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Abstract
Esophageal adenocarcinoma (EAC) is the most frequent malignancy in the esophagus in the US and
its incidence has been rising rapidly in the past few decades. Chronic gastroesophageal reflux
disease (GERD), where the esophageal epithelium is abnormally exposed to acid and bile salts, is a
pro-inflammatory condition that is the main risk factor for the development of Barrett’s esophagus
(BE) and its progression to EAC. Glutathione peroxidase 7 (GPX7) is frequently silenced through
DNA hypermethylation during Barrett’s tumorigenesis. In this study, we investigated the role of
GPX7 in regulating the bile salts-induced inflammatory signaling in Barrett’s carcinogenesis. Using
quantitative real-time PCR (qRT-PCR), we demonstrated a significant induction in the expression
levels of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-8) and chemokines (CXCL-1 and
CXCL-2) in esophageal cells after exposure to acidic (pH4) or neutral (pH7) bile salts. Western
blot analysis showed that exposure to acidic and neutral bile salts increased p-NF-κB-p65 (S536)
protein levels independent of ROS. Reconstitution of GPX7 expression in EAC cells abolished the
increase of p-p65 (S536) protein levels and mRNA expression of cytokines and chemokines upon
treatment with acidic and neutral bile salts. Examination of human primary EAC tissues by
qRT-PCR demonstrated significant overexpression of cytokines (TNF-α, IL-1β and IL-8) in EAC
samples, as compared to normal samples, with significant inverse correlation with GPX7 expression level. Taken together, the loss of GPX7 expression promotes bile salt-induced activation of
pro-inflammatory cytokines and chemokines; important contributors to GERD-associated Barrett’s carcinogenesis.
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Introduction
Esophageal adenocarcinoma (EAC) is the most
frequent malignancy in the esophagus in the US. The
incidence rate for EAC has increased 4–10% per year
among men since 1976, more rapidly than for any
other type of cancer [1]. The current paradigm suggests that EAC develops through chronic gastro-esophageal reflux disease (GERD), Barrett’s

esophagus (BE), dysplasia, and adenocarcinoma sequence [2-4]. GERD is a condition whereby esophageal epithelium of the lower esophagus is abnormally
exposed to a mixture of acid and bile salts [3, 5].
GERD is associated with mucosal injury and inflammation and leads to the development of BE which
consists of metaplastic glandular intestinal cells, the
http://www.jcancer.org
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main risk factor for the development of EAC [6-8]. The
risk of developing EAC is 30 times higher for chronic
GERD patients and up to 125 times higher for GERD
patients with BE than for the general population [4, 6].
In this regard, EAC is considered an example of inflammation-associated cancer [2].
Chronic inflammation has been consistently
linked with human carcinogenesis in several cancer
types [9, 10]. Nuclear factor-kappa B (NF-κB) is one of
the few key regulatory signaling molecules; the aberrant activation of NF-κB is associated with inflammation and cancer in mouse models and human disease
[11-14]. Activation of NF-κB plays an important role
in integrating multiple stress stimuli and regulating
immune responses [14, 15]. A variety of stimuli such
as infections, inflammatory cytokines, UV-irradiation
and oxidative stress, can activate NF-κB signaling.
Bile acids, in particular, deoxycholic acid has been
shown to activate NF-κB pathway [16, 17]. Upon activation of NF-κB by phosphorylation, it translocates
to the nucleus where it regulates the transcription of
several pro-inflammatory cytokines such as TNF-α,
IL-1β, IL-6, and IL-8 and chemokines such as CXCL-1
and CXCL-2 [14, 18].
The glutathione peroxidases (GPXs) are composed of a major antioxidant enzyme family with 8
members, GPX1-GPX8 [19]. We have previously
shown that GPX7 has very limited or none of the
glutathione peroxidase enzyme activity but can neutralize H2O2 in vitro independent of glutathione and
protect normal esophageal epithelia from acidic bile
salts-induced oxidative stress, oxidative DNA damage and double strand breaks [20]. GPX7 can alleviate
oxidative stress generated from polyunsaturated fatty
acid metabolism [21] and may act as an oxidative
stress sensor that regulates GRP78 chaperone activity
to reduce oxidative stress [22]. A recent discovery
showed that GPX7 deficiency in mice leads to systemic oxidative stress, increased tumor incidence and
shortened life span [22], consistent with our recent
findings showing that GPX7 possesses tumor suppressor functions in EAC [23]. Loss of expression and
dysfunction of GPX7 are frequent in EAC and its
precancerous lesions [20, 23, 24]. In the present study,
we show that GPX7 has a potential role in modulating
the expression of bile salts-induced pro-inflammatory
cytokines associated with Barrett’s carcinogenesis.

Materials and methods
Cell lines
The immortalized human normal esophageal
squamous cell line (HET1A) and the esophageal adenocarcinoma cell lines (FLO-1 and OE33) were obtained from American Type Culture Collection
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(ATCC, Manassas, VA) and were cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum and antibiotics
(Invitrogen, Carlsbad, CA). Immortalized Barrett’s
esophagus cell line (BAR-T, a kind gift from Dr.
Rhonda Souza) was cultured with epithelial cell medium 2 (ScienCell, Carlsbad, CA), supplemented with
5% fetal bovine serum and antibiotics on primaria
plates and flasks (BD Biosciences, Bedford, MA). All
cell lines were grown at 37°C in 5% carbon dioxide.

Chemicals
A bile salts cocktail consisting of an equal molar
mixture of sodium salts of glycocholic acid, taurocholic
acid,
glycodeoxycholic
acid,
glycochenodeoxycholic acid, and deoxycholic acid was
prepared in reflection to the mixture of bile acids in
distal esophagus during gastro-esophageal reflux
disease, as previously reported [25]. In all experiments, we used 100 µM of the bile salts cocktail (20
μM of each of the above bile salts) final concentration
in either pH4 or pH7 medium.

Tissue samples
55 frozen tissue samples (30 EAC, 25 normal
esophagus samples) were collected. All tissue samples
were de-identified and obtained from the archives of
pathology at Vanderbilt University (Nashville, TN)
and from the National Cancer Institute Cooperative
Human Tissue Network. The use of specimens from
the tissue repository was approved by the Vanderbilt
Institutional Review Board. All EAC originated from
the lower esophagus or gastro-esophageal junction
corresponding to AEG type 1, as previously described
[26].

Quantitative real-time RT-PCR analysis of
gene expression
Total RNA was isolated using the RNeasy mini
kit (Qiagen, Valencia, CA). Single-stranded complementary DNA was subsequently synthesized from
RNA using the iScript cDNA synthesis kit (Bio-Rad,
Hercules, CA). Quantitative real-time RT-PCR
(qRT-PCR) was performed using a CFX Connect real-time system (Bio-Rad) with the threshold cycle
number determined by the use of Bio-Rad’s CFX
manager 3.0 software. The sequence of primers is
provided in Table 1. For primary tissues, the mRNA
expression result was first normalized to the average
value of HPRT1 of the same sample, and then compared to the value of the matched normal or the average normal if the matched normal sample was not
available. For in vitro assays, the mRNA expression
result was first normalized to the average value of
HPRT1 of the same sample then compared to the
value of the untreated control cells [24, 27].
http://www.jcancer.org
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Table 1: Primers used in quantitative real time RT-PCR.
Gene name
GPX7
TNF
IL-6
IL-8
IL-1β
CXCL1
CXCL2
HPRT1

RefSeq No.
NM_015696
NM_000594
NM_000600
NM_000584
NM_000576
NM_001511
NM_002089.3
NM_000194

Forward primer
AACTGGTGTCGCTGGAGAAG
TCTTCTCCTTCCTGATCGTG
CCCTGAGAAAGGAGACATGTAA
TCCTGATTTCTGCAGCTCTGT
CAGCCAATCTTCATTGCTCA
GAAAGCTTGCCTCAATCCTG
CTCAAGAATGGGCAGAAAGC
TTGGAAAGGGTGTTTATTCCTCA

Construction of GPX7 expression plasmids
A full length of GPX7 coding sequence with Flag
tag was amplified from normal cDNA by PCR using
Platinum PCR SuperMix High Fidelity (Invitrogen)
and was cloned into PcDNA 3.1 and pACCMV.pLpA
plasmids, as previously described [20]. For stable
transfection,
cells
were
transfected
with
PcDNA-GPX7 or PcDNA 3.1 control plasmids. Cells
were selected in G418 (600 µg/ml) for two weeks. For
transient expression of GPX7, cells were infected with
5 MOI (multiplicity of infection) of GPX7 expression
or control adenoviruses. 48h after infection cells were
used for experiments.

Western blotting analysis
Western blot analysis was performed using
standard protocol. Protein concentration of lysates
with proteinase and phosphatase inhibitors was
measured by a Bio-Rad protein assay using a FLUO
Star OPTIMA microplate reader (BMG). Equal
amounts of proteins were loaded onto 12.5%
SDS-PAGE and transferred to nitrocellulose membrane. Anti-GPX7 antibody was purchased from Proteintech Group (Chicago, IL). Anti-p65 and anti-p-p65
(S536) antibodies were obtained from Cell Signaling
(Danvers, MA). The quantification of the protein
bands intensity was performed using ImageJ software
(NIH) and was normalized to the corresponding band
density of the β-actin of the same samples.

Statistical analysis
Data are expressed as the mean ± SD for parametric data. Unpaired Student t test was performed
for two independent variables. Spearman’s correlation analysis was used to analyze the correlation between GPX7 expression and TNF-α, IL-1β, or IL-8
expression in esophageal tissues. All statistical analyses were done using GraphPad Prism 4 software. For
all analyses, P≤.05 is considered statistically significant.

Reserve primer
AAACTGGTTGCAGGGGAAG
GCCAGAGGGCTGATTAGAGA
TCTTTTTCAGCCATCTTTGGA
AAATTTGGGGTGGAAAGGTT
GGCCATCAGCTTCAAAGAAC
CACCAGTGAGCTTCCTCCTC
CTTCAGGAACAGCCACCAAT
TCCAGCAGGTCAGCAAAGAA

Product size (bp)
161
118
100
107
121
107
134
146

Results
Acidic and neutral bile salts induce the
expression of pro-inflammatory cytokines and
chemokines in esophageal cells
The bile salts and gastric acid components of
GERD induce mucosal damage and inflammation in
the distal region of the esophagus. To mimic the
pathophysiological condition in GERD, a bile salts
cocktail was prepared using a mixture of 5 bile salts
that mimic human conditions, as described in Materials and Methods section. To investigate if this bile
salts cocktail can induce pro-inflammatory cytokines
and chemokines, we treated normal esophageal
squamous cells (HET1A), Barrett’s esophageal cells
(BAR-T), and esophageal adenocarcinoma cells
(FLO-1 and OE33) with the cocktail at pH4 (mimicking GERD) or pH7 to exclude the acid effects. Interestingly, both treatment conditions induced a significant increase in mRNA expression levels of major
cytokines (TNF-α, IL-1β, IL-6, and IL-8) and chemokines (CXCL-1 and CXCL-2) as compared to untreated
control cells (Figure 1A-D), suggesting bile salts as the
major pro-inflammatory component of GERD.
Nonetheless, a relatively higher expression for most of
the cytokines and chemokines was observed at the
acidic conditions, suggesting an additive effect of acid
(Figure 1A-D).

Acidic and neutral bile salts mediate
phosphorylation and activation of NF-κB in
esophageal cells
Because the pro-inflammatory cytokines and
chemokines are known transcriptional targets of
NF-κB, we next investigated whether bile salts could
activate NF-κB signaling. Our Western blot analysis
data indicated that treatment of esophageal cells with
acidic or neutral bile salts induced a marked increase
in p-p65 (S536) protein levels (Figure 2A-D). Interestingly, we did not observe significant differences in the
levels of p-p65 (S536) protein between acidic and
neutral bile salts treatment conditions (Figure 2A-D).
This finding is in agreement with our observation of
http://www.jcancer.org
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further supports our conclusion that bile salts com-
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ponents, and not acidity, are the main mediators of
the pro-inflammatory signaling in Barrett’s cells.

Figure 1: Acidic (pH4) and neutral (pH7) bile salts up-regulate cytokines and chemokines expression in esophageal cells. HET1A (A, normal esophageal
squamous cells), BAR-T (B, Barrett’s esophagus cells), FLO-1 (C, EAC cells), and OE33 (D, EAC cells) were treated with acidic (pH4) and neutral (pH7) bile salts for 10 min, qRT
PCR was used to analyze mRNA expression of the cytokines (TNF-α, IL-1β, IL-6, and IL-8), and chemokines (CXCL-1 and CXCL-2). pH4 BS, acidic bile salts; pH7 BS, neutral bile
salts; Ctrl, control untreated. *P<.05, **P<.01, ***P<.001.

Figure 2: Acidic (pH4) and neutral (pH7) bile salts induce activation of NF-κB in esophageal cells. HET1A (A), BAR-T (B), FLO-1 (C) and OE33 (D) cells were
treated with acidic (pH4) and neutral (pH7) bile salts for 10 min. Cells were then harvested and Western blot analysis was used to determine the protein level of p-p65 (S536).
The relative protein band density of p-p65 (S536) was normalized to β-actin.
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of p-p65 (S536) as compared to untreated control cells
(Figure 3). However, pre-treatment of the cells with
Tiron (1h prior to bile salts exposure) failed to block
the induction of p-p65 (S536) protein expression by
bile salts (Figure 3). These results indicated that ROS
plays a minimal role, if any, in the activation of NF-κB
pathway by bile salts.

Figure 3: Bile salts-induced activation of NF-κB is independent of ROS.
OE33 cells were treated with acidic (pH4) bile salts (pH4 BS, 100 µM for 10 min),
Tiron (10 mM for 1 h) or Tiron (10 mM for 1 h) followed by acidic bile salts (pH4 BS,
100 µM for 10 min). Western blot analysis was used to determine the p-p65 (S536)
protein level. The relative protein band density of p-p65 (S536) was normalized to
β-actin.

Bile salts-induced activation of NF-κB signaling
is largely independent of ROS
Previous studies have shown that activation of
NF-κB could occur through reactive oxygen species
(ROS) [28]. To examine if ROS mediates the activation
of NF-κB by bile salts in esophageal cells, we utilized
Tiron compound, a universal ROS scavenger [29].
Treatment of OE33 cells with Tiron (10 mM) alone
significantly diminished the basal protein expression

GPX7 expression suppresses the bile
salts-induced activation of NF-κB and the
up-regulation of the cytokines and chemokines
We have previously shown that GPX7 plays a
tumor suppressor function in esophageal adenocarcinoma [23]. Aberrant activation of NF-κB has been
associated with inflammation and tumor development and progression [11, 30, 31]. Therefore, we next
examined if GPX7 could suppress the NF-κB activation induced by exposure to bile salts. As expected,
treatment of FLO-1 cells with bile salts induced a
marked increase in p-p65 (S536) protein level as
compared to untreated control cells (Figure 4A).
However, the reconstitution of GPX7 expression abrogated the bile salts-induced
increase of p-p65 (S536) protein
level in FLO-1 cells (Figure 4A).
These results were confirmed in
a different esophageal adenocarcinoma cell model (OE33)
(Figure 4B). The qRT-PCR data
demonstrated that expression of
NF-κB target genes, cytokines
(TNF-α, IL-1β, IL-6, and IL-8)
and chemokines (CXCL-1and
CXCL-2), were significantly
suppressed in FLO-1 cells stably
expressing GPX7 as compared to
control cells (Figure 4 C).

Figure 4: GPX7 suppresses bile salts-induced
activation of NF-κB and expression of cytokines and chemokines. FLO-1 cells (A) stably
expressing GPX7 (GPX7) or control plasmid
(PcDNA), and OE33 cells (B) transiently expressing
GPX7 (Ad-GPX7) or control (Ad-CTRL) were
treated with acidic (pH4) or neutral (pH7) bile salts
for 10 minutes. Western blot analysis was used to
determine the p-p65 (S536) protein level. The
relative protein band density of p-p65 (S536) was
normalized to β-actin. C) qRT-PCR analysis of gene
expression of NF-κB target genes (TNF-α, IL-1β,
IL-6, IL-8, CXCL1, and CXCL2) in FLO-1 cells stably
expressing GPX7 (GPX7) or control plasmid
(PcDNA) after exposure to acidic (pH4) or neutral
(pH7) bile salts. *P<.05, **P<.01.
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Figure 5: GPX7 expression is inversely correlated with TNF-α, IL-1β
and IL-8 expression in esophageal tissues. qRT-PCR analysis was performed to determine mRNA expression levels of TNF-α, IL-1β, IL-8, and GPX7
in a panel of human esophageal adenocarcinoma and normal esophageal tissue
samples. The relative fold mRNA expression is shown for TNF-α (A), IL-1β (C),
and IL-8 (E) in normal and EAC samples. The Spearman rank correlation analysis
is shown for each gene (right panels). An inverse correlation between GPX7 and
TNF-α (B, r=-0.33, P=.020), IL-1β (D, r=-0.33, P=.017), and IL-8 (F, r=-0.28,
P=.048) is shown.

GPX7 expression is inversely correlated
with expression of pro-inflammatory
cytokines in human esophageal tissues
We have previously reported that GPX7 is
frequently silenced in Barrett’s carcinogenesis
through location-specific promoter DNA hypermethylation [23, 24]. We next examined if the loss
of GPX7 expression correlates with the major
pro-inflammatory cytokines associated with
NF-κB activation in EAC. Using qRT-PCR, we
evaluated the gene expression of TNF-α, IL-1β and
IL-8 in a panel of normal esophageal and EAC
samples. We found that expression of these cytokines was significantly up-regulated in EAC as
compared to normal esophageal samples (Figure
5A, C and E). Notably, GPX7 expression was significantly inversely correlated with TNF-α expression (Figure 5B, r=-0.33, P=0.020), IL-1β expression
(Figure 5D, r=-0.33, P=0.017), and IL-8 expression
(Figure 5F, r=-0.28, P=0.048).

Discussion
In this study, we have shown that both acidic
(pH4) and neutral (pH7) bile salts induce significant up-regulation of pro-inflammatory cytokines
in esophageal cells through activation of NF-κB
pathway. We also show that GPX7 can suppress
the up-regulation of these cytokines through inhibiting the bile salts-induced phosphorylation and
activation of NF-κB-p65. These findings suggest that
bile salts components, and not acid, are the critical
factors that mediate the pro-inflammatory signaling
in esophageal cells in GERD conditions. For the first
time, our data demonstrated that GPX7 can suppress
bile salts-induced inflammatory responses and expression of cytokines and chemokines associated with
Barrett’s carcinogenesis.
Chronic inflammation has long been associated
with
carcinogenesis
through
sustaining
pro-inflammatory oncogenic signaling, angiogenesis,
and immune suppression [9, 10]. This has been further
supported by the observed reduced risk of many
cancers following the long-term use of non-steroidal
anti-inflammatory drugs (NSAIDs) [32]. EAC is developed from Barrett’s esophagus resulting from

GERD-associated chronic mucosal injury and inflammation in the distal region of the esophagus [2, 3].
Epidemiological studies implied a decrease in the risk
of cancer development in patients with BE with the
use of aspirin and NSAIDs [33, 34]. We have observed
a significant up-regulation of pro-inflammatory cytokines such as TNF-α, IL-1β and IL-8 in human EAC
tissue samples. We also found that acidic (pH 4.0) and
neutral (pH 7.0) bile salts could induce up-regulation
of pro-inflammatory cytokines and chemokines
(TNF-α, IL-1β, IL-6, IL-8, CXCL-1, and CXCL-2) in
esophageal normal squamous, Barrett’s, and adenocarcinoma cells, albeit at lower levels at pH 7.0. These
genes are known to promote carcinogenesis in several
organs [9, 11, 35]; therefore they may participate in
initiating BE or promoting the progression to EAC [2,
36]. These results also suggest that anti-acid therapy
http://www.jcancer.org
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such as administering proton pump inhibitors to
GERD patients [37-39] alone may not be sufficient to
reduce the risk associated with bile salts components
and calls for novel treatment that could alter the
composition of the refluxate. In fact, in spite of the
widespread use of proton pump inhibitors, the incidence of EAC has been steadily rising during the last
three decades [40-42]. Recent studies have suggested
that hydrophilic urodeoxycholic acid (UDCA) treatment can alter the composition of bile salts in the reflux and block bile-induced NF-κB; therefore UDCA
could have a therapeutic window in treatment of BE
and/or prevention of Barrett's-associated carcinogenesis [43].
NF-κB is a key regulator of the inflammatory
process that has been shown to be activated in EAC [8,
15, 31]. Because the above cytokines and chemokines
are known target genes of activated NF-κB, we sought
to identify if the bile salts-induced up-regulation of
cytokines and chemokines is attributable to the activation of NF-κB. Our data show that both acidic (pH4)
and neutral (pH7) bile salts could rapidly induce activation of NF-κB as demonstrated by increased p-p65
(S536) after only 5-10 minutes exposure to the bile
salts. Although exposure to acidic bile salts induced
higher levels of gene expression of the majority of
cytokines and chemokines than neutral bile salts, we
did not observe a marked difference in the p-p65
(S536) protein level between the two treatments.
These results suggest that, in addition to NF-κB, other
molecular signaling such as STAT3 may also be selectively activated by acidic bile salts which could account for the up-regulation of some cytokines and
chemokines as compared to neutral bile salts.
Bile salts have been shown to induce intracellular ROS [12, 20], and ROS could induce activation of
NF-κB [28, 44]. We investigated if the observed bile
salts-induced activation of NF-κB is mediated by ROS.
Our data showed that Tiron (a ROS scavenger) alone
reduced p-p65 protein level in esophageal cells, indicating that ROS is capable of inducing activation of
NF-κB. However, pretreatment of cells with Tiron
failed to block the activation of NF-κB by bile salts.
These results clearly indicate that ROS plays a minimal role, if any, in the bile salts-induced activation of
NF-κB. Of note, in our cell model, we applied short
time exposure (5-10 min) of bile salts (100 µM) to the
cells to mimic the pathophysiological condition of
GERD. However, our results cannot exclude the possibility that ROS plays a larger role in activation of the
NF-κB when treating cells with bile salts at higher
concentration or longer time. To elucidate the molecular mechanisms by which bile salts activate the
NF-κB pathway further investigation is required.
GPX7 is a recent member of the antioxidant en-
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zyme family, glutathione peroxidases. We have recently reported that GPX7 protects esophageal epithelia from acidic bile salts-induced oxidative DNA
damage and double strand breaks through modulating intracellular ROS [20]. We also demonstrated that
GPX7 has a tumor suppressor function that is silenced
through location specific DNA hypermethylation in
Barrett’s carcinogenesis [23]. In the present study, we
show that GPX7 can suppress the bile salts-induced
activation of NF-κB and up-regulation of
pro-inflammatory, pro-tumor cytokines and chemokines, further supporting a tumor suppressor function
of GPX7 in EAC. Interestingly, a recent study has
shown GPX3 hypermethylation and underexpression
in human colon cancer. This study demonstrated that
GPX3-deficient mouse model exhibited increased inflammation and tumor number, suggesting that loss
of GPX3 is involved in inflammatory colonic tumorigenesis [45]. Of major importance, the fact that neutral bile salts are still capable of activating NF-κB
pathway and up-regulating pro-inflammatory cytokines and chemokines in esophageal epithelium,
strongly suggests that strategies focusing on reducing
acids only in GERD patients may not be sufficient to
prevent the development of BE and/or progression to
EAC. This may also explain the sustained increase in
the incidence of EAC in the Western population [46,
47]. In this context, novel strategies that can restore
and/or induce GPX7 expression need to be developed
to abrogate the reflux-induced activation of NF-κB
and pro-inflammatory signaling by bile salts.
In summary, our studies suggest that the
down-regulation of GPX7 expression in Barrett’s tumorigenesis may trigger bile salts-induced activation
of pro-inflammatory NF-κB signaling and Barrett’s
tumorigenesis.
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