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Background: Eosinophilic esophagitis (EOE) is a disorder of the esophagus that has
become increasingly recognized in children. Because these children undergo multiple
endoscopies, discovering a non-invasive biomarker of disease activity is highly desirable.
The aim of this study was to use targeted plasma metabolomics to identify potential
biomarker candidates for EoE in a discovery phase.

Methods: A prospective, single-center clinical trial was performed on 24 children
ages 2—-18 years with and without EoE undergoing upper endoscopy for any indication.
Blood samples were collected for metabolomics profiling using the subclasses: amino
acids, tricarboxylic acid cycle, acetylation, and methylation. Using mass spectrometry
and systematic bioinformatics analysis, 48 metabolites were measured and compared
between children with active EOE (+EoE) and controls (-EoE). To investigate the effect
of proton pump inhibitor (PPI) use on metabolites, patients were also stratified based on
PPl use (+PPI, -PPl).

Results: Seven children had active EoE at the time of endoscopy. Eleven children were
on PPI (4 with EoE). Of the 48 metabolites measured, 8 plasma metabolites showed
statistically significant differences (o < 0.05) comparing +EoE -PPI to —EoE -PPI, a
few of which were upregulated metabolites involved in the urea cycle. There were 14
significant differences comparing +EoE +PPI to +EoE —PPI. This demonstrated that
in EoE patients, PPl use upregulated metabolites involved in the urea cycle, while it
downregulated metabolites involved in methylation. Comparison among all four groups,
+EoE +PPI, +EoE -PPI, —-EoE +PPI, and —-EoE —PPI, revealed 27 significantly different
metabolites. +EoE +PPI had downregulated methionine and N-acetyl methionine, while
both +EoE groups and —EoE +PPI had upregulated homocysteine, N-acetylputrescine,
N-acetylornithine, arginine, and ornithine.

Conclusion: The present study revealed key plasma metabolite differences in children
with EoE compared to unaffected controls. Notable candidate biomarkers include
dimethylarginine, putrescine, and N-acetylputrescine. PPl use was shown to influence
these urea cycle metabolites, regardless of EOE presence. Therefore, future studies
should distinguish patients based on PPI use or determine metabolites while not on
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treatment. These findings will be confirmed in a larger validation phase, as this may
represent a significant discovery in the search for a non-invasive biomarker for EoOE.

Clinical Trial Registration: This clinical trial was registered with ClinicalTrials.gov,

identifier: NCT 03107819.

Keywords: eosinophilic esophagitis, metabolomics, biomarker, discovery, dimethylarginine, putrescine

INTRODUCTION

Eosinophilic esophagitis (EoE) is a clinicopathologic disorder of
the esophagus requiring esophageal dysfunction and one mucosal
biopsy containing >15 eosinophils (eos) per high-power field
(hpf) for diagnosis (1). Additionally, eosinophil-predominant
inflammation must persist after an 8 week trial of proton-pump
inhibitor (PPI) therapy (2) to exclude PPI-responsive esophageal
eosinophilia (3).

EoE has become increasingly recognized in children with
an incidence of ~1:10,000 (4). Clinical presentation varies
greatly and depends on age (5). Presenting symptoms may
include feeding difficulties, failure to thrive and vomiting in
early childhood, and in adolescents and adults, abdominal pain,
heartburn, chest pain, difficulty swallowing and food impaction
(1,6).

The pathophysiology of EoE is not fully understood but it
is thought to be a delayed hypersensitivity that is T helper cell
type 2 predominant and interleukin 4 (IL-4), IL-5, and IL-13
dependent (6, 7). EoE is associated with food antigen-driven
hypersensitivity, as evidenced by its response to dietary therapy.

Treatment is based on control of inflammation either with
topical corticosteroids or food-antigen avoidance. Swallowed
steroids are effective; however, when discontinued, the disease
almost always recurs (2). Side effects from the long-term use of
steroids in children remains a concern (3), so dietary therapy
has been strongly recommended (2). Various food elimination
diets have been proposed which focus on identifying food triggers
based on the absence of clinical symptoms and histological
remission of esophageal eosinophilia. This process is laborious
and difficult for the patient as it requires upper endoscopy before
and after dietary changes are made to verify favorable histological
response, often multiple times in a year when trying to identify
causative food(s).

Following diagnosis, the absence or presence of symptoms
does not reliably correspond to disease activity (1). Some
experts recommend periodic surveillance even in the absence of
symptoms due to long-term sequelae of untreated inflammation
(8). Untreated EoE can progress to esophageal fibrosis and
dysfunction (6), and eventually stricture and food impaction (3).

Therefore, identification of a non-invasive biomarker for
measuring disease activity is highly desirable, not just for making
the initial diagnosis, but also for monitoring response to therapy.
Previous research has examined peripheral blood eosinophils,
a multitude of cytokines and chemokines, eosinophil-derived
neurotoxin, eotaxin-3, and many others, but none have been
proven adequate for non-invasive monitoring (7). To our
knowledge, the utilization of metabolomics has not been
performed in children or adults with EoE.

Metabolomics is a high-throughput technique for directly
measuring biochemical activity by monitoring the substrates and
products transformed during cellular metabolism (9). Through
the use of mass spectrometry, it offers the unique opportunity to
rapidly measure thousands of metabolites simultaneously from
only minimal amounts of biological sample (9).

In an effort to identify biomarkers for EoE, we performed
targeted plasma metabolomics on EoE patients and compared
them to controls. We then further distinguished them based on
PPI use.

MATERIALS AND METHODS
Study Population

Patients were prospectively enrolled at Children’s Memorial
Hermann Hospital in Houston, Texas from March 2017 to
March 2018. Eligible patients were between the ages of 2 and
18 years, with and without known EoE, undergoing upper
gastrointestinal endoscopy for any indication. Patients were
excluded if they had a known diagnosis of another disorder
with similar clinical, histological or endoscopic features of EoE,
such as PPI-responsive esophageal eosinophilia, Crohn’s disease,
infectious esophagitis, drug-associated esophagitis, collagen
vascular disease, hypereosinophilic syndromes, or eosinophilic
gastroenteritis. A child already known to have EoE was excluded
if he or she had a biopsy demonstrating <15 eos/hpf at the
time of the study. This study was carried out in accordance with
the recommendations of the University of Texas’s Institutional
Review Board, with written informed consent from the parent
or guardian of all subjects. All subjects gave written informed
consent in accordance with the Declaration of Helsinki. The
protocol was approved by the University of Texas’s Institutional
Review Board, HSC-MS-16-1078.

Sample Collection and Endoscopy

Ten to 15 milliliters of peripheral blood was collected at the time
of IV placement. The blood was then aliquoted into vials and
sent for complete blood count with differential, comprehensive
metabolic panel, and plasma metabolomics processing.

EGD was performed in all patients with the use of standard
Olympus instruments by pediatric gastroenterologists. Biopsy
specimens were obtained with cold forceps at the discretion of
the endoscopist from at least two levels of the esophagus and
immediately placed in formalin and labeled by location. Sections
were cut from routinely processed formalin-fixed paraffin-
embedded tissue blocks and were stained with hematoxylin and
eosin. Slides were examined in random order by one of two
pathologists blinded to the fact that the patient was enrolled
in a research study. The peak eosinophil count for each biopsy
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specimen was defined as the maximum number of eosinophils in
any single high power field.

Blood samples for complete blood count with differential and
comprehensive metabolic panel were collected in the appropriate
tubes and immediately processed. Blood samples for biomarker
measurements were collected in heparinized tubes, and plasma
was extracted and stored at —80 degrees until batch submission
for processing.

Metabolomics

Using mass spectrometry, 48 metabolites were measured and
compared between children with active EoE and unaffected
controls.

Metabolites and internal standards, including N-acetyl
aspartic acid-d3, [15N]2 Tryptophan, Glutamic acid-d5,
Thymine-d4, Gibberellic acid, Trans-Zeatine, Jasmonic acid,
[15N] Anthranilic acid, and Testosterone-d3, were purchased
from Sigma-Aldrich (St. Louis, MO).

Extraction

100 ul of plasma was used for extraction. The extraction
step started with 750 QL ice-cold methanol:water (4:1)
containing 20 wL spiked internal standards was added to
each test and quality control samples. Ice-cold chloroform
and water was added in a 3:1 ratio for a final proportion
of 1:4:3:1 water:methanol:chloroform:water. The organic
(methanol and chloroform) and aqueous layers were
dried and re-suspended with 50:50 methanol:water. The
extract was deproteinized using a 3-kDa molecular filter
(Amicon Ultracel-3K  Membrane; Millipore Corporation,
Billerica, MA) and the filtrate was dried under vacuum
(Genevac EZ-2plus; Gardiner, Stone Ridge, NY). Prior to
mass spectrometry, the dried extracts were re-suspended in
identical volumes of solvent composed of 1:1 water:methanol
and subjected to liquid chromatography-mass spectrometry
10 pL of suspended samples was injected and analyzed
using a 6490 triple quadrupole mass spectrometer (Agilent

TABLE 1 | Characteristics of children with EoE and unaffected controls.

Patient Age(y) Sex Ethnicity Race PPl Topical Peak eos count per Atopic Indication for Other Diagnoses
Steroid level (P, M, D) Phenotype EGD

ACTIVEEOE (n=7)

3 12 M NH C + + 10, 22, 30 +E, +AR V, Dys, EoE ADHD

12 9 M H C + + 15,22, 45 +AR FTT +

15 7 M H C + 40, 50, 60 +A EoE, FD

18 5 F H C 12, >40, >40 FTT

20 12 M NH AA + 30, >50, >50 +AR, +A EoE ASD, Sz

22 11 M NH C >30, >30, >60 +E, +A, +AR EoE, V ADHD

24 9 M NH C + + >100, >60, >100 +E, +AR EoE ADHD

UNAFFECTED CONTROLS (n = 17)

1 12 F NH ¢} 0,0,0 +AR, +A V, Dys, Abd pain

2* 14 F NH AA 0,0,0 Abd pain ADHD, ODD

4* 10 M H C + 0,0,0 +AR Dys

5 13 M H C 0,0,0 +AR, +A Wt loss

6 5 F NH C 0,0,0 +AR CP

7 13 M NH C + 0,0,10 +AR, +A GERD, V, Abd pain ~ CDH

8 8 F NH C + 0,0,0 CP, Abd pain Co

9 13 F H C + 0,0,0 +AR, +A Abd pain, V ADHD

10 6 F NH A N/A, 0, O +AR Abd pain

111 15 F NH C 0,0,4 +AR GERD ADHD

13 9 M NH C + N/A, O, 0 GERD, Dys

14 8 M NH E 0,0,0 Abd pain

16 7 F NH AA 0,0,0 +AR Abd pain ADHD

17 13 F NH C 0,0,0 +E, +AR Abd pain

19 12 M NH C-l 0,0,0 +AR Poor wt gain ADHD, SS

21 8 M Unk C + 0,0,5 +AR, +A GERD, Dys

23 2 F NH A + 0,0,0 +AR GERD, Dys, V

R, proximal; M, middle; D, distal; EGD, esophagogastroduodenoscopy; NH, non-Hispanic, H, Hispanic; Unk, unknown; C, Caucasian; AA, African-American; E, Egyptian; C-I, Caucasian-
Indlian; E, eczema; AR, allergic rhinitis; A, asthma; V, vomiting; Dys, dysphagia; EoOE, eosinophilic esophagitis; FTT, failure to thrive; FD, feeding difficulties; Abd, abdominal; Wt, weight;
CP chest pain; GERD, gastroesophageal reflux disease; ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder; Sz, seizure disorder; ODD, oppositional defiant
disorder; CDH, congenital diaphragmatic hernia; Co, constipation; SS, short stature.

=+ Jejunal atresia with short gut syndrome and liver failure status post liver, small bowel and pancreas transplant.

"No complete blood count.

" Received IV midazolam prior to specimen collection.
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FIGURE 1 | Heat maps representing the differentially altered metabolites (FDR <0.25). Upregulated metabolites are shown in yellow, downregulated metabolites in
blue, and those with no changes in black. (A) Children with EoE, not on PPI, compared to children without EoE, not on PPI. (B) Children with EoE, on PPI, compared
to children with EoE, not on PPI. (C) Children without EoE, on PPI, compared to children without EoE, not on PPI. (D) Comparison of all 4 groups. TMetabolites
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Technologies, Santa Clara, CA) coupled to a HPLC system
(Agilent Technologies, Santa Clara, CA) via single reaction
monitoring.

Measurement of Amino Acids

ESI positive mode was used in method. The HPLC column was
Zorbax eclipse XDB C-18, 1.8 micron, 4.6 x 100 mm. Mobile
phase A and B were 0.1% formic acid in water and acetonitrile,
respectively. Gradient: 0 min-2% B; 6 min- 2% of B, 6.5 min-30%
B, 7 min- 90% of B, 12min 95% of B, 13 min 2% of B followed
by re-equilibration at end of the gradient, 20 min to the initial
starting condition 2% of B. Flow rate: 0.2 ml/min.

Measurement of TCA Cycle

ESI negative mode was used in method. The HPLC column was
Luna 3uM NH2 100A°, 150 x 2mm. Mobile phase A and B
were 5mM ammonium acetate in water and 100% acetonitrile,
respectively. Gradient: 0 min-80% B (0.2 ml/min); 20 min-2%
of B (0.2 ml/min), 20.1 min-2 % B (0.3 ml/min), 25 min-80%
B (0.3 ml/min), 30 min 80% of B (0.35 ml/min), 35 min 80%
of B (0.4 ml/min), 37.8 min 80% of B (0.4 ml/min), 37.99 min
80% B (0.2 ml), followed by re-equilibration end of the gradient
37.99 min to the initial starting condition 80% B.

Measurements of Methylated and
Acetylated Metabolites

We used two methods as described below to separate the
metabolites:

Method A: ESI positive mode was used in method A. The
HPLC column was Waters Xbridge Amide 3.5pm, 4.6 x
100 mm. Mobile phase A and B were 0.1% formic acid in water
and acetonitrile, respectively. Gradient: 0 min-85% B; 3-12 min-
85 to 30% B, 12-15 min-2% B, 16 min-95% -B, followed by re-
equilibration end of the gradient, 23 min to the initial starting
condition 85% B. Flow rate: 0.3 ml/min. Injection volume 5 ul.

Method B: ESI negative mode was used in method B.
The HPLC column was Waters Xbridge Amide 3.5pum, 4.6
x 100 mm. Mobile phase A and B were 20 mM ammonium
acetate in water with pH 9.0 and 100% acetonitrile, respectively.
Gradient: 0 min-85 % B; 0-3 min-85 to 30% B, 3-12 min-30%-
2% B, 12-15 min-2% -B, 15-16 min-85% B followed by re-
equilibration end of the gradient- the 23 min to the initial starting
condition 85% B. Flow rate: 0.3 ml/min. Injection volume 5 ul.

Analysis

The data was log2-transformed and normalized with internal
standards on a per-sample, per-method basis. For every
metabolite in the normalized dataset, two sample ¢-tests were
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conducted to compare expression levels between Ta and other
stages (T1-T4). Differential metabolites were identified by
adjusting the p-values for multiple testing at an FDR threshold
of <0.25. A hierarchical cluster of the differentially expressed
metabolites was generated using the R statistical software system
(https://www.r-project.org/).

RESULTS

Patient Characteristics

Twenty-four patients were enrolled in the study (Table 1). Seven
had active EoE at the time of endoscopy. The remaining 17
participants had a normal EGD, both grossly and histologically.
Two patients did not have an adequate blood specimen
to send for complete blood count with differential. In one
instance, the patient had received IV midazolam just prior to
specimen collection. All patients were verified to have a normal
comprehensive metabolic panel as a screening method to detect
potential renal or hepatic dysfunction.

Plasma Metabolomics

Of the 48 metabolites measured, 8 plasma metabolites showed
statistically significant differences (p < 0.05) comparing +EoE
-PPI to —-EoE -PPIL On the heat maps, upregulated metabolites
are shown in yellow, downregulated metabolites in blue, and
those with no changes in black (Figure 1A). Our findings showed
that in EoE patients, EoE upregulated metabolites were mainly
involved in the urea cycle. Dimethyl arginine was increased in all
children with EoE but was also increased in those without EoE
who were taking PPIs. N-acetyl putrescine was elevated in 3 of 4
children with EoE not taking PPIs and in all 3 of those with EoE
who were taking PPIs; however it was also elevated in non-EoE
children taking PPIs. N-acetyl ornithine was elevated strongly in
3 of 4 +EoE -PPI and mildly elevated in +EoE+PPI, but this
metabolite was only mildly elevated and only in 4 of 17 -EoE
~PPI children.

We next examined the effects of PPI treatment on
plasma metabolites in children with EoE. There were 14
significant differences comparing +EoE +PPI to +EoE -
PPI (Figure 1B). This demonstrated that in EoE patients,
PPI wuse upregulated metabolites involved in the urea
cycle, while it downregulated metabolites involved in
methylation.

We also examined the effects of PPI treatment on plasma
metabolites in children without EoE. There were 15 significantly
altered metabolites comparing -EoE +PPI to -EoE -PPI
(Figure 1C). In these non-EoE patients, PPI use upregulated
metabolites involved in both methylation and the urea cycle.

Comparison among all 4 groups (4+EoE +PPI, +EoE -
PPI, -EoE +PPI and -EoE -PPI) revealed 27 significantly
different metabolites (Figure 1D). Figure2 highlights some
of these metabolites’ roles in methionine methylation and
the urea cycle. +EoE +PPI had downregulated methionine
and N-acetyl methionine, while both +EoE groups and -EoE
-+PPI had upregulated homocysteine, N-acetylputrescine, N-
acetylornithine, arginine, and ornithine.

To further evaluate putrescine, a key metabolite in the urea
cycle, we measured the relative abundance of putrescine and
compared the EoE groups to those without EoE and found
putrescine to be significantly elevated in children with EoE (p
= 0.009, Figure 3A). We also wanted to see if putrescine was
increased in the disease group compared with controls in the
absence of PPI; therefore, we measured the relative abundance
of putrescine in +EoE -PPI vs. ~-EoE -PPI. We found it was
significantly increased in EoE children not taking PPI compared
to non-EoE children not taking PPI (p = 0.017, Figure 3B).

DISCUSSION

Although endoscopy with biopsy provides an objective
assessment of EoE activity, it is costly, burdensome to patients,
and carries the risk of serious complications (10). The discovery
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FIGURE 3 | Relative abundance of putrescine in (A) EoE children compared
with unaffected controls; and (B) EoE children, not on PPl compared to
non-EoE children, not on PPI.
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and qualification of a non-invasive biomarker for EoE would
help resolve some of these issues. Plasma would be an ideal
biofluid because it can be easily collected in a pediatric patient
in a clinic, hospital or laboratory setting. Ultimately, the goal
for the clinician is to be able to use a non-invasive test to aid
in diagnosing EoE and monitoring response to treatment with
dietary changes or topical steroids, especially since symptom
reporting can be challenging for children, and symptoms are not
always reliable indicators of disease severity.

The present study evaluated plasma metabolites, and
demonstrated, for the first time, key metabolite differences in
children with EoE compared to unaffected controls. Interestingly,
there were also distinct differences in metabolite concentrations
depending on PPI use.

Dimethylarginine

Of note, we found dimethylarginine to be upregulated in children
with EoE (regardless of PPI use) and it was also increased
in non-EoE children taking PPI. Dimethylarginine is a uremic
toxin that inhibits nitric oxide (NO) production by competing
with L-arginine at the active site of NO synthase and can
further be classified as symmetric or asymmetric (11). Our
study did not distinguish between these two stereoisomers, but
this can be done using HPLC. Elevations of both asymmetric
dimethylarginine (ADMA) and symmetric dimethylarginine
(SDMA) have been shown to play multifunctional roles in many
human diseases (12) and are implicated in promoting endothelial
injury (11). High levels of ADMA have been associated with
cardiovascular disease (11), chronic kidney disease (13), and
poor outcomes in asthma (14). Similarly, ADMA and SDMA
levels have been shown to be significantly elevated in patients
with inflammatory bowel disease (15), and chronic lymphocytic
leukemia (16). These studies collectively suggest that high
dimethylarginine levels are associated with poor outcomes in
various chronic and inflammatory conditions. Thus, it makes
sense for dimethylarginine to be increased in the plasma of
children with an inflammatory condition like EoE. Perhaps the
mechanism in EoE is that this endothelial dysfunction leads
to enhanced blood cell (eosinophil) migration and increased
local chemokine and/or cytokine release at the esophageal
level.

The elevation of dimethylarginine in non-EoE children on
PPI can be explained by previous research demonstrating
that PPIs increase ADMA levels because they bind to and
inhibit dimethylarginine dimethylaminohydrolase, the enzyme
that degrades ADMA (17). Dimethylarginine levels (or, more
specifically, ADMA or SDMA levels) should be further examined
as they may reflect EoE disease activity. This is especially of
interest because previous research has demonstrated that the
effects of ADMA can be counteracted by administration of the
NO precursor, L-arginine, likely via a direct competition for the
NO synthase enzyme (18). Thus, L-arginine could serve as a novel
therapeutic agent for EoE.

Putrescine
Perhaps even more important, we found putrescine to be
significantly increased in EoE children compared to controls,

as well as in EoE children not on PPI compared to controls
not on PPI. Putrescine is a toxic polyamine that is produced
during tissue decomposition by the decarboxylation of the urea
cycle byproducts arginine and ornithine (19). Putrescine has
been shown to contribute to the putrid odor of conditions
such as halitosis (bad breath) and bacterial vaginosis (20).
We hypothesize that there may be a relationship between
cell damage and turnover in EoE and increased levels of
putrescine.

Current developments in metabolic profiling technologies
have led to the emergence of rapid analysis of thousands
of molecules concurrently. However, understanding these
unique metabolic fingerprints and how they apply to disease
pathophysiology remains a challenge. Our study has several
weaknesses, including small sample size, and we did not
compare children with other types of esophagitis, such as
fungal, peptic, or caustic esophagitis. It is our opinion that
the main need for a marker is to follow the course of
already established EoE; that is, the initial diagnosis of this
chronic disease will not be replaced by finding a metabolic
signature.

Our findings represent an important step in the
development of more efficient and less invasive diagnostic
and disease-monitoring methods in EoE but future research
will need to investigate these candidate biomarkers in a
validation phase and better understand their role in the
various metabolic pathways. Additionally, the present study
revealed the importance in distinguishing patients based
on PPI use because it appears that PPI use influences
urea cycle-related metabolites. Thus, the optimal way to
measure urea cycle derivatives in patients with EoE may
be to determine their levels when the child is not taking
PPIL

Conclusions

Specific metabolites of the urea cycle related to methionine,
ornithine, and polyamine metabolism (especially putrescine)
are elevated in children with EoE, but they are modified
by PPI treatment. These metabolites may originate from
tissue destruction and remodeling. Further research
should seek to wvalidate these findings using sequential
determination of one or more of these markers,
determining reproducibility, variability, and specificity as
potential non-invasive markers during the evolution of
EoE.
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