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1. Introduction

Peptic ulcer disease (PUD) is a chronic inflammatory 
condition of the stomach and proximal duodenum that 
is usually recognized as being caused by Helicobacter 
pylori infection [1–4]. Although substantial progress 
has been made over the past decade in understanding 
the precise role of H. pylori bacteria in the pathogenesis 
of peptic ulcers, adequate treatment modalities, along 
with innovative early-detection strategies, for peptic 
ulcers remain limited [5]. Furthermore, the connection 
between H. pylori and non-ulcerous dyspepsia (NUD) 
also remains controversial [6–10]. Some early evidence 

[11–14], however, suggests that pathogenic H. pylori 
species have the ability to utilize molecular hydrogen 
(H2) as a respiratory substrate during colonization in 
the gastric mucosa of mice. Some studies also indicate 
that H2 is a by-product of colonic fermentation in the 
large intestine of humans and is absorbed into the blood 
stream and subsequently excreted as exhaled breath 
[11–13, 15]. These findings suggest the possibility 
of exploiting H2 in human breath for non-invasive 
assessment of the early-stage of PUD, in contrast 
with the direct invasive endoscopy-based biopsy test. 
Although there are currently several non-invasive 
methods (such as the 13C-urea breath test (13C-UBT) 
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Abstract
The gastric pathogen Helicobacter pylori utilizes molecular hydrogen (H2) as a respiratory substrate 
during colonization in the gastric mucosa. However, the link between molecular H2 and the 
pathogenesis of peptic-ulcer disease (PUD) and non-ulcerous dyspepsia (NUD) by the enzymatic 
activity of H. pylori still remains mostly unknown. Here we provide evidence that breath H2 excretion 
profiles are distinctly altered by the enzymatic activity of H. pylori for individuals with NUD and 
PUD. We subsequently unravelled the potential molecular mechanisms responsible for the alteration 
of H2 in exhaled breath in association with peptic ulcers, encompassing both gastric and duodenal 
ulcers, along with NUD. We also established that carbon-isotopic fractionations in the acid-mediated 
bacterial environment regulated by bacterial urease activity cannot discriminate the actual disease 
state i.e. whether it is peptic ulcer or NUD. However, our findings illuminate the unusual molecular 
H2 in breath that can track the precise evolution of PUD and NUD, even after the eradication of  
H. pylori infection. This deepens our understanding of the pathophysiology of PUD and NUD, reveals 
non-invasively the actual disease state in real-time and thus offers a novel and robust new-generation 
strategy for treating peptic-ulcer disease together with non-ulcer related complications even when the 
existing 13C-urea breath test (13C-UBT) fails to diagnose.
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and stool antigen test) for the diagnosis of the infection, 
the actual disease-states that increase the risk of 
developing an ulcer or ulcer-related complications 
associated with H. pylori infection still remain largely 
unknown.

Moreover, H. pylori contains two metalloenzymes, 
namely a membrane-bound H2-uptake-type hydroge-
nase and urease, that have previously been shown to be 
of particular significance for this bacterium in the gastric 
environment [3, 16]. Several lines of evidence [1, 3, 17]  
confirm that the urease enzyme plays an important 
role in the acid-acclimation process of this neutrophile 
micro-organism for survival in the acidic environment 
and subsequently high urease activity provides the 
potential virulence factors for causing peptic ulcers. In 
contrast, the respiratory enzyme hydrogenase, essential 
for energy production of H. pylori through the oxida-
tion of molecular hydrogen (H2  →  2H+  +  2e−), has 
recently been proposed [18] to utilize the protons as 
well as to facilitate the acid resistance for this bacteria 
producing molecular hydrogen (2H+  +  2e−  →  H2). 
Therefore, it suggests a tantalizing hypothesis that H2 
signalling in human breath may distinctively track the 
pathogenesis of the preclinical phase of peptic ulcers in 
response to the enzymatic activity of both the hydro-
genase and the urease, and hence may introduce a 
new strategy for treating peptic ulcers, which usually 
encompasses both gastric and duodenal ulcers. But 
there is no experimental evidence so far to support such 
a tantalizing hypothesis. Moreover, the potential role of 
H2 produced by colonic fermentations from other host-
residing bacteria in the human gastrointestinal tract, 
predominantly in the pathogenesis of peptic ulcers 
associated with H. pylori infection, has not yet been 
fully elucidated. In addition, unravelling the precise 
molecular pathways involved in causing the changes 
of H2 signalling in breath influenced by the enzymatic 
activity of H. pylori infection remains a key challenge, 
whenever an individual is at high-risk of developing a 
peptic ulcer or non-ulcerative dyspepsia.

In this study, we first investigated whether the H2 
signalling in breath is altered in individuals with H. 
pylori-associated peptic ulcers and NUD following 
ingestion of citric acid (in the form of lemon and orange 
juices) in the acid-mediated bacterial environment. As 
the bacterium gleans additional energy for growth by 
respiring H2 through the H2-uptake hydrogenase activ-
ity, we therefore hypothesized that real-time detection 
of breath H2 from patients with ulcer complications 
may allow for new-generation molecular diagnostic 
markers for early recognition of ulcers in a non-inva-
sive way. We subsequently assessed the possible role of  
H2 signalling in breath in response to the standard erad-
ication therapies of the ulcer-causing infection, which 
may provide more sensitive, actual disease specific and 
clinically relevant information on its pathogenicity 
along with novel pharmacologic targets. We further 
explored the potential molecular pathways underly-
ing H2 signalling alteration in the pathogenesis of PUD 

linked with H. pylori infection to gain a better insight 
into the pathophysiology of H. pylori-associated ulcers.

2. Materials and methods

2.1. Subjects
One hundred and seventy two individuals (93 male, 
79 female, having age 16–74 years), with different 
gastrointestinal disorders like gastritis, non-ulcer 
dyspepsia and peptic ulcer, have been enrolled in 
this study. We divided the individuals into the three 
discrete categories: non-ulcer dyspepsia (H. pylori 
positive, n  =  72), peptic ulcer (H. pylori positive, 
n  =  69) and control (H. pylori negative, n  =  31) 
based on the reports of both ‘gold-standard’ invasive 
and non-invasive tests i.e. endoscopy, biopsy-based 
rapid urease test (RUT) and 13C-UBT. In 13C-UBT, the 
value of δDOB

13C (‰)  ⩾  3‰ at 30 min was reflected as  
H. pylori positive [19, 20]. The H. pylori infection status 
of all the enrolled subjects was confirmed only when 
both tests showed the same result. Comprehensive 
information for all individuals has been provided in 
supplementary table S1 (stacks.iop.org/JBR/10/036007/
mmedia). Patients who were receiving antibiotics, 
proton pump inhibitors or H2 receptor antagonists four 
weeks prior to the study were not been included in the 
study. Protocol of the current study has been approved 
by the Ethics Committee Review Board of AMRI 
Hospital, Salt Lake, Kolkata, India (Study no.: AMRI/
ETHICS/2013/1). The administration of S. N. Bose 
Centre, Kolkata, India, has also approved the protocol 
of the study (Ref. no.: SNB/PER-2-6001/13–14/1769). 
The informed written consent of each patient was taken 
prior to the inclusion in the study. The detailed study 
protocol is shown in figure 1.

2.2. Breath sample collection
The 13C-UBT was performed on patients after overnight 
fasting within 1–2 d of the endoscopy. For the 13C-UBT, 
the basal exhaled breath sample of each patient was 
initially collected in a breath bag (QUINTRON, 
USA, SL No. QT00892) before ingestion of the test 
meal. The post-dose breath samples were collected at 
15 min interval up to 60 min after the consumption of 
75 mg 13C-labeled urea (CLM-311-GMP, Cambridge 
Isotopic Laboratories, Inc., USA) dissolved in 50 ml 
of water. The next day, H2 concentrations (measured 
in ppm) of the exhaled breath samples of the same 
individuals were measured before and after the 
ingestion of only 4.0 g citric acid dissolved in 200 ml 
water or lemon or orange juice up to 60 min at 15 min 
interval. For lemon and orange juice, the solution 
(200 ml) pH has been maintained at 2–3. To measure 
the H2 concentration of exhaled breath, patients were 
instructed to blow directly into an electro-chemical gas 
sensor (Gastrolyzer) for H2 measurement as well as into 
the breath bags to be analyzed mass-spectrometrically. 
All the breath samples were repeated twice for the each 
interval. The 13C/12C isotope ratio of breath CO2 in real-

http://stacks.iop.org/JBR/10/036007/mmedia
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time was measured by a laser-based high-precision off-
axis integrated cavity output spectroscopy (OA-ICOS) 
system, whereas the H2 concentration was measured by 
an electro-chemical gas sensor (Gastro+ Gastrolyzer, 
Bedfont Scientific Ltd Model no.: CE0086) and 
quadrupole mass-spectrometer (QMS), as described 
in the following section.

2.3. H2 concentration and 13C/12C isotope ratio 
measurements
For H2 concentration measurement, a gastrolyzer 
(Gastro+ Gastrolyzer, Bedfont Scientific Ltd Model no.: 
CE0086), based on the principle of an electro-chemical 
sensor, has been utilized. Accuracy and precision of 
the instrument on the repeated measurements of 
a calibration standard H2 gas (110 ppm) have been 
tabulated in supplementary table S2. In contrast, 
quadrupole mass-spectrometry, working on the 
simple mass-spectrometry principle, utilizes a RF 
quadrupole mass filter technology with Faraday Cup 
detector to distinguish the ionized gas molecules based 
on their mass-to-charge ratio (m/z). The change of ion 
currents corresponding to exhaled H2 concentration, 
as measured by quadrupole mass-spectrometry, for 

NUD, PUD and controls subjects before and after the 
ingestion of citric acid meal, has been demonstrated in 
supplementary figure S1.

To measure the 13C/12C isotope ratio of breath 
CO2 with high precision and accuracy, a CO2 isotope 
analyzer (CCIA 36-EP, LGR, USA), which utilizes OA-
ICOS as a measurement technique, has been employed 
for this study. In brief, this CO2 isotope analyzer con-
tains a high finesse optical cavity with two high reflec-
tivity mirror (R ~ 99.98%) at the two ends of the 
~59 cm long cylindrical cavity, thus providing about 
3 km optical path length. A continuous wave distrib-
uted feed-back (DFB) laser operating at ~2.05 µm,  
was coupled to this optical cavity to scan the wave-
number from 4874.0865 cm−1  to 4874.4481 cm−1. 
This scanning wavenumber range covers the absorp-
tion features of 12C16O16O (R (28)-rotational line)  
and 13C16O16O (P (16)-rotational line) arising from the 
(2ν1  +  ν3) vibrational combination band of the CO2 
molecule. Cavity temperature and pressure were main-
tained at 46 °C and ~30 torr respectively during the 
measurements. The detailed information about the OA-
ICOS technique and its measurement accuracy and pre-
cision in comparison to the isotope-ratio mass spectr-
oscopy (IRMS) system, have been described elsewhere 
[21, 22]. The enrichment of 13C16O16O (13CO2) in the 
exhaled breath sample, relative to the Pee-Dee Belemnite  
(PDB) standard, has been expressed as the conventional 
δ13C notation in per mil (‰). It is described as

⎛

⎝

⎜
⎜
⎜⎜

⎞

⎠

⎟
⎟
⎟⎟

δ = − ×C % 1 100013

C

C Sample

C

C Standard

13

12

13

12

( )
( )( ) (1)

where (13C/12C)Standard is the international standard 
PDB value i.e. 0.011 2372. The measurement accuracy 
and precision of the CO2 isotope analyzer for the 
δ13C‰ measurements were determined by utilizing 
three calibration standards (Cambridge Isotope 
Laboratory, USA), containing 5% CO2 in air with δ13C 
values ranging from baseline-level (−22.71‰) to high-
level (−9.69‰) including the mid-level (−15.5‰) as 
analyzed by IRMS (supplementary table S3).

2.4. Statistical analysis
The one-way analysis of variance, abbreviated as one-way 
ANOVA test, for parametric variables, and the Mann–
Whitney and Kruskal–Wallis tests for non-parametric 
variables were utilized to analyze the measured results. 
The two-sided p value  <0.05 was considered as 
statistically significant data. All data were stated here as 
mean  ±  standard deviation (SD) except in figures 2(C) 
and (D) where mean  ±  standard error (SEM) has 
been plotted. The receiver operating characteristic 
(ROC) curve, drawn by plotting the sensitivity against 
(1—specificity), was exploited to elaborate different 
diagnostic cut-off values (supplementary tables S4–S5). 
The optimal cut-off value corresponds to the maximum 

Figure 1. A flow diagram representing the steps and the 
analytical protocol followed in the study.
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sensitivity and specificity. All the statistical calculations 
and analyses were executed by Origin Pro 8.0 and 
Analyse-it method evaluation software (Analyse-it 
software Ltd, UK, version 2.30).

3. Results

To investigate the potential role of H2 signalling in 
the pathogenesis of PUD, we first investigated how 
the time-dependent excretion dynamics of exhaled 
breath H2 alters following ingestion of an oral dose of 
citric acid for patients with PUD and NUD associated 
with H. pylori infection. We monitored the change 
in breath H2 concentration (i.e. ΔH2 in ppm), both 
mass-spectrometrically and also utilizing an electro-
chemical gas sensor, in patients with H. pylori-positive 
PUD (n  =  48) counting both the duodenal (n  =  31) 
and gastric ulcers (n  =  17), H. pylori-positive NUD 

(n  =  53), and H. pylori-negative controls (n  =  31). 
In this investigation (figure 2(A)), individuals with  
H. pylori-positive NUD exhibited considerably higher 
enrichments of ΔH2 in breath samples compared 
with H. pylori-negative control patients during the 
1 h-excretion breath-dynamics, whereas a marked 
depletion of breath ΔH2 was manifested in individuals 
with H. pylori-positive PUD. These findings suggest a 
potential link between H. pylori-associated PUD and 
NUD with breath H2 signalling and thus may open up 
a new avenue for the non-invasive evaluation of PUD 
and NUD.

We also explored the isotopic fractionations of 
the major metabolite CO2 after administration of 
13C-enriched urea, as the potential link between  
H. pylori-infected NUD and PUD subjects with 13C/12C-
stable isotope ratios in breath CO2, in response to urease 
activity, remains mostly unknown and also there is no 

Figure 2. Excretion kinetics of both ΔH2 (ppm) and δDOB
13C (‰) in exhaled breath H2 and CO2 respectively up to 60 min for 

NUD, PUD and H. p. negative individuals along with the statistical comparisons of ΔH2 values of PUD and NUD for three different 
acid test meals. (A) The excretion kinetics of ΔH2 demonstrated an enrichment for NUD patients and depletion for PUD patients 
whereas no significant change for H. p. Negative patients, thus revealing (B) a statistically significant difference (p  <  .001) of ΔH2 
value between PUD and NUD patients at 30 min. (C) and (D) The excretion kinetics of δDOB

13C‰ values illustrated the presence 
of H. pylori infection for both NUD and PUD subjects with a statistically insignificant difference (p  >  0.05) of δDOB

13C‰ values at 
30 min. (E) and (F) The similar and statistically insignificant differences (p  >  0.05) of ΔH2 at 30 min were observed for both NUD 
and PUD patients after the consumption of three different test meals i.e. lemon juice, citric acid solution and orange juice.  
** corresponds to p  <  0.001. All the ΔH2 data are mean  ±  SD whereas it is mean  ±  SEM for δDOB

13C‰ values.
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convincing evidence so far how to identify such subjects. 
To investigate this, we performed the 1 h-excretion 
dynamics of 13C-isotopic fractionations of breath CO2 
(figure 2(C)), expressed as delta-over-baseline (DOB) 
relative to the Vienna Pee Dee Belemnite standard, i.e. 
δDOB

13C‰  =  [(δ13C‰)t=t  − (δ13C‰)t=basal], using 
a laser-based integrated cavity output spectroscopy 
(ICOS) technique. We observed no significant differ-
ence of δDOB

13C‰ values (p  >  0.05) between individ-
uals with H. pylori-infected NUD and PUD, suggest-
ing that the existing 13C-UBT by ingestion of external 
13C-labelled urea has not enough clinical efficacy to dis-
tinctively evaluate the actual disease state whether the 
patient has peptic ulcer or NUD (figure 2(D)), whereas 
the monitoring of breath H2 signalling is capable of 
distinguishing precisely subjects with ulcer (PUD) and 
NUD (figure 2(B)).

We next explored whether ingestion of orange or 
lemon juice has any clinical efficacy to specifically track 
the progression of PUD and NUD, by tracking H2 sig-
nalling in exhaled breath. In these investigations, there 
were no statistically significant differences of the ΔH2 
results in breath samples obtained from lemon juice 
and orange juice for a set of PUD (n  =  21) as well as 
NUD (n  =  19) patients as compared to the citric acid 
solution (figures 2(E) and (F)). These results provide 
evidence that administration of an oral dose of natu-
ral fruit juice containing high citric acid has the enor-
mous potential in identifying individuals with PUD 

and NUD by breath analysis and may also serve as a 
new-generation diagnostic method for routine clinical 
analysis as well as for large-scale screening purposes in 
real-time.

To specifically track the pathogenesis of PUD and 
NUD using breath H2 signalling, we subsequently 
explored optimal diagnostic cut-off points of ΔH2 
values in exhaled breath, using receiver ROC analysis 
(figures 3(A) and (B)). Individuals with ΔH2  ⩾  3 ppm 
and ΔH2  ⩽  −3 ppm at 30 min were considered to be 
H. pylori-infected NUD and PUD respectively, whereas 
patients with 3  >  ΔH2  >  −3 were suggested to be H. 
pylori-negative controls and all these corresponded 
to the typical diagnostic sensitivity and specificity 
of ~100% and ~100%, respectively. In light of these 
invest igations, we propose that breath H2 signalling 
may offer new opportunities for treating peptic ulcer 
or NUD linked with H. pylori infection.

Based on our findings, a major question that still 
remains to be answered is whether monitoring of 
breath molecular H2 signalling can still acts as poten-
tial molecular biomarkers for the non-invasive assess-
ment of the PUD or NUD subsequent to the eradica-
tion of the micro-organism. To gain a better insight 
into the question, we further explored the validity of 
the H2 signalling in response to the standard eradica-
tion therapies of the H. pylori infection. In this invest-
igation, a number of individuals with H. pylori-infected 
PUD (n  =  24) and NUD (n  =  13) followed the similar 

Figure 3. ROC curves analyses for the optimal diagnostic cut-off points of both PUD and NUD against H. p. negative subjects and 
the eradication effect on the excretion kinetics of ΔH2 for NUD and PUD subjects. (A) and (B) ΔH2  ⩾  3 ppm and ΔH2  ⩽  −3 ppm 
at 30 min were considered as the indication of non-ulcer dyspepsia (NUD) and PUD respectively relative to H. p. negative control 
subjects with 100% sensitivity and specificity. (C) The successful eradication of the infection for NUD and PUD patients showed the 
similar excretion pattern of ΔH2 as that of H. p. negative controls. All data are mean  ±  SD.
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excretion profiles of breath H2 (figure 3(C)) with the 
profiles of H. pylori-negative controls (figure 2(A)) 
and consequently exhibited a marked improvement in 
symptoms of ulcer and non-ulcerative dyspepsia fol-
lowing the eradication of the infection, suggesting the 
broad clinical implication of H2 breath tests. However, 
contrary to the above results, a small portion of indi-
viduals with H. pylori-infected PUD patients (n  =  5) 
manifested an indistinguishable change of H2 signal-
ling in their breath excretion dynamics before (figure 
2(A)) and after the eradication therapy (figure 3(C)), 
suggesting that H. pylori infections were not eradicated 
completely and as a result there was no improvement 
of the symptoms related to ulcers. These observations 
were also subsequently confirmed by 13C-UBT along 
with endoscopy and biopsy-based rapid urease tests 
(supplementary figure S2). Our findings thus point 
towards a considerable clinical advancement for treat-
ing both peptic ulcers and NUD in a new and better way 
of  tracking H2 signalling in human breath. We have also 

established the previous hypothesis [6] that H. pylori 
infection is strongly associated with the predominant 
forms of PUD and the eradication of the infection 
might cure the ulcer and prevent relapses. In view of 
our results, we therefore posit that the monitoring of 
H2 signalling in exhaled breath by ingestion of an oral 
dose of citric acid or even a natural fruit juice (lemon 
or orange) indicates great promise for new frontiers in 
ulcer diagnosis.

4. Discussion

The membrane-bound metalloenzyme hydrogenase 
activity of H. pylori has previously been proposed  
[15, 23] to catalyze molecular hydrogen into protons and 
electrons and the reverse reaction, the generation of 
molecular hydrogen: H2 (⇌H+  +  H−) ⇌ 2H+  +  2e−.  
In our observations, for the NUD patients, the 
hydrogenase may possibly utilize the reversible 
reaction (2H+  +  2e−  →  H2) to convert the excess H+ 

Figure 4. Potential pathways for the enrichment and depletion of H2 in the exhaled breath of NUD and PUD patients, respectively. 
For NUD, to facilitate the acid resistance for H. pylori in the citric acid induced environment, along with the acid-acclimation 
process, the membrane bound hydrogenase enzyme utilizes part of the H+ ions diffused in to the cytoplasm and periplasm in the 
production of molecular H2 (2H+  +  2e−  →  H2). Therefore, an enrichment of molecular H2 concentration in the exhaled breath of 
NUD patients is observed after the administration of citric acid. In contrast, for PUD, to protonate a large amount of NH3, produced 
due to highly expressed urease enzyme in the acidic medium, the hydrogenase enzyme provides additional H+ ions utilizing 
molecular H2 (H2  →  2H+  +  2e−) present in the upper-gastro-intestinal tract. Therefore, molecular H2 concentration in the exhaled 
breath of PUD patients is depleted after citric acid consumption.
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ions in the cytoplasm of H. pylori to form H2 by the 
electron acceptor process under high acidic conditions 
to maintain the cytoplasmic pH facilitating resistance 
to acid for its growth [18]. In contrast, for PUD 
patients, the urease enzyme released by H. pylori is 
over-expressed, producing a large amount of NH3 in 
the bacterial environment [24] utilizing gastric juice 
urea. The hydrogenase enzyme simultaneously assists 
generation of additional H+ ions from H2 along with 
the requirement for driving the respiration processes 
and subsequently protonates the NH3 to form +NH4  
in the acidic medium to assist the acid-acclimation 
process, suggesting that the enzymatic activity of H. 
pylori may play an important role in the depletion of 
breath H2 for ulcer patients in the citric acid-mediated 
bacterial environment and also might be a contributing 
factor in the pathogenesis of ulceration in the gastric 
milieu. Thus a statistically significant difference 
of breath ΔH2 values in the excretion dynamics 
established a marked distinction (figure 2(B)) between 
NUD and PUD patients harboring H. pylori infection. 
It is worth mentioning here that low and stable fasting 
breath H2 levels of NUD (5.5  ±  2.01 ppm), PUD 
(8.68  ±  1.3 ppm) and negative control (7.1  ±  1.8 ppm) 
potentially eliminate any physiological effect and/or  
the effect of gut microbes while measuring the change 
of breath H2 levels. Moreover, the citric acid test meal 
being free from any carbohydrate avoids any effects of 
carbohydrate related malabsorption or intolerance in the 
experimental observations. Taken together, these striking 
findings signify that the monitoring of breath H2 signalling 
may specifically track the evolution of H. pylori-associated 
peptic ulcers and NUD and thus might be considered as a 
potential molecular biomarker for the accurate evaluation 
of PUD and NUD in a non-invasive way.

The most striking finding of the study lies in the 
observation of H2 signalling in breath when 13C/12C-
isotopic fractionation (i.e. δDOB

13C‰ values) of the 
major metabolite CO2 in breath fails to track the precise 
evolution of ulcer. This observation is possibly attrib-
uted to the fact that relatively higher concentration of 
the virulence factor, such as NH3, outside of the micro-
organism effectively lowers the net inward proton-
motive-force (pmf) [25] for PUD which in turn reduces 
the amount of urea entry through the UreI channel [26] 
in comparison to the NUD patients. However, the over-
expressed urease enzymatic activity of PUD facilitates 
the higher utilization of urea relative to the NUD and 
thus compensates the δDOB

13C‰ values for PUD (due 
to lower amount of urea entry). As a result, no statisti-
cally distinguishable δDOB

13C‰ values in breath were 
observed between NUD and PUD patients. Taken 
together, our findings therefore point to new perspec-
tives on the accurate diagnosis of NUD and PUD using 
breath H2 signalling and thus provide a unique and 
robust approach for treating these common diseases.

Finally, we explored the possible pathways (figure 4)  
underlying the molecular mechanisms responsible 
for the alteration of H2 signalling in exhaled breath in 

association with NUD and PUD in the acid mediated 
bacterial environment. The orally administered citric 
acid basically provides a higher concentration of H+ 
ions outside the micro-organism which generates an 
inward pmf. This pmf eventually leads to the diffusion 
of H+ ions into the periplasmic and cytoplasmic region 
of the bacteria, thus lowering the pH of the periplasm 
and cytoplasm. To survive, H. pylori immediately initi-
ates the acid-acclimation [17] process by allowing urea, 
present in gastric juice, through the ureI channel into 
the cytoplasm where it is hydrolysed in presence of ure-
ase enzyme to produce CO2 and NH3. Both CO2 and 
NH3 then diffuse from cytoplasm to periplasm where 
α-carbonic anhydrase (α-CA) mediates the conversion 
of CO2 into −HCO3  and H+ ions [27]. The −HCO3  ions 
act as a buffer whereas H+ ions protonate the NH3 into 
weak acid +NH4  to regain the periplasmic pH at ~6.1 
[17]. For NUD, along with the acid-acclimation pro-
cess, the membrane bound hydrogenase enzyme also  
facilitates the acid resistance for H. pylori by utilizing a 
part of the diffused H+ ions, present in both the cyto-
plasm and periplasm, in the production of molecular  
H2 (2H+  +  2e−  →  H2) [18]. Therefore, the concen-
tration of H2 signalling in the exhaled breath of NUD 
patients is enhanced after the administration of citric acid.

In contrast, for PUD, much higher concentration 
of NH3 around the ulcerous cell effectively lowers the 
resultant potential gradient of H+ ions in the bacterial 
environment in addition of citric acid in comparison 
to the NUD which in turn reduces the diffusion of 
H+ ions in the periplasm of H. pylori. However, over-
expressed urease activity of H. pylori in PUD generates 
substantial amount of NH3 [24] in response to the acid-
acclimation process. In the absence of sufficient H+ ions 
in the periplasm, the hydrogenase enzyme provides 
additional H+ ions to protonate excess NH3 molecules 
utilizing molecular H2 (H2  →  2H+  +  2e−) present in 
the upper-gastro-intestinal tract. Therefore, depletion 
of H2 signalling in exhaled breath of PUD patients is 
observed.

In summary, our findings point to new perspec-
tives towards our understanding of the potential rela-
tionship between H. pylori-associated peptic ulcers or 
NUD and molecular hydrogen, produced by colonic 
fermentations. Consequently, we have taken a step for-
ward in unravelling the possible molecular pathways 
underlying H2 alteration in the pathogenesis of PUD 
and NUD, providing new insights into the pathophysi-
ology of H. pylori-related ulcers. Our results also dem-
onstrate that molecular hydrogen signalling in exhaled 
breath could be used as a potential biomarker for pre-
cise classification of PUD and NUD in a new-fangled 
and better approach, in contrast with direct endos-
copy-based biopsy tests and even with the current 
13C-UBT, and thus may pave the way for widespread 
clinical applications for early diagnosis and follow-up 
of patients following standard eradication therapies. In 
addition, new insights into the molecular mechanisms 
linking alteration of breath H2 signalling to individu-



8

als with PUD and NUD are fostering exploration of 
the molecular basis of these common diseases, as well 
as new methodologies, together with new pharmaco-
logical targets for effective treatment and prevention 
of these diseases.
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