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and, for their development, a clearer 
understanding of the molecular mecha-
nisms involved in GERD pathogenesis is 
required.

 Traditionally, the caustic chemical 
injury inflicted by acidic gastric contents 
on the esophageal epithelium was seen as 
the primary culprit in the pathogenesis of 
GERD. More recent evidence suggests that 
immune-mediated mechanisms are in-
volved, and, accordingly, acid suppression 
alone is not sufficient to treat the condition 
in all patients. Souza et al. (3) showed 
that reflux induces interleukin (IL)-8 se-
cretion from the esophageal epithelium 
and that infiltration of inflammatory cells 
takes place before the appearance of any 
erosion on the surface of the esophageal 
epithelium. These and other findings (4–6) 
suggest that gastro-esophageal reflux may 

 Current therapy of GERD relies pre-
dominantly on the use of proton pump 
inhibitors (PPI). However, although 
PPIs are extremely effective in mucosal 
healing, they are not always effective in 
relieving heartburn. Up to 40% of GERD 
patients are refractory to PPI therapy 
and continue to experience symptoms 
while on PPIs (2). Accordingly, addi-
tional treatment options are needed 

INTRODUCTION
Gastro-esophageal reflux disease 

(GERD) is one of the most common con-
ditions confronting gastroenterologists, 
with an incidence exceeding 20% in the 
Western world (1). The disease strongly 
compromises the patients’ quality of life 
and may lead to long-term implications, 
such as Barrett esophagus and esopha-
geal adenocarcinoma.
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Immunohistochemistry
Paraffin-embedded tissues were cut 

into 4-μm-thick sections and mounted 
on object slides with charged surface 
and stained with rabbit anti-GPR84 
(G-protein–coupled receptor 84) or anti–
IL-17 antibody. For determination of pro-
tein expression, the UltraVision polymer 
detection method was used as previously 
described (12).

Determination of Inflammatory 
Mediators

Whole cell lysates were used for 
the semiquantitative determination 
of 29 cytokines using a commercially 
available rat Proteome-Profiler cytokine 
array kits. Three membranes were used 
for each treatment group, with pooled 
samples from two to three animals per 
membrane. In addition, IL-1β and tumor 
necrosis factor (TNF)-α were quantified 
by rat-specific enzyme-linked immu-
nosorbent assay (ELISA) (Quantikine, 
R&D Systems). Whole cell lysates were 
equalized to 200 μg protein and esti-
mated according to the manufacturer’s 
instructions.

Nuclear Factor (NF)-jB p65
NF-κB p65 DNA binding was measured 

in whole cell lysates by using a TransAM 
NF-κBp65 immunoassay-based kit.

Gene Microarrays
RNA was isolated from tissue and 

blood samples by a PaxGene tissue RNA 
kit and PaxGene blood RNA kit. The 
gene modulation was determined by 
gene microarrays in four animals per 
group as described previously (13). Full 
array data were submitted to GEO repos-
itory (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE63403).

Reverse Transcription and 
Quantitative Real-Time Polymerase 
Chain Reaction (qRT-PCR)

The following genes that were highly 
affected by the treatment and/or be-
longed to different biological pathways 
were selected for qRT-PCR: IL-6, IL-17D, 
CCL4, CXCL1, GPR84 and vascular 

Antibodies
See the Data Supplement.

Induction of Reflux Esophagitis
Reflux esophagitis was induced 

according to Omura et al. (11) with 
few modifications (ligation with 2-0 
silk thread; 3-mm-long piece of 18-Fr 
Nelaton catheter). The study was car-
ried out according to The European 
Communities Council Directive of 1986 
(86/609/EEC) and approved by the 
Ethical Committee for Animal Experi-
mentation (NRW, Germany).

Experimental Design
Adult male Wistar rats were blindly 

allocated to five groups. Two groups 
received water, two received STW5 (0.5 or 
2 mL/kg) and one received omeprazole 
(30 mg/kg) by oral gavage once daily 
starting 7 d before induction of esophagi-
tis. One of the vehicle-treated groups was 
sham-operated. Esophagitis was induced 
in all other groups as described above. 
Animals were treated for a further 10 d 
and were then sacrificed under anesthesia. 
During anesthesia, blood for RNA analysis 
was withdrawn from the posterior vena 
cava. Finally, the lower 3 cm of the esoph-
agus were excised, opened longitudinally, 
examined macroscopically and scored 
according to the severity of damage (0 = no 
visible damage to 5 = perforation).

 Esophageal samples were weighed 
and cut into three parts: one fixed in 10% 
formalin and embedded in paraffin, one 
stored at –80°C in an RNAlater® tube for 
RNA array analysis and one used to pre-
pare whole cell lysates and stored at –80°C.

Histopathological Examination
The 5-μm-thick paraffin sections were 

stained with hematoxylin-eosin and exam-
ined under a microscope. From each block, 
six sections were randomly chosen for 
examination by a histologist blinded to the 
treatment, and each was assigned a dam-
age score, where 0 = no apparent damage, 
1 = slight inflammation (edema, infiltration), 
2 = moderate inflammation (epithelial dam-
age) and 3 = severe inflammation (severe 
edema, extended ulceration, abscess).

activate inflammatory pathways first and 
then impair esophageal barrier function 
later. However, the mechanisms involved 
in such an inflammatory process require 
further elucidation.

In the present study, we established 
a subchronic surgical model of reflux 
esophagitis in rats. The effects of reflux 
induction were analyzed with a focus on 
the esophageal tissue using macroscopic 
and microscopic parameters, proteome- 
and RNA-microarray profiling, immuno-
histochemistry and Western blots (WBs). 
To further elucidate acid suppression–
independent mechanisms in the treat-
ment of GERD, we used omeprazole, a 
PPI used as standard treatment for GERD 
with additional acid-independent anti-
inflammatory effects (7,8), and STW5, 
a herbal combination preparation with 
potent antiinflammatory activity, which 
has been shown to relieve heartburn and 
other concomitant reflux symptoms in 
patients with functional dyspepsia (9) 
and to be effective in a pharmacological 
model of acute reflux esophagitis without 
affecting the pH of the refluxate (10). The 
impact of inducing esophagitis in our rat 
model and the results of both treatments 
thereupon were assessed. Because both 
agents act through mechanisms inde-
pendent of acid-suppressing activity, it 
is hoped that the study would lead to 
identifying novel interesting pathways 
that are involved in the pathogenesis of 
GERD. Normal human esophageal squa-
mous cell line HET-1A and human endo-
scopic biopsies have also been examined 
in an attempt to correlate our experimen-
tal findings with the human situation.

MATERIALS AND METHODS
See the Data Supplement for detailed 

methodology and material sources.

Drugs
STW5 (Iberogast®; see the Data 

Supplement for constituents and stan-
dardization) was provided by Steiger-
wald Arzneimittelwerk as lyophilized 
powder. It was freshly reconstituted in 
water before use. Omeprazole was pur-
chased from Sigma-Aldrich.
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 To elucidate the internal structure of 
the inflammatory mediators assessed 
by proteome profiling, a factor anal-
ysis was calculated (15). See the Data 
Supplement for further details.

All supplementary materials are available 
online at www.molmed.org.

RESULTS

Reflux-Induced Macroscopic and 
Microscopic Lesions

Ten days after surgery, marked le-
sions had developed in the esophagi of 
vehicle-treated animals. Pretreatment 
with STW5 or omeprazole significantly 
reduced the number, size and depth of 
these lesions (Figures 1A, B).

Microscopic examination revealed 
massive mucosal damage and transmural 

assignment. GPR84 immunoreactivity was 
scored for each sample in six representative 
high-power fields. The staining intensity 
(SI) was semiquantitatively assessed by 
using the following score: 0 (no staining), 
1 (weak), 2 (moderate) and 3 (strong).

Statistics
Microarray data of the esophagitis 

group express the fold changes in gene 
expression as compared with sham. 
Microarray data of the treatment groups 
express the fold changes as compared 
with the mean of the esophagitis 
group. All other results are expressed 
as mean ± standard error of the mean 
(SEM) or as box plots or scatterplots 
(histology). Differences between groups 
were compared by analysis of variance 
followed by appropriate multiple com-
parison testing.

adhesion molecule-1 (VCAM-1); 18sRNA 
served as endogenous control.

Western Blot Analysis
Western blots were performed by stan-

dard procedures as described earlier (14). 
A minimum of five independent samples 
per group were evaluated.

GPR84 Expression in HET-1A Cells
GPR84 expression was determined by 

WB in the capsaicin-stimulated normal 
human esophageal squamous cell line 
HET-1A with or without coincubation 
with STW5 (60 μL/mL) or omeprazole 
(30 μg/mL) for 18 h.

GPR84 Expression in Human 
Esophageal Samples

Tissue preparations were obtained from 
34 patients who underwent routine upper 
gastrointestinal endoscopy and pre-
sented either with endoscopic normally 
appearing esophagus or reflux esoph-
agitis. Patients with Barrett esophagus, 
esophageal polyps or moniliasis were 
not included. An informed consent was 
obtained from all patients, and all proce-
dures were approved by the local ethics 
committee and were conducted according 
to the ethical guidelines of the Declaration 
of Helsinki (as revised in 2000).

 A full medical history was taken 
from all patients, with special emphasis 
on indications for upper gastrointesti-
nal endoscopy, symptoms and signs of 
upper and lower gastrointestinal tract 
(Table 1). For each patient, at least two 
endoscopic biopsies were obtained from 
the distal esophagus above the Z-line. 
On the basis of endoscopic findings, pa-
tients were graded according to the Los 
Angeles classification into the follow-
ing: endoscopically normal esophagus, 
grade A esophagitis, grade B esophagitis 
or grade C esophagitis. Biopsies were 
taken by using biopsy forceps and im-
mediately preserved in formalin (10% 
solution). They were embedded in par-
affin within 24 h. GPR84 was assessed 
by immunohistochemical staining.

Samples were examined by an experi-
enced pathologist blinded to the group 

Table 1. Patient demographic data and upper gastroendoscopy findings.

	 Endoscopically 	 Grade A reflux 	 Grade B reflux  
	 normal esophageal 	 esophagitis 	 esophagitis  
	 mucosa (n = 18)	 (n = 10)	 (n = 6)

Sex (M/F)	 13/5	 7/3	 3/3
Age (mean ± standard deviation)	 46.1 ± 15.6	 37.5 ± 15.1	 45.8 ± 12.9
PPI use	 8	 4	 3
Indication for upper gastroendoscopy	

Abdominal pain only	 6	 2	 —
+ reflux	 3	 4	 5
+ vomiting	 3	 2	 1
+ weight loss	 1	 —	 —
+ GI bleeding	 1	 —	 —

Duodenal biopsy and aspiration	 1	 —	 —
Severe heartburn	 1	 2	 —
Dysphagia	 1	 —	 —
Anemia	 1	 —	 —
Assessment before reflux surgery	 —	 —	 1

Additional upper gastroendoscopy  
findingsa

Hiatus hernia	 3	 —	 3
Diffuse gastritis	 8	 8	 —
Antral gastritis	 1	 2	 1
Duodenitis	 4	 4	 2
Pangastritis	 —	 —	 2
Incompetent cardia	 1	 —	 —
Gastric erosion	 —	 —	 1
Gastric ulcer	 2	 —	 —
Prepyloric ulcer	 —	 —	 2
Pale gastric mucosa	 1	 —	 —
None	 2	 —	 —

aPatients may present with more than one upper gastroendoscopy finding.



G P R 8 4  A N D  T R E M - 1  S I G N A L I N G  I N  G E R D

1 0 1 4  |  A b del   - A z i z  E T  A L .  |  M O L  M E D  2 1 : 1 0 1 1 - 1 0 2 4 ,  2 0 1 5

Figure 1. Subchronic reflux esophagitis induces macroscopic damage (A, B) and histological damage (D, E) in rats but does not affect 
NF-κB activity (C). Data are expressed as the mean ± SEM (B, C) or box plot (D) for six to nine animals. #Significant difference from sham-
operated animals. *Significant difference from esophagitis group, P < 0.05.
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reduce IL-17 expression, but like STW5, it 
did downregulate the IL-17 receptor (Sup-
plementary Table S7). A further example is 
presented in a pathway analysis showing 
that even though both drugs downregulate 
IL-6, they activate different molecules in 
the cytokine signaling pathway. Whereas 
STW5 increased TRAF6 and activated 
mitogen-activated protein (MAP) kinases 
of the TNF-α and IL-1 pathway, such as 
MKK3/6 and p38, omeprazole signaled di-
rectly via downregulation of JAK2 and the 
IL-6 pathway (Supplementary Figure S3). 
NF-κB was only weakly affected in esoph-
agitis and thus its expression was less 
modulated by both treatments.

inflammation (inflammatory response: 
30%; inflammatory disease: 23%). Other 
genes (Supplementary Figure S1) belonged 
to skeletal and muscular disorders (18%), 
connective tissue disorders (17%) and in-
fectious diseases (12%). Major modulated 
transcripts related to proinflammatory 
cyto- and chemokines in the inflamed 
tissue are presented in Table 2 (detailed list: 
Data Supplement). Both treatments  
normalized proinflammatory gene expres
sion. However, although STW5 and ome-
prazole showed a common modulation of 
2,302 genes, there were differences in the 
way they suppressed the inflammatory 
response. For example, omeprazole did not 

infiltration with inflammatory cells in 
tissues from vehicle-treated esophagi-
tis rats (Figures 1D–E). Esophagi from 
omeprazole-treated rats appeared almost 
unchanged compared with sham animals. 
Likewise, STW5 treatment significantly 
reduced infiltration and mucosal damage 
in a dose-dependent manner. Animals 
treated with 2 mL/kg STW5 had almost 
normal appearing esophagi.

Inflammatory Mediators and NF-jB 
Activity

In esophageal tissue, esophagitis led 
to the modulation of 1,708 genes, of 
which more than half were related to 

Table 2. Gene regulation of proinflammatory cyto- and chemokines as well as GPR84 and LOX-1 in esophageal tissue.

			   STW5 		  STW5 		  Omeprazole  
Genes	 Esophagitis	 PP	 (0.5 mL/kg)	 PP	 (2 mL/kg)	 PP	 (30 mg/kg)	 PP

IL-1A	 1.4 (NS)	 NE	 –2.0*	 NE	 –1.6*	 NE	 –1.8**	 NE
IL-1b	 13.9###	 ↑	 –2.2 (NS)	 ↓	 –22.8***	 ↓	 –5.9**	 —
IL-1R	 3.6###		  –1.9**		  –3.3**		  –3.8***	
IL-6	 11.5#;	 ND	 –4.9*;	 ND	 –9.8***;	 ND	 –9.3***;	 ND
	 [0.1]		  [–3.9]		  [–1.8]		  [–7.4]
IL-6R	 2.6###		  –1.5*		  –2.5***		  –2.3***	
IL-7R	 12.7###		  –2.6**		  –9.3***		  –6.7**	
IL-17D	 –2.3##;	 ND	 –2.0 (NS);	 ND	 –8.4***;	 ND	 2 (NS);	 ND
	 [22.8]		  [–11.3]		  [–33.9]		  [–7.4]
IL-23A	 2.1#	 ND	 –1.9*	 ND	 –2.8*	 ND	 –2.5**	 ND
CCL1	 1.5 (NS)	 ND	 –1.4 (NS)	 ND	 –1.1 (NS)	 ND	 –1.6 (NS)	 ND
CCL2 (MCP-1)	 11.1##	 ND	 –4.3**	 ND	 –10.8 (NS)	 ND	 –8.8***	 ND
CCL3 (MIP-1a)	 18.1##	 ↑#	 –5.2**	 ↓*	 –12.5***	 ↓*	 –9.5***	 ↓
CCL4 (MIP-1b )	 34.5##;	 ↑#	 –7.6 (NS);	 ↓	 –13.0 (NS);	 ↓*	 –30.5***;	 ↓
	 [11.9]		  [–2.4]		  [–81.0]		  [–1,431.3]
CCL5 (RANTES )	 2.5 (NS)	 ↑#	 –1.6 (NS)	 ↓#	 –2.3*	 ↓*	 –2.5*	 ↓*
CCL7	 18.3###		  –2.2 (NS)		  –15.4***		  –13.4***	
CXCL1 (CINC1)	 17##;	 ↑#	 –2.3 (NS);	 ↓*	 –10.1**;	 ↓*	 –9.5***;	 ↓
	 [0.001]		  [0.5]		  [0.04]		  [–5.6]
CXCL2 (CINC3)	 17.5###	 ↑#	 –3.9*	 ↓	 –12.0**	 ↓*	 –15.5***	 ↓
CXCL3 (CINC2)	 27.5###	 ↑#	 –31.8**	 ↓*	 –5.2**	 ↓*	 –5.9**	 ↓
CXCL5 (LIX )	 –1.4 (NS)	 ↑#	 –1.7 (NS)	 ↓	 –15.4 ***	 ↓	 –2.3 (NS)	 ↓
CXCL9 (MIG)	 2.7#	 ↑#	 –1.6 (NS)	 ↓*	 –3.0**	 ↓*	 –2.7**	 ↓#*
GPR84	 32.5###	  	 -9.4***	  	 -34.1***	  	 -19.5***
	 14.6###		  -8.2***		  -16.9***		  -14.6***
	 [18.3]		  [1.2]		  [–1.3]		  [–8.8]
LOX-1	 11.1###		  –4.5**		  –27.8***		  –19.5***	
TREM-1	 8.4##		  –2.8 (NS)		  –16.0***		  –7.2**	
TREM-3	 8.7###		  –5.2*		  –34.5***		  –5.4**	

Column 2 shows fold changes in the esophagitis group versus the sham-operated group. Columns 4, 6 and 8 show fold changes in the treat
ment groups compared with the esophagitis. Negative values indicate downregulation, positive values upregulation. #P < 0.05; ##P < 0.01; 
###P < 0.001 versus sham; *P < 0.05; **P < 0.01; ***P < 0.001 versus esophagitis. Values between brackets are obtained by qRT-PCR. PP, proteome 
profiler (please see Figure 2 for detailed data): ↑, increase versus sham; ↓, decrease versus esophagitis; NE, no effect; ND, not detectable; 
NS, not significant.
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was prevented by both drugs to similar 
extents. Gene upregulation was reflected 
in a marked increase in the amount of 
GPR84 protein detected in esophageal 
tissue homogenates by WB and its return 
to basal levels in the treatment groups 
(Figure 4A).

 Distribution of GPR84 was inves-
tigated in rat esophageal tissue using 
immunohistochemical staining and was 
shown to be abundant mainly in the epi-
thelial cells lining the esophagus, highly 
upregulated in the esophagitis group 
and decreased in the treatment groups 
(Figure 4F). To investigate the relevance 
of these findings in humans, we analyzed 
protein expression of the receptor in the 
esophageal epithelial cell line HET-1A. 
This experiment showed that GPR84 
is not only expressed in rat, but also in 
human esophageal epithelial cells. Its 
expression was significantly upregulated 
upon incubation with capsaicin, which is 
known to induce an inflammatory state 
via TRPV1 activation (Figures 5A, B). 
This upregulation was prevented by coin-
cubation with STW5 or omeprazole.

 As a proof of concept for our theory of 
the involvement of GPR84 in esophagitis, 
we analyzed esophageal biopsies from a 
small cohort of patients by immunohisto-
chemical staining. Samples were included 
from patients with either endoscopically 
normal or endoscopically inflamed (grade 
A or grade B reflux esophagitis) patients. 
Most patients expressed GPR84 to differ-
ent extents in the squamous epithelium 
(Figures 5C–F); however, patients with 
more severe esophagitis (grade B) signifi-
cantly expressed the receptor to a higher 
extent, as evidenced by the higher stain-
ing intensity.

DISCUSSION
Recent data suggest that immune-

mediated mechanisms play a prominent 
role in the development of GERD and 
that IL-8 is one of the central cytokines 
(2,3). Indeed, in our model of subchronic 
GERD, the rat analogs to human IL-8 (the 
murine CINC1, -2 and -3) were elevated, 
supporting an IL-8 involvement in GERD. 
However, with our profiling approach, 

but requires the measurement of several 
components (see the Data Supplement 
for further details).

TREM-1 Signaling
Pathway analysis is a further tool to 

investigate the correlation between dif-
ferent molecules in a biological system. 
Pathway analysis using the major modu-
lated cyto- and chemokines in our model 
revealed that most were found to be part 
of the triggering receptor expressed on 
myeloid cells (TREM)-1 signaling pathway.

TREM-1 and TREM-3 were upregulated 
during inflammation about eight-fold 
(Table 2). STW5 as well as omeprazole 
reversed this upregulation and subse-
quently upregulated/downregulated 
members of this signaling pathway 
(SPIB, FOXO4, FOXO6 and PRDM1), 
resulting in the decrease of the proin-
flammatory signature of cytokines in the 
treatment groups (Figure 3).

LOX-1 Receptor and MAP Kinases
Transcript arrays showed marked upre

gulation of the LOX-1 receptor (Table 2), 
which was largely prevented by both 
treatments. This result was reflected by 
the fact that LOX-1 protein was only dete
cted in the esophagitis group in rats in 
WB (Figure 4A). All experimental groups 
with induced esophagitis showed an 
increase in total p38, a stress-induced 
MAP kinase, compared with the sham 
group. In addition, the phosphorylation 
of p38 increased. STW5 and omeprazole 
had no effect on the total expression of 
p38 but decreased the phosphorylation, 
albeit not to a significant extent, in the 
case of omeprazole (Figures 4C, D).

GPR84 Was Strongly Upregulated 
in Esophagitis

Interestingly, in our GERD-model 
GPR84, a former orphan receptor now 
regarded to play an important role in 
inflammation was among the most 
highly upregulated genes in esophageal 
tissue during esophagitis (Table 2) 
and was also upregulated in blood, 
albeit to a lower extent (2.6/4.4×; Supple
mentary Table S6). This upregulation 

 To investigate whether this regulation 
of gene expression is also reflected in a 
modulation of protein expression, esoph-
ageal tissue homogenates were analyzed 
by using a proteome-profiler cytokine 
array. The esophagitis group showed 
a marked increase in the number and 
amount of proinflammatory cytokines 
(Figure 2A). This inflammatory response 
was prevented dose-dependently by 
treatment with STW5 and to a lesser 
extent by omeprazole. The observed 
inflammatory response was not accom-
panied by any change in NF-κB activity, 
as assessed by its DNA binding (Figure 
1D) and the weak regulation of its gene 
expression. The lack of change in its ex-
pression was confirmed on protein level 
by WB (Supplementary Figure S4).

Factor Analysis Identified CINC1–3, 
MIP-1/3`, MIG, RANTES and IL-1a as 
Highly Relevant Mediators

Because inflammatory mediators, like 
most other molecules in a biological sys-
tem, do not act in isolation, but rather 
as networks that affect one another, we 
used factor analysis to investigate the 
effects seen on the overall inflammatory 
response. It showed a four-component 
outcome that explains 85% of the total 
variance and therefore the internal struc-
ture of the mediators in a statistical con-
notation. The rotated component matrix 
(Supplementary Table S5) supports the 
determination of what the components 
1–4 represent. Only the mediators with 
loadings (correlations) of ≥0.7 (bold) for 
each factor were used. The first com-
ponent is most highly correlated with 
CINC1–3 and with MIP-1α, whereas 
IL-10 and IL-1β show a high correlation 
with component 1. Component 2 is 
highly correlated with CNTF and fractal-
kine. Component 3 is correlated to IL-1α. 
Component 4 is correlated to sICAM-1. 
Data suggest that at least components 
3 and 4 are represented by IL-1α and 
sICAM-1, respectively, and one can nar-
row down the measurements for com-
ponent 3 and 4 to IL-1α and sICAM-1, 
respectively. Component 1 is obviously 
not represented by a single molecule, 
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Figure 2. Subchronic reflux esophagitis increases proinflammatory cytokines in the esophageal tissue of rats with reflux esophagitis (pro-
teome profiler). Data are expressed as the mean ± SEM for three arrays. #Significant difference from sham-operated animals. *Significant 
difference from esophagitis group, P < 0.05.



G P R 8 4  A N D  T R E M - 1  S I G N A L I N G  I N  G E R D

1 0 1 8  |  A b del   - A z i z  E T  A L .  |  M O L  M E D  2 1 : 1 0 1 1 - 1 0 2 4 ,  2 0 1 5

Fi
g

ur
e

 3
. P

a
th

w
a

y 
a

n
a

ly
sis

 re
ve

a
ls 

th
a

t 
m

o
st

 h
ig

h
ly

 re
g

u
la

te
d

 in
fla

m
m

a
to

ry
 m

e
d

ia
to

rs
 a

re
 a

ss
o

c
ia

te
d

 w
ith

 t
h

e
 T

R
EM

-1
 s

ig
n

a
lin

g
 p

a
th

w
a

y.
 T

h
e

 p
re

p
ro

g
ra

m
m

e
d

 
TR

EM
-1

 s
ig

n
a

lin
g

 p
a

th
w

a
y 

w
a

s 
m

e
rg

e
d

 w
ith

 t
h

e
 p

re
p

ro
g

ra
m

m
e

d
 g

e
n

e
s 

kn
o

w
n

 t
o

 b
e

 h
ig

h
ly

 m
o

d
u

la
te

d
 d

u
rin

g
 e

so
p

h
a

g
iti

s 
(In

g
e

n
u

ity
 S

ys
te

m
s 

20
14

).
 T

h
is 

d
a

ta
se

t 
w

a
s 

o
ve

rla
id

 w
ith

 t
h

e
 re

a
l g

e
n

e
 e

xp
re

ss
io

n
 a

rra
y 

d
a

ta
 o

b
ta

in
e

d
 f

ro
m

 t
h

e
 e

so
p

h
a

g
e

a
l t

iss
u

e
 o

f 
th

e
 d

iff
e

re
n

t 
e

xp
e

rim
e

n
ta

l g
ro

u
p

s 
to

 id
e

n
tif

y 
m

o
d

u
la

te
d

 g
e

n
e

s.
 T

h
e

 
re

d
 c

o
lo

r i
nd

ic
a

te
s 

th
e

 u
p

re
g

ul
a

tio
n 

o
f a

 p
a

rt
ic

ul
a

r g
e

ne
 e

xp
re

ss
io

n,
 a

nd
 t

he
 g

re
e

n 
c

o
lo

r i
nd

ic
a

te
s 

d
o

w
nr

e
g

ul
a

tio
n.

 T
he

 in
te

ns
ity

 o
f t

he
 c

o
lo

r s
ig

ni
fie

s 
th

e
 m

a
g

ni
tu

d
e

 
o

f 
re

g
u

la
tio

n
. G

re
y 

c
o

lo
r i

n
d

ic
a

te
s 

n
o

 g
e

n
e

 m
o

d
u

la
tio

n
. F

o
r a

 b
e

tt
e

r o
ve

rv
ie

w
, g

e
n

e
s 

th
a

t 
w

e
re

 n
o

t 
m

o
d

u
la

te
d

 in
 a

n
y 

o
f 

th
e

 g
ro

u
p

s 
w

e
re

 re
m

o
ve

d
 f

ro
m

 t
h

e
 

p
a

th
w

a
y.

 T
he

 fi
g

ur
e

 s
ho

w
s 

g
e

ne
 e

xp
re

ss
io

n 
o

f t
he

 e
so

p
ha

g
iti

s 
g

ro
up

 c
o

m
p

a
re

d
 w

ith
 t

he
 s

ha
m

-o
p

e
ra

te
d

 g
ro

up
 (

A
),

 t
he

 S
TW

5-
 t

re
a

te
d

 (
0.

5 
a

nd
 2

 m
L/

kg
, r

e
sp

e
c

tiv
e

ly
) 

g
ro

u
p

s 
in

 c
o

m
p

a
ris

o
n

 t
o

 t
h

e
 e

so
p

h
a

g
iti

s 
g

ro
u

p
 (

B,
 C

) 
a

n
d

 t
h

e
 o

m
e

p
ra

zo
le

-t
re

a
te

d
 (

30
 m

g
/k

g
) 

g
ro

u
p

 in
 c

o
m

p
a

ris
o

n
 t

o
 t

h
e

 e
so

p
h

a
g

iti
s 

g
ro

u
p

 (
D

).
C

o
nt

in
ue

d
 o

n 
th

e
 n

e
xt

 p
a

g
e



R E S E A R C H  A R T I C L E

	 M O L  M E D  2 1 : 1 0 1 1 - 1 0 2 4 ,  2 0 1 5  |  A b del   - A z i z  E T  A L .  |  1 0 1 9

we covered the whole transcriptome 
and can thereby further substantiate 
immune-mediated mechanisms, at least for 
the esophageal tissue in our model. The 
present data indicate the involvement of 
well-established proinflammatory medi-
ators such as IL-6 and IL-1β, in addition 
to other mediators such as CCL3, CCL4 
(MIP-1β) and RANTES, as yet unknown 
to be involved in esophagitis.

 CCL4 functions as a potent chemoat-
tractant for monocytes, T-lymphocytes, 
dendritic cells and natural killer cells. 
B-cells and professional APCs recruit 
regulatory T cells (Tregs) via CCL4. 
CXCL1 also called CINC-1 or Gro1 
functions as a potent chemoattractant 
for neutrophils. It promotes growth of 
certain cancers and is part of a proin-
flammatory signature. Thus, besides the 
IL-8 analogs CINC1–3, chemokines 
capable of promoting the infiltration of 
inflammatory and/or immune-competent 
cells into the subepithelial space were 
upregulated.

Interestingly, transcripts of the NF-κB 
family were only weakly (one- to four-
fold) upregulated, and its protein amount 
(WB) as well as its activity (as determined 
by ELISA) were not changed. In contrast, 
Fang et al. (5) recently reported a strong 
activation of the NF-κB pathway in duo-
denal and mixed models of GERD in mice. 
This discrepancy might be due to the dif-
ferences between the models used. While 
duodenal reflux models are helpful to 
investigate certain aspects of the disease, 
they are not physiological and hence do 
not closely resemble the clinical situation.

 Similar effects were observed for 
TNF-α, which was also undetectable in 
the proteome profiler and showed no dif-
ference between groups when measured 
with ELISA (Supplementary Figure S4). 
Because TNF-α was shown to be signifi-
cantly elevated in a similar acute model 
of esophagitis (10), we hypothesized that 
during the development of chronicity, 
cytokine engagements may switch from 
TNF-α and NF-κB signaling to IL-6, IL-8 
and chemokines such as CCL4. This 
phenomenon is worthy of further inves-
tigation.Fi
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Figure 4. Modulation of GPR84, LOX-1 and mitogen-activated protein kinases in rats with RE. (A) Representative Western blots of GPR84, 
p38 and LOX-1. (B, C) Quantification of GPR84 or LOX-1 normalized each with β-actin. (D) Quantification of pp38 normalized with p38. 
(E) Quantification of p38 normalized with β-actin. Data represent the analysis of a minimum of five tissue samples from five animals per 
group. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 versus esophagitis group. #P ≤ 0.05 versus sham. (F) Immunohistochemical staining of GPR84 
(representative pictures).
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 Factor analysis identified CINC1–3 
as well as MIP-1/3, MIP-1/3α, MIG, 
RANTES and IL-1β as highly relevant. 
The analysis further highlights that the 
variance between the experimental groups 
cannot be explained by the measurement 
of single cytokines. Thus, for example, the 
most important factor 1 is not represented 
by a single cytokine but rather in the form 
of a group measurement of chemokines of 
the CC family. Thus, factor analysis fur-
ther supports the hypothesis that immune 
responses mediated by chemokines play a 
role in GERD. The relevance of CINC1–3, 
MIP-3 and IL-1β was also supported by 
gene expression analysis.

During inflammation, the phosphory-
lation and total amount of p38 increased. 
P38 belongs to the stress-induced MAP 
kinases. Four members of the p38 MAP 
kinase family have been identified (p38α, 
p38β, p38γ, p38δ). The importance of the 
different kinases appears to be cell type–
dependent and context-specific (18). The 
isoforms p38α/β regulate, for example, 
TNF-α expression (18). In our model, 
TNF-α or NF-κB (tissue mRNA, proteome 
profiler/ELISA and WB) were not clearly 
involved. However, the release of IL-6 
and IL-8 is known to be linked to p38 
signaling (19,20) and has so far not been 
reported for reflux esophagitis.

 The strong upregulation of total p38 
in the esophagitis groups is likely to 
mask changes in the phosphorylation 
status induced by the treatments. STW5 
and omeprazole did not influence the 
total amount of p38. Thus, changes in 
pp38 due to treatment need to be con-
sidered with caution. Although, we did 
not measure isoforms of p38, we clearly 
demonstrate an involvement of p38 in 
our reflux model.

 Because inflammatory mediators, like 
most other molecules in a biological sys-
tem, do not act in isolation, but rather in 
orchestra, affecting one another, pathway 
analysis was used to further character-
ize the inflammatory response. Most of 
the chemokines, which were found to 
be modulated in the present study, can 
activate members of the transmembrane 
receptor family TREM.

activity (10) and omeprazole was shown 
to possess additional antiinflamma
tory activity (8,16,17), this comparison 
should identify targets not related to acid 
suppression.

 To identify potential therapeutic 
targets, we focused on those genes/
molecules modified by the disease and 
normalized by both treatments. Because 
STW5 did not show any acid-suppressing 

Figure 5. Modulation of GPR84 expression in HET-1A cells and human esophageal biop-
sies. (A) Quantification of GPR84 normalized with β-actin. (B–D) Immunohistochemical 
staining of GPR84 (representative pictures) showing no staining (B), moderate staining 
(C) and strong staining (D). (E) Quantification of GPR84 expression in human esophageal 
biopsies. *P < 0.05 versus capsaicin; ##P < 0.01 versus untreated cells.
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indicating that GPR84 is involved in 
proinflammatory pathways regulating 
the secretion of cytokines, thereby form-
ing a link to the immune system. Further-
more, our data support a link of GPR84 
to inflammation, since it is strongly up-
regulated in the esophagitis group and 
downregulated upon antiinflammatory 
treatments.

Because GPR84 is expressed in blood 
leukocytes (38), its upregulation, as seen 
in the RNA microarray and WB, could 
have been due to neutrophilic infiltra-
tion into the inflamed tissue. However, 
immunohistochemical staining of rat 
tissue showed clearly that the majority 
of GPR84 was localized in the epithelial 
lining of the esophageal mucosa. To 
investigate the presence of this receptor 
also in human esophageal mucosa and 
to test the possible relevance of these 
findings in human GERD, we analyzed 
protein expression of the receptor in 
the normal human squamous cell line 
HET-1A via WB. Indeed, we were able 
to detect the receptor in the cell line 
and to cause an upregulation of its ex-
pression by incubation with capsaicin 
as a TRPV1 agonist known to cause an 
inflammatory state in esophageal mu-
cosal cells (39). This upregulation was 
prevented by coincubation with STW5 
or omeprazole, confirming our in vivo 
findings.

 As a proof of concept for our theory 
of the involvement of GPR84 in esoph-
agitis, we analyzed esophageal biopsies 
from a small cohort of patients by immu
nohistochemical staining. This study 
had several limitations. It included only 
a small number of patients (34 in total), 
and the patient population was very 
heterogeneous. Most patients, even those 
with endoscopic normally appearing 
mucosa had reflux symptoms or other 
upper GI inflammatory conditions, in-
dicating that these patients also might 
have had some low-grade inflammation 
and more than one-third was already 
on PPI therapy. Therefore, most patients 
were expressing GPR84 to different ex-
tents, and the lack of a healthy control 
group made it impossible to differentiate 

proteins: FOXO1, FOXO3, FOXO4 and 
FOXO6. Whereas FOXO6 is largely spe-
cific to neurons, the other three factors 
are widely distributed in most tissues 
(30). The simultaneous downregulation 
of the gene expression of TREM-1 and 
TREM-3 and the reversal of the upreg-
ulation and downregulation of SPIB, 
FOXO4 and FOXO6 after treatment with 
STW5 and omeprazole support a role of 
these transcription factors in inflamma-
tory signaling. Recently, mice deficient 
in TREM-1 were generated, resulting in 
attenuated diethylnitrosamine-induced 
hepatocellular carcinoma (31), and 
TREM-1 blockade was shown to im-
prove the clinical course of a murine 
model of IBD (25). Taken together, these 
data support a central role of TREM-1 
in gastrointestinal (GI) inflammation 
and cancer progression. Thus, TREM-1 
represents a highly interesting potential 
novel target and might be relevant to the 
treatment of GERD.

Physiologically, chemokines are 
expressed to recruit and direct cell 
trafficking/migration (32). They control the 
movement of certain transmembrane 
G protein–coupled receptor (GPCR)-
expressing cells. Gene expression of 
one of these GPCRs, GPR84, was highly 
increased in the esophagitis model. 
This receptor has only recently been 
identified (33,34), and so far no close 
homologs were detected. Its ligands are 
medium-chain free fatty acids (FFAs), 
and it functions obviously as a lipid/
FFA sensor (35). It was suggested that 
GPR84 acts as a proinflammatory re-
ceptor linking fatty acid metabolism to 
immunological responses (34–36). Other 
fatty acids such as arachidonic acid 
and saturated fatty acids have been 
demonstrated to increase proinflamma-
tory IL-8 along with numerous other 
inflammatory factors, including IL-6, 
TNF-α, IL-1β and CXCL1 (37). Agonists 
of GPR84 were shown to amplify IL-8 
production by PMNs, and GPR84 ago-
nists work as chemo-attractants to both 
PMNs and macrophages (38). We found 
a simultaneous upregulation of GPR84 
and of the rat analogs of IL-8 (CINCs), 

 So far, at least five members of the 
TREM family have been identified 
(TREM-1, -2, -3, -4 and -5), with TREM-1 
being expressed on monocytes, macro-
phages, neutrophils and hepatic vascular 
endothelium (21,22) and functioning as 
an amplifier of acute and chronic inflam-
matory responses (23,24). Ultimately, 
the activation of the TREM-1 signaling 
pathway results in downstream pro-
duction of a variety of proinflammatory 
cytokines, including TNF, MCP/CCL2, 
MIP-1α and IL-8, amplifying innate and 
adaptive immune responses (25,26). Our 
data not only supports an important role 
for TREM-1 in the release of well-known 
proinflammatory cytokines (MCP/CCL2, 
MIP-1α, IL-1, IL-6 and IL-8), but extends 
it to members of the CCL/CXCL chemo-
kines, at least for subchronic experi-
mental esophagitis. So far, TREM-1 has 
been associated with acute and chronic 
inflammatory bowel disease (IBD). Sol-
uble TREM-1 was shown to be elevated 
in serum and expressed on CD68+ mac-
rophages in the intestinal lamina propria 
in patients with acute and chronic IBD 
(25,27). Recently, isolated PBMCs from 
primary specimens of patients with rheu-
matoid arthritis showed an increased ex-
pression of TREM-1, with a subsequent 
increased activation of ERK and MAP 
kinases, secretion of IL-8 and RANTES 
(28). This result further supports the 
relevance of our findings, which link 
TREM-1 to MAP kinase signaling, IL-8 
and RANTES in “subchronic” inflamma-
tory conditions. An association of this 
signaling complex with GERD is novel.

We can further characterize transcrip-
tion factors, other than NF-κB, linked 
to the activation of TREM-1. The trans
cription factors FOXO4 and FOXO6 
were downregulated, whereas SPIB was 
upregulated. While SPIB is reported to 
be crucial for the development of M-cells 
(specialized epithelial cells that initiate 
mucosal immune responses by sampling 
luminal antigens) in the gut (29), the 
FOXO family represents a group of tran-
scription factors that is required for a 
number of stress-related transcriptional 
programs. It comprises four FOXO 
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between endoscopically normal and 
grade A esophagitis. Nevertheless, the 
more severely inflamed patients (grade 
B esophagitis) showed a significant up-
regulation of GPR84 expression, which 
lends further evidence, at least to the 
presence of a correlation between the 
receptor and esophagitis.

 To the best of our knowledge, we 
report here for the first time the dis-
covery of GPR84 in esophageal tissue 
and of the GPR84 protein in tissue of 
the alimentary tract in general (thus far, 
mRNA was detected in zebra fish and 
human intestines [33,40]) and its possi-
ble implications in esophagitis.

CONCLUSION
By using a subchronic experimental 

model of esophagitis, the findings sub-
stantiate the concept that immunolog-
ical processes linked to chemotaxis of 
immune-competent cells to esophageal 
tissue play a crucial role in the patho-
physiology of GERD. Esophageal cells 
release an array of proinflammatory 
cytokines/chemokines that activate 
receptors and signal cascades, of which 
CINC1–3 (IL-8), TREM-1 and GPR84 
appear to be relevant for the regulation 
of the inflammatory process. These 
receptors and/or signal cascades may 
prove to be promising targets for devel-
oping new therapeutic measures for 
better management of GERD.
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