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Abstract
Background An altered gastrointestinal barrier function is reportedly associated with the pathogenesis of functional dyspepsia 
(FD); however, the pathogenesis of FD has not yet been fully elucidated.
Aims The objective of the present study was to determine whether the mucosal barrier function is impaired in patients with 
FD and to investigate the mechanisms underlying FD.
Methods The present study included patients with FD (FD group, n = 24), non-FD patients with abdominal symptoms 
(symptomatic control group, n = 14), and patients with no abdominal symptoms (asymptomatic control group, n = 20). The 
groups were compared regarding the mucosal electrical impedance (MI) values of the stomach and duodenum, which were 
measured using a tissue conductance meter during esophagogastroduodenoscopy.
Results There were no significant differences between the three groups in the MI of the stomach. In contrast, the duodenal MI 
of the FD group (17.8 ± 4.3 Ω) was significantly lower than those of the symptomatic control group (27.2 ± 6.4 Ω, p < 0.0001) 
and asymptomatic control group (23.0 ± 7.4 Ω, p = 0.016). The expression of zonula occludens-1 (ZO-1) was significantly 
lower in the FD group than in the symptomatic control group (p = 0.011), where ZO-1 was positively correlated with the 
duodenal MI (β = 0.513, p = 0.017). The interleukin (IL)-1β expression was significantly higher in the FD group than in the 
symptomatic control group (p = 0.041), where IL-1β was inversely correlated with the duodenal MI (β = − 0.600, p = 0.004).
Conclusions The mucosal barrier function of the duodenum was altered in patients with FD. Both a decreased ZO-1 and 
increased IL-1β may play a role in the pathogenesis of FD.
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Introduction

Functional dyspepsia (FD) is a functional gastrointestinal 
disorder characterized by heterogeneous symptoms thought 
to originate from the gastroduodenal region, including 

postprandial fullness, early satiety, epigastric pain, and epi-
gastric burning [1]; this condition affects 12–15% of the gen-
eral population in developed countries [2]. FD is currently 
defined based on the Rome IV criteria [3]. Although FD is 
not a life-threatening disease per se, a high prevalence of 
FD has a substantial social impact, as FD impairs quality of 
life and reduces labor productivity [4]. The pathogenesis of 
FD remains unclear.

Several potential mechanisms and etiologies of FD have 
been proposed, particularly concerning the stomach. Factors 
that may play a role in the pathogenesis and development 
of FD include altered gastric motility [5], impairment of 
gastric emptying [6, 7] and gastric accommodation [5], and 
hypersensitivity to gastric distension [6, 8, 9].

Several studies have focused on the role of the duode-
nal function in the pathogenesis of FD. Some reports have 
shown that duodenal hypersensitivity is involved in FD, 
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with symptoms potentially mediated by acids [10], lipids 
[11], and capsaicin [12]. It has also been suggested that the 
pathogenesis of FD involves low-grade duodenal inflamma-
tion, especially in post-infectious conditions [13] and some 
allergic conditions [14]. More recently, it has been shown 
that low-grade inflammation in patients with FD is associ-
ated with increased duodenal mucosal permeability [15].

Although previous studies have suggested that an 
impaired duodenal mucosal barrier function might be 
involved in the pathophysiology of FD, no study has yet 
examined this in detail or determined which factors influ-
ence the mucosal barrier function. Furthermore, it remains 
unclear whether the mucosal barrier function of the stomach 
is also altered in patients with FD.

The recently developed tissue conductance meter enables 
the evaluation of the gastrointestinal mucosal barrier func-
tion based on the calculated mucosal electrical impedance 
(MI) in real time in the clinical setting. The objective of 
the present study was to measure the gastrointestinal MI to 
assess whether the mucosal barrier function was impaired in 
patients with FD and to investigate the mechanisms underly-
ing FD.

Patients and Methods

Study Patients

This case–control study was conducted between August 
2016 and December 2017. The following three groups 
of patients were recruited: patients with FD (FD group), 
patients who had FD-like symptoms but were not diagnosed 
with FD (symptomatic control group), and patients who 
had no FD-like symptoms (asymptomatic control group). 
FD was diagnosed based on the Rome III criteria when no 
organic disorders were detected by esophagogastroduoden-
oscopy (EGD). The FD group included 24 patients with FD 
(11 females, 13 males) consisting of postprandial distress 
syndrome (PDS, n = 16) and epigastric pain syndrome (EPS, 
n = 8). The symptomatic control group included 14 patients 
(6 females, 8 males) without FD but with FD-like symptoms, 
including epigastric pain and/or abdominal distention. Based 
on EGD findings, pathological analysis of biopsy samples, 
high-resolution manometry, and multichannel intraluminal 
impedance/pH monitoring, the symptomatic control group 
was diagnosed with achalasia (n = 2), esophagogastric junc-
tion outflow obstruction (n = 5), distal esophageal spasm 
(n = 1), GERD (n = 4), and early gastric cancer associated 
with GERD (n = 2). The main symptoms were chest oppres-
sion in the cases of achalasia and esophagogastric junction 
outflow obstruction, epigastric pain in the cases of GERD 
and distal esophageal spasm, and early satiety, postprandial 
fullness, and epigastric pain in the cases of early gastric 

cancer associated with GERD. The asymptomatic con-
trol group included 20 patients (7 females, 13 males) who 
required EGD for the evaluation of gastric lesions, including 
early gastric cancer and submucosal tumor.

The study protocol was approved by the ethics committee 
of Kyushu University Hospital, and written informed con-
sent was obtained from all patients before enrollment. This 
study was registered with the University Hospital Medical 
Information Network (UMIN000023397).

Mucosal Electrical Impedance Measurement

During EGD, the MI values in the duodenum and stom-
ach were measured using a tissue conductance meter (TCM 
AS-TC100; Asch Japan Co., Ltd., Tokyo, Japan); this com-
prised a 1.9-mm-diameter catheter with a stick-shaped elec-
trode sensor at the tip, similar to that used in a previous 
report, but with some modifications [16]. The MI measure-
ment was taken as previously described, with some minor 
modifications [17]. In brief, the reference electrodes were 
placed on the flexor sides of the bilateral forearms. Another 
electrode was inserted through the working channel of the 
endoscope. The mucosa of the greater curvature of the gas-
tric body, gastric antrum, and duodenal bulb was gently 
touched with the tip of the electrode for 3 s. Alternating 
currents of 320 Hz and 30.7 kHz were then loaded in turn 
at a constant voltage of 12.5 mV [17]. The MI of the duode-
num and stomach was measured three times in each patient, 
and the impedance value was accepted whenever the contact 
between the electrode and the mucosa was stable enough to 
obtain a constant value. The electrical impedance reflects 
the resistance in biological tissue [17], wherein biological 
tissue is considered to be an analogue of a parallel circuit 
of a resistor and capacitor [18]; the resistor and capacitor 
of the biological tissue correspond to the barrier integrity 
and water content, respectively [19, 20]. In this model, the 
absolute value of electrical impedance (|Z|) is theoretically 
calculated by the following equation [17]:

where R is the resistance, C is the capacitance, and ω is the 
angular frequency of the loaded alternating current. As |Z| 
approximates to R when ω is negligibly small, the optimum 
low frequency (320 Hz) was determined from the test data 
so that R was well approximated by |Z| [21]. The MI value 
obtained at this low frequency (320 Hz) was then used to 
indicate the mucosal barrier function. The mean duodenal 
and gastric MI values of the three groups (FD, symptomatic 
control, and asymptomatic control) were compared. Within 
the FD group, we also compared the duodenal MI between 
patients with PDS (n = 16) versus those with EPS (n = 8).

�Z� = 1

�√
1∕R2 + C2

�
2,
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One of the gold standards of MI measurement is the 
baseline impedance as measured by the multichannel intra-
luminal pH/impedance test (MII-pH; Sandhill Scientific, 
Highland Ranch, CO, USA) [22]. Fourteen of the included 
patients underwent MII-pH, and their lower esophageal MI 
was also measured. We therefore compared the MI recorded 
by the tissue conductance meter with the MI recorded by 
the MII-pH and found that the two values were significantly 
positively correlated (r = 0.6005, p = 0.023) (Supplementary 
Figure 1). This finding indicated that the MI measured using 
the tissue conductance meter in the present study was suf-
ficiently reliable for analysis.

Histological Evaluation of Duodenal Eosinophilic 
Infiltration

During EGD, we obtained biopsy specimens from the duo-
denal bulb in 21 patients (12 in the FD group and nine in 
the symptomatic control group). The extent of eosinophilic 
infiltration was evaluated by counting the number of eosino-
phils in five high-powered fields (HPFs). Specimens were 
evaluated in a blinded manner by two experienced patholo-
gists (T.S. and M.F.).

Extraction of RNA and Quantitative Real‑Time 
Reverse‑Transcription Polymerase Chain Reaction

The preparation of total RNA and quantitative real-time 
reverse-transcription polymerase chain reaction for the 
assessment of the gene expression in biopsy samples of the 
duodenal mucosa was performed as described previously 
[23]. The target mRNA expression levels were examined by 
reverse-transcription polymerase chain reaction using FAM-
labeled TaqMan Gene Expression Assay reagents (Applied 
Biosystems, Foster City, CA, USA) for primer–probe sets 
of target genes (Applied Biosystems) for zonula occludens 
(ZO)-1 (Hs01551861_m1), occludin (Hs00170162_m1), 
claudin-1 (Hs00221623_m1), claudin-2 (Hs00252666_s1), 
claudin-3 (Hs00265816_s1), claudin-4 (Hs00976831_s1), 
protease-activated receptor (PAR)-1 (Hs00169258_m1), 
PAR-2 (Hs00608346_m1), tumor necrosis factor (TNF)-α 
(Hs00174128_m1), and interleukin (IL)-1β (Hs01555410_
m1). Each well was filled with the cDNA equivalent of 
40 ng of RNA plus the volume of TaqMan Universal PCR 
Master Mix. No AmpErase UNG was required to achieve a 
final volume of 20 μl; this mixture was then allowed to react 
using an ABI 7500 fast Real-Time PCR System (Applied 
Biosystems). Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (Hs03929097_g1) was used as an internal con-
trol. The measured threshold cycle (CT) was normalized 
by subtracting the CT for GAPDH of each sample from 
that for ZO-1, occludin, claudin-1, claudin-2, claudin-3, 
claudin-4, PAR-1, PAR-2, TNF-α, and IL-1β. Based on 

the obtained ΔCT, the ratios of ZO-1, occludin, claudin-1, 
claudin-2, claudin-3, claudin-4, PAR-1, PAR-2, TNF-α, 
and IL-1β mRNA to GAPDH mRNA were calculated using 
the following formula [17]: target mRNA/GAPDH mRNA 
ratio = 2−ΔCT.

Evaluation of the Association Between Helicobacter 
pylori Infection and the Duodenal and Gastric 
Mucosal Electrical Impedance

We examined whether the H. pylori infection status affected 
the MI in the whole group of 58 patients. The 58 patients 
were divided in accordance with their H. pylori status into 
the no infection group (n = 25), eradicated group (n = 18), 
and current infection group (n = 15); the duodenal and gas-
tric MI values of the three groups were then compared.

Evaluation of the Association Between Proton 
Pump Inhibitor Usage and the Duodenal and Gastric 
Mucosal Electrical Impedance

We examined whether PPI usage affected the MI in the 
whole group of 58 patients. The 58 patients were divided in 
accordance with their PPI usage into the PPI group (n = 21) 
and the non-PPI group (n = 37); the duodenal and gastric MI 
values of the two groups were then compared.

Data and Statistical Analyses

Continuous data were presented as the mean ± standard devi-
ation if appropriate. Data were evaluated by one-way analy-
sis of variance followed by a post hoc Tukey–Kramer signifi-
cant difference test. A linear regression analysis was used to 
assess whether dependent variables (ZO-1, occludin, PAR-1, 
PAR-2, claudin-1, claudin-2, claudin-3, claudin-4, TNF-α, 
or IL-1β) were related to independent variables (duodenal 
MI) in order to determine the correlation between the MI 
and the target mRNA/GAPDH mRNA ratio. After conduct-
ing a univariate linear regression analysis, a multivariate 
linear regression analysis was performed using the step-
wise method for all variables. Variables for inclusion in the 
multivariate linear regression analysis were selected by the 
stepwise method, by inputting all values of ZO-1, occludin, 
PAR-1, PAR-2, claudin-1, claudin-2 claudin-3, claudin-4, 
TNF-α, and IL-1β. Spearman’s correlation coefficient was 
used to analyze the correlation between ZO-1 and IL-1β. To 
adjust for the potential effects of age, sex, body mass index 
(BMI), history of bacterial eradication, proton pump inhibi-
tor (PPI) use, NSAID use, and smoking history, an analysis 
of covariance (ANCOVA) was carried out to identify dif-
ferences in the MI between the FD, symptomatic control, 
and asymptomatic control groups. For the ANVOCA, the 
values were presented as the mean ± standard error with 95% 
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confidence interval. Bonferroni’s post hoc test was used to 
detect significant differences between the groups. A two-
sided p value of less than 0.05 was considered statistically 
significant. All statistical analyses were performed with the 
SPSS software program, version 22.0 for Windows (IBM 
Japan, Tokyo, Japan).

Results

Clinical Characteristics of the Patients

The clinical characteristics of the patients are shown in 
Table 1. There were no significant differences between the 
three groups regarding sex or age. The BMI of the symp-
tomatic control group was significantly lower than that of 
the asymptomatic control group (p = 0.046); however, there 
was no significant difference in the BMI between the FD 
group and the symptomatic control group. The incidence 
of PPI usage was significantly higher in both the FD group 
(50.0%) and the symptomatic control group (57.1%) than in 
the asymptomatic control group (5.0%, p = 0.0015). There 
were no significant differences between the three groups 
in the smoking history, drinking history, comorbid disease 

conditions (hypertension, dyslipidemia, diabetes mellitus, 
constipation), or H. pylori status.

Mucosal Electrical Impedance in Patients 
with Functional Dyspepsia

The respective MI values of the gastric antrum and body 
were 21.4 ± 5.3  Ω and 20.3 ± 5.3  Ω in the FD group, 
26.9 ± 7.5 Ω and 24.6 ± 8.2 Ω in the symptomatic control 
group, and 23.5 ± 8.4 Ω and 24.3 ± 7.7 Ω in the asympto-
matic control group (Fig. 1a, b). There was no significant 
difference between the three groups in the MI values of the 
gastric antrum (p = 0.11) and gastric body (p = 0.13). In con-
trast, the MI of the duodenum in the FD group (17.8 ± 4.3 Ω) 
was significantly lower than that in the symptomatic control 
group (27.2 ± 6.4 Ω, p < 0.0001) and the asymptomatic con-
trol group (23.0 ± 7.4 Ω, p = 0.016) (Fig. 1c). In addition, 
the MI in the duodenum tended to be lower than that in the 
gastric antrum in the FD group, although no such difference 
was observed in the asymptomatic control group. Within the 
FD group, there was no significant difference in the duode-
nal MI of the PDS group (18.1 ± 4.7 Ω, n = 16) versus the 
EPS group (17.1 ± 3.5 Ω, n = 8, p = 0.60).

Table 1  Baseline demographics 
and characteristics of the study 
participants

FD functional dyspepsia, PPIs proton pump inhibitors, NSAIDs nonsteroidal anti-inflammatory drugs
*p < 0.05

Characteristic FD group (N = 24) Symptomatic 
control (N = 14)

Asymptomatic 
control (N = 20)

p value

Gender, female/male 11:13 6:8 7:13 0.76
Age, years (range) 59.8 ± 14.0 65.6 ± 12.0 61.4 ± 12.3 0.42
BMI (kg/m2) 21.7 ± 3.1 20.6 ± 3.1 23.7 ± 4.6 0.048*
History
 Smoking (presence) 5 4 7 0.58
 Alcohol (presence) 9 5 8 0.97

Disease conditions
 Hypertension 7 4 5 0.95
 Dyslipidemia 7 2 6 0.52
 Diabetes mellitus 3 4 2 0.29
 Constipation 2 3 3 0.52

Status of H. pylori infection 0.29
 No H. pylori infection 13 6 5
 History of H. pylori eradication 7 3 8
 Current H. pylori infection 4 5 7

Atrophy, non/closed/open 13:4:7 6:2:6 5:2:13 0.22
Medication
 PPIs 12 8 1 0.0015*
 NSAIDs 1 1 0 0.52
 Probiotics 2 0 0 0.23
 Acotiamide 5 1 0 0.070
 Traditional Chinese medicine 3 1 1 0.66
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The ANCOVA adjusted for age, sex, BMI, PPI usage, 
oral NSAID usage, and smoking history showed that the 
duodenal MI value of the FD group (17.7 ± 1.3 Ω) was sig-
nificantly lower than that of the symptomatic control group 
(27.8 ± 1.7 Ω, p < 0.001) and tended to be lower than that of 
the asymptomatic control group (22.8 ± 1.6 Ω, p = 0.073); 
there was no significant difference in the duodenal MI of the 
symptomatic control group versus the asymptomatic control 
group (p = 0.17).

mRNA Expression of Tight Junction Proteins 
or Protease‑Activated Receptors in the Functional 
Dyspepsia and Symptomatic Control Groups

The expression of ZO-1 was significantly lower in the FD 
group than in the symptomatic control group (p = 0.011). 
However, there were no significant differences between the 

FD and symptomatic control groups in the mRNA expres-
sions of the other tight junction proteins (occludin, clau-
din-1, claudin-2, claudin-3, and claudin-4; Fig. 2a–f), PAR-
1, or PAR-2 (Fig. 2g, h). In addition, a subanalysis revealed 
no significant difference in the expression of ZO-1 between 
the PDS group (n = 7) and EPS group (n = 5) (p = 0.37).

Univariate Linear Regression Analysis 
of the Relationship Between the Zonula Occludens‑1 
Expression and the Duodenal Mucosal Electrical 
Impedance

A univariate linear regression analysis of the duodenal MI 
and the tight junction proteins/indicated cytokines revealed 
that the duodenal MI was positively associated with the 
expression of ZO-1 (β = 0.513, p = 0.017) (Fig. 3) and nega-
tively associated with the expression of IL-1β (β = − 0.600, 

Fig. 1  The mucosal electrical impedance (MI) of the gastrointestinal 
mucosa in the functional dyspepsia (FD), symptomatic control, and 
asymptomatic control groups. A tissue conductance meter was used 
to measure the MI of the gastrointestinal mucosa during esophago-

gastroduodenoscopy in the gastric antrum (a), gastric body (b), 
and duodenum (c). The data are shown as the median (interquartile 
range). *p < 0.05 between the two indicated groups
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p = 0.004). A multiple linear regression analysis revealed 
that ZO-1 was a significantly positive predictor of duodenal 
MI (β = 0.424, p = 0.049), while IL-1β was a significantly 
negative predictor of duodenal MI (β = − 0.486, p = 0.027) 
(Tables 2, 3).

Associations Between Duodenal Mucosal Electrical 
Impedance and the Expressions of Interleukin‑1β 
and Tumor Necrosis Factor‑α

The IL-1β expression was significantly higher in the FD 
group than in the symptomatic control (p = 0.041), while 
there was no significant difference in TNF-α expression 
between the FD and symptomatic control groups (p = 0.94) 
(Fig. 4a, b). We then performed a linear regression analysis 
for 21 patients (12 from the FD group and nine from the 
symptomatic control group) to determine how IL-1β was 
related to the duodenal MI. IL-1β was inversely related to 
the duodenal MI (β = − 0.600, p = 0.004) (Fig. 4c), while the 
expression of IL-1β was not significantly correlated with 
that of ZO-1 (ρ = − 0.158, p = 0.49) (Fig. 4d). In addition, a 
subanalysis revealed no significant difference in the expres-
sion of IL-1β between the PDS group (n = 7) and EPS group 
(n = 5) (p = 0.48).

Eosinophil Count of the Duodenal Mucosa

The eosinophil count of the FD group (19.8 ± 20.0 per five 
HPFs) tended to be greater than that of the symptomatic 
control group (11.3 ± 6.9 per five HPFs), although this 
intergroup difference did not reach statistical significance 
(p = 0.24). A linear regression analysis found no significant 
association between the eosinophil count and duodenal MI 
(β = − 0.116, p = 0.62).

The duodenal eosinophil count of the PDS group 
(27.1 ± 23.5 per five HPFs) tended to be higher than that 
of the EPS group (9.4 ± 6.7 per five HPFs) and that of the 
symptomatic control group; however, this difference was not 
significant (p = 0.076).

Effects of H. pylori Status on the Duodenal 
and Gastric Mucosal Electrical Impedance Values

There were no significant differences in duodenal MI 
between the no infection group (20.8 ± 6.4 Ω), eradicated 

group (22.6 ± 8.5 Ω), and current infection group (22.8 ± 6.3 
Ω) (p = 0.62). Similarly, there were no significant differ-
ences in gastric body MI between the no infection group 
(21.7 ± 5.7 Ω), eradicated group (23.7 ± 8.7 Ω), and cur-
rent infection group (23.5 ± 7.6 Ω, p = 0.66). The MI of the 
antrum of the no infection group (20.3 ± 6.0 Ω) was signifi-
cantly lower than that of the eradicated group (26.2 ± 7.7 
Ω, p = 0.026); however, there was no significant difference 
between the no infection group and the current infection 
group (25.2 ± 6.9 Ω, p = 0.11).

In a subanalysis performed exclusively for the FD group, 
there were no significant differences in the duodenal MI 
between the no infection group (18.2 ± 5.3 Ω, n = 14), eradi-
cated group (17.0 ± 2.6 Ω, n = 7), and current infection group 
(17.9 ± 1.8 Ω, n = 3) (p = 0.86); in the MI of the antrum 
between the no infection group (19.5 ± 5.9 Ω), eradicated 
group (23.6 ± 3.0 Ω), and current infection group (24.6 ± 3.0 
Ω) (p = 0.15); or in the MI of the gastric body between the no 
infection group (21.6 ± 7.0 Ω), eradicated group (17.9 ± 1.9 
Ω), and current infection group (20.6 ± 2.3 Ω) (p = 0.45).

Taken together, these findings indicate that the H. pylori 
infection status affected the MI of the gastric antrum in the 
total group of enrolled patients. However, the H. pylori 
infection status did not affect the MI of the duodenum or 
gastric body in either the FD group or the total group of 
enrolled patients.

Effects of Proton Pump Inhibitor Usage 
on the Duodenal and Gastric Mucosal Electrical 
Impedance

There was no significant difference between the PPI group 
and the non-PPI group in the MI of the duodenum (21.8 ± 5.8 
Ω versus 21.9 ± 7.7 Ω, p = 0.94), gastric antrum (25.1 ± 7.0 
Ω versus 22.5 ± 7.3 Ω, p = 0.20), or gastric body (24.5 ± 7.4 
Ω versus 21.9 ± 7.0 Ω, p = 0.23).

In a subanalysis performed exclusively for the FD 
group, there was no significant difference between the PPI 
group and the non-PPI group in the MI of the duodenum 
(18.6 ± 4.6 Ω versus 17.0 ± 4.0 Ω, p = 0.37), gastric antrum 
(22.6 ± 4.6 Ω versus 20.1 ± 5.9 Ω, p = 0.28), or gastric body 
(22.4 ± 5.8 Ω versus 18.2 ± 4.5 Ω, p = 0.086).

Taken together, these findings indicate that taking PPIs 
did not affect the duodenal MI or the gastric MI in either the 
FD group or the total group of enrolled patients.

Discussion

The main findings of the present study were: (1) patients 
with FD had a relatively decreased MI in the duodenum, 
but not in the stomach; (2) patients with FD had a decreased 
expression of ZO-1 and an increased expression of IL-1β 

Fig. 2  Duodenally expressed tight junction and protease-activated 
receptor (PAR) in the functional dyspepsia (FD) and symptomatic 
control groups. The duodenal mRNA expressions in the FD group 
and symptomatic control group of tight junction proteins, including 
zonula occludens (ZO)-1 (a), occludin (b), claudin-1 (c), claudin-2 
(d), claudin-3 (e), and claudin-4 (f), and of PAR-1 (g) and PAR-2 
(h). The data are shown as the median (interquartile range). *p < 0.05 
between the two indicated groups

◂
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compared with the symptomatic control patients; and (3) 
ZO-1 and IL-1β were positively and negatively associated, 
respectively, with the duodenal MI in patients with FD.

An increase in the duodenal mucosal permeability occurs 
with low-grade inflammation [15], and subsequent duodenal 
hypersensitivity to some mediators, including acids [10], 
lipids [11], and capsaicin [12], might play an important role 

in the pathogenesis of FD. Indeed, an increased duodenal 
mucosal permeability has been directly demonstrated in 
patients with FD [15, 16]. Furthermore, an ex vivo study 
using biopsy samples showed that patients with FD have a 
decreased transepithelial electric resistance and increased 
paracellular passage compared with healthy volunteers [15]. 
More recently, a study used a tissue conductance meter to 
show that the duodenal mucosal permeability is increased in 
patients with FD [16]. Consistent with these previous find-
ings, the present study showed that the duodenal mucosal 
barrier function was impaired in patients with FD, although 
changes in the gastric mucosal barrier function were not 
involved in the pathogenesis of FD.

One major mechanism of the regulation of the duode-
nal mucosal barrier function is the involvement of tight 
junction proteins. The tight junction complex functions 
as a barrier by controlling the paracellular permeability of 
endothelial and epithelial cells [24]. Tight junction pro-
teins are composed of several transmembrane molecules, 
including the ZO, occludin, and claudin families. One 
study showed that the increased mucosal permeability in 
patients with FD is likely caused by a decreased expres-
sion of tight junction proteins [15]; quantification of the 
expression of the indicated molecules by measuring the 
average fluorescence intensity showed lower expressions 
of ZO-1, occludin, β-catenin, desmocollin-2, and desmo-
glein-2 in patients with FD compared with control sub-
jects [15]. We therefore examined the expressions of ZO-1, 
occludin, claudin-1, claudin-2, claudin-3, and claudin-4 
and explored their potential association with the impaired 
duodenal mucosal barrier function. In the present study, 
the expression of ZO-1 in the FD group was significantly 
lower than that in the symptomatic control group, while 
there was no significant difference in the expression of 
claudin-1–4 between the FD and symptomatic control 
groups; these results are consistent with those of Vanheel 

Fig. 3  The results of a linear regression analysis between the duode-
nal mucosal electrical impedance (MI) and the mRNA expression of 
zonula occludens (ZO)-1. The relationship between the duodenal MI 
and the ZO-1 expression as calculated by a linear regression analysis 
in 21 patients, including those in the functional dyspepsia (FD) group 
and the symptomatic control group

Table 2  Univariate linear regression analysis of duodenal mucosal 
electrical impedance and the expressions of tight junction proteins or 
cytokines

ZO zonula occludens, PAR protease-activated receptor, IL interleukin, 
TNF tumor necrosis factor
*p < 0.05

Variable Unstandardized coef-
ficients

Standard-
ized coef-
ficients

t p value

B Standard 
error

β

ZO-1 5279.63 2028.11 0.513 2.603 0.017*
Occludin 435.49 1227.79 0.083 0.355 0.727
Claudin-1 − 9556.72 7252.86 − 0.313 − 1.318 0.206
Claudin-2 − 23.86 117.39 − 0.047 − 0.203 0.841
Claudin-3 − 18.20 16.81 − 0.241 − 1.083 0.292
Claudin-4 − 0.46 172.00 − 0.001 − 0.003 0.998
PAR-1 − 528.07 1811.81 − 0.071 − 0.291 0.774
PAR-2 89.05 547.25 0.037 0.163 0.872
IL-1β − 3958.94 1211.31 − 0.600 − 3.268 0.004*
TNF-α − 5308.41 6048.49 − 0.214 − 0.878 0.393

Table 3  Multivariate linear regression analysis of duodenal mucosal 
electrical impedance and the expressions of tight junction proteins or 
cytokines

ZO zonula occludens, IL interleukin
*p < 0.05

Variable Unstandardized coef-
ficients

Standard-
ized coef-
ficients

t p value

B Standard 
error

β

ZO-1 4732.064 2199.979 0.424 2.151 0.049*
IL-1β − 5312.042 2156.209 − 0.486 − 2.464 0.027*
R2 0.462
Adjusted 

R2
0.385



3236 Digestive Diseases and Sciences (2019) 64:3228–3239

1 3

et al. [15]. However, Vanheel et al. [15] also showed that 
FD was associated with a decreased expression of occlu-
din, which was not seen in our series. The reason for this 
discrepancy may be that MI is affected by diverse factors, 
including metabolic conditions (such as type 2 diabetes 
and obesity) and race [25, 26]. Further studies are required 
to clarify this point.

The significant positive relationship between the duode-
nal MI and the ZO-1 expression (Fig. 3) supports the notion 
that ZO-1 plays an important role in the duodenal MI not 
only in patients with FD, but also in patients with abdomi-
nal symptoms without FD. ZO-1 was the first protein to be 
identified as a constituent of tight junctions [27]. Both ZO-1 
and ZO-2 are essential for the maintenance of the barrier 
function in epithelial cells [28], and ZO-1 is downregulated 

in some inflammatory conditions, such as celiac disease [29, 
30].

Another mechanism involved in the regulation of the 
gut mucosal barrier function involves the PAR signaling 
pathways. Trypsin/PAR-2 receptors play a pivotal role in 
altering the intestinal permeability [31, 32]. In contrast, 
thrombin induces barrier disruption mainly through its 
effect on PAR-1 in endothelial cells [33]. The stimulation 
of both PAR-1 and PAR-2 induces the reorganization of 
actin filaments through the phosphorylation of the 20-kD 
myosin regulatory light chain, which affects tight junction 
proteins and the barrier function via paracellular pathways 
[33]. However, no study has yet examined whether PAR is 
related to changes in the duodenal mucosal barrier function 
in FD. Therefore, we compared the expressions of PAR-1 

Fig. 4  The expressions of interleukin (IL)-1β and tumor necrosis fac-
tor (TNF)-α, the relationship between IL-1β and duodenal mucosal 
electrical impedance (MI), and the correlation between IL-1β and 
zonula occludens (ZO)-1. The duodenally expressed cytokines IL-1β 
(a) and TNF-α (b) in the FD group and symptomatic control group. 
The data are shown as the median (interquartile range). *p < 0.05 

between the two indicated groups. The relationship between the duo-
denal MI and the IL-1β expression as determined by a linear regres-
sion analysis (c), and the correlation between IL-1β and ZO-1 (d) 
as determined by a Spearman’s correlation coefficient analysis in 21 
subjects, including those in the FD group and the symptomatic con-
trol group
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and PAR-2 in patients with FD with those in symptomatic 
control patients, but found no significant difference in their 
expression between these two groups. In addition, neither 
the expression of PAR-1 nor PAR-2 was associated with the 
duodenal MI (Tables 2, 3). These findings suggest that PARs 
do not affect the duodenal mucosal barrier function in the 
clinical setting.

Previous studies have shown that low-grade inflammation 
is associated with the pathogenesis of FD. A study evaluat-
ing peripheral blood mononuclear cells found that patients 
with FD had increased cytokine levels of TNF-α, IL-1β, and 
IL-10 compared with healthy subjects [34]. IL-1β disrupts 
the barrier function of epithelial cells, including retinal pig-
ment epithelial cells, intestinal epithelial cells, and human 
corneal epithelial cells [35–37]. Furthermore, IL-1β induces 
disruption of the barrier function of simian virus 40-immor-
talized human corneal epithelial cells, which is accompa-
nied by the disappearance of ZO-1 and occludin from the 
interfaces of neighboring cells through the NF-κB signal-
ing pathway [37]. TNF-α also disrupts the corneal epithelial 
barrier function by changing the localization of ZO-1 [38]. 
Therefore, the cytokines IL-1β and/or TNF-α expressed in 
the duodenum might be associated with its mucosal barrier 
function, although this has yet to be confirmed. In the pre-
sent study, the expression of IL-1β was significantly higher 
in the FD group than in the symptomatic control group, and 
duodenally expressed IL-1β (but not TNF-α) was signifi-
cantly inversely correlated with the duodenal mucosal bar-
rier function in all patients, including the patients with FD 
and the symptomatic control patients (Fig. 4a–c).

The present study found no correlation between the 
expressions of IL-1β and ZO-1 (Fig. 4d), although the IL-1β 
expression was significantly higher in the FD group than in 
the symptomatic control group, suggesting that the IL-1β 
expressed in the duodenal mucosa may play a role in the 
pathogenesis of FD. The serum levels of both IL-1β and 
TNF-α are reportedly increased in patients with FD [34]. 
However, in our study, only IL-1β mRNA was upregulated in 
biopsied duodenal mucosa. As IL-1β is released by eosino-
phils [39], the tendency toward a greater eosinophil count in 
the FD group than in the symptomatic control group might 
have affected our findings. Furthermore, macrophages are 
involved in the production of TNF-α, and macrophage infil-
tration of the duodenal mucosa is reportedly characteristic 
of post-infectious FD, with macrophages/TNF-α poten-
tially functioning as mediators of low-grade inflammation 
[40]. The present study did not include patients with post-
infectious FD, which might further explain the discrepancy 
between the previous findings and our own.

The duodenal eosinophil count is reportedly signifi-
cantly higher in subjects with non-ulcer dyspepsia based 
on the Rome II criteria than in controls [14]. The number 
of duodenal eosinophils in patients with post-infectious 

FD is reportedly significantly higher than that in healthy 
volunteers [40]. We therefore examined whether duodenal 
eosinophilic infiltration was associated with the pathogen-
esis of FD, and we found that the eosinophil count tended to 
be higher in the FD group than in the symptomatic control 
group; however, the difference did not reach statistical sig-
nificance. In addition, the extent of duodenal eosinophilic 
infiltration was not significantly associated with the duo-
denal mucosal barrier function. Patients with PDS with 
early satiety reportedly have relatively increased duodenal 
eosinophilic infiltration [41]. The extent of duodenal eosin-
ophilic infiltration tended to be higher in patients with PDS 
than in both patients with EPS and symptomatic controls 
in the present study, although this intergroup difference did 
not reach statistical significance. The lack of an association 
between PDS and eosinophilia may have been due to a type 
II (power) error.

The tissue conductance meter used in the present study 
was originally used to evaluate the electrical impedance of 
the postauricular skin, nasal turbinates, and nasal polyps in 
patients with chronic rhinosinusitis [21]. It was then applied 
to the gastrointestinal area. The MI measured in vivo by 
a similar method to that used in the present study is gen-
erally accepted to be an indicator of the mucosal barrier 
function [22, 42, 43]. More recently, it has been shown that 
the duodenal mucosal permeability measured using this 
tissue conductance meter is increased in patients with FD 
compared with healthy subjects [16]. Therefore, the present 
study aimed to clarify how the mucosal barrier function was 
associated with the pathogenesis of FD and its underlying 
mechanisms. We showed that the barrier function was not 
altered in the gastric mucosa, but was altered in the duodenal 
mucosa, where both increased IL-1β and decreased ZO-1 
levels were detected. As we were unable to rule out the pos-
sible influence of multiple background factors on the present 
results, we performed an ANCOVA adjusted for age, sex, 
BMI, PPI usage, oral NSAID usage, and smoking history; 
this analysis showed that the mucosal barrier function was 
altered in patients with FD compared with the two control 
groups, which suggests that the duodenal MI may be a useful 
index for differentiating FD from other symptomatic disor-
ders, like GERD, in the clinical setting.

One of the strengths of the present study was the inclu-
sion of a symptomatic control group. There is no objec-
tive index to support a diagnosis of FD in clinical prac-
tice. Thus, we sometimes encounter patients with FD-like 
symptoms whose condition is difficult to differentiate from 
other gastrointestinal disorders, especially from GERD. 
The present findings suggest that a real-time duodenal MI 
evaluation during EGD may be useful for differentiating 
FD from other disorders with abdominal symptoms. Meas-
uring the duodenal mucosally expressed IL-1β may also 
be useful for confirming a diagnosis of FD in the clinical 
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setting. Although patients with post-infectious FD were 
not included in the present study, low-grade inflamma-
tion is reportedly observed even in non-post-infectious 
FD [44]. Accordingly, IL-1β may be a target for the novel 
treatment of FD in the future.

The present study also had several limitations that war-
rant mention. First, no biopsy samples were obtained from 
the asymptomatic control group due to ethical issues. To 
account for this, the biopsy samples from the symptomatic 
control group were used as a reference. In the symptomatic 
control group, such biopsy samples were required for the 
diagnosis of the organic disease. We consider that it was 
acceptable to use these samples as a reference, as there 
were no significant differences between the symptomatic 
control and asymptomatic control groups in the MI values 
of the duodenum or stomach. Second, our examination 
of the factors associated with duodenal MI included data 
from a total of 21 subjects, including 12 patients with FD 
and nine symptomatic control patients. As the sympto-
matic control patients had several underlying diseases, we 
cannot exclude the possibility that this might have affected 
the results. Third, we showed a significant inverse/positive 
relationship between the IL-1β/ZO-1 expression and the 
duodenal barrier function in patients with FD; however, 
we were unable to determine whether the increased IL-1β 
and decreased ZO-1 were the cause or the result of FD, 
and whether IL-1β downregulated the expression of ZO-1 
in the clinical setting, as these questions were beyond the 
scope of the present study. Further studies are necessary 
to clarify these points.

In conclusion, we used a newly developed method 
involving the real-time measurement of the MI during 
EGD to show that the mucosal barrier function of the duo-
denum, but not of the stomach, is altered in patients with 
FD. The duodenal MI is significantly positively correlated 
with ZO-1 and inversely correlated with IL-1β. Both ZO-1 
and IL-1β may play a role in the pathogenesis of FD, and 
IL-1β might be a novel target for the treatment of FD.
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