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Abstract
Although respiratory symptoms in children are often attributed to gastroesopha-
geal reflux disease, establishing a clear diagnosis of extraesophageal reflux disease 
(EERD) can be challenging, as there are no sensitive or specific EERD biomarkers. 
The aim of this study was to evaluate the metabolite profile in bronchoalveolar (BAL) 
fluid from children with suspected EERD and assess the impact of reflux treatment 
on these metabolites. In this prospective pilot study, we performed nontargeted global 
metabolomic profiling on BAL fluid from 43 children undergoing testing with bron-
choscopy, upper endoscopy, and multichannel intraluminal impedance with pH (pH- 
MII) for evaluation of chronic respiratory symptoms. Twenty- three (54%) patients 
had an abnormal pH- MII study. Seventeen (40%) patients were on proton pump in-
hibitors (PPIs) for testing. Levels of histamine, malate, adenosine 5′- monophosphate, 
and ascorbate were significantly lower in subjects with abnormal pH- MII studies 
compared to those normal studies. Furthermore, in children off PPI therapy, those 
with abnormal pH- MII studies had robust increases in a number of glycerophospho-
lipids within phospholipid metabolic pathways, including derivatives of glycerophos-
phorylcholine, glycerophosphoglycerol, and glycerophosphoinositol, compared to 
those with normal pH- MII studies. These findings offer insight into the impact of 
reflux and PPIs on the lungs and provide a foundation for future studies using targeted 
metabolomic analysis to identify potential biomarkers of EERD.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Establishing an association between gastroesophageal reflux disease and respiratory 
disease in children is challenging as there are no sensitive or specific biomarkers 
for extraesophageal reflux disease (EERD). Metabolomic analysis of bronchoalveo-
lar lavage (BAL) fluid has offered promising insight into possible biomarkers for a 
variety of respiratory diseases but has never been studied in children with suspected 
EERD.
WHAT QUESTION DID THIS STUDY ADDRESS?
This study addressed the questions of (1) whether there are differences in BAL me-
tabolites in children with abnormal reflux testing with multichannel intraluminal 
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INTRODUCTION

Extraesophageal conditions, such as asthma, pneumonia, 
bronchiectasis, sinusitis, cough, and wheezing, are often 
attributed to gastroesophageal reflux disease (GERD).1 
However, establishing a clear pathophysiologic link be-
tween GERD and these respiratory symptoms can be chal-
lenging and patients often undergo costly evaluations to 
diagnose extraesophageal reflux disease (EERD).2 As a 
result, there has been considerable interest in the identifica-
tion of biomarkers that directly assess the impact of reflux 
on the lungs as a diagnostic approach to EERD. Although 
a few biomarkers, such as pepsin and the lipid- laden mac-
rophage index, have been proposed, these have shown 
poor sensitivity and specificity when compared to the gold 
standard reflux testing and endoscopy.3– 8 More recently, 
metabolomic analyses have shown promise in identify-
ing biomarkers for the early diagnosis and characteriza-
tion of a variety of respiratory diseases, including asthma, 
chronic obstructive pulmonary disease (COPD), and cystic 
fibrosis.9– 11 Furthermore, metabolomic analysis may offer 
useful biomarkers of airway inflammation and lung injury 
in these patients and metabolites involved in inflammatory 
pathways have been linked to poorer outcomes in patients 
with respiratory disease.12– 14 Although metabolomic studies 
have offered promising directions for biomarker discovery 
in other models of respiratory disease, no studies to date 
have investigated the lung metabolome in children or adults 
with suspected EERD.

In clinical practice, many patients with symptoms of 
EERD are prescribed empiric trials of acid suppression med-
ications, such as proton pump inhibitors (PPIs). However, 
it is unclear whether this practice improves outcomes. In 
randomized controlled clinical trials, PPIs have not been 
shown to offer significant benefit in improving symptoms 
of chronic cough,15 asthma,16 or laryngitis.17 From a patho-
physiologic standpoint, there is limited evidence on the ef-
fect of PPIs on the lungs. Some preclinical studies in murine 

models of lung injury suggest that PPIs may reduce lung in-
flammation by suppressing expression of pro- inflammatory 
molecules and inhibiting progression of fibrosis when com-
pared to controls,18,19 however, this has not been shown in 
humans. No studies have evaluated biomarker response to 
therapy in patients with suspected EERD.

The objectives of this study were to evaluate the metabo-
lite profile in bronchoalveolar (BAL) fluid from children with 
suspected EERD and assess the impact of reflux treatment on 
these metabolites. We hypothesized that subjects with respi-
ratory symptoms who have pathologic reflux measured by 
impedance testing have differences in BAL metabolites com-
pared to subjects without pathologic reflux.

METHODS

Subjects

This was a prospective study to determine the inflammatory 
profiles in the lungs of children with and without GERD. In 
this study, we collected BAL fluid from children 1– 18 years 
of age who underwent bronchoscopy, esophagogastroduo-
denoscopy (EGD) and multichannel intraluminal impedance 
with pH (pH- MII) testing at the discretion of their primary 
gastroenterologist and pulmonologist for evaluation of 
chronic respiratory symptoms between 2009 and 2014. All 
participants completed a baseline questionnaire highlight-
ing gastrointestinal and respiratory symptoms, medical his-
tory, and medication use. Patients who reported stopping 
their PPI more than 48 hours prior to their procedures were 
considered “off PPI” and those who reported taking their 
PPI within 48 h of the procedure were considered “on PPI,” 
based on our institutional protocol. Criteria for on and off 
PPI were developed based on PPI pharmacokinetic stud-
ies and highlight the rapid metabolism of PPIs in pediatric 
patients.20– 22 The decision to perform studies on or off PPI 
was at the discretion of the referring physician. Collection 

impedance with pH and (2) whether reflux therapy with proton pump inhibitors was 
associated with different metabolite profiles.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
We found that there were significant increases in a number of glycerophospholipids 
within phospholipid metabolic pathways in the BAL of children with untreated reflux, 
suggesting that gastroesophageal reflux may impact the lung metabolome.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
These findings may provide mechanistic insight into reflux- induced lung injury and 
the impact of acid suppression medications on the lungs, which may help guide future 
biomarker discovery.
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of BAL fluid was performed during the bronchoscopy while 
patients were under general anesthesia through an endotra-
cheal tube in distal airways of the right middle lung or the 
area of most visually inflamed lung.7,23,24 All samples were 
stored at −80°C. The study was approved by the Boston 
Children’s Hospital Institutional Review Board, all research 
was conducted in concordance with the Declaration of 
Helsinki and informed consent was obtained from all par-
ticipants or their guardians.

Multichannel intraluminal impedance with pH

In all patients, a pH- MII study was completed within 
4 months of the EGD. Patients underwent pH- MII record-
ing for a minimum of 18 h and ate at least three meals dur-
ing this time. Meals were excluded from analysis. Studies 
were interpreted using standardized diagnostic criteria, first 
using Autoscan software (Sandhill Scientific) followed by 
confirmation with manual review by one of the study inves-
tigators (authors L.M. or R.R.). Acid reflux episodes were 
defined as retrograde bolus flow detected by at least two 
consecutive MII sensors and which were associated with a 
drop in pH to less than 4. Nonacid reflux episodes were 
defined as retrograde bolus flow detected by at least two 
consecutive MII sensors, which did not have any associated 
drop in pH to less than 4. Drops in pH to less than 4 with-
out any associated reflux on MII were defined as pH only 
events.25 The percentage of time that refluxate was present 
in the proximal esophagus was calculated by dividing the 
sum of the proximal bolus clearance times by the total study 
duration. Full column reflux events were defined as reflux 
events reaching the proximal two impedance sensors. The 
pH portion of the pH- MII study was considered abnormal 
if the pH was less than 4 for greater than or equal to 6% of 
the study.26 The MII portion of the study was considered 
abnormal if there were greater than or equal to 73 reflux 
episodes.27,28 Patients were considered to have a normal re-
flux burden if both the pH and the MII portions of the study 
were normal.

Subject groups

Subjects were categorized into four groups. Patients with 
an abnormal pH- MII study (due to either an abnormal pH 
or an abnormal MII portion of the study) who were off PPI 
were designated as GER+PPI−. Those with an abnormal 
pH- MII study who were tested on PPI were categorized as 
GER+PPI+. Subjects with a normal pH- MII study who were 
off PPI were designated as GER– PPI–  and those on PPI ther-
apy for the study were designated as GER– PPI+.

Metabolomics analysis

Nontargeted global metabolomic profiling was performed 
through Metabolon (Durham, NC) on BAL samples collected 
during bronchoscopy. The sample processing and prepara-
tion techniques, mass spectrometer platforms, quality as-
surance components, and data analysis methods have been 
previously described in detail.29 Briefly, samples were ana-
lyzed in concert with several well- characterized standards, 
which were designed to assess variability and verify per-
formance of the extraction techniques and instrumentation. 
Ultrahigh performance liquid chromatography with tandem 
mass spectroscopy (UPLC- MS/MS) was performed using a 
Waters ACQUITY ultra- performance liquid chromatography 
(UPLC) and a Thermo Scientific Q- Exactive high resolution/
accurate mass spectrometer (MS) interfaced with a heated 
electrospray ionization (HESI- II) source and Orbitrap mass 
analyzer operated at 35,000 mass resolution. The informatics 
system consisted of four major components, the Laboratory 
Information Management System (LIMS), the data extraction 
and peak- identification software, data processing tools for 
quality- control and compound identification, and a collection 
of information interpretation and visualization tools for use 
by data analysts. The hardware and software foundations for 
these informatics components were the LAN backbone, and 
a database server running Oracle 10.2.0.1 Enterprise Edition. 
MS peaks were identified as previously described.29 Peaks 
were quantified using area under the curve.

Statistical analysis

Following log transformation and imputation of missing val-
ues, if any, with the minimum observed value for each com-
pound, statistical analyses were performed in ArrayStudio 
and SPSS version 24. Demographic and baseline character-
istics were summarized using means (SDs) or frequencies 
(percentages). T- tests and χ2 tests (or Fisher’s exact test for 
cell counts <5) were used to compare continuous variables 
and categorical variables, respectively. If the distribution of a 
continuous variable was skewed, median (interquartile range) 
and Wilcoxon test were performed instead. Analysis of vari-
ance (ANOVA) was used to identify biochemicals that dif-
fered significantly between experimental groups. The false 
discovery rate (q value) was calculated to take into account 
multiple comparisons. Spearman correlations were used 
for relationships between percent neutrophils and metabo-
lites. Pathway enrichment analyses were carried out using 
ANOVA to identify pathways with metabolites enriched at 
the top of the list of metabolites ranked by p value as principal 
components analysis did not differentiate global metabolic 
profiles in patients with reflux/no reflux. Fold changes were 



2028 |   MAHONEY Et Al.

calculated as the ratio of mean metabolite levels between the 
two groups.

RESULTS

Subjects

Metabolomic analysis was performed on BAL fluid from 43 
children. The mean age was 8.7 ± 4.4 years and 44% of sub-
jects were girls. Of these, 17 (40%) were on PPI (PPI+) at 
the time of the study, with a mean PPI dose of 1.0 ± 0.4 mg/
kg/day. Twenty- six (60%) patients were off PPI at the time 
of the study (PPI−). Twenty- three (54%) patients had an ab-
normal pH- MII study (GER+) and 20 (46%) had a normal 
pH- MII study (GER−). Based on pH- MII study results and 
medication use, subjects were classified into one of the fol-
lowing groups: GER+PPI− (n = 11), GER+PPI+ (n = 12), 
GER−PPI− (n  =  15), and GER−PPI+ (n  =  5). Baseline 
demographic data among the four groups is presented in 
Table 1.

Endoscopy and bronchoscopy

Esophageal biopsies showed evidence of microscopic es-
ophagitis, defined as greater than 0 eosinophils per high 
power field, in 17 (40%) subjects. There was no association 

between a normal or abnormal pH- MII study and the pres-
ence or absence of esophagitis on biopsy (p = 1.0). There was 
no correlation between the percentage of neutrophils on BAL 
and the total number of reflux episodes (r = −0.15, p = 0.36), 
number of acid reflux episodes (r = −0.07, p = 0.65), num-
ber of full column reflux episodes (r = −0.18, p = 0.26), the 
percentage of total study time refluxate was present in the 
proximal esophagus (r = −0.28, p = 0.07), or the percentage 
of the study the pH less than 4 (r = −0.15, p = 0.32). Positive 
BAL bacterial cultures were found in 28% of patients. There 
was no association between a positive bacterial culture and 
any individual impedance parameter (p > 0.32).

Impedance testing

Symptoms reported during impedance testing included: 
cough (88%), vomiting (12%), reflux (9%), heartburn (5%), 
and gagging (5%). Impedance parameters by category are 
presented in Table  2. Only the percentage time of pH less 
than 4 differed significantly between groups.

Metabolomics analysis

Nontargeted metabolomics analysis of BAL samples from 
43 subjects was performed. A total of 255 compounds 
of known identity were identified in our cohort. Using 

GER+PPI− GER+PPI+
GER−
PPI−

GER−
PPI+

N = 11 N = 12 N = 15 N = 5

Demographics

Age (years) 7.4 ± 4.5 10.2 ± 3.9 8.2 ± 3.7 9.7 ± 7.1

Female 7 (64) 4 (33) 8 (53) 0 (0)

Body mass index (kg/m2) 18.7 ± 5.6 20.4 ± 5.9 18.9 ± 4.5 22.7 ± 5.7

Comorbid conditions

Gastrostomy tube 3 (27) 0 (0) 0 (0) 0 (0)

Gastrojejunostomy tube 0 (0) 1 (8) 0 (0) 1 (20)

Asthma 9 (82) 10 (83) 12 (80) 4 (80)

Eczema 2 (18) 5 (42) 6 (40) 2 (40)

Seasonal allergies 3 (27) 3 (25) 10 (67) 2 (40)

Reflux 6 (55) 8 (67) 7 (47) 3 (60)

Dysphagia 5 (46) 4 (33) 2 (13) 3 (60)

Croup 6 (55) 6 (50) 8 (53) 1 (20)

Chronic cough 9 (82) 9 (75) 12 (80) 3 (60)

Sinus disease 3 (27) 7 (58) 8 (53) 1 (20)

Pneumonia 3 (27) 4 (33) 5 (33) 1 (20)

Notes: Shown are mean ± sd or N (%).
Abbreviations: GER, gastroesophageal reflux; PPI, proton pump inhibitor.

T A B L E  1  Subject characteristics
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two- way ANOVA contrasts, there were 4 metabolites which 
were significantly lower at the p  ≤  0.05 level (histamine, 
malate, adenosine 5′- monophosphate, and ascorbate) in 
subjects with abnormal pH- MII studies (GER+PPI− and 
GER+PPI+) compared to those with normal pH- MII stud-
ies (GER−PPI− and GER−PPI+). There were no significant 

differences in any metabolites for the main effect of PPI in 
those on (GER+PPI+ and GER– PPI+) and off (GER+PPI− 
and GER−PPI−) PPIs on ANOVA contrasts (p > 0.05). To 
evaluate the interaction between pH- MII results and PPI 
treatment, ANOVA contrasts were then sorted by p value to 
identify metabolic pathways enriched at the top of the list of 
significant metabolites.

Off PPI: Metabolites differentiating abnormal 
versus normal pH- MII studies

In subjects with abnormal pH- MII studies off PPI 
(GER+PPI−), pathway level subanalysis revealed a robust 
increase in many phospholipid classes, including derivatives 
of glycerophosphoethanolamine (GPE), glycerophosphoryl-
choline (GPC), glycerophosphoserine, glycerophosphoglyc-
erol (GPG), and glycerophosphoinositol when compared 
to those with normal pH- MII studies off treatment (GER−
PPI−; Table S1). After adjustment for multiple comparisons, 
8 glycerophospholipids differed significantly among these 
groups, with a q value less than 0.10 (Table 3). There were 
no correlations among these eight metabolites and any indi-
vidual impedance parameter (p > 0.10).

GER+PPI− GER+PPI+
GER−
PPI−

GER−
PPI+

p 
valueN = 11 N = 12 N = 15 N = 5

Percentage time 
pH <4

11.2 ± 8.0 8.9 ± 6.9 3.1 ± 1.9 1.7 ± 1.7 0.001

No. acid 
episodes

33.3 ± 15.2 36.9 ± 34.2 19.9 ± 11.2 10.8 ± 13.8 0.06

No. nonacid 
episodes

25.3 ± 25.7 51.5 ± 82.4 14.6 ± 12.2 22.8 ± 20.7 0.24

No. pH only 
episodes

24.2 ± 16.5 17.3 ± 12.3 14.4 ± 13.8 8.4 ± 7.6 0.15

No. full column 
episodes

33.7 ± 22.8 53.1 ± 61.2 17.3 ± 13.7 17.4 ± 15.1 0.07

Total BCT (sec) 2532 ± 1854 4242 ± 8443 822 ± 474 898 ± 1029 0.26

Total proximal 
BCT (sec)

1210 ± 1070 4445 ± 12702 344 ± 252 509 ± 827 0.44

Percentage time 
refluxate 
present in 
the proximal 
esophagus

1.4 ± 1.2 5.6 ± 16.1 0.4 ± 0.3 0.7 ± 1.1 0.44

Cough reported 
during study

11 (100) 12 (100) 13 (87) 5 (100) 0.32

Symptom index 
for cough (%)

29.7 ± 12.8 51.9 ± 26.4 29 ± 20 31.3 ± 30.6 0.06

Notes: Shown are mean ± SD or N (%). The p value from analysis of variance.
Abbreviations: BCT, bolus clearance time; GER, gastroesophageal reflux; PPI, proton pump inhibitor.

T A B L E  2  Impedance parameters

T A B L E  3  Phospholipids differing significantly between patients 
with normal and abnormal impedance studies in those tested off proton 
pump inhibitors

Metabolite
Fold 
change

p 
value

Q 
value

1- stearoyl−2- oleoyl- GPI 2.66 0.001 0.087

1,2- dipalmitoyl- GPC 3.42 0.001 0.087

1- stearoyl−2- oleoyl- GPG 3.84 0.001 0.087

1,2- dioleoyl- GPI 3.34 0.002 0.087

1- palmitoyl−2- palmitoleoyl- GPC 5.16 0.002 0.087

1- palmitoyl−2- oleoyl- GPC 3.85 0.003 0.087

1- palmitoyl−2- stearoyl- GPC 3.85 0.003 0.087

1- palmitoyl−2- alpha- linolenoyl- GPC 6.19 0.004 0.087

Notes: The p value from analysis of variance contrasts.
Abbreviations: GPC, glycerophosphorylcholine; GPG, glycerophosphoglycerol; 
GPI, glycerophosphoinositol.
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On PPI: Metabolites differentiating abnormal 
versus normal pH- MII studies

After adjustment for multiple comparisons, there were 
no significant differences in metabolite profiles between 
those with abnormal pH- MII studies (GER+PPI+) ver-
sus those with normal pH- MII studies (GER−PPI+) in PPI 
treated patients. There was a trend toward lower levels of 
the phospholipid metabolites GPC, GPE, phosphoethan-
olamine, and 1- palmitoleoyl- 2- linoleoyl- GPC, and lower 
levels of the nucleotide metabolites adenosine and cytidine 
5′- monophosphate, in the GER+PPI+ group when compared 
to the GER−PPI+ group, although these did not reach statis-
tical significance after adjustment for multiple comparisons 
(Table  S1). There were no correlations between these me-
tabolites and any individual impedance parameter (p > 0.35). 
Adenosine was negatively correlated with the percentage of 
neutrophils on BAL (r = −0.346, p = 0.023).

Normal reflux burden: Metabolites 
differentiating PPI treatment versus no 
PPI treatment

In subjects with a normal reflux burden on pH- MII testing, 
those tested on PPI treatment (GER−PPI+) had a trend to-
ward increased levels of phospholipid derivatives of GPC, 
GPG, and GPE in BAL when compared to those tested off 
PPI treatment (GER−PPI−), although these did not reach 
statistical significance after adjustment for multiple compari-
sons (Table S1).

Abnormal reflux burden: Metabolites 
differentiating PPI treatment versus no 
PPI treatment

In subjects with abnormal pH- MII studies, patients taking 
PPIs (GER+PPI+) had a trend toward lower levels of the 
phospholipid metabolite 1- palmitoyl- 2- alpha- linolenoyl- G
PC and lower levels of a number of carbohydrate metabolites 
compared to those tested off PPIs (GER+PPI−), although 
these were not significant after adjustment for multiple com-
parisons (Table S1).

DISCUSSION

In this novel prospective study, we used global metabolic 
profiling to characterize the metabolite profile in BAL fluid 
in children with chronic respiratory symptoms and suspected 
EERD. Our findings are most notable for significant increases 
in a number of glycerophospholipids within phospholipid 

metabolic pathways in the BAL of children with untreated 
reflux. Furthermore, we found that PPI treatment may also 
play a role in altering metabolic patterns, with a trend toward 
lower levels of phospholipid metabolites in subjects with 
abnormal pH- MII studies on PPI therapy, and increases in 
phospholipids in subjects with normal pH- MII studies on PPI 
therapy. Our results form the basis for intriguing directions 
for future targeted metabolomic studies to discover potential 
biomarkers of EERD and could ultimately help guide future 
EERD diagnostics and therapeutics.

Glycerophospholipids play key roles in cellular function 
including membrane stability and fluidity, signal transduc-
tion, and vesicle trafficking.30,31 Within the lungs in partic-
ular, the glycerophospholipids observed to be elevated in 
patients with untreated reflux in our study are key intermedi-
ates in the formation of pulmonary surfactant and also feed 
into inflammation pathways via prostaglandin synthesis. 
Alterations in these phospholipids have been associated with 
impairment in the surface tension- lowering properties of sur-
factant, modulation of inflammatory responses, and modifi-
cation of the host response to pathogens.32 In both preclinical 
and clinical studies, altered glycerophospholipid metabolites 
have been implicated in lung injury and inflammation in a 
number of pulmonary diseases, including lower respiratory 
tract infections, COPD, acute respiratory distress syndrome, 
bronchiolitis obliterans, and toxin- mediated lung injury.33– 38

Although a few prior studies have investigated select me-
tabolite biomarkers of EERD in lung fluid, these studies have 
several limitations. Neujahr et al. performed metabolomic 
profiling in patients who underwent a lung transplantation 
with and without reflux and subsequent aspiration of gastric 
contents, defined by the presence or absence of bile acids in 
BAL fluid.14 The authors found that a number of metabo-
lites differed between groups, particularly within pathways 
associated with microbial metabolism and metabolites pre-
viously reported to be associated with lung injury, such as 
T cell granzyme B level and chemoattractants CXCL9 and 
CXCL10. However, these findings are limited in their appli-
cability to EERD, as bile acids have been shown to have lim-
ited sensitivity and specificity for diagnosing GERD when 
compared to traditional pH- metry and poor correlation with 
symptoms.39,40 In another study, Soyer et al. compared me-
tabolites associated with oxidative stress (nitric oxide metab-
olites and total sulphydrile) in the exhaled breath condensate 
(EBC) of children with chronic respiratory and gastrointes-
tinal symptoms with and without reflux as defined by 24- h 
pH probe.41 However, the correlation between EBC and BAL 
metabolites is not clear and, furthermore, traditional pH- 
metry can underestimate the amount of reflux events by 50% 
or more when compared to pH- MII, limiting the generaliz-
ability of the study.25,42,43 Recently, the same group also stud-
ied a limited number of metabolites associated with oxidative 
stress (glutathione, 8- isoprostane, and cysteinyl- leukotriene) 
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in the EBC of patients with esophageal atresia and suspected 
reflux based on reported symptoms.41 Although the authors 
found a decrease in cysteinyl- leukotriene, a mediator of in-
flammation, in subjects treated with PPIs and with prior fun-
doplication, no objective assessments of reflux burden were 
made and, given the underlying dysmotility in this patient 
population, metabolite changes could relate to effects from 
esophageal stasis rather than reflux alone. We add to the ex-
isting literature by using pH- MII to objectively quantify re-
flux and using global metabolite profiling to identify broad 
areas of interest for additional targeted investigation.

Studies on the association between reflux and phospho-
lipid metabolites have yielded conflicting results. Chang 
et al. did not observe any differences in dipalmitoylphosha-
tidylcholine (DPPC) concentrations, a main component of 
surfactant, in the BAL of children with reflux defined based 
on the presence of reflux esophagitis.44 In contrast, in a - ell 
characterized group of adult patients who underwent lung 
transplantation and underwent esophageal manometry, 24- h 
ambulatory pH testing and nuclear medicine gastric empty-
ing studies, D’Ovidio et al. found that the presence of reflux 
was associated with altered surfactant phospholipids, such as 
DPPC, phosphatidylglycerol, and sphingomyelin in BAL.45 
In addition to lipid mediators, Griese et al. also reported re-
duced levels of surfactant proteins SP- A and SP- D, proteins 
known to play key roles in host defense against pathogens, in 
children with reflux.46

Evidence supporting the association between PPIs and 
metabolic alterations in the lungs is even more limited. 
Recent studies have found PPIs to have effects in the lungs 
beyond their role in gastric acid inhibition. In animal studies, 
omeprazole has been shown to attenuate hyperoxia- induced 
lung injury and increase surfactant proteins compared to con-
trols.47 In cell culture studies, esomeprazole has also been 
shown to have a protective effect on the lungs through sup-
pression of pro- inflammatory molecules and antifibrotic 
mechanisms, findings that have also been replicated in mouse 
models of acute lung injury.18 However, no studies to date 
have investigated the relationship between PPIs and phospho-
lipids in the human lungs.

Although our results are promising to guide future re-
search, our study does have some limitations. First, to de-
termine reflux burden, we used pH- MII testing to diagnose 
reflux. Whereas this diagnostic test only directly measures 
esophageal reflux and thus may not necessarily reflect the 
burden of extraesophageal reflux, pH- MII testing is con-
sidered the gold standard diagnostic test for GERD in both 
adult and pediatric consensus guidelines.28,48 Furthermore, 
in pediatrics, when nonacid reflux makes up 45– 89% of all 
reflux episodes, pH- MII testing is the only method to reliably 
measure both full column and nonacid reflux.49 Second, the 
sample size for this pilot study is small, and thus we may 

have been underpowered to detect significant alterations 
in metabolite levels between sample groups. Although we 
found trends in altered metabolites between groups, such as 
increased phospholipid metabolites in subjects with normal 
pH- MII studies treated with PPIs and lower phospholipid 
levels in children with abnormal pH- MII studies treated with 
PPIs, these did not reach statistical significance after adjust-
ment for multiple comparisons. A larger sample size will be 
needed to better understand the role of PPIs in this population 
of patients. Furthermore, global metabolomic profiles were 
assessed in this unsupervised discovery cohort. Our findings, 
while interesting to generate hypotheses and guide future 
studies, will need to be validated in a larger cohort and con-
firmed with targeted metabolomics studies. Finally, whereas 
we have a cohort of patients who were treated and a second 
cohort of patients who were not treated with PPIs, we do not 
have BAL samples in the same patients before and after start-
ing PPIs. This would be an important next study to validate 
the results in this small series.

In conclusion, in this pilot study of children with suspected 
EERD, we found that BAL fluid from children with untreated 
reflux was associated with robust increases in a variety of 
glycerophospholipids when compared to those without re-
flux and off treatment. Treatment with PPI may also alter 
metabolite profiles. These findings may provide mechanistic 
insight into reflux- induced lung injury and the impact of acid 
suppression medications on the lungs, which may help guide 
future biomarker discovery.

CONFLICT OF INTEREST
All authors declared no competing interests for this work.

AUTHOR CONTRIBUTIONS
L.B.M., C.R.E., and R.R. wrote the manuscript. L.B.M., 
C.R.E., and R.R. designed the research. L.B.M., K.M., and 
R.R. performed the research. L.B.M,, C.R.E., and R.R. ana-
lyzed the data.

REFERENCES
 1. Tolia V, Vandenplas Y. Systematic review: the extra- oesophageal 

symptoms of gastro- oesophageal reflux disease in children. 
Aliment Pharmacol Ther. 2009;29(3):258- 272.

 2. Francis DO, Rymer JA, Slaughter JC, et al. High economic burden 
of caring for patients with suspected extraesophageal reflux. Am J 
Gastroenterol. 2013;108(6):905- 911.

 3. Rosen R, Johnston N, Hart K, Khatwa U, Nurko S. The pres-
ence of pepsin in the lung and its relationship to patho-
logic gastro- esophageal reflux. Neurogastroenterol Motil. 
2012;24(2):129– 33– e84– 5.

 4. Abdallah AF, El- Desoky T, Fathi K, Elkashef WF, Zaki A. 
Clinical utility of bronchoalveolar lavage pepsin in diagnosis of 
gastroesophageal reflux among wheezy infants. Can Respir J. 
2016;2016(4):9480843- 9480847.



2032 |   MAHONEY Et Al.

 5. Krishnan U, Mitchell JD, Messina I, Day AS, Bohane TD. Assay 
of tracheal pepsin as a marker of reflux aspiration. J Pediatr 
Gastroenterol Nutr. 2002;35(3):303- 308.

 6. Dy F, Amirault J, Mitchell PD, Rosen R. Salivary pepsin lacks 
sensitivity as a diagnostic tool to evaluate extraesophageal reflux 
disease. J Pediatr. 2016;177:53- 58.

 7. Rosen R, Fritz J, Nurko A, Simon D, Nurko S. Lipid- laden macro-
phage index is not an indicator of gastroesophageal reflux- related 
respiratory disease in children. Pediatrics. 2008;121(4):e879- e884.

 8. Kitz R, Boehles HJ, Rosewich M, Rose MA. Lipid- Laden alve-
olar macrophages and ph monitoring in gastroesophageal reflux- 
related respiratory symptoms. Pulm Med. 2012;2012:673637.

 9. Adamko DJ, Nair P, Mayers I, Tsuyuki RT, Regush S, Rowe BH. 
Metabolomic profiling of asthma and chronic obstructive pulmo-
nary disease: A pilot study differentiating diseases. J Allergy Clin 
Immunol. 2015;136(3):571- 580.e573.

 10. Nobakht M, Gh BF, Aliannejad R, Rezaei- Tavirani M, Taheri S, 
Oskouie AA. The metabolomics of airway diseases, including 
COPD, asthma and cystic fibrosis. Biomarkers. 2015;20(1):5- 16.

 11. Joseloff E, Sha W, Bell SC, et al. Serum metabolomics indicate 
altered cellular energy metabolism in children with cystic fibrosis. 
Pediatr Pulmonol. 2014;49(5):463- 472.

 12. Wolak JE, Esther CR, O’Connell TM. Metabolomic analysis 
of bronchoalveolar lavage fluid from cystic fibrosis patients. 
Biomarkers. 2009;14(1):55- 60.

 13. Esther CR, Coakley RD, Henderson AG, Zhou Y- H, Wright FA, 
Boucher RC. Metabolomic evaluation of neutrophilic airway in-
flammation in cystic fibrosis. Chest. 2015;148(2):507- 515.

 14. Neujahr DC, Uppal K, Force SD, et al. Bile acid aspiration associ-
ated with lung chemical profile linked to other biomarkers of injury 
after lung transplantation. Am J Transplant. 2014;14(4):841- 848.

 15. Chang AB, Oppenheimer JJ, Kahrilas PJ, et al. Chronic cough and 
gastroesophageal reflux in children: CHEST Guideline and Expert 
Panel Report. Chest. 2019;156(1):131- 140.

 16. Writing Committee for the American Lung Association Asthma 
Clinical Research Centers, Holbrook JT, Wise RA, et al. 
Lansoprazole for children with poorly controlled asthma: a ran-
domized controlled trial. JAMA. 2012;307(4):373- 381.

 17. Qadeer MA, Phillips CO, Lopez AR, et al. Proton pump inhibitor 
therapy for suspected GERD- related chronic laryngitis: a meta- 
analysis of randomized controlled trials. Am J Gastroenterol. 
2006;101(11):2646- 2654.

 18. Ghebremariam YT, Cooke JP, Gerhart W, et al. Pleiotropic effect of 
the proton pump inhibitor esomeprazole leading to suppression of 
lung inflammation and fibrosis. J Transl Med. 2015;13(1):249- 320.

 19. Nelson C, Lee J, Ko K, et al. Therapeutic efficacy of esomeprazole 
in cotton smoke- induced lung injury model. Front Pharmacol. 
2017;8:16.

 20. Gardner JD, Sloan S, Robinson M, Miner PB. Oesophageal 
pH has a power- law distribution in control and gastro- 
oesophageal reflux disease subjects. Aliment Pharmacol Ther. 
2004;20(11– 12):1373- 1379.

 21. Ward RM, Kearns GL, Tammara B, et al. A multicenter, ran-
domized, open- label, pharmacokinetics and safety study of pan-
toprazole tablets in children and adolescents aged 6 through 16 
years with gastroesophageal reflux disease. J Clin Pharmacol. 
2011;51(6):876- 887.

 22. Shin JM, Sachs G. Pharmacology of proton pump inhibitors. Curr 
Gastroenterol Rep. 2008;10(6):528- 534.

 23. Rosen R, Johnston N, Hart K, Khatwa U, Katz E, Nurko S. 
Higher rate of bronchoalveolar lavage culture positivity in chil-
dren with nonacid reflux and respiratory disorders. J Pediatr. 
2011;159(3):504- 506.

 24. Rosen R, Amirault J, Liu H, et al. Changes in gastric and lung 
microflora with acid suppression: acid suppression and bacterial 
growth. JAMA Pediatr. 2014;168(10):932- 937.

 25. Rosen R, Nurko S. The importance of multichannel intraluminal 
impedance in the evaluation of children with persistent respiratory 
symptoms. Am J Gastroenterol. 2004;99(12):2452- 2458.

 26. Rudolph CD, Mazur LJ, Liptak GS, et al. Guidelines for evaluation 
and treatment of gastroesophageal reflux in infants and children: 
recommendations of the North American Society for Pediatric 
Gastroenterology and Nutrition. J Pediatr Gastroenterol Nutr. 
2001;32(Suppl 2):S1- S31.

 27. Shay S, Tutuian R, Sifrim D, et al. Twenty- four hour ambulatory 
simultaneous impedance and pH monitoring: a multicenter report 
of normal values from 60 healthy volunteers. Am J Gastroenterol. 
2004;99(6):1037- 1043.

 28. Hirano I, Richter JE, Practice Parameters Committee of the 
American College of Gastroenterology. ACG practice guidelines. 
Am J Gastroenterol. 2007;102(3):668- 685.

 29. Evans AM, DeHaven CD, Barrett T, Mitchell M, Milgram E. 
Integrated, nontargeted ultrahigh performance liquid chroma-
tography/electrospray ionization tandem mass spectrometry 
platform for the identification and relative quantification of the 
small- molecule complement of biological systems. Anal Chem. 
2009;81(16):6656- 6667.

 30. van Meer G, Voelker DR, Feigenson GW. Membrane lipids: 
where they are and how they behave. Nat Rev Mol Cell Biol. 
2008;9(2):112- 124.

 31. Hishikawa D, Hashidate T, Shimizu T, Shindou H. Diversity 
and function of membrane glycerophospholipids generated 
by the remodeling pathway in mammalian cells. J Lipid Res. 
2014;55(5):799- 807.

 32. Fessler MB, Summer RS. Surfactant lipids at the host- 
environment interface. metabolic sensors, suppressors, and ef-
fectors of inflammatory lung disease. Am J Respir Cell Mol Biol. 
2016;54(5):624- 635.

 33. Nickler M, Ottiger M, Steuer C, et al. Systematic review regarding 
metabolic profiling for improved pathophysiological understand-
ing of disease and outcome prediction in respiratory infections. 
Respir Res. 2015;16(1):125- 126.

 34. Evans CR, Karnovsky A, Kovach MA, Standiford TJ, Burant CF, 
Stringer KA. Untargeted LC- MS metabolomics of bronchoalveolar 
lavage fluid differentiates acute respiratory distress syndrome from 
health. J Proteome Res. 2014;13(2):640- 649.

 35. Ciaramelli C, Fumagalli M, Viglio S, et al. 1H NMR To evalu-
ate the metabolome of bronchoalveolar lavage fluid (BALf) in 
bronchiolitis obliterans syndrome (BOS): toward the development 
of a new approach for biomarker identification. J Proteome Res. 
2017;16(4):1669- 1682.

 36. Hu JZ, Rommereim DN, Minard KR, et al. Metabolomics in lung 
inflammation:a high- resolution (1)h NMR study of mice ex-
posedto silica dust. Toxicol Mech Methods. 2008;18(5):385- 398.

 37. Hong J- H, Lee W- C, Hsu Y- M, et al. Characterization of the 
biochemical effects of naphthalene on the mouse respira-
tory system using NMR- based metabolomics. J Appl Toxicol. 
2014;34(12):1379- 1388.



   | 2033GERD- ASSOCIATED METABOLOMICS IN THE LUNG

 38. Cruickshank- Quinn CI, Jacobson S, Hughes G, et al. Metabolomics 
and transcriptomics pathway approach reveals outcome- specific 
perturbations in COPD. Sci Rep. 2018;8(1):17132- 17218.

 39. Reder NP, Davis CS, Kovacs EJ, Fisichella PM. The diagnostic value 
of gastroesophageal reflux disease (GERD) symptoms and detection 
of pepsin and bile acids in bronchoalveolar lavage fluid and exhaled 
breath condensate for identifying lung transplantation patients with 
GERD- induced aspiration. Surg Endosc. 2014;28(6):1794- 1800.

 40. Starosta V, Kitz R, Hartl D, Marcos V, Reinhardt D, Griese M. 
Bronchoalveolar pepsin, bile acids, oxidation, and inflamma-
tion in children with gastroesophageal reflux disease. Chest. 
2007;132(5):1557- 1564.

 41. Soyer T, Türer ÖB, Birben E, et al. The relationship between oxi-
dative stress markers in exhaled breath condensate and respiratory 
problems in patients with repaired esophageal atresia. J Pediatr 
Surg. 2020;55(8):1516– 1521.

 42. Blondeau K, Dupont LJ, Mertens V, Tack J, Sifrim D. Improved di-
agnosis of gastro- oesophageal reflux in patients with unexplained 
chronic cough. Aliment Pharmacol Ther. 2007;25(6):723- 732.

 43. Herregods TVK, Pauwels A, Jafari J, et al. Determinants of reflux- 
induced chronic cough. Gut. 2017;66(12):2057- 2062.

 44. Chang AB, Hills YC, Cox NC, et al. “Free” surfactant in gastric 
aspirates and bronchoalveolar lavage in children with and without 
reflux oesophagitis. Intern Med J. 2006;36(4):226- 230.

 45. D'Ovidio F, Mura M, Ridsdale R, et al. The effect of reflux and bile acid 
aspiration on the lung allograft and its surfactant and innate immunity 
molecules SP- A and SP- D. Am J Transplant. 2006;6(8):1930- 1938.

 46. Griese M, Maderlechner N, Ahrens P, Kitz R. Surfactant proteins 
A and D in children with pulmonary disease due to gastroesopha-
geal reflux. Am J Respir Crit Care Med. 2002;165(11):1546- 1550.

 47. Richter J, Jimenez J, Nagatomo T, et al. Proton- pump inhibitor 
omeprazole attenuates hyperoxia induced lung injury. J Transl 
Med. 2016;14(1):247- 313.

 48. Rosen R, Vandenplas Y, Singendonk M, et al. Pediatric 
Gastroesophageal Reflux Clinical Practice Guidelines: Joint 
Recommendations of the North American Society for Pediatric 
Gastroenterology, Hepatology, and Nutrition and the European 
Society for Pediatric Gastroenterology, Hepatology, and Nutrition. 
J Pediatr Gastroenterol Nutr. 2018;66(3):516- 554.

 49. Mousa HM, Rosen R, Woodley FW, et al. Esophageal impedance 
monitoring for gastroesophageal reflux. J Pediatr Gastroenterol 
Nutr. 2011;52(2):129- 139.

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Mahoney LB, Esther CR, May 
K, Rosen R. Metabolomic profiling of extraesophageal 
reflux disease in children. Clin Transl Sci. 
2021;14:2025–2033. https://doi.org/10.1111/cts.13064

https://doi.org/10.1111/cts.13064

