experiment was repeated independently seven times.

RNA sequencing
H. pylori strain 322A was grown in 400 ml Brucella broth+5% FCS to an OD600 of 0.4, and this starter culture was checked for 
purity by Gram staining and streaking out on blood agar plates. The starter culture was divided into 10×15 ml cultures in T25 
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tissue culture flasks; then, menadione was added to five of the flasks to a final concentration of 16 µM. All flasks were incubated 
at 37 °C under microaerobic conditions for 24 h. Further purity checks were then carried out and the c.f.u. ml−1 in each flask was 
determined using the method reported by Miles et al. [17]. Bacteria were harvested by centrifugation, and the cell pellets were 
submerged in TRIzol (Invitrogen) and shipped on dry ice to Macrogen (South Korea) for RNA extraction, library preparation 
and sequencing. Samples were relabelled in a randomized order before sending to the sequencing provider, to avoid any potential 
for introduction of a technical batch effect based on which group (treated or untreated) the samples belonged to.

Total RNA extraction was conducted by Macrogen and quality checked to confirm that all ten samples were of acceptable RNA 
integrity number (>7). Libraries were constructed using the Illumina TruSeq Stranded Total RNA (Illumina Inc., San Diego) 
protocol with ribosomal RNA depletion (Ribo-Zero). For mRNA sequencing, the barcoded libraries were loaded into the flow cell 
of an Illumina NovaSeq 6000 to generate 40M 100 bp paired-end reads per sample. Post-sequencing, the raw data were converted 
into fastq files using the Illumina package bcl2fastq by Macrogen, and the fastq files were returned to the research team for analysis.

Identification of differentially expressed genes
The US web-based platform Galaxy (http://usegalaxy.org/) [18] was used in initial analyses of transcriptomic data. The genome 
sequence (fasta file) and annotations (gff file) for H. pylori 322A (reported in [19] and available from https://doi.org/10.6084/m9.​
figshare.26931724)​were uploaded to Galaxy along with the fastq output files for each sample from the RNASeq run. The quality 
of the sequence reads was assessed using FastQC v0.11.9 [20] within Galaxy; no trimming of reads was needed as all sequence 
data were of high quality (Phred>20) and free of adapter contamination. Sequence reads were then mapped to the 322A reference 
genome using HISAT2 v2.2.1 set to paired-end library [21] before counting the number of reads that mapped to genes using 
featureCounts (Galaxy v2.0.1+galaxy2) [22]. To test for differential gene expression between the menadione-treated and untreated 
samples, DESeq2 v1.34.0 [23] used the count data from the featureCounts outputs and generated a normalized count file and 
summary plots (available from doi: 10.6084 /m9.figshare.27256641) for the entire dataset. Genes were considered significantly 
differentially expressed based on adjusted P value<0.05 (Benjamini–Hochberg procedure).

Visualization of significantly differentially expressed genes
The log2-transformed normalized gene count data for the significantly differentially expressed genes identified by the DESeq2 
analysis were visualized in a heatmap generated using the R package heatmap.2 from gplots v3.1.3. Boxplots for cagA and vacA 
gene expression data and a volcano plot for all DESeq2 data were generated using the R package tidyverse v2.0.0.

A Kyoto Encyclopedia of Genes and Genomes (KEGG)-based network analysis was undertaken using the significantly 
differentially expressed genes. To do this, KEGGREST v1.40.0 was used to download information on the KEGG entry (hpy, 
release 111.0+/08–24, August 2024) for H. pylori strain 26695. Nucleotide sequences of the 1632 genes associated with strain 
26695’s genome by KEGG were downloaded and used to create a blastn database (blast v2.12.0+) against which the 1615 
predicted genes of strain 322A were searched. Hits were filtered based on the highest query coverage and identity, with this 
information used to map 322A genes (and log2 fold change gene expression data) to the genome of strain 26695. Data were 
analysed using SPIA v2.52.0 [24] and also used to create a KEGG pathway-based network graph (KEGGgraph v1.60.0 [25]). 
igraph v1.5.1 [26] was used to generate network statistics, with RCy3 v2.20.2 [27] used to export the network and visualize 
it with Cytoscape v3.10.2 [28].

Gene over-representation analysis
KEGG mapping data were available for 101 pathways in the reference strain, covering 634/1632 of H. pylori 26695’s genes 
(hpy, release 111.0+/08–24, August 2024). Almost two-fifths (632/1615, 39.1%) of strain 322A’s genes mapped to one or more 
KEGG pathways annotated in H. pylori 26695. The number of significantly (adjusted P value<0.05, Benjamini–Hochberg) 
differentially expressed genes in 322A that mapped to genes in each of the 101 H. pylori 26695 pathways was determined, 
with a one-sided Fisher’s exact test used to determine the significance of gene over-representation. Generic pathways (i.e. 
hpy01100, metabolic pathways; hpy01110, biosynthesis of secondary metabolites; and hpy01120, microbial metabolism in 
diverse environments) were excluded from analyses.

Antibiotic susceptibility-modifying effects
The effects of sub-MIC concentrations of menadione on antibiotic susceptibility of H. pylori were investigated using modi-
fied agar dilution and disc diffusion assays. For the agar dilution assays, a tenfold dilution series of a bacterial suspension 
starting at OD600 of 3.0±0.2 in 0.85% saline was spotted onto blood agar plates containing 0.1, 0.5 or 2.5 µg ml−1 clarithromycin 
with and without 15.6 µM menadione. Spots (10 µl) of each bacterial dilution were applied to each plate in triplicate, and 
three different H. pylori clinical isolates were tested. After incubation for 48 h, the density of bacterial growth in each spot 
was assessed visually and assigned a semi-quantitative score [0=no growth, 1=low density (individual colonies visible), 
2=moderate growth and 3=dense growth/lawn]. For the disc diffusion assays, H. pylori strains at OD600 of 0.1 were spread on 
Mueller–Hinton agar (Thermo Scientific) supplemented with 7.5% defibrinated horse blood and 0, 1 or 10 µM menadione. 

http://usegalaxy.org/
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Discs containing 5 µg metronidazole, 15 µg clarithromycin or 5 µg levofloxacin were applied to the plates, in triplicate for 
each strain, antibiotic and experimental condition. Zone of inhibition diameters were measured after 3 days of incubation. 
The H. pylori strains selected for each disc diffusion assay had previously [4] been determined to be clinically resistant to 
the relevant antibiotics (n=3 strains for metronidazole and clarithromycin; n=2 strains for levofloxacin).

Epithelial cell culture and cytotoxicity assays
AGS cells (ATCC CRL-1739) were maintained in Hams F12 medium (Sigma-Aldrich) supplemented with 10% (v/v) FCS at 
37 °C in 10% CO2. Cells were split, washed, seeded into 96-well opaque-walled, clear-bottom tissue culture-treated plates 
(Greiner Bio-One) at 1×104 cells per well and treated with 0–5 mM menadione for 0–24 h. At each time point, cell viability 
was determined using a CellTiter-Glo assay (Promega) according to the manufacturer’s instructions. Cytotoxicity assays 
were conducted in triplicate wells for each time point and menadione concentration.

Results
Menadione inhibits the growth of H. pylori
MICs were determined for 13 clinical isolates of H. pylori from 7 patients (paired antrum and corpus isolates from 6 patients 
and an antrum isolate from a seventh patient). The MIC was 313 µM for 11/13 isolates (including strain 322A) and 156 µM 
for 2/13 isolates. Replating of 10 µl samples from each well in which H. pylori growth had been suppressed onto fresh blood 
agar plates yielded viable bacteria up to 1.25 mM (n=2 strains) or 2.5 mM (n=7 strains) menadione, indicating that menadione 
concentrations in the micromolar range were bacteriostatic rather than bactericidal. A complete MIC dataset for strain 322A 
is shown in Fig. 1, and data for all tested strains are summarized in Table S1 (available in the online Supplementary Material).

Efforts to experimentally evolve resistance to menadione were not successful
Across many rounds of repeats and bacterial generations, broth microdilution-based experimental evolution assays using H. 
pylori strain 322A failed to yield any viable menadione-resistant mutants. There were no observable mutants that crossed the 
MIC threshold for menadione resistance after screening >100 replicates for growth at a range of menadione concentrations in 
the broth microdilution format (data not shown).

Fig. 1. Inhibitory effects of menadione on the growth of H. pylori strain 322A. Bacteria were exposed to 0–10,000 µM menadione in liquid culture, and 
growth was monitored by measuring OD

600
. Blank-corrected triplicate means±sd from the 72 -h time point are shown. The MIC for this strain was 

313 µM menadione. A summary of MIC data from all strains tested is given in Table S1.
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Sub-MIC menadione has a profound effect on the transcriptome of strain 322A
Replicate flasks of H. pylori strain 322A were randomized into treated (n=5) and untreated (n=5) groups. Menadione was 
added to the treated group flasks at 16 µM, and after 24 h the bacteria from all flasks were recovered for RNASeq. The mean 
c.f.u. ml−1 was 1.5×108 in the treated flasks and 3.0×108 in the untreated flasks after 24 h, and monitoring of strain 322A growth 

Fig. 2. Visualization of transcriptomic data. (a)  Bidirectional heatmap, generated using log
2
-transformed normalized gene count data, showing 

clustering of 1291 significantly (adjusted P value<0.05; Benjamini–Hochberg) differentially expressed genes into distinct menadione-treated and 
untreated groups. (b) Volcano plot showing that menadione treatment has a profound effect on the gene expression in strain 322A. Significantly 
differentially expressed genes (adjusted P<0.05; Benjamini–Hochberg) are shown by blue (downregulated by menadione) and red (upregulated by 
menadione) dots; non-significant data are shown by black dots. (c) Among the significantly downregulated genes were cagA and vacA. Boxplots show 
data points (yellow dots, n=5 per group) and median values, with the hinges corresponding to the first and third quartiles; the whiskers extend from 
the hinges no further than ±1.5 X interquartile range. *Significantly differentially expressed in the menadione-treated group compared with untreated 
control: adjusted P<0.05 (Benjamini–Hochberg). (a–c) All data presented are from the same menadione-treated (n=5; 16 µM, 24 h) and -untreated (n=5) 
samples.
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over 24–96 h±19.5 or 39 µM indicated that there was no significant inhibition of bacterial growth using these concentrations 
of menadione (Fig. S1) (P>0.05, two-way ANOVA with Dunnett’s post hoc test).

Treatment with 16 µM menadione significantly (adjusted P value<0.05; Benjamini–Hochberg) changed the expression of 
1291/1615 (79.9%) genes encoded by strain 322A (Table S2). Principal component analysis (doi: 10.6084 /m9.figshare.27257532) 
showed that the treated samples were very different from the untreated samples (88% of variance explained by principal 
component 1), and in a heatmap the significantly differentially expressed genes clustered separately from one another based on 
the treatment group (Fig. 2a). The profound effect of menadione on strain 322A’s transcriptome was even more evident when 
data were visualized in a volcano plot, with the expression of 657 and 634 genes, respectively, significantly downregulated 
and upregulated by the compound (Fig. 2b). Among the significantly differentially expressed genes were the virulence factors 
cagA and vacA, both of which were downregulated in the presence of menadione (Fig. 2b, c).

Functional analyses of transcriptomic data
The genome of strain 322A is not included in the KEGG, so to interrogate the effects of menadione on the biological func-
tions of 322A, we used H. pylori strain 26695 as a reference for KEGG-based analyses and used blastn to match genes from 
strain 322A (n=1615) with those encoded by strain 26695 (n=1632). The majority (1473/1615, 91.2%) of strain 322A’s genes 
matched those in strain 26695. Among strain 26695’s genes, 980 (60%) have KEGG orthology annotations, and these all 
matched genes encoded in strain 322A’s genome (980/1615, 60.7%).

Signalling Pathway Impact Analysis (SPIA), previously used to identify treatment effects in the transcriptomes of mamma-
lian cell lines [29], was used to determine whether the approach had utility in the analysis of microbial transcriptomic 
data. While non-significant, SPIA results implied menadione caused inactivation/downregulation of chemotaxis in strain 
322A (Table S3). Two-component systems, including the flagellar regulon, were also affected by menadione based on 
SPIA. Of note was the upregulation of the gene (dnaA; 322A_00187) encoding the chromosomal replication initiator 
protein and encoding RNA polymerase sigma-54 factor (rpoN; 322A_00890), known to have roles in stress responses 
[30]. rpoN is linked with the regulation of stationary phase, amino sugar metabolism, attaching and effacing lesions, 
flagellar assembly, acidic amino acid uptake and metabolism, biofilm formation, motility and virulence and regulation 
of swarming activity.

SPIA also highlighted that the expression of genes linked to redox signalling, and thereby energy production, was down-
regulated: electron transfer system – ubiquinol cytochrome c oxidoreductase, Rieske 2Fe-2S subunit (fbcF; 322A_00156) 
and ubiquinol cytochrome c oxidoreductase, cytochrome b subunit (fbcH; 322A_00157); aerobic respiration – cytochrome 
c oxidase, haem b and copper-binding subunit, membrane-bound (fixN; 322A_01308), cytochrome c oxidase, monoheme 
subunit, membrane-bound (fixO; 322A_01307), cbb3-type cytochrome c oxidase subunit Q (ccoQ; 322A_01306) and 
cytochrome c oxidase, diheme subunit, membrane-bound (fixP; 322A_01305). Genes associated with nitrogen assimilation 
(glutamine synthetase, glnA; 322A_00568) and regulation of carbon storage (csrA; 322A_00279) were also downregulated 
by menadione. glnA contributes to glutamate metabolism, which – in concert with rpoN – controls acidic amino acid uptake 
and metabolism in bacteria [30].

A KEGG-based network analysis was undertaken with the significantly differentially expressed genes (Fig. S2, Table S4). 
The degree of a gene within a network is the number of connections it has to other genes in the network. Most genes 
have a low degree, but a small number have a high degree: these ‘hub’ genes are considered important in controlling 
biological processes. The mean degree across the entire gene network was 2.18±3.44. Genes associated with virulence (cagA, 
322A_00555, degree 28) and stationary phase (surE – survival protein, 322A_01007, degree 28) were the most connected 
genes in the network (Fig. S2). Gene cheY, encoding a chemotaxis protein associated with two-component systems, was 
among the genes with the highest degree [11], making the above-mentioned effect of menadione on flagellar assembly 
clearer (Fig. 3a). That is, the downregulation of cheY prevents full activation of genes associated with flagellar assembly 
and impedes motility. In vitro testing confirmed the inhibitory effect of menadione on the motility of H. pylori (Fig. 3b). 
Other genes with a high degree were associated with nitrogen assimilation (e.g. glnA, degree 9), energy generation or 
chemotaxis (Table S4).

Gene over-representation analysis using the significantly differentially expressed genes mapped to KEGG identified 77/98 
metabolic pathways (P<0.05) affected by the sub-inhibitory concentration of menadione (Fig. 4c and Table S5). After biosyn-
thesis of co-factors and amino acids, ‘epithelial cell signalling in H. pylori infection’ was the most significant (adjusted P 
value<0.05) over-represented metabolic pathway, incorporating 35/39 of the significantly differentially expressed genes and 
including 24/26 cag pathogenicity island (cagPAI) genes, vacA, hpaA and ureA/B/I. Also, among the top 20 most significant 
pathways were ‘flagellar assembly’, ‘two-component system’, ‘oxidative phosphorylation’, ‘bacterial chemotaxis’, ‘amino sugar 
and nucleotide sugar metabolism’ and ‘homologous recombination’ (Fig. 3c and Table S5), supporting our findings from 
SPIA and the KEGG network-based analysis.
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Sub-MIC menadione may reduce the antibiotic susceptibility of some H. pylori strains
The selected H. pylori strains previously shown [4] to be clinically resistant to clarithromycin (excluding strain 322A, 
which is susceptible) were exposed to various concentrations of clarithromycin in the presence or absence of 16 µM, 
and the bacterial viability was assessed semi-quantitatively after 48 h (Fig. 4a). The presence of 16 µM menadione caused 
modest reductions in bacterial viability in most cases. In antibiotic disc diffusion assays, the presence of 1 to 10 µM 
menadione in the agar caused increases in antibiotic zone of inhibition diameter in some cases, but the effect varied with 
strain and with antibiotic type and did not reach statistical significance (Fig. 4b). According to a proteome-based analysis  
(via the Resistance Gene Identifier of the Comprehensive Antibiotic Resistance Database), strain 322A does not encode 

Fig. 3. Effect of a sub-inhibitory concentration (16 µM) of menadione on the motility of H. pylori strain 322A. (a) The KEGG ‘bacterial chemotaxis’ pathway 
with gene expression data overlaid onto it. Significantly differentially expressed genes (adjusted P value<0.05; Benjamini–Hochberg) are shown by blue 
(downregulated by menadione) and red (upregulated by menadione) circles, with log

2
 fold changes represented by the colours shown in the legend; 

non-significant data, yellow circle. (b) The effect of menadione on motility was determined by measuring the diameter of H. pylori strain 322A growth 
7 days after 10 µl of a dense bacterial suspension was stabbed into the centre of soft agar plates (refer to Methods). Menadione at 16 µM significantly 
inhibited the motility of H. pylori strain 322A (****P<0.0001, one-way ANOVA with Dunnett’s post hoc test). Data shown are n=9 (compiled from triplicate 
technical replicates, independently repeated three times). (c)  Top 20 KEGG pathways in strain 322A significantly affected (adjusted P value<0.05; 
Benjamini–Hochberg) by 16 µM menadione based on a gene over-representation analysis. Details of all significant pathways can be found in Table S5.
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any antimicrobial resistance genes; hence, its transcriptomic data were not interrogated further in relation to the effect of 
menadione in this context.

Menadione is cytotoxic to AGS cells
Menadione cytotoxicity to human AGS cells was assessed using a CellTiter-Glo assay (Fig. 5). The MIC we determined for 
H. pylori in this study, 313 µM menadione, and higher concentrations, caused complete loss of AGS cell viability by 4 h. A 

Fig. 4. Effects of sub-MIC menadione on antibiotic susceptibility. (a) Modified agar dilution method. Numbers and colours indicate means of semi-
quantitative scores for bacterial growth density from triplicate 10 µl spots where 0=no growth and 3=dense growth. The addition of menadione to 
the growth media caused increases in susceptibility to the antibiotic clarithromycin in most cases. (b) Modified disc diffusion method. Graphs show 
antibiotic susceptibilities in the presence and absence of menadione, as individual data points. Means±sd are also shown as grey bars and error bars. 
Data points were excluded from plates where the menadione concentration entirely inhibited bacterial growth. Refer to Methods for details of the 
modified agar dilution and disc diffusion assays.
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sub-MIC menadione concentration, 78 µM, was minimally cytotoxic after 4 h but caused a significant loss of cell viability 
after 24 h.

Discussion
In this study, we confirmed the antimicrobial activity of menadione against H. pylori and showed that a sub-MIC (16 µM) concen-
tration of menadione can significantly downregulate the expression of numerous virulence- and colonization-associated genes, 
via a general stress response. We also found that H. pylori does not easily evolve resistance to menadione and that menadione 
may modulate H. pylori susceptibility to antibiotics. In addition, we confirmed that menadione has cytotoxic effects on AGS cells.

Several previous studies have shown that naphthoquinones, including menadione, inhibit the growth of H. pylori. Inatsu et al. 
[31] determined the MIC90 (concentration at which bacterial viability was reduced by 90%) to be 3.2 µg ml−1 (~20 µM), and Park 
et al. [13] reported strong inhibitory activity of menadione against H. pylori in disc diffusion assays with doses down to 5 µg/disc. 
Lee et al. [14] used agar dilution to determine the MIC of menadione against 4 laboratory strains and 38 clinical isolates of H. 
pylori and found it to be 8 µM in the reference strains and 2–8 µM in the majority of clinical isolates. In our laboratory, we found 
the MIC of menadione to be 313 µM for most clinical isolates we tested, using a broth microdilution assay in Brucella broth+5% 
FCS. These differences in MICs may be due to the different methods used, since both our own study and Inatsu et al. [31], which 
used broth microdilution methods, reported higher MICs than the studies that used agar-based methods. Future studies should 
consider applying more than one method to MIC determination and should also determine minimum bactericidal concentrations 
(MBCs). Using nine strains from five patients, we found that MBCs were much higher than MICs indicating that menadione is 
bacteriostatic rather than bactericidal in the micromolar range. Menadione’s mode of action has recently been confirmed to be 
bacteriostatic in nature in E. coli [32].

Culturing bacteria in the presence of sub-MIC concentrations of bacteriostatic or bactericidal agents is a commonly used method 
for generating resistant mutants in the laboratory [33, 34]. Our intention was to take a directed evolution approach, culturing  
H. pylori in the presence of increasing concentrations of menadione, to generate persistently resistant mutants and study mena-
dione resistance mechanisms. However, none of our attempts to generate menadione-resistant mutants using a wide range of 
sub-MIC concentrations (>100 replicates at each concentration, all incubated for 48 h, which is equivalent to ~16 generations 
given the estimated H. pylori doubling time of 3 h [35]) yielded detectable bacterial growth at concentrations above 313 µM. This 
suggests that H. pylori is not able to easily evolve resistance to menadione. Findings from our transcriptomic analyses (discussed 
below) may provide insights as to why.

The sub-MIC concentration of menadione used in this study had a profound effect on H. pylori strain 322A’s transcriptome, with 
the expression of almost 80% of genes encoded by the bacterium significantly altered upon prolonged exposure (24 h) to the 
bacteriostatic agent (Fig. 2). By using a combination of bioinformatic approaches to interpret our transcriptomic data, we were 
able to develop an in-depth understanding of how menadione affects the biological processes of H. pylori. Menadione elicits 

Fig. 5. Cytotoxicity of menadione. AGS cells were treated with 0–5,000 µM menadione for up to 24 h. To determine cell viability at each time point, 
CellTiter-Glo reagent was added to the cell suspensions, and luminescence [arbitrary units (AU)] was measured after 10 min. Luminescence AU is 
directly proportional to the number of viable cells.
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a general stress response – contributing to survival in the stationary phase – that is mediated by the upregulation of surE [36] 
and rpoN [37, 38]. In our network-based analysis, the gene encoding for survival protein SurE – surE – was, along with cagA, 
the most important ‘hub’ gene (Fig. S2). SurE is considered a virulence factor in Brucella abortus, due to its ability to maintain 
cell viability in stationary phase [39]. Therefore, SurE may also be considered a virulence factor of H. pylori if it is found to be 
essential to the survival of the bacterium in its stationary phase. Because of its absence in mammals, SurE has been proposed as 
a novel drug target [39].

The upregulation of dnaA expression was intriguing and may be part of the general stress response elicited by menadione. Although 
not annotated in KEGG, the expression of hobA (HP_1230; 322A_01058) was also significantly upregulated by menadione; HobA 
forms a complex with DnaA in H. pylori and is thought to play a crucial scaffolding role during the initiation of replication in 
the bacterium [40]. Antibiotic-induced replication stress elicits competence in some bacteria by increasing the transcription of 
competence-associated genes around the origin of replication, with this considered a general molecular mechanism through 
which bacteria can challenge this type of insult [41]. H. pylori encodes two operons of competence genes (comB2–comB3–comB4, 
annotated in 322A’s genome based on [42], and comB6–comB7–comB8–comB9–comB10, annotated in 322A’s genome based on 
[43]) upstream of dnaA. The expression of 4/5 of the genes in the larger operon was significantly upregulated in the presence of 
menadione, along with dprA, necessary for transformation [43] (Fig. 6). Competence is known to be activated in Streptococcus 
pneumoniae in response to antibiotics and/or DNA-damaging stressors [41, 44]. We are not aware of this process being associated 
with bacteriostatic agents, although menadione is known to damage DNA in mammalian cell lines [45]. H. pylori is unusual 
among Gram-negative bacteria in having a constitutive competence state across all growth phases [46], with its competence 
increasing when the bacterium is exposed to DNA-damaging agents such as ciprofloxacin [47]. As such, any stressor that could 
increase the competence of H. pylori requires further study.

Various analyses of KEGG data (SPIA, network and over-representation) supported by phenotypic (motility) data demonstrated 
that menadione significantly affected the chemotaxis and flagellar assembly of H. pylori strain 322A (Fig. 3). Stable accumulation 
of sigma-54 factor (rpoN) is required for the expression of several flagellar genes in H. pylori and is dependent on the expression of 
the little-studied protein HP_0958 [48]. In our study, the expression of HP_0958’s encoding gene (322A_00976) was significantly 
downregulated (log2 fold change −0.48, adjusted P value=0.002; Table S2) in the presence of menadione. The role of HP_0958 in 
sigma-54 factor accumulation was first demonstrated in the stress response of H. pylori ATCC 43504 to nutrient limitation [48]. 
The expression of rpoN in the stationary phase also downregulates genes associated with energy metabolism and biosynthetic 
processes in H. pylori strain 26695, with concomitant upregulation of genes linked to protein processing and redox reactions 
[37]. Our transcriptomic analyses confirm these previous findings. Hence, here, we demonstrate that the role of the sigma-54 
factor stress response extends to bacteriostatic agents such as menadione.

The virulence- and colonization-associated genes luxS and ruvC were all significantly downregulated by sub-MIC menadione 
(16 µM in broth culture). LuxS, associated with biosynthesis of amino acids and quorum sensing, may play a role in cysteine 

Fig. 6. Effect of a sub-inhibitory concentration of menadione (16 µM) on the expression of H. pylori 322A competence-associated genes. Boxplots show 
data points (yellow dots, n=5 per group) and median values, with the hinges corresponding to the first and third quartiles; the whiskers extend from 
the hinges no further than ±1.5 X interquartile range. *Significantly differentially expressed in the menadione-treated group compared with untreated 
control: adjusted P<0.05 (Benjamini–Hochberg). Both the comB2–comB3–comB4 operon (positions 92504–95413, contig 1) and the comB6–comB7–
comB8–comB9–comB10 operon (positions 68539–72581, contig 1) are upstream of dnaA (positions 189299–190666, contig 1), with both operons in 
reverse orientation. dprA (positions 100320–101120, contig 4) is not found close to the origin of replication in 322A.
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synthesis in H. pylori [49], and deletion of the luxS gene reduced bacterial motility and colonization ability in rodent infection 
models [50, 51]. RuvC (Holliday junction endodeoxyribonuclease) plays many roles in H. pylori. Inactivation of ruvC reduced 
the rate of homologous recombination; increased bacterial sensitivity to levofloxacin, metronidazole and oxidative stress; and 
impaired colonization in a mouse infection model [52].

H. pylori uses urease to catalyse the conversion of urea to ammonium, buffering the pH in its immediate vicinity [53, 54]. ureA 
and ureB are structural urease genes [55], while the accessory gene ureI encodes a urea channel required for the import of urea 
to the cytoplasmic location of the majority of urease enzyme [56]. Mutants of ureA, ureB or ureI are avirulent or have impaired 
colonization in animal models of infection [57–59]. In addition to its role in acid survival in the human stomach, urease activity 
may contribute to virulence through the disruption of epithelial tight junctions [60, 61] and stimulation of pro-inflammatory 
cytokine production [62, 63]. The ureA/B/I genes were all significantly downregulated by menadione in our study.

Extensive previous work in the H. pylori field has proven the importance of CagA and VacA in bacterial virulence and the develop-
ment of peptic ulcer disease and gastric cancer in H. pylori-infected people. Infection with type I strains (cagA+ and expressing 
s1i1m1 forms of vacA) is more strongly associated with ulcer disease and cancer than infection with strains lacking these virulence 
factors [1–3]. CagA is an oncoprotein that is injected into gastric epithelial cells by a type IV secretion system, the components 
of which are encoded by the cagPAI [64–66]. VacA is a secreted multifunctional cytotoxin that induces vacuolation, autophagy 
and apoptosis in gastric epithelial cells, increases epithelial barrier permeability and inhibits T cell activity (reviewed by White et 
al. and Foegeding et al. [67, 68]). The expressions of cagA and vacA were significantly downregulated by menadione in our study.

Our findings from whole-genome transcriptomic analysis are consistent with those of a previous study that used RT-PCR on a 
subset of genes to show that menadione can downregulate the expression of virulence-associated genes in H. pylori. Lee et al. [14] 
reported that H. pylori treated with menadione had significantly decreased the expression of vacA and also the secA gene involved 
in VacA toxin secretion. The expression of cagA was not significantly decreased (unlike our study), but the expression of the 
virB2, virB7, virB8 and virB10 genes involved in CagA injection into host cells via the cag type IV secretion system was reduced. 
They also used co-culture assays and Western blotting to show that CagA and VacA protein translocation to AGS cells and the 
consequent cellular effects of these virulence factors (hummingbird phenotype and vacuolation) were reduced after pretreatment 
of H. pylori with menadione. H. pylori may downregulate virulence gene expression by necessity when upregulating the stress 
response, to prioritize the expression of genes supporting immediate survival when exposed to external stressors like menadione.

Gene over-representation analysis was used to map the genes that were significantly differentially expressed in response to 
menadione treatment to KEGG H. pylori biological pathways. Among the most significant pathways was ‘epithelial cell signalling 
in H. pylori infection’. This pathway encodes numerous known virulence- and colonization-associated genes of H. pylori including 
ureA/B/I, vacA, cagA and hpaA and other genes of the cagPAI. The effects of menadione on the genes within this pathway, and 
how these might influence H. pylori survival and virulence within the human host, are summarized in Fig. S3. We propose that 
the downregulation of cagA caused by menadione could prevent damage to host epithelial cells, while downregulation of vacA 
could prevent or reduce ulcerogenesis, vacuolation and apoptotic effects associated with H. pylori infection. Downregulation of 
urease-associated genes could limit H. pylori’s ability to protect itself from host stomach acid, reducing its infective potential.

Menadione is known to have cytotoxic effects on a range of different cancer cell types and has been extensively studied for its 
potential utility as an anti-cancer agent [7, 9, 10, 69]. Consistent with our finding that menadione at 78 µM significantly reduced 
the viability of AGS cells, previous studies have shown that 15 µM menadione reduced the growth of AGS cells by inducing G2/M 
cell cycle arrest [70] and concentrations at or above 20 µM induced apoptosis [71], while similar doses had no inhibitory effect 
on a non-cancerous gastrointestinal cell line. Suresh et al. [8] also showed that menadione was more cytotoxic to oral squamous 
carcinoma cells (IC50=8.45 µM) than to non-tumourigenic HEK293 (IC50=98.5 µM) and HaCaT (IC50=74.5 µM) cells.

In modified disc diffusion and agar dilution assays, we found that sub-MIC menadione caused some increases in H. pylori 
susceptibility to antibiotics, particularly clarithromycin, but the effects were modest and highly variable between strains. Mena-
dione has previously been shown to reduce the MIC of antibiotics against multidrug-resistant strains of Staphylococcus aureus, 
E. coli and P. aeruginosa [12] and had good synergistic activity with several antibiotics against Acinetobacter baumannii [72]. 
Menadione has also been shown to increase the susceptibility of Stenotrophomonas maltophilia to fluoroquinolones [73] and to 
induce the expression of a multidrug efflux pump in S. maltophilia [74]. Since we have shown that sub-MIC menadione causes 
extensive changes in gene expression, more definitive studies of the effects of menadione on antibiotic susceptibility in H. pylori 
are recommended.

Our study was limited by sample size, in particular for the RNASeq where only one strain and one menadione concentration were 
tested and for the antibiotic susceptibility assays in which a limited number of clinically resistant isolates were available for each 
antibiotic. H. pylori strains are highly polymorphic, and it is possible that different strains may respond differently to menadione, 
so future studies should test multiple strains to confirm whether the results are consistent. Our use of a twofold dilution series 
limited the precision with which we could determine MIC, MBC and cytotoxic concentrations of menadione in our assays, and 
further work is needed to define these more precisely using a range of methodological approaches, strains and cell types.
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Our findings raise the possibility that low doses of menadione could suppress H. pylori virulence and persistence by down-
regulating the bacterial expression of virulence- and colonization-associated genes. In addition, the bacteriostatic, antibiotic 
susceptibility-modulating and adenocarcinoma cell cytotoxic effects of menadione make it an interesting prospect for further 
study.
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