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Gastroesophageal

Reflux Induces Protein
Adducts in the
Esophagus
Epidemiologic studies have identified
gastroesophageal reflux disease
(GERD) as the strongest risk factor
for esophageal adenocarcinoma.1

However, it remains not well under-
stood how gastroesophageal reflux
facilitates tumor development. In this
study, we investigated, for the first
time, the role of isolevuglandins
(isoLGs), which are formed through
free radical and enzymatic cyclo-
oxygenation of polyunsaturated fatty
acids.2 Structurally, isoLGs are catego-
rized as lipid-derived g-ketoaldehydes
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To investigate the reflux-induced
cellular alterations, we exposed
esophageal cells derived from the
normal esophagus (EPC2), Barrett’s
esophagus (CP-A), and cancer (TE-7) to
acidic growth medium (pH 4.0), sup-
plemented with 100 mM bile salts
cocktail (BA/A). The composition, total
bile salts concentration and pH, were
selected based on previous measure-
ments conducted in patients with
GERD.4 IsoLGs were analyzed using
D11 single chain antibody. This anti-
body was generated by screenings of
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amino acid sequences.5,6 We found
that treatment of esophageal cells with
acidic bile salts led to significant
accumulation of isoLG protein adducts
compared with untreated control
(Figure 1A, Supplementary Figure 1A
and B). Notably, multiple proteins
were adducted after treatment with
BA/A, which was indicated by a strong
increase in the intensities of multiple
protein bands. Induction of isoLG pro-
tein adducts was also observed using
immunofluorescence with D11 scFv
(Supplementary Figure 2).

The formation of LG-lysine lactam
adducts was further verified by
liquid chromatography-electrospray-
ionization-tandem mass spectrometry
in TE-7 cells. Our quantification
analyses were based on specific tran-
sitions from the molecular ion at
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amples. (B) Representative image (�20)
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Figure 2. Acidic bile salts cause the formation of adducts on p53 protein and its precipitation. (A) p53 protein is
precipitated after treatment of CP-A cells with BA/A. 2-HOBA prevents precipitation of p53 protein. (B) Analysis of isoLG
protein adducts using D11 scFv after immunoprecipitation of p53 protein with p53-specific antibody (DO1) in CP-A cells.
Exposure of esophageal cells to BA/A significantly increases levels of p53 protein adducts. Each analysis is representative of 3
independent experiments and values are expressed as mean ± standard deviation. D11 positivity was arbitrarily set at 1 in
control samples. Statistical analyses were performed with the Student t test. *P < .05, **P < .01. Ctrl, control; ns ¼ not
significant.
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m/z ¼ 479.2 to the specific fragment at
m/z ¼ 332.1. The elution of the 2
fragment ions found in BA/A-treated
samples was similar to the [13C6]
lysine–lactam internal standard. As
an additional control we analyzed
TE-7 cells treated with BA/A in the
presence of the specific isoLG
scavenger 2-hydroxybenzylamine (2-
HOBA; 50 mM).7 Mass spectrometry
analyses found an upregulation of
LG-lysine lactam adducts after treat-
ment of esophageal cells with BA/A.
Treatment with 2-HOBA inhibited the
effect of BA/A, providing further sup-
port to our findings (Supplementary
Figure 1C).

To investigate the formation of
isoLG protein adducts in vivo, we used
a mouse model of esophageal reflux
injury.8 A section of the mouse jejunum
was transected and then anastomosed
to the esophagus resulting in increased
reflux. Using immunohistochemistry
with D11 antibody, the levels of isoLG
protein adducts were compared in
esophageal specimens collected from
animals with reflux and control
animals with sham surgery (n ¼ 12).
We found significant accumulation
of isoLG protein adducts in the
esophagus of animals affected by reflux
(Figure 1B).

To further investigate isoLG
adducts in vivo, we conducted a small-
scale study in patients with GERD.
Esophageal biopsies collected from 10
GERD patients and 9 healthy in-
dividuals were immunostained with
D11 antibody and analyzed for isoLG
protein adducts. We found a trend
toward increasing formation of isoLG
protein adducts in patients with GERD
(P ¼ .07). An increased staining for
the isoLG adducts was observed in
50% (5 out of 10) of patients with
GERD (Figure 1C). Normal subjects
primarily showed low or undetectable
levels of isoLGs. Interestingly, some
patients with GERD showed a strong
nuclear staining showing that adducts
form on nuclear proteins (Figure 1C,
inset).

To investigate how induction of
isoLGs by reflux affects proteins, we
focused our studies on the regulation
of p53 protein because it plays a key
tumor suppressor role in the esoph-
agus. Given that isoLGs have strong
hydrophobic properties and may
cause protein aggregation,9 we
separately analyzed soluble and
insoluble cellular fractions, which
were prepared as described in the
Supplementary Methods section. Sur-
prisingly, we found that the solubility
of the p53 protein significantly
decreased after treatment with BA/A,
whereas the insoluble cellular fraction
was enriched with p53 protein aggre-
gates in all tested cell lines (Figure 2A,
Supplementary Figure 3A and B). p53
precipitation was prevented by
2-HOBA, suggesting that isoLGs are
responsible for the precipitation of p53
protein (Figure 2A, Supplementary
Figure 3A and B).

To directly analyze p53 protein
adducts, cellular lysates were immu-
noprecipitated with p53-specific anti-
body (DO1). The immunoprecipitated
p53 protein was then analyzed for the
isoLG adducts by Western blotting
using D11 scFv. We found that BA/A
led to the formation of p53 isoLG
protein adducts. Notably, 2-HOBA
inhibited the formation of adducts on
p53 protein further supporting our
findings (Figure 2B, Supplementary
Figure 3C). Then, the effect of
2-HOBA was compared with antioxi-
dants (tempol and N-acetylcysteine),
which were shown to inhibit the
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production of reactive oxygen species
by acidic bile salts at tested concen-
trations.10 Although both tested anti-
oxidants had some inhibitory effect,
suppression of isoLG protein adducts
was significantly stronger by 2-HOBA
(Supplementary Figure 4).

In summary, this study revealed,
for the first time, that gastroesophageal
reflux leads to the formation of isoLG
and accumulation of isoLG protein
adducts causing precipitation and
inactivation of p53 tumor suppressor.
We also found that isoLG scavenger
2-HOBA efficiently suppresses accu-
mulation of isoLG adducts in the
esophagus.
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Materials and Methods
Cell Lines
Human nontumorous esophageal cell
line (HET-1A), human Barrett’s
esophageal cell line (CP-A), and human
esophageal carcinoma cell line (TE-7)
were purchased from American Type
Culture Collection. The morphology,
karyotyping, and polymerase chain
reaction–based techniques were used
by American Type Culture Collection to
confirm the cell line identity. Human
immortalized esophageal epithelial
cells, EPC-2, were kindly provided by
Dr. Claudia Andl, University of Central
Florida. HET-1A cells were cultured in
Dulbecco’s modified eagle’s medium
(Life Technologies, Carlsbad, CA) and
TE-7 in RPMI (Life Technologies) me-
dia. Both Dulbecco’s modified eagle’s
medium and RPMI were supplemented
with 10% fetal bovine serum and
100 mg/mL penicillin/streptomycin.
EPC-2 and CP-A cells were cultured
in keratinocyte SFM media supple-
mented with 40mg/mL bovine pitui-
tary extract, 1.0 ng/mL epidermal
growth factor (Life Technologies), 5%
fetal bovine serum, and 100 mg/mL
penicillin/streptomycin. All cells were
cultured at 37�C in an atmosphere of
5% CO2.

Treatment With Acidic Bile
Salts, Tempol,
N-Acetylcysteine, and
2-Hydroxybenzylamine
Cells were treated in acidic Dulbecco’s
modified eagle’s media (pH 4.0), con-
taining bile salts cocktail at a final con-
centration of 100mM. The bile salt
cocktail was prepared with a combina-
tion of glycocholic, taurocholic, glyco-
deoxycholic, glycochenodeoxycholic,
and deoxycholic sodium salts (all re-
agents were from Sigma-Aldrich, St.
Louis, MO) at a concentration of 20mM
each. CP-A, TE-7, and HET-1A cells were
treated for 30 minutes, whereas EPC-2
cells were treated for 15 minutes and
then the media was replaced. The IsoLG
scavenger 2-hydroxybenzylamine
(2-HOBA) has been previously charac-
terized.1 Final concentration of 2-HOBA
was 50 mM. CP-A and EPC-2 cells
were treated with the antioxidants,

Tempol (4-hydroxy-2, 2, 6, 6-
tetramethylpiperydine-1-oxyl; Enzo
Biochem, Farmingdale, NY), and
N-acetylcysteine (Sigma-Aldrich), as
described previously.2

Antibodies, Cell Fractionation,
and Immunoprecipitation
The following antibodies were used:
b-actin (Sigma Aldrich), p53 (DO- 1;
Millipore, Burlington, MA), and anti-
mouse IgG HRP (Promega, Madison,
WI). D-11, an isoLG-lysyl adducts-
specific scFv antibody, has been
isolated from a phage display recom-
binant antibody library.3 The resulting
scFv antibody displays an E-tag
recognized by an anti-E-tag antibody.3

In our study, we used anti-E tag HRP-
conjugated secondary antibody from
Abcam (Abcam, Cambridge, UK). The
binding specificity of D11 scFv was
previously characterized.3

After treatment with acidic bile
salts, the cell lysates were sonicated
and centrifuged at 16,000 � g at 4�C
for 20 minutes. The supernatant, which
contains the soluble cellular fraction,
was carefully collected. The remaining
cell pellet, which contains the insoluble
cellular fraction, was washed twice,
resuspended in phosphate-buffered
saline containing protease inhibitor
cocktail (Sigma Aldrich), and sonicated.
Both soluble and insoluble cellular
fractions were analyzed by Western
blotting as described previously.4

p53 protein was immunoprecipi-
tated from total cell lysate using
p53 (DO-1) antibody and protein G
agarose (Roche, Basel, Switzerland).
The immunoprecipitated samples
were analyzed by Western blotting
using D11 antibody. The analyzed
membranes were stripped in the
Restore Western Blot Stripping Buffer
(ThermoFisher Scientific, Waltham, MA)
at þ50�C for 1 hour, washed, blocked
with 5% milk, and analyzed by Western
blotting with p53 (DO1) antibody.

Immunofluorescence
TE-7 and EPC-2 cells were grown on
chamber slides, treated with BA/A,
and cultured in fresh media for 18
hours. After fixation with methanol

and acetone mixture at a 1:1 ratio
(vol/vol) and blocking with 0.1%
Tween 20, the slides were incubated
with D11 antibody for 18 hours in a
humidified chamber, followed by in-
cubation with rabbit anti-E-tag and
goat antirabbit AlexaFluor 594 conju-
gated antibody (Invitrogen, Carlsbad,
CA) for 1 hour. After washing with
phosphate-buffered saline, the slides
were counterstained with 4, 6-
diamidino-2-phenylindole (DAPI; Ther-
moFisher Scientific) for 1 minute and
examined under a fluorescence micro-
scope (Olympus, Pittsburgh, PA). At
least 150 cells in 3–5 randomly selected
fields were analyzed.

Detection of Isolevuglandin
Protein Adducts in Animals
and Patients With
Gastroesophageal
Reflux Disease
Reflux in mice was induced by esoph-
agojejunal anastomosis, as previously
described.4 Esophagojejunostomy was
performed on 14 129SV mice of 8
weeks old according to the protocol
approved by the Vanderbilt University
Animal Care and Use Committee. The
esophageal and gastroesophageal
areas from animals with esoph-
agojejunostomy and sham surgery
were harvested 3 weeks after surgery,
paraffin-embedded, and analyzed by
immunohistochemistry with D11 anti-
body. The negative control was per-
formed by omitting the primary
antibody. Indices of D11 positivity
were scored and compared in test and
control groups of animals.

Nineteen archival esophageal
biopsies collected at Vanderbilt Uni-
versity Medical Center from patients
with GERD and healthy individuals
were used for analyses. The use of all
human pathology specimens for
research was approved by the institu-
tional review board. Because only dei-
dentified tissues were included in this
retrospective study, the institutional
review board waived the requirements
for informed consent. Immunohisto-
chemical staining was done with D11-E
tag antibody (1 mg/mL) and anti-E tag
HRP-conjugated antibody.
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Immunohistochemical Analyses
The intensity of staining was graded as
0 (negative), 1 (weak), 2 (moderate),
or 3 (strong). The frequency was
graded according to the percentage of
positive cells. Total scores were calcu-
lated by multiplying the intensity score
by the percentage of positive cells.
The individuals scoring the tissue
were blinded.

Detection of Levuglandinyl-
Lysine Lactam Using Liquid
Chromatography/Electrospray
Ionization/Tandem Mass
Spectrometry
TE-7 cells were treated with acidic bile
salts and collected at the indicated
time points. Cells were incubated with
indomethacin and pyridoxamine in
phosphate-buffered saline, pH 7.4 at
4�C for 30 minutes, homogenized, and
centrifugated at 18,000 � g for 10
minutes. Proteins were subjected to
complete enzymatic digestion using
pronase (1 mg protease per mg of
protein) overnight. Samples were then
heated at 98�C for 10 minutes, and
after cooling, 0.3 mL aminopeptidase M

(Calbiochem, EMD Chemicals, Gibbs-
town, NJ) was added per mg of protein.
The digest was incubated at 37�C for
18 hours. The liquid chromatography/
electrospray ionization/tandem mass
spectrometry of LG adducts was car-
ried out as previously described.5

Statistical Analyses
Statistical analysis was performed
using the Student t test and
Mann-Whitney test, depending on
the data set. Results were shown as
mean ± standard deviation and
considered significant if P < .05.

Study Approval
All experimental protocols were
approved by the Institutional Animal
Care and Use Committee and institu-
tional review board of Vanderbilt
University Medical Center.
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Supplementary Figure 1. Formation of isoLG protein adducts in vitro. (A) EPC-2 cells were treated with BA/A for 15
minutes and analyzed for isoLG protein adducts with D11 antibody. Treatment with BA/A led to significant accumulation of
isoLG adducts in EPC-2 cells. D11 positivity was arbitrarily set at 1 in control samples. (B) The same as A, but CP-A cells are
shown. (C) Representative mass spectrometry chromatograms show levels of isoLG-lysine lactam adducts in cellular extracts
collected from control (untreated) and BA/A-treated TE-7 cells in the presence or absence of 2-HOBA. Statistical analyses
were performed with the Student t test. *P < .05, **P < .01. Data are represented as mean ± standard deviation.
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Supplementary Figure 2. Representative images of isoLG-positive cells. Analyses were performed using immunofluo-
rescence with D11 antibody after treatment with BA/A for 18 hours. Cell nuclei were stained with DAPI. Significant increase in
isoLG positivity was found in treated EPC-2 (A) and TE-7 (B) cells. ***P < .001. At least 150 cells were assessed in each
experiment. Statistical analyses were performed with Student t test. Data are represented as mean ± standard deviation.
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Supplementary Figure 3. Acidic bile salts cause the formation of adducts on p53 protein and its precipitation. (A) p53
protein is precipitated after treatment of EPC-2 cells with BA/A. 2-HOBA prevents precipitation of p53 protein. (B) The same as
A, but HET-1A cells are shown. (C) Analysis of isoLG protein adducts using D11 scFv after immunoprecipitation of p53 protein
with p53-specific antibody (DO1) in EPC-2 cells. Exposure of esophageal cells to BA/A significantly increases levels of p53
protein adducts. Each analysis is representative of 3 independent experiments and values are expressed as mean ± standard
deviation. D11 positivity was arbitrarily set at 1 in control samples. Statistical analyses were performed with the Student t test.
*P < .05, **P < .01.
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Supplementary
Figure 4. Effect of
2-HOBA, Tempol, and
NAC on the formation of
isoLG protein adducts.
EPC-2 and CP-A cells
were treated with BA/A
alone or in combination
with either 2-HOBA or 20
mM of Tempol or 20 mM of
NAC. Treated cells were
collected and analyzed for
the formation of isoLG
protein adducts. D11 pos-
itivity was arbitrarily set
at 1 in control samples.
Results from 3 indepen-
dent experiments are
shown. Statistical analyses
were performed with the
Student t test. *P < .05,
**P < .01, ***P < .001. Data
are represented as mean ±
standard deviation. NAC,
N-acetylcysteine.
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Supplemental Graphical Summary.
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