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Background and aims: When saliva, with its high nitrite content derived from the enterosalivary
recirculation of dietary nitrate, meets acidic gastric juice, the nitrite is converted to nitrous acid, nitrosative
species, and nitric oxide. In healthy volunteers this potentially mutagenic chemistry is focused at the gastric
cardia. We have studied the location of this luminal chemistry in Barrett’s patients during acid reflux.
Methods: Ten Barrett’s patients were studied before and after administration of 2 mmol nitrate. Using
microdialysis probes we measured nitrite, ascorbic acid, total vitamin C, and thiocyanate concentrations
and pH simultaneously in the proximal oesophagus, Barrett’s segment, hiatal sac, proximal stomach, and
distal stomach. In a subgroup, real time nitric oxide concentrations were also measured.
Results: During acid reflux, Barrett’s segment was the anatomical site with maximal potential for acid
catalysed nitrosation, with its median concentration of nitrite exceeding that of ascorbic acid in two of 10
subjects before nitrate and in four of nine after nitrate. Thiocyanate, which catalyses acid nitrosation, was
abundant at all anatomical sites. On entering the acidic Barrett’s segment, there was a substantial fall in
nitrite and the lowest ascorbic acid to total vitamin C ratio, indicative of reduction of salivary nitrite to nitric
oxide at this anatomical site. Episodes of acid reflux were observed to generate nitric oxide concentrations
of up to 60 mM within the Barrett’s segment.
Conclusion: The interaction between acidic gastric refluxate and nitrite rich saliva activates potentially
mutagenic luminal nitrosative chemistry within Barrett’s oesophagus.

T
he incidence of adenocarcinoma of the oesophagus has
increased markedly over the past 25 years.1 2 An impor-
tant risk factor for this cancer is gastro-oesophageal

reflux.3 It is assumed that reflux of gastric acid, pepsin, and
possibly bile causes progressive damage to the oesophageal
mucosa leading to columnar and intestinal metaplasia,
dysplasia, and adenocarcinoma. However, it is unclear
whether the mucosal damage induced by the refluxate is
sufficient to induce cancer or whether it merely sensitises the
epithelium to luminal carcinogens.
For many years, there has been interest in luminal nitrite

as a potential precarcinogen of the human upper gastro-
intestinal tract. The main source of nitrite in the upper
gastrointestinal tract is swallowed saliva and its high nitrite
content is derived from dietary nitrate. Twenty five per cent
of the nitrate absorbed into the body is taken up from the
circulation by the salivary glands and secreted into the
mouth.4 Bacteria which colonise the dorsum of the tongue
convert approximately 30% of the nitrate to nitrite.5 6

Approximately 1500 ml of saliva are swallowed every
24 hours, with a nitrite concentration varying between
20 mmol/l and 5 mmol/l.5 7 Large amounts of nitrite are thus
delivered into the human oesophagus and stomach in
swallowed saliva.
When nitrite in swallowed, saliva passes from the neutral

pH of the oesophageal lumen into the acidic environment of
the gastric lumen where it is immediately converted to
nitrous acid and nitrosating species such as N2O3 and NO+.8 9

The latter species combines with the thiocyanate anion,
which is also secreted in saliva, to form the important
nitrosating species NOSCN.8 9 These nitrosating species can
react with a variety of N-nitrosatable compounds to form
potentially carcinogenic N-nitroso compounds.8 9

The main factor inhibiting the generation of N-nitroso
compounds from nitrite entering the acidic stomach is
ascorbic acid which is actively secreted in gastric juice.10 11

The vitamin reacts with the nitrosating species, reducing

them to nitric oxide, and in the process is itself oxidised to
dehydroascorbic acid.12–14 Although this action of ascorbic
acid inhibits the luminal generation of N-nitroso compounds,
the nitric oxide produced in the process can readily diffuse
into the adjacent epithelium and within it induce nitrosative
stress.14 This arises from the fact that nitric oxide, when
present in high concentrations, rapidly reacts with molecular
oxygen to form the nitrosating species N2O3.

15 The latter can
directly deaminate DNA or indirectly damage DNA via the
formation of N-nitroso compounds.15 Nitric oxide has also
been shown to inhibit a number of DNA repair enzymes.16 17

We recently examined luminal nitrite chemistry following
nitrate ingestion in subjects with healthy acid secreting
stomachs and without reflux disease.18 We found that this
chemistry was focused at the gastric cardia where nitrite in
saliva first encounters acidic gastric juice. This anatomical
location had the chemical conditions most favouring luminal
N-nitroso compound formation in being the acidic environ-
ment with the highest nitrite and lowest vitamin C
concentration. In addition, we found that the peak nitric
oxide concentration generated from dietary nitrate occurred
at the gastric cardia.19 These observations raise the possibility
that the active luminal nitrosating chemistry occurring at the
gastric cardia may contribute to the high incidence of
mutagenesis occurring at this anatomical site.
In subjects with severe gastro-oesophageal reflux, the

anatomical location where saliva first encounters acidic
gastric juice is moved proximally, occurring within the
oesophagus rather than at the gastric cardia. In the present
study, we have examined luminal nitrite chemistry following
nitrate ingestion in patients with severe gastro-oesophageal
reflux disease. Our investigations indicate that gastro-
oesophageal reflux moves the location of maximal luminal
nitrosative stress from the gastric cardia into the distal
oesophagus. Hence our aim was to study the anatomical
location of luminal nitrosative stress arising from salivary
nitrite during gastro-oesophageal reflux.
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SUBJECTS AND METHODS
Subjects
Patients with endoscopic evidence of Barrett’s oesophagus
were examined. In each subject, the columnar lined
oesophagus extended at least 3 cm proximal to the upper
border of the gastric folds, as determined by previous
endoscopy. The size of the hiatal hernia was measured from
the proximal gastric fold to the point at which the
diaphragmatic constriction of the gastric lumen occurred.
Biopsies of the columnar lined oesophagus confirmed
intestinal metaplasia in all patients. Each patient was
confirmed to be Helicobacter pylori negative by histological
examination and rapid urease test of both gastric antral and
body mucosal biopsies.

Studies employing microdialysis probes
Microdialysis probes
We used CMA flexible microdialysis probes (MAB 7.8.10;
Biotech Instruments Ltd., Herts, UK) to measure local
luminal concentrations of the chemicals relevant to nitrosa-
tion (that is, nitrite, thiocyanate, ascorbic acid, and total
vitamin C). We have previously validated this method of
studying those chemicals under conditions existing in the
human upper gastrointestinal tract.20 Five such probes were
attached to a 3.3 mm diameter nasogastric tube (Rüsch
Manufacturing, Lurgen, UK), as previously described.18 The
equipment was individually designed for each patient so that
one of the probes would be at each of the following
anatomical sites: squamous oesophagus, Barrett’s segment,
hiatus hernia, proximal stomach, and distal stomach. A multi
channel pH catheter (Synectics Medical Ltd., Enfield, UK)
was mounted alongside the nasogastric tube so that we could
monitor luminal pH at the site of each microdialysis probe.
The hiatal hernia microdialysis probe was positioned 1 cm
below the gastro-oesophageal junction (defined by the
position of the proximal gastric fold) and the Barrett’s probe
2.5 cm above the gastro-oesophageal junction. The gastric
microdialysis probes were positioned 5 and 10 cm distal to
the hiatal hernia probe. The probe in the squamous
oesophagus was positioned 10 cm proximal to the Barrett’s
probe. A fine bore Teflon tube (Nutricia Health Care,
Trowbridge, Wiltshire, UK) was attached to the assembly
with its opening at the tip of the nasogastric tube for
intragastric delivery of the nitrate solution.

Clinical procedure using microdialysis probes
Subjects stopped all antisecretory medications for at least five
days and were instructed to avoid nitrate rich foods for
24 hours prior to the procedure. They attended in the
morning having fasted since the previous evening and
underwent an endoscopic examination to confirm anatomical
locations and to apply radio-opaque clips (Hemoclips,
Olympus Clips HX-600-090; KeyMed, Southend-on-Sea,
UK) at the squamocolumnar junction and the gastro-
oesophageal junction to delineate Barrett’s segment.
Following this the microdialysis probe assembly was passed
perorally and positioned under fluoroscopy using the clips
and pH sensors as reference points.
The purpose of this study was to examine nitrosation

chemistry during gastro-oesophageal reflux. In order to
ensure reflux throughout the duration of the experiment,
subjects lay in the right lateral decubitus position with or
without the head down position to provoke gastro-oesopha-
geal reflux. A low dose of pentagastrin (0.06 mg/kg/h)
(Cambridge Laboratories, Wallsend, UK) was infused intra-
venously to stimulate physiological levels of gastric secretion
and acid reflux.
The first 15 minute collections of the microdialysis samples

(representing the dead space in the afferent tubes) were

discarded and the following 40 minutes collected for ana-
lyses. Following this basal collection, 2 mmol of potassium
nitrate were administered intragastrically via the fine Teflon
feeding tube attached to the nasogastric tube. This is the
amount of nitrate in a portion of salad.21 Forty minutes after
administering the potassium nitrate, further microdialysis
collections were obtained for 40 minutes. This was to ensure
that the salivary nitrite concentrations were elevated before
commencing the microdialysis collection.
Venous blood was obtained from an indwelling intrave-

nous catheter every 15 minutes for determination of serum
nitrate, and samples of saliva were obtained every 15 minutes
for nitrite and thiocyanate determination, as previously
described.18

Studies employing nitric oxide probe
Nitric oxide sensor
We employed a miniaturised custom made nitric oxide sensor
(World Precision Instruments Inc., Sarasota, Florida, USA) to
allow measurement of luminal nitric oxide concentrations
within the upper gastrointestinal tract, as previously
described.19 An antimony pH sensor (Synetics Medical Ltd)
was attached to the nitric oxide sensor using waterproof
taping (Sleek, Smith and Nephew, Hull, UK) with the pH
sensor positioned adjacent to the tip of the nitric oxide probe.
A fine bore Teflon feeding tube was also attached to the
assembly to allow intragastric instillation of the nitrate
solution.

Clinical procedure using nitric oxide probe
Three subjects who had taken part in the microdialysis
experiment underwent intraoesophageal nitric oxide mea-
surement. The experimental conditions were identical to
those for microdialysis experiments. The nitric oxide sensor
assembly was inserted orally to a point 10 cm distal to the
gastro-oesophageal junction predetermined endoscopically. A
plain abdominal x ray was taken to check the sensor position.
The sensor was then withdrawn until it was within Barrett’s
oesophagus and maintained at a location where intermittent
acid reflux was occurring, as indicated by the intermittent fall
in pH. Salivary nitrite and serum nitrate were collected every
15 minutes and processed as above.
The sensors were then reinserted to 10 cm distal to the

gastro-oesophageal junction and 2 mmol of potassium
nitrate in 50 ml sterile water administered intragastrically.
The probe was again withdrawn slowly and maintained in a
position within Barrett’s segment where there was evidence
of intermittent acid reflux.

Chemical analyses
Concentrations of nitrate, nitrite, ascorbic acid, total vitamin
C, and thiocyanate in serum, saliva, and microdialysate were
measured as previously described.22–25
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Figure 1 Median salivary nitrite before and after administration of
2 mmol nitrate. The microdialysis assembly was inserted at time
0 minutes. *p,0.05 versus 45 minutes (just prior to nitrate
administration).
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Statistical analyses
Data are presented as medians and interquartile range unless
otherwise stated. For the microdialysis experiments, the
Kruskal-Wallis test was used to analyse concentrations of the
chemicals of nitrosation in the different regions of the upper
gastrointestinal tract for pre and post-nitrate data.
Comparison between pre and post-nitrate microdialysis data
was analysed using the one sample Wilcoxon test. Serum
nitrate, salivary nitrite, and thiocyanate data, and pH of the
different regions of the upper gastrointestinal tract were
analysed using the one sample Wilcoxon test with
Bonferroni’s correction.
For the nitric oxide experiment, serum nitrate and salivary

nitrite concentrations were grouped into pre and post-nitrate
periods and analysed by the one sample Wilcoxon test.
For analysis of ascorbic acid to total vitamin C ratio, if both

ascorbic acid and total vitamin C were undetectable from the
single sample, the sample was excluded from statistical
analysis.
In order to calculate the ascorbic acid to nitrite ratio, any

samples with undetectable levels of ascorbic acid or nitrite
concentrations were allocated a concentration of 1 mM, the
approximate lower limit of detection for both ascorbic acid
and nitrite using our analytic methods. If both ascorbic acid
and nitrite were undetectable, these samples were excluded
from analysis. The Kruskal-Wallis test was used to analyse
the ascorbic acid to nitrite ratio in the different regions before
and after nitrate ingestion. A two tailed p,0.05 was
considered statistically significant.
For the nitric oxide experiment, the small numbers precluded

meaningful statistical testing. Data are presented before and
after nitrate administration for individual patients.

Ethics
The study was approved by the North Glasgow University
NHS Trust Ethics Committee and each subject gave written
informed consent.

RESULTS
Fourteen subjects with Barrett’s oesophagus consented to the
study. Four could not tolerate the procedure and therefore
results are available for 10 subjects. Mean age of the subjects
was 65 years (range 48–70) and four were female. Median
length of Barrett’s segment was 5 cm (range 3–12) for the 10
patients in the microdialysis experiment.

Studies employing microdialysis probes
Serum
Serum nitrate concentration just prior administration of the
nitrate solution was 13.0 mM (12.3–19.8). It increased to

49.4 mM (31.9–65.0) (p,0.01 v 45 minutes pre-nitrate)
40 minutes after nitrate was administered and remained at
this level throughout the remainder of the experiment.

Saliva
Saliva nitrite concentration before insertion of the probe
assembly was 73.1 mM (61.8–216.4) and decreased to
35.0 mM (26.3–78.9) at 15 minutes after its insertion.
Following administration of nitrate, saliva nitrite concentra-
tion increased from 56.3 mM (23.2–82.6) just before nitrate
administration to a peak of 351.4 mM (107.8–405.0) at
85 minutes after nitrate administration (p,0.01 v 45 min-
utes pre-nitrate) (fig 1).
Saliva thiocyanate concentration just before passing the

probe assembly was 794 mM (682–1339) and was similar at
770 mM (459–1446) 15 minutes after placement of the
assembly. Thiocyanate concentrations remained at a similar
concentration after administration of nitrate.

pH of individual regions of the upper
gastrointestinal tract
Median (range) pH in the squamous oesophagus, Barrett’s
oesophagus, hiatal hernia, and proximal and distal stomach
were 6.2 (5.0–7.7) (p,0.05 v all other sites), 2.7 (1.4–7.5)
(p,0.05 v hiatal hernia, and proximal and distal stomach),
1.4 (1.1–3.9), 1.4 (1.0–2.1), and 1.4 (1.1–1.9), respectively,
before nitrate administration, and 5.7 (2.9–7.2) (p,0.05 v all
other sites), 2.7 (1.6–7.1) (p,0.05 v hiatal hernia, and
proximal and distal stomach), 1.6 (0.8–2.1), 1.5 (1.1–1.8),
and 1.4 (1.1–1.6) after nitrate administration.
The pH was greater than 4 for 94% (61.9–100), 18.7% (0.9–

42.3), 0% (0–0.2), 0%, and 0% in the squamous oesophagus,
Barrett’s segment, hiatus hernia, proximal stomach, and
distal stomach, respectively, before nitrate administration.
After nitrate administration the respective per cent pH .4
values were 92% (56.3–98.2), 3.6% (1.2–15.3), 0%, 0%, and
0% (all NS v pre-nitrate).

Microdialysis nitri te
Before nitrate administration, the nitrite concentration
within the squamous oesophagus was 40.1 mM (12.7–63.4)
(table 1) and thus similar to values in buccal saliva (35.0 mM
(26.3–78.9)). Nitrite concentrations were substantially lower
in Barrett’s segment (0 mM (0–5.9)) and in the hiatus hernia
(0 mM (0–0.3)), and no nitrite was detected in the proximal
or distal stomach.
Following nitrate administration, the nitrite concentration

in the squamous oesophagus increased to 106.2 mM (75.7–
141.6) (p=0.03 versus pre-nitrate) (table 1). However, there
was no significant change in nitrite concentrations in

Table 1 Nitrite, thiocyanate, ascorbic acid, total vitamin C, ascorbic acid (AA)/nitrite ratio, and pH in the different regions of
the upper gastrointestinal tract in subjects with Barrett’s oesophagus before and after the nitrate meal

Site

pH Nitrite (mM) Thiocyanate (mM) Ascorbic acid (mM) Total vitamin C (mM) AA/nitrite

Pre Post Pre` Post` Pre Post Pre` Post� Pre` Post1 Pre Post

SQO 6.2*
(5.8–7.0)

5.7*
(4.5–6.5)

40.1
(12.7–63.4)

106.2�
(75.7–141.6)

409
(319–673)

390
(202–622)

3.5
(0–11.7)

1.2
(0–12.4

3.8
(0–14.7)

5.6
(0.4–34.3)

0.1
(0.02–0.47)

0.02��
(0.01–0.13)

BO 2.7**
(1.6–3.3)

2.7**
(1.7–3.8)

0
(0–5.9)

1.9
(0–7.4)

317
(192–511)

260
(171–679)

9.9
(3.4–16.8)

2.9
(0.2–32.4)

19.1
(5.1–32.2)

23.4
(13.4–28.4)

7.4
(1.6–16.8)

3.4
(0.14–12.4)

HH 1.4
(1.2–1.9)

1.6
(1.1–1.9)

0
(0–0.3)

0
(0–1.1)

265
(239–422)

235
(207–486)

27.7
(6.7–42.5)

14.7
(0–42.7)

34.1
(10.2–47.5

33.4
(21.5–44.9)

26.2
(6.7–42.5)

29.2
(1.5–47.9)

PS 1.4
(1.3–1.8)

1.5
(1.2–1.6)

0 0 270
(231–434)

229
(151–440)

38.4
(20.6–66.6)

28.4
(9.1–45.4)

41.1
(24.9–77.0)

35.6
(18.3–71.2)

32.3
(15.1–65.2)

25.0
(8.5–48.5)

DS 1.4
(1.2–1.7)

1.4
(1.2–1.6)

0 0 279
(223–505)

249
(184–494)

43.4
(24.1–68.5)

48.6
(17.0–73.6)

58.9
(22.6–72.8)

46.5
(20.0–78.7)

32.7
(18.9–68.5)

34.2
(13.8–64.3)

Data presented as medians (interquartile range).
SQO, squamous oesophagus; BO, Barrett’s oesophagus; HH, hiatus hernia; PS, proximal stomach; DS, distal stomach.

*p,0.05 versus all other sites; **p,0.05 versus hiatal hernia, proximal stomach, and distal stomach; �p =0.03 versus pre-nitrate; ��p=0.032 versus SQO pre-nitrate; `p,0.001;
�p=0.009; 1p,0.05 (Kruskal Wallis test comparing different regions of the upper gastrointestinal tract).
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Barrett’s segment, hiatus hernia, or in the proximal or distal
stomach.

Microdialysis thiocyanate
Prior to nitrate administration, thiocyanate concentration
was similar in the squamous oesophagus, Barrett’s segment,
hiatal hernia, proximal stomach, and distal stomach, and did
not change following nitrate administration (table 1).
Thiocyanate concentrations at these sites were approximately
50% of those in saliva.

Microdialysis ascorbic acid and total vitamin C
Prior to nitrate administration, ascorbic acid and total
vitamin C concentrations progressively increased from the
squamous oesophagus to the distal stomach. Ascorbic acid
concentrations for the squamous oesophagus, Barrett’s
segment, hiatal hernia, and the proximal and distal stomach
were 3.5 mM (0–11.7), 9.9 mM (3.4–16.8), 27.7 mM (6.7–
42.5), 38.4 mM (20.6–66.6), and 43.4 mM (24.1–68.5), respec-
tively (p,0.001 for trend) (table 1). Total vitamin C
concentrations for these respective regions were 3.8 mM (0–
14.7), 19.1 mM (5.1–32.2), 34.1 mM (10.2–47.5), 41.1 mM
(24.9–77.0), and 58.9 mM (22.6–72.8) (p=0.001 for trend).
Following nitrate administration, ascorbic acid concentra-

tions for the squamous oesophagus, Barrett’s segment, hiatal
hernia, proximal stomach, and distal stomach were 1.2 mM
(0–12.4), 2.9 mM (0.2–32.4), 14.7 mM (0–42.7), 28.4 mM (9.1–
45.4), and 48.6 mM (17.0–73.6), respectively (p=0.009 for
trend) (NS v pre-nitrate) (table 1). Post-nitrate concentra-
tions of total vitamin C for the respective regions were 5.6 mM
(0.4–34.3), 23.4 mM (13.4–28.4), 33.4 mM (21.5–44.9),
35.6 mM (18.3–71.2), and 46.5 mM (20.0–78.7) (p,0.05 for
trend) (NS v pre-nitrate).
Median ascorbic acid to total vitamin C ratios before nitrate

administration for squamous oesophagus, Barrett’s segment,
hiatal hernia, proximal stomach, and distal stomach were
0.70 (0.4–0.78) (n=7), 0.64 (0.55–0.70) (n=8), 0.78 (0.49–
0.89), 0.93 (0.86–0.97), and 0.85 (0.82–0.98), respectively
(p=0.02 for trend) (fig 2). After nitrate administration,
median ascorbic acid to total vitamin C ratios were 0.27 (0–
0.4) (n=9), 0.16 (0.02–0.63), 0.42 (0.03–0.86), 0.67 (0.47–
0.82), and 0.83 (0.69–0.91) (p=0.048 for trend) (p=0.018
for proximal stomach pre-nitrate v post-nitrate) (fig 2). Thus
the ratio of ascorbic acid to total vitamin C was lowest within
Barrett’s segment. In addition, the ratio fell after nitrate
administration but this only reached statistical significance
for the proximal stomach (p,0.02).

Microdialysis ascorbic acid to nitri te ratio
The ascorbic acid to nitrite ratio provides an indication of the
potential for luminal acid nitrosation as the latter only occurs
in acidic pH when nitrite is present in excess of available
ascorbic acid. Median (interquartile range) ascorbic acid to
nitrite ratios progressively increased at each more distal site
being 0.1 (0.02–0.47), 7.4 (1.6–16.8), 26.2 (6.7–42.5), 32.3
(15.1–65.2), and 32.7 (18.9–68.5) in squamous oesophagus,
Barrett’s segment, hiatal hernia, proximal stomach, and
distal stomach, respectively, before nitrate administration
(p,0.001 for trend) (table 1, fig 3). A similar pattern was
observed after nitrate where the respective ratios were 0.02
(0.01–0.13) (p=0.032 v squamous pre-nitrate), 3.4 (0.14–
12.4) (n=9), 29.2 (1.5–47.9) (n=8), 25.0 (8.5–48.5) (n=9),
and 34.2 (13.8–64.3) (p,0.001 for trend) (table 1, fig 3). The
only anatomical sites favouring luminal acid nitrosation were
in Barrett’s segment where two of 10 subjects before nitrate
and four of nine after nitrate had acidic nitrite in excess of
ascorbic acid, and within the hiatus hernia in one of 10 before
nitrate and two of eight after nitrate. In the proximal and
distal stomach, all subjects had ascorbic acid in excess of
nitrite.

Nitric oxide experiments
Nitric oxide was measured in three patients both before and
after nitrate administration. The change in hospital regula-
tion for cleaning the equipments used in human subjects
from gluteraldehyde to Sterilox had an adverse effect on the
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ratio before and after nitrate. SQO, squamous oesophagus; BO,
Barrett’s oesophagus; HH, hiatus hernia; PS, proximal stomach; DS,
distal stomach. n = 10 unless otherwise indicated. *p=0.028 (Kruskal
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longevity of the nitric oxide probe and we could only perform
experiments on three subjects before the probe malfunc-
tioned. Their median serum nitrate concentration during the
45 minute interval before nitrate administration was
19.2 mM (14.3–30.2) and following nitrate administration
significantly higher at 62.4 mM (40.9–65.7) (p=0.004). Their
median salivary nitrite increased from 113.8 mM (36.9–150.8)
during the 45 minute interval before nitrate administration
to 254.1 mM (142.7–375.8) during the 45 minute interval,
15 minutes after nitrate administration (p=0.02).
The first subject was a 59 year old female with a 4 cm

Barrett’s mucosa. Before nitrate, small rises in nitric oxide, up
to 8.1 mM, were observed on passing through the gastric
cardia. Within Barrett’s segment, an episode of acid reflux
caused an immediate rise in nitric oxide to 13.4 mM but in the
squamous oesophagus, nitric oxide generation was not
observed following the three reflux episodes (fig 4A).
Following nitrate, two episodes of acid reflux were observed
within Barrett’s segment and both produced an immediate
and marked rise in nitric oxide concentration of approxi-
mately 20 mM (fig 4B).
The second subject was a 65 year old female with a 5 cm

Barrett’s mucosa. Before nitrate, a single acid reflux to pH 3.5
was recorded within Barrett’s segment but there was no rise
in nitric oxide concentration (fig 5A). Following nitrate
administration, there were frequent episodes of acid reflux
into Barrett’s segment and these resulted in marked increases
in nitric oxide up to 59 mM within Barrett’s segment (fig 5B).
The third subject was a 69 year old male with a 5 cm

Barrett’s mucosa. Prior to nitrate administration, a rise in
nitric oxide concentration to 25 mM was observed on pulling
the probe through the stomach at 45 cm. Approximately

8 mM of nitric oxide was generated at 39 cm as saliva came
into contact with gastric juice. The probe was then
maintained at 35 cm at the upper margin of Barrett’s
segment. When acid refluxed into this segment there was
an immediate rise in nitric oxide concentration to 7 mM at
this site (fig 6A). Following nitrate administration, rises in
nitric oxide were again observed on passing through the
proximal stomach/hiatus hernia. When the probe was then
maintained in Barrett’s segment, again intermittent falls in
pH due to acid reflux were accompanied by rises in nitric
oxide of varying magnitude (fig 6B).

DISCUSSION
Swallowed saliva is the main source of nitrite entering the
upper gastrointestinal tract. The high concentration of nitrite
in saliva is due to salivary glands secreting high concentra-
tions of nitrate which is reduced to nitrite by buccal
bacteria.4–6 Circulating nitrate, which is taken up and secreted
by salivary glands, is mainly derived from the diet although
some is the end product of enzymatically generated nitric
oxide.4 21 26 Nitrite is a relatively inert chemical at neutral pH
but on acidification becomes highly reactive as both an
oxidative and nitrosative compound. Our studies indicate
that during episodes of acid reflux this potentially mutagenic
nitrite chemistry is focused within the distal oesophagus.
The conditions required for acid catalysed generation of

N-nitroso compounds are pH of less than 4, nitrite in excess
of ascorbic acid, and thiocyanate to catalyse the reaction.4 21 23

Our studies indicate that during acid reflux, these conditions
are confined to Barrett’s segment and to a lesser extent
within the hiatus hernia. Within Barrett’s segment, two of
the 10 subjects had acidified nitrite in excess of ascorbic acid

 

 

 

 

 
 
 
 
 
 
 
 

0

0

50 49 48 47 4546 44 43 43 42 41 40 39 38 37 36 36 36 35 35 34 33

2

4

6

8

10

12

14

16

1

2

3

4

5

6

7

8

Distance (cm)

50 49 48 46 4445 43 41 40 39 37 36 36 36 36 36 36 36 36 36 36 36

Distance (cm)

pH
N

itr
ic

 o
xi

de
 (µ

M
)

0

0

5

10

15

20

25

1

2

3

4

5

6

7

8

9

pH
N

itr
ic

 o
xi

de
 (µ

M
)

Stomach Barrett’s

Barrett’s

SQO

A B

Figure 4 (A) Simultaneous recording of pH and nitric oxide before nitrate ingestion in patient No 1. The shaded area indicates recordings within
Barrett’s segment (40–30 cm). SQO, squamous oesophagus. There was a small amount of nitric oxide generated in the proximal stomach at 46 cm
(open arrowhead). Nitric oxide was generated just distal to the gastro-oesophageal junction (solid arrowheads), indicated by the step up in pH. A
reflux event in Barrett’s segment generated 12 mM of nitric acid as pH fell from 6.5 to 1.5. No nitric oxide was generated in the squamous oesophagus
during the three reflux episodes. (B) Simultaneous recording of pH and nitric oxide after nitrate ingestion in patient No 1. The shaded area indicates
recordings within Barrett’s segment. Nitric oxide was generated just distal to the gastro-oesophageal junction (42–41 cm) and in the proximal stomach
(46–44 cm) (arrowheads). No nitric oxide was produced in Barrett’s segment (shaded area) between pH 6 and 7. Two acid reflux events in Barrett’s
segment at 36 cm generated 20 mM of nitric acid (broken arrows).
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before nitrate and four of nine after nitrate (fig 3). Within the
hiatus hernia, one of 10 patients had acidified nitrite in
excess of ascorbic acid before nitrate and two of eight after
nitrate. In the proximal and distal stomach, ascorbic acid was
always in excess of nitrite. In the more proximal squamous
oesophagus, nitrite was present in considerable excess of
ascorbic acid but pH remained .4 and thus acid nitrosation
could not occur.
Following insertion of the microdialysis assembly, salivary

nitrite concentration fell by approximately 50%. This has
been observed previously18 and may be explained by the
microdialysis apparatus stimulating increased salivary flow
and swallowing. Consequently, saliva will be in the mouth
for a shorter period of time and thus less converted to nitrite
by buccal bacteria.
A marked finding in this study was the fall in luminal

nitrite concentration on passing from the proximal squamous
oesophagus into Barrett’s segment exposed to acidic gastric
refluxate (table 1). In previous studies we have examined
nitrite concentrations at multiple sites in the oesophagus and
stomach of normal volunteers without gastro-oesophageal
reflux. In such subjects, high concentrations of nitrite were
found throughout the length of the oesophagus and a
marked fall in concentration occurred on entering the acidic
environment of the gastric cardia.18 We have also previously
studied luminal nitrite concentrations in subjects on omep-
razole with high intragastric pH and observed that nitrite
concentrations within their stomach were similar to those of
their saliva.25 27 Thus the nitrite concentrations seem to fall at
the point where neutral luminal pH first drops to acidic
luminal pH.
What is the mechanism of disappearance of nitrite

swallowed in saliva on encountering gastric acid and in the
current studies occurring within Barrett’s segment? When

nitrite passes from the neutral pH of the proximal oesopha-
gus into the acidic environment of refluxing gastric juice in
Barrett’s oesophagus, it will be converted immediately to
nitrous acid (pKa for nitrous acid=3.5). However, this in
itself cannot explain the marked fall in measured nitrite
within Barrett’s oesophagus as the microdialysis probes do
not distinguish between nitrous acid and nitrite.20 The
marked fall in luminal nitrite/nitrous acid concentration on
entering Barrett’s segment suggests that it is being absorbed
by the epithelium, converted to a different chemical, or both.
Nitrous acid is less polar than the nitrite anion and the latter
may be more readily absorbed. However, the ability to absorb
substances depends on their ionic state at the mucosal
surface and this depends on epithelial surface pH. Columnar
mucosa, including Barrett’s epithelium, has a mucus layer
and, like mucosa of similar phenotype in the stomach and
small intestine, is likely to secrete bicarbonate into the
mucous layer to maintain a neutral surface pH.28

Consequently, nitrous acid would be in the form of the
nitrite anion at the epithelial surface and therefore not
readily absorbed. It therefore seems unlikely that disappear-
ance of nitrite within Barrett’s segment can be attributed to a
significant extent by its absorption as either nitrite or nitrous
acid.
Another explanation for the disappearance of nitrite/

nitrous acid on entering the acidic lumen of Barrett’s
segment is its conversion to nitric oxide. The microdialysis
probes do not detect nitric oxide.20 At pH less then 3.5,
approximately 1–2% of nitrous acid exists as nitric oxide.29

However, in the presence of acid plus a reducing agent such
as ascorbic acid, nitrous acid is rapidly converted to nitric
oxide.29 Stoichemically, 1 mol of ascorbic acid reacts with
2 mole of nitrous acid forming 2 mol of nitric oxide and
1 mol of dehydroascorbic acid.30 In our study, we found that
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Figure 5 (A) Simultaneous recording of pH and nitric oxide before nitrate ingestion in patient No 2. The shaded area indicates recordings within
Barrett’s segment (36–33 cm). The background ‘‘noise’’ giving a nitric oxide concentration of 5 mM was not corrected. No significant acid reflux was
recorded in Barrett’s segment and no nitric oxide generation was detected. (B) Simultaneous recording of pH and nitric oxide after nitrate ingestion in
patient No 2. The shaded area indicates recordings in Barrett’s segment (36–33 cm). Small amounts of nitric oxide were generated in the proximal
stomach (arrowheads). At 33 cm, within Barrett’s segment, up to 56.5 mM of nitric oxide were generated when acid reflux occurred (broken arrows).
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the proportion of ascorbic acid to total vitamin C (that is,
ascorbic acid plus dehydroascorbic acid) was lowest in
Barrett’s segment and this was the case both before and
after nitrate administration (fig 2). This pattern is consistent
with nitrite in swallowed saliva reacting with ascorbic acid
within the acidic Barrett’s segment, resulting in nitrite being
reduced to nitric oxide and ascorbic acid to dehydroascorbic
acid. The ratio of ascorbic acid to total vitamin C was also low
in the squamous oesophagus, particularly after nitrate,
despite this being at a neutral pH (table 1, fig 2). This may
be explained by ascorbic acid originating from the stomach
and being oxidised by the acidified nitrite as it refluxes past
Barrett’s segment to reach the proximal squamous mucosa.
We were able to perform supplementary studies in three

subjects to determine whether nitric oxide was being
generated within Barrett’s segment during episodes of acid
reflux. A number of reasons prevented us from undertaking
nitric oxide studies in all of the subjects. Several of the
patients could not tolerate the rather bulky custom made
nitric oxide probe. In addition, changes in legislation
regarding disinfection meant that we had to utilise Sterilox
for all internal instrumentation. Unfortunately, the metal
construction and membrane of the probe could not tolerate
the chemical process. In the supplementary studies we were
able to conduct, approximately 50% of the episodes of acid
reflux resulted in the immediate appearance of very high
concentrations of nitric oxide within Barrett’s segment
(figs 4–6). This is consistent with the acidic gastric juice
and its ascorbic acid content converting the nitrite in saliva
within the oesophageal lumen to nitric oxide. In a proportion
of the acid reflux episodes, very little or no nitric oxide was

detected in Barrett’s segment. Several reasons may explain
the variation in intraoesophageal nitric oxide associated with
acid reflux. The nitric oxide probe only detects the
concentration of nitric oxide at its tip and thus within a very
localised region. The site of nitric oxide generation within the
oesophagus will be maximal where the refluxing acid meets
the saliva and this is likely to vary depending on the
magnitude of the reflux episode and the amount and site of
saliva within the oesophageal lumen. In addition, preceding
reflux episodes may deplete local concentrations of ascorbic
acid and or nitrite and thus prevent nitric oxide generation at
that site.
Our studies indicate that very active nitrite chemistry

occurs within Barrett’s oesophagus during acid reflux. The
fall in pH due to acid reflux converts nitrite within the
oesophageal lumen to nitrous acid and the nitrosating species
N2O3 and NO+ and NOSCN. These nitrosating species are
then reduced by available ascorbic acid producing nitric oxide
and dehydroascorbic acid. As all of this nitrosative chemistry
arises from the reaction between saliva and acidic gastric
juice, it is focused within the oesophagus during acid reflux.
In the absence of reflux it is focused at the gastric cardia.18 19

In our current studies we examined patients with Barrett’s
oesophagus and severe gastro-oesophageal reflux. We chose
Barrett’s patients as they are the subject group with the
greatest oesophageal acid exposure.31–37 The microdialysis
probes need to be in place for 40 minutes to obtain sufficient
volume of sample for analysis. Consequently, they reflect the
mean concentration over that 40 minute period. As we
wished to measure what happens during reflux, we therefore
chose subjects with severe reflux so that reflux would be
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Figure 6 (A) Simultaneous recording of pH and nitric oxide before nitrate ingestion in patient No 3. The shaded area indicates recordings within
Barrett’s segment (40–35 cm). Nitric oxide generation seen in the proximal stomach at 45–46 cm (solid arrowhead) coincided with slight rise in pH due
to swallowed saliva. Smaller concentrations of nitric oxide were generated in Barrett’s segment: one coinciding with a slight rise in pH due to swallowed
saliva (open arrowhead) and another during acid reflux in a segment with a neutral pH (broken arrow). (B) Simultaneous recording of pH and nitric
oxide after nitrate ingestion in patient No 3. The shaded area indicates recording within Barrett’s segment (40–35 cm). Nitric oxide generation was
seen in the stomach from 49 to 41 cm (solid arrowheads). Small amounts of nitric oxide were generated within Barrett’s segment at 35 cm, coinciding
with reflux episodes (solid arrows) as well as at 39–37 cm, coinciding with a slight rise in pH due to swallowed saliva (open arrowheads). A reflux
episode at 39 cm generated 13.5 mM of nitric oxide (broken arrow).
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occurring for most of the recording period. It was for this
same reason that we gave low dose pentagastrin to stimulate
gastric secretion and also used the supine position to promote
gastro-oesophageal reflux. From the present studies we
cannot say whether the luminal chemistry observed during
reflux in Barrett’s patients differs from that in non-Barrett’s
patients with an equivalent degree of reflux.
The clinical significance of this nitrosative chemistry

occurring in the distal oesophagus during acid reflux is
currently unclear. However, acid reflux is known to induce
changes in the oesophageal epithelium, including erosive
oesophagitis, metaplasia, and neoplasia. Most research has
focused on the direct noxious effects of acid on the
oesophageal epithelium. However, our current studies indi-
cate that acid reflux may activate another and indirect
pathway which may contribute to oesophageal metaplasia
and dysplasia. The nitrosating species generated within the
oesophagus during the reaction between the acidic refluxate
and oesophageal nitrite may exert nitrosative and oxidative
stress on the epithelium and result in local generation of
potentially carcinogenic N-nitroso compounds. The very high
luminal concentrations of nitric oxide generated within the
oesophagus by acid reflux may also have damaging effects as
such concentrations have been shown to be mutagenic.38–40

High concentrations of nitric oxide can exert nitrosative and
oxidative stress, damaging DNA and inhibiting a number of
key DNA repair enzymes.15–17 In rats, oral coadministration of
nitrite plus ascorbic acid or other antioxidants produces
tumours of the proximal stomach—an effect which did not
occur when nitrite or antioxidants were administered
alone.41 42 The combined administration of nitrite plus
antioxidant will produce high concentrations of nitric oxide.
More recent studies in mice have observed that intragastric
administration of single large doses of nitrite plus ascorbic
acid produce DNA damage within the cells of the gastric
epithelium and this effect was again attributed to generation
of nitric oxide within the gastric lumen.43

In animal models, oesophageal epithelium subject to
damage by duodenogastro reflux is known to be more
sensitive to the mutagenic effects of luminal N-nitroso
compounds.43–46 A synergistic interaction may therefore occur
during gastro-oesophageal reflux. Erosion of the oesophageal
mucosal surface by acidic reflux will make basal epithelial
stem cells more exposed to the luminal nitrite chemistry
activated by the same acidic reflux. In addition, acid reflux
stimulates basal cell proliferation and replicating DNA will be
more sensitive to the mutagenic effects of the nitrosative
chemistry, again activated by the same acid reflux.47–50

In conclusion, our current studies demonstrate that
potentially mutagenic nitrite chemistry occurs within the
oesophageal lumen during acid reflux. This arises from the
reaction between the refluxing acidic gastric juice and
swallowed saliva. At present, it is unclear whether this is
contributing to the oesophageal epithelial damage and
development of metaplasia and neoplasia associated with
chronic acid reflux. However, it is important to investigate
this possibility as such an effect could be modified by altering
nitrate intake and/or its conversion to nitrite by buccal
organisms.
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Robin Spiller, editor
Abdominal pain in a patient with an oesophageal stent

Clinical presentation
A 90 year old female teetotal exsmoker was admitted with a
two day history of central abdominal pain. She was
nauseated and had not opened her bowels for the past two
days. She had a history of laparoscopic cholecystectomy and
oesophageal stent insertion for a benign oesophageal
stricture secondary to acid reflux. She was taking fexonidine,
valdecoxib, ferrous sulphate, cocodamol, and lansoprazole.
On examination, vital signs were normal. She had a tender

and distended abdomen. Bowel sounds were present. She
had a mildly raised urea level of 10.4 mmol/l. Her renal and
liver biochemistry profiles were otherwise unremarkable. Full
blood count was normal. Figure 1 shows her abdominal
radiograph on admission.

Question
How would you manage the patient?
See page 1584 for answer
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Figure 1 Abdominal radiograph on admission.
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