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Abstract
Nitric oxide (NO) plays a key role in the development of peptic ulcer disease (PUD). Conversely, the
gastric pathogenHelicobacter pylori colonizes the human stomach and contributes to the development
of non-ulcer dyspepsia (NUD) and PUD.However, the underlying relation betweenmolecularNO in
exhaled breath andH. pylori-associatedNUDandPUD remains largely unknown.Here, we found
that the excretion kinetics ofNOprofiles in exhaled breath are alteredmarkedly inH. pylori-infected
NUDandPUD subjects. In our observations, PUD led to considerably higher enrichments ofNO in
exhaled breath compared toNUD, thus revealing a potential link between exhaledNOand ulcer and
non-ulcer complications. Ourfindings therefore suggest thatmolecularNO in exhaled breath could
be used as a potential biomarker for non-invasive diagnosis and selective differentiation ofNUD from
PUD.Our observations also highlight that alterations ofNO in the gastric environment can play an
important role in the pathogenesis of peptic ulcers and thusmay provide a new strategy for precise
evolution of the actual disease state without the need for endoscopic biopsy, even after the eradication
ofH. pylori infection.

Introduction

Helicobacter pylori is probably the most important
human pathogen and more than half of the world’s
population carries it. It is a Gram-negative, micro-
aerophilic, host-specific bacterium and selectively
colonizes the stomach and upper-part of the duode-
num [1, 2]. H. pylori is a major causative agent for the
development of chronic gastritis, non-ulcer dyspepsia
(NUD), peptic ulcer disease and mucosa-associated
lymphoid tissue lymphoma. Peptic ulcer disease
(PUD) is characterized by chronic inflammation of the
stomach and upper duodenum [3–5]. Although sub-
stantial progress has beenmade in the field ofH. pylori
and its associated disorders, early detection of PUD
and its management remains limited. It is noteworthy
that the underlying link between H. pylori and NUD
also remains controversial [6–9]. Currently, several
non-invasive methods, for example, the 13C-urea
breath test (13C-UBT), serology and the stool antigen

test, are widely available for diagnosis of H. pylori
infection, but none of the above methodologies can
assess the risk of development of the ulcer and non-
ulcer states associatedwithH. pylori infection.

Persistent infection caused by H. pylori produces
chronic inflammation and induces inflammatory
cytokines in gastric mucosa. It is quite well known that
molecular nitric oxide (NO) is one of the major
inflammatory agents generated by the enzymatic
activity of nitric oxide synthase (NOS) during the con-
version of L-arginine to L-citrulline [10, 11]. NO is
also a biologically activemessengermolecule that plays
a pivotal role in the inflammatory process in the gas-
tric environment.Moreover, NO is strongly associated
with several respiratory diseases such as asthma and
chronic obstructive pulmonary disease (COPD)
[12, 13]. However, among all the isoforms of NOS,
inducible nitric oxide synthase (iNOS) produces the
largest amount of NO in the gastrointestinal tract
compared to endothelial NOS (eNOS) and neuronal
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NOS (nNOS) [11, 14]. Several studies have shown that,
during the colonization of H. pylori, iNOS expression
is significantly upregulated, which further enhances
the production of NO [15, 16]. It is also noteworthy
that iNOS activity is enhanced more than two-fold in
H. pylori-associated peptic ulcer patients compared to
patients with NUD [17]. Moreover, it was found that
with eradication of the ulcer the iNOS activity was also
significantly reduced [11, 18]. These activities suggest
that iNOS plays a significant role in the pathogenesis
of gastroduodenal disorders and consequently pro-
motes the development of peptic ulcers. Taken toge-
ther, all these findings suggest an unproven hypothesis
about the possibility of exploiting NO levels in exhaled
breath that may specifically track the actual disease
state of peptic ulcers and NUD and hence may intro-
duce a novel non-invasive strategy for early detection
and selective classification of PUD from NUD in con-
trast to direct invasive endoscopy and biopsy tests. It is
noteworthy to mention here that Maity et al recently
showed that the hydrogen (H2) levels in exhaled
human breathmay track the pathogenesis of PUD and
NUD in a selective manner [9]. However, to date, no
previous studies have revealed any potential link
between the NO level in exhaled human breath and
the progression of PUD andNUD.

There is a growing body of evidence suggesting
that bacterial lipopolysaccharides, cytokines and sev-
eral additional agents other than urease are able to sti-
mulate macrophage iNOS expression [19, 20], which
further enhances NO levels. We therefore hypothe-
sized that enhanced NO levels may contribute to the
pathogenesis of the preclinical phase of peptic ulcers,
encompassing both gastric and duodenal ulcers. As
there is no existing non-invasive method for simulta-
neous detection of peptic ulcers and non-ulcerous
dyspepsia, a real-time assessment of NO in exhaled
breath may open up an alternative approach for pre-
cise evaluation of the non-ulcerous state prior to the
onset of ulceration in the gastric niche.

In this study, to the best our knowledge, we first
report the association between exhaled breath NO and
H. pylori infection, and how exhaled NO level is
altered by the enzymatic activity of the gastric patho-
gen. We also investigate the alteration of breath NO
level in individuals withH. pylori-associated PUD and
NUD in response to the ingestion of urea and glucose
and subsequently elucidate the potential role of urea as
an inducer of NO production. We further show that
breath NO can be used as a novel diagnostic marker
for early recognition of ulcers in a non-invasive man-
ner even after the standard eradication therapies of
H. pylori infection. Finally, we determine several diag-
nostic parameters to gain a better insight into the
pathogenicity of H. pylori-associated peptic ulcer
disease.

Materials andmethods

Subjects
One hundred and sixty-nine (n=169) subjects with
different gastrointestinal symptoms, i.e. chronic gas-
tritis, abdominal pain, NUD and PUD, were enrolled
in the present study. We classified all subjects into
three discrete categories, i.e. NUD (n=64), PUD
(n=56) and H. pylori-negative control (n=49),
based on the results of gold-standard invasive and
non-invasive methodologies including endoscopy, the
biopsy-based rapid urease test (RUT) and the 13C-urea
breath test (13C-UBT). In the 13C-UBT, subjects were
classified as H. pylori-positive at the value of CDOB

13d
(‰)�3‰ at 30 min [21]. Subjects who had any
previous history of gastric surgery, diabetes, Crohn’s
disease, ulcerative colitis, hypertension, asthma, cardi-
ovascular disease, smoking or COPD were excluded
from the study. Subjects who had taken proton-pump
inhibitors or H2-receptor antagonists up to 4 weeks
prior to the test were also excluded from the study. The
study protocol was approved by the Ethics Committee
Review Board of AMRI Hospitals, Kolkata, India
(Study No. AMRI/ETHICS/2013/1). Informed con-
sent was received from all subjects prior to the test.
The current study was also approved by the adminis-
tration of the SN Bose National Centre, Kolkata, India
(Ref. No. SNB/PER-2-6001/13-14/1769) and the
method was carried out in accordance with the
approved protocol.

Breath sample collection
After overnight fasting (∼10–12 h), the 13C-UBT was
performed within 1–2 days of the completion of
endoscopy. All subjects were instructed to wash their
mouth prior to the test. On the day of the test, an oral
dose of 4 gm citric acid in 200 ml water solution was
given to the subjects and baseline breath samples were
collected in a breath-collection bag after 10 min of oral
ingestion. Subsequently, an oral dose of 75 mg
13C-enriched urea (CLM-311-GMP, Cambridge, Iso-
topic Laboratories, Inc., USA) in 50mlwater was given
to the patients and post-dose breath samples were
collected for up to 90 min at 15 min intervals and the
concentration of NO in exhaled breath was measured
by using a high-resolution cavity ring-down spectrosc-
opy (CRDS) technique which is described below. End-
tidal breath samples were collected in QuinTron
breath bags (QuinTron, USA, SL No. QT00892) at a
constant flow rate as recommended in the guidelines
of theAmericanThoracic Society [22]. The breath bags
are fitted with a one-way valve along with a dead-space
volume of around 150 ml to reduce any possible
contamination originating from ambient or nasal
sources. The entire breath bag was connected to a
custom-made flow-meter to maintain the exhalation
flow rate at around 0.05 L s−1. A schematic of the
breath-collection system is shown in figure 1. Exhaled



breath samples were collected twice in each interval for
all the enrolled patients. For the glucose breath test,
after the overnight fasting, baseline breath samples
were collected and followed by on oral dose of 75 mg
normal (unlabelled) glucose in 50ml water and breath
samples were collected at 15 min intervals for up to
90 min. Breath samples were analysed by using a high-
precision laser-based integrated cavity output
spectroscopy (ICOS) technique tomeasure the isotope
ratios of 13C/12C of exhaled breath CO2, as discussed
below.

CRDS for detection of exhaledNO levels
High-resolution continuous-wave CRDS (cw-CRDS)
coupledwith an external-cavity quantum cascade laser
(EC-QCL) operating at ∼5.2 μm was utilized to
measure the concentration of NO levels in exhaled
breath. The experimental arrangement of the CRDS
set-up has been described in detail elsewhere [23, 24].
In brief, a widely tunable room-temperature con-
trolled EC-QCL (TLS-41053, Daylight Solutions,
USA) was employed as a mid-IR excitation source for
ultra-sensitive detection of exhaledNO.A high-finesse
optical cavity (∼50 cm length) comprising two high-
reflectivity mirrors (R∼99.97%) at both ends was
used as the measurement cell. To measure the NO
concentration in exhaled breath, we probed the
R(12.5) rotational line in the fundamental vibrational
band of NO with peak centres at 1912.071 cm−1 and
1912.081 cm−1, which have the equal line strength of
1.928×10−20 cm2molecule−1 cm−1 at 296K accord-
ing to the HITRAN database. The selected region is
free from the overlapping absorption features of H2O,
CO2 and CH4, which are usually the major compo-
nents of exhaled breath. The two lines correspond to
the e and f sub-states of the Λ doublet in the 2Π12

magnetic electronic sub-state of the R branch of NO.
For the present EC-QCL-based cw-CRDS system,
while scanning across the R(12.5) rotational lines of
NO, a typical detection limit of ∼43 pptv at atmo-
spheric pressure was achieved and this was sufficient
for direct and sensitive detection of NO levels in
human breath. Airtight syringes (QuinTron) were
utilized to draw the breath samples from the reservoir

bags through a T-connector fitted onto the bag and
injected into the optical cavity at a pressure of∼5 Torr.
The high-resolution NO spectra of exhaled breath
were recorded by automated scanning of theQCL over
∼0.1 cm−1. The absorption lines were then fitted with
Gaussian line-shape functions and the integrated areas
under the curve were utilized tomeasure theNO levels
in the exhaled breath. The change in NO concentra-
tion with time after the ingestion of the substrate was
monitored and subsequently denoted byΔNO, which
is represented as follows:
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where [NOconcentration (ppb)]t= 0 min is the baseline
NO level in exhaled breath before ingestion of the
substrate.

ICOS for themeasurement of 13C/12C isotope ratios
in exhaled breath
A highly sensitive CO2 isotope analyser (CCIA 36-EP,
LGR, USA)was used to precisely measure the 13C/12C
isotope ratios of exhaled breath CO2. The high-
resolution CO2 analyser exploits off-axis ICOS tech-
nology and is composed of a high-finesse cylindrical
optical cavity (∼59 cm) coupled with two high-
reflective (R∼99.98%) mirrors at both ends of the
cavity. This optical arrangement provides an effective
optical path length of ∼3 km, which allows high-
precision measurement of isotopes of CO2 in breath
samples [25, 26]. A distributed feed-back diode laser
operating at ∼2.05 μmwas used to record the absorp-
tion spectrum of 12C16O16O and 13C16O16O at
4878.292 cm−1 and 4877.572 cm−1 wavenumbers,
respectively, at a scanning range of 20 GHz. The
absorption lines of 12C16O16O and 13C16O16O were
recorded by probing the R(34) and P(12) rotational
lines of (2ν1+v3) combinational band of the CO2

molecule. The isotopic enrichment of 13C16O16O has
been expressed using the conventional notation, i.e.
δ13C (‰), with respect to international standard Pee-
Dee Belemnite (PDB) and described as

Figure 1. Schematic diagramof the breath sample collection procedure.
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where the value of the (13C/12C) isotope ratios in
international standard PDB is 0.0112372.

Statistical analysis
To analyse the experimental data, we performed a
one-way ANOVA test for parametric variables and the
Mann–Whitney test for non-parametric variables. A
two-sided p value <0.05 was taken into account for
statistical significance of the data. To get the different
optical diagnostic cut-off points, we also performed
receiver operating characteristic (ROC) curve analysis
by plotting sensitivity against (1-specifivity). We
analysed all the experimental data by using Origin Pro
8.0 software (Origin Lab Corporation, USA) and
Analyse-it Method Evaluation software (Analyse-it
Software Ltd, UK, version 2.30). All reported data is
shown asmean±SE (standard error).

Results and discussion

To investigate the possible role of NO in the pathogen-
esis of PUDandNUD,we explored the time-dependent
excretion kinetics of NO (i.e.ΔNO in ppb) in exhaled
breath samples after ingestion of an oral dose of
13C-enriched urea for H. pylori-positive PUD (n=56;
gastric and duodenal ulcer; n=24 and 32), H.
pylori-positive NUD (n=64) and H. pylori-negative
individuals (n=49), using the laser-based high-
resolution cw-CRDS technique.

It was observed (figure 2(a)) that subjects with PUD
exhibited considerably higher enrichments ofΔNO in
exhaled breath compared to both NUD and H. pylori-
negative individuals during the 90min excretion
dynamics, while the NUD individuals exhibited slightly
higher enrichments ofΔNOover theH. pylori-negative
subjects. Early studies revealed that, in the human body,
NO is synthesised during the oxidative conversion of
L-arginine to L-citrulline, which is facilitated by the
enzymatic activity of NOS, specifically inducible nitric
oxide synthase. Several lines of evidence suggest that
peroxynitrite (ONOO−), a bactericidal metabolite of
nitric oxide, particularly acts as an effective host defence
againstH. pylori infection. In contrast,H. pylori secretes
urease enzyme to produce CO HCO2 3

- and NH3, in
the presence of substrate urea, to neutralize the strong
oxidizing effect of the host’s defence. The CO HCO2 3

-

functions as a scavenger of ONOO− and thereby facil-
itates the further generation of NO in response to the
host’s defence mechanism [27, 28]. Furthermore, NH3

also enhances the inflammation of the gastricmucosa at
the site of the infection which in turn triggers the
enhanced production of NO in response to highly
expressed iNOS enzyme. This phenomenon may play
an important role in the enhancement of breath NO

levels inH. pylori-infected individuals in response to the
substrate urea. Moreover, an early study demonstrated
that iNOS activity in patients with PUDwas more than
two-folds higher than that in non-ulcerous patients
[17]. Therefore, in our observations, the higher mani-
festation of breath NO level in PUD patients compared
to the patients with NUD is likely to be the effect of
enhanced activity of iNOS enzyme. Several early studies
[29, 30] suggested thatH. pylori-derived urease enzyme
acts as a stimulator of iNOS expression and it is over-
expressed for PUD patients due to the acid acclimation
process [9, 31, 32] which regulates the production of
NO levels within the gastric niche. This activity may
play an important role in the alteration of breath NO
levels in PUD patients and as a result our findings sug-
gest a potential link between breath NO levels and the
development of H. pylori-associated peptic ulcer dis-
ease. We observed that the baseline values of NO levels
(i.e. mean±standard deviation) in exhaled breath
after an overnight fast were found to be (25.19±11.00
ppb), (23.92±10.88 ppb) and (23.14±11.48 ppb),
respectively for PUD,NUD andH. pylori-negative con-
trols. There were no statistically significant differences
between the baseline NO concentrations in exhaled
breath among the three groups. However, the baseline
NO levels were slightly higher for the PUD group in
comparison to the H. pylori-negative control group,
possibly because of the chronic inflammation in the
gastric mucosa of PUD individuals. Furthermore, we
also observed (figure 2(b)) a statistically significant dif-
ference (p<0.01) of ΔNO values between PUD and
NUD patients harbouring H. pylori infection. Taken
together, our observations indicate thatmonitoringNO
levels in exhaled breathmay be used to track the precise
evaluationof peptic ulcers andNUD.

We next investigated how the isotopes (12C and 13C)
of the major metabolite CO2 in exhaled breath alter in
response to the ingestion of 13C-enriched urea when a
person has developed ulcers or has the symptoms of
NUD. To investigate this, we explored the 90min excre-
tion dynamics of 13C/12C isotopic fractionation of
breath CO2, expressed as the delta-over-baseline (DOB)
(i.e. CDOB

13d (‰)=(δ13C)t=t min−(δ13C)t=0 min),
after ingestion of an oral dose of 13C-urea. We observed
a marked enrichment of δDOB

13 C (‰) values for both
H. pylori-infected NUD and PUD patients compared to
theH. pylori-negative controls (figure 2(c)). In contrast,
there was no significant difference in CDOB

13d (‰)
values between PUD and NUD subjects (figure 2(d)),
which indicates that the standard 13C-UBT is still not
able to distinguish the actual disease state, i.e. whether it
is a peptic ulcer or non-ulcerous. Conversely, monitor-
ing of exhaled breath NO is capable of distinguishing
H. pylori-infected ulcer and non-ulcer patients. Based
on these results, we therefore posit that breath NOmay
be considered as a potential molecular biomarker or
‘breath-print’ to selectively distinguish PUD patients
frompatientswithNUD.



Figure 2.Assessment of excretion kinetics of bothΔNO (ppb) and CDOB
13d (‰) values in exhaled breath associatedwithH. pylori-

infected PUD,NUDandnegative individuals in response to 13C-enriched urea. (a)The excretion kineticsΔNO illustrate the
significant enrichment of theΔNOvalue for both PUDandNUD subjects compared toH. pylori-negative subjects and thus produces
(b) amarked statistical difference (p<0.01) between PUDandNUD subjects at 30 min. (c)The excretion dynamics of CDOB

13d (‰)
values for PUD,NUDandH. pylori-negative subjects up to 90 min, revealing the (d) statistically insignificant difference (p>0.05) of

CDOB
13d (‰) values between PUDandNUD subjects at 30 min. * p<0.05.

Figure 3.Exploration of the excretion kinetics ofΔNO (ppb) values forH. pylori-infected PUD subjects. (a) and (b)The excretion
kinetics ofΔNOvalues for PUDandH. pylori-negative subjects in response to unlabelled urea and glucose up to 90 min and
demonstrated a significant difference (p<0.01) of post-doseΔNOvalues from15 min (* p<0 .01). (c)The role of urea in
upregulation ofΔNOvalues for PUD subjects.



However, to address the potential role of sub-
strate-dependent NO production in the pathogenesis
of ulcers, we then performed a 90 min excretion kinet-
ics study of exhaled breath NO in response to unla-
belled urea and glucose for a number of H. pylori-
positive PUD subjects (n=41) (figure 3(a)). When
the unlabelled urea was orally administered to PUD
subjects, the post-dose ΔNO levels exhibited a sig-
nificant enrichment with time and also depicted simi-
lar excretion kinetics patterns to the administration of
13C-enriched urea. However, for unlabelled glucose a
slight enrichment of ΔNO levels was observed in the
PUD subjects. It was reported earlier that there was a
close relation between glucose and the activity of con-
stitutive nitric oxide synthase [c-NOS]. Glucose has
the ability to stimulate c-NOS activity, which leads to
the generation of NO. But, it was also noted that the
iNOS-derived NO level was much higher than that for
c-NOS-derived NO [33]. On the other hand,
figure 3(b) illustrates that there was no significant dif-
ference of breath NO level between PUD subjects
(n=41) and H. pylori-negative individuals (n=30)
in response to unlabelled glucose. Therefore, these
findings suggest that, for H. pylori-positive PUD sub-
jects, urease is possibly one of the main inducers of
iNOS gene expression in the human stomach [20, 30].
After oral administration of unlabelled urea with citric
acid, the urease activity is stimulated due to acidifica-
tion [21, 34] and themajor effect of urease activation is
observed around 30 min [21]which controls the max-
imum manifestation of ΔNO levels at 30 min when
compared with the response to unlabelled glucose.
Here, it is worth mentioning that citric acid has been
utilized as an acidifier agent. After overnight fasting,
the gastric pH becomes different for different indivi-
duals. Therefore, urease activity would be different for

different individuals in response to the substrate urea.
Hence, the utilization of citric acid would be useful to
standardize themedium pH of the gastric environment
for all of the individuals. Moreover, citric acid is found
to play an important role in delaying the gastric empty-
ing procedure and therebymaximizing the contact time
between the substrate and the bacteria within the sto-
mach. It is also noteworthy to mention here that citric
acid has the ability to enhance urease activity [35]. We
further investigated the effect of citric acid on the pro-
duction of breath NO levels in a group of PUD subjects
(n=19). It was observed (figure 3(c)) that there was no
significant change inΔNO levels up to 30min but a sig-
nificant rise ofΔNOvalueswas observed after adminis-
tration of urea. This clearly indicates that urease plays a
regulatory role in the upregulation of NO levels in
exhaled breath for PUD patients. However, our results
also signify that the iNOS-derived breath NO in
response to urease activity may be an important para-
meter in thepathogenesis ofH. pylori-associatedulcers.

To establish the clinical efficacy of breath NO for
precise tracking of the ulcerous and non-ulcerous states
linked with H. pylori infection, we then determined
the optimal diagnostic cut-off points of ΔNO values in
exhaled breath by using the ROC curve analysis. Indivi-
duals withΔNO�20 ppb at 30minwere considered as
H. pylori-positive PUD subjects with 100% diagnostic
sensitivity and 100% specificity (figure 4(a)). Whereas
subjects with 9 ppb<ΔNO<20 ppb were suggested
to be H. pylori-infected non-ulcerous state (NUD) with
97.5% diagnostic sensitivity and 94.6% specificity. Alter-
natively, subjects were diagnosed as H. pylori-negative
controls withΔNO�9 ppb at 30min with 97.5% sen-
sitivity (figure 4(b)). Taken together, our results suggest
that monitoring of breath NO may have a significant
impact on the precise classification as well as selective

Figure 4.Receiver operating characteristics (ROC) curve analysis for an optimal diagnostics cut-off point for PUDandNUD subjects.
(a)ROCcurve analysis for PUDandNUD subjects at 30 min andΔNO�20 ppbwas considered as the indication of PUDwith 100%
sensitivity. (b) Subjects with 9 ppb<ΔNO<20 ppbwereNUDandΔNO�9 ppbwas considered as theH. pylori control at
30 minwith 97.5% sensitivity.



detection of the ulcerous and non-ulcerous states asso-
ciatedwithH. pylori infection.

We finally assessed the widespread clinical validity
of the present method exploiting breath NO levels in
response to the standardH. pylori eradication therapy.
We performed the standard therapies on a number of
individuals with PUD (n=29) and NUD (n=24).
Figure 5 illustrates that there was a marked depletion
of breath ΔNO levels following the eradication ther-
apy and all the patients exhibited significant improve-
ment of symptoms of peptic ulcers and NUD after
complete eradication, thus suggesting the broad clin-
ical efficacy of the NO breath test. Our observations
therefore indicate that monitoring NO levels in
exhaled breathmay be a new and potential strategy for
early detection and follow-up of patients suffering
fromulcers orNUD.

Conclusion

In conclusion, our findings reveal a potential link
between molecular NO in exhaled breath and
H. pylori-associated PUD along with NUD. We have
demonstrated that exhaled NO is significantly altered
when a person has developed ulcers or has the
symptoms of NUD, thus providing new insights into
the pathogenesis of ulceration. Our results also
demonstrate that breath NO may be considered as a
potential biomarker for accurate detection and selec-
tive classification of PUD andNUD. It could be used as
a screening tool for early detection and follow-up of
patients even after standard eradication therapy.
Finally, we hope that our new results linking breath
NO with H. pylori-associated PUD dealing with both
the gastric and duodenal ulcers may lead to new
perspectives into the pathogenicity of ulceration or
ulcer-related complications.
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