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Abstract

Corticotropin-releasing hormone (CRH) mediates stress responses in the brain-gut axis.
Administration of CRH modulates brain activation, for example by controlling the autonomic
nervous system in response to colorectal distention. Here, we investigated the relationship
between sympathoadrenal and hypothalamic-pituitary-adrenal (HPA) responses to colorec-
tal distention in patients with irritable bowel syndrome (IBS). We enrolled 32 patients with
IBS (16 women and 16 men) and 32 healthy subjects (16 women and 16 men), and ran-
domly divided them between CRH and saline injection groups. The patients randomly
underwent no (0 mmHg), mild (20 mmHg), or strong (40 mmHg) colorectal distension. CRH
(2 pg/kg) or saline was then administered via injection, and the distention protocol was
repeated. The heart rate (HR) and HR variability (HRV; calculated as the low [LF] to high fre-
quency [HF] peak ratio, LF/HF) were analyzed using electrocardiography. Plasma nor-
adrenaline, adrenaline, adrenocorticotropic hormone (ACTH), and cortisol levels were
measured at the time of each distention. Plasma adrenaline levels were shown to be associ-
ated with plasma ACTH levels in HCs injected with CRH during distention using structural
equation modeling analysis. Patients with IBS injected with placebo during distention dis-
played a closer association between these two parameters than those injected with CRH.
Generalized estimating equation analysis revealed a significant distention x group x drug
interaction for HF power. Moreover, there was a strong correlation between adrenaline and
HRV upon CRH injection in controls, but not patients with IBS. The relationship between
HPA-sympathoadrenal responses and CRH levels during colorectal distention differs
between patients with IBS and controls. Modulation of adrenal gland activity in response to
ACTH stimulation may contribute to the brain-gut pathophysiology characteristic of IBS.
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Introduction

Irritable bowel syndrome (IBS) is a functional gastrointestinal disorder characterized by
abdominal pain and altered bowel function in the absence of structural or inflammatory
abnormalities [1, 2]. Its prevalence is high, and affects approximately 15% of adults [1, 2]. As
the abdominal symptoms in IBS are closely linked to psychological stress, the combined func-
tioning of intestinal motor, sensory, and central nervous activities is thought to be an impor-
tant factor in the development of IBS symptoms [3]. Corticotropin-releasing hormone (CRH)
is a major mediator of the stress response in the brain-gut axis, and it increases colonic motility
and sensitivity [4-6]. Stress results in CRH release in the paraventricular nucleus of the hypo-
thalamus, as well as secretion of adrenocorticotropic hormone (ACTH) from the pituitary,
which stimulates the adrenal gland to release cortisol [7]. Patients with IBS have excess levels
of released ACTH in plasma and cortisol in serum in response to stress [4, 8], although sup-
pressed basal levels of plasma ACTH have also been reported in patients with IBS [9].
Increased hypothalamic-pituitary-adrenal (HPA) responses to stress alter the balance between
afferent and efferent neural pathways. We have found that activity in brain regions implicated
in CRH secretion is suppressed during strong colorectal distention in men with IBS [10]. Sex
differences in central nervous system responses to visceral stress, perception, and motility have
been reported in patients with IBS. Enhanced cortisol and ACTH responses to CRH have been
observed in men with IBS when compared with healthy controls (HCs), while women have
been reported to have blunted responses [11]. It has also been reported that male patients with
IBS likely exhibit a ceiling effect with regard to their responses to colorectal distention both in
the amygdala and in plasma noradrenaline levels following CRH injection [10].

These findings seem to agree with parallel modifications in the HPA and catecholamine
pathways [7]. In addition, the catalytic activity of phenylethanolamine N-methyltransferase
(PNMT), which is the enzyme that synthesizes adrenaline from noradrenaline, is regulated by
cortisol, and stress induces adrenal PNMT activity [12]. Experiments using nociceptive stress-
ors have revealed a strong correlation between ACTH levels and catecholamine levels [13].
Nevertheless, how the HPA-catecholamine network is modulated during stress in patients
with IBS remains unknown. The noradrenaline system hub is found in the locus coeruleus
(LC), which sends neural projections to the amygdala and hypothalamus, which in turn con-
tain numerous CRH receptors. The LC also sends major projections to the frontal cortex,
which is able to regulate the amygdala [14]. Differences in CRH responses to regional brain
activation, especially in the amygdala (which combines visceral sensation and negative emo-
tion) [15], have been reported between patients with IBS and HCs [10, 16]. CRH is an impor-
tant cause of noradrenergic release during stress, especially in the hypothalamus, LC, and
amygdala [17-19]. These brain regions modulate responses to emotional arousal and regulate
the autonomic nervous system. Heart rate variability (HRV) is a measure obtained noninva-
sively using electrocardiography, and is used to assess autonomic nervous activity [20, 21].
HRYV analysis during colonic distention has revealed decreased vagal and increased sympa-
thetic nerve activity in patients with IBS when compared with HCs [21]. In fact, the vagal com-
ponent of the HRV is negatively correlated with the motility index in patients with IBS [22];
therefore, ANS activity is a good indicator for brain-gut interactions.

The purpose of the present study was to determine the influence of CRH on stress-neuroen-
docrine networks, such as the HPA axis and sympathoadrenal network. We hypothesized that
(1) plasma noradrenaline and adrenaline levels were more strongly associated with plasma
ACTH levels in response to CRH injection during colorectal distention; and (2) plasma cate-
cholamine and ACTH levels were positively correlated with HRV, and CRH further strength-
ened this relationship in patients with IBS when compared with controls.
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Materials and methods
Participants

Thirty-two patients with IBS (16 women and 16 men; age: mean + standard deviation [SD],
21.7 £ 1.6 years) and 32 sex- and age-matched HCs (16 women and 16 men; age: mean + SD,
22.0 + 2.1 years) participated in this study. All male subjects, except for two subjects with IBS
that were administered the CRH injection, had participated in our earlier study [10]. Electro-
cardiography data from two subjects were not correctly recorded; therefore, these two subjects
were excluded, and two new age- and IBS subtype-matched male patients were recruited to the
CRH administration group. The neuroendocrine data from the men presented in this study
are almost identical to those presented in our previous study, while the HRV data have not yet
been presented. The hypothesis in this study and methods used for data analysis here are very
different our previous study [10]. Here, we present a network comparison between HRV and
neuroendocrine levels. We also present combined data from men and women. This led to
higher statistical power in our analysis.

All of the patients with IBS were diagnosed based on the Rome Ill criteria [1]. The IBS
group included 22 patients (9 women and 13 men) with diarrhea, 3 (2 women and 1 man)
with constipation, and 7 (5 women and 2 men) with mixed IBS. Each participant was screened
for evidence of other gastrointestinal diseases, autonomic or cardiovascular diseases, mental
disorders, and traumatic history. The HCs were free from gastrointestinal symptoms. None of
the participants had any organic diseases or mental disorders. No drugs were prescribed to the
participants, and they reported not taking any medication for one week before the study. Writ-
ten informed consent was obtained from all participants prior to their participation. This
study was approved by the Ethics Committee of the Tohoku University Graduate School of
Medicine, Japan.

The State-Trait Anxiety Inventory [23] and Self-Rating Depression Scale [24] were admin-
istrated to all participants before the day of the experiment to assess their anxiety and depres-
sion levels. There were no significant differences in state anxiety (IBS, 41.3 + 8.6 vs. HC,

39.0 +13.4; t (30) = .57; P = .50; Cohen’s d = .26; 95% confidence interval [CI], -10.4 to 5.9),
trait anxiety (IBS, 46.1 £ 9.9 vs. HC, 43.3 + 11.3; t (30) = .77; P = .48; Cohen’s d = .18; 95% CI,
-10.5 to 4.8), or self-rating depression scale scores (IBS, 36.3 + 5.7 vs. HC, 35.7 + 6.4; t (30) =
.26; P=.14; Cohen’s d = .10; 95% CI, -4.9 to 3.8) between the female IBS group and the female
HC group.

Distention protocol

We used the barostat protocol as previously described [10, 25, 26]. A bag was positioned 10 cm
from the anal verge of the subjects, and its distal end was inserted into the colorectum. The
catheter was then connected to computerized barostat equipment (Synectics Visceral Stimula-
tor; Medtronics Synectics; Shoreview, MN). Intravenous catheters were inserted into each side
of the cubital vein and the barostat bag was inserted into the colorectum of each subject 30
min before the study. The experimental session consisted of two stages: stage 1, without injec-
tion of CRH or saline; and stage 2, following injection of CRH (Tanabe-Mitsubishi; Osaka,
Japan) or saline. The protocol was administered for 80 s under the following conditions: base-
line (0 mmHg), no distention (0 mmHg), mild (20 mmHg) colorectal distention, or strong (40
mmHg) colorectal distention. The interval between the two stimuli was 15 min due to radio-
tracer decay. During each stage, the baseline condition was assessed first, and was followed by
one of the other three conditions in a random order. After stage 1, half of the subjects in each
group (IBS or HC) were administered either human CRH (2 pg/kg, dissolved in 2 ml saline) or
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saline alone as a bolus. The same distention protocol was then repeated. The subjects were
informed that the different conditions were selected in a random order, and were blinded to
the timing and the group that they were assigned to. The CRH dose used has previously been
shown to alter gastrointestinal motility and increase plasma ACTH secretion, but has not been
associated with any side effects [10]. Blood samples were obtained from an intravenous can-
nula after each period, and subjective symptoms were evaluated using an ordinate scale [10].
The plasma and serum were centrifuged for 5 min at 1,500 g, and then frozen and stored at -
30°C for later analysis.

HR and HRV

Holter electrocardiography data were continuously sampled (SCM 6000; Fukuda Denshi;
Tokyo, Japan), and colorectal distention was recorded using a specific key input. R-R intervals
during the distention were calculated using computer software (R-R Interval Analyzing Pro-
gram, HPS-RRA; Fukuda Denshi). HRV intervals were calculated based on frequency domain
analysis for 64 s during colorectal distention. Low frequency bands (LF, 0.04-0.15 Hz), high
frequency bands (HF, 0.15-0.4 Hz), and the LF/HF ratio were analyzed to assess sympathetic
and parasympathetic activity. HF reflects the parasympathetic tone, while the LF/HF ratio
reflects the sympathetic/parasympathetic balance [19, 27, 28].

Neuroendocrine data

Plasma ACTH and serum cortisol levels were determined by radioimmunoassay, and plasma
noradrenaline and adrenaline levels were measured using high-performance liquid chroma-
tography, as previously reported [4, 5, 26].

Statistical analysis

The sample size in this study was calculated based on the sample size determination theory of
statistics. Sample size was calculated using an effect size of 0.75, beta value of 0.2, and alpha
value of 0.05. Demographic data were analyzed using SPSS 21.0 (IBM Corporation; Armonk,
NY, USA). All data are presented as mean + SD. The significance level threshold was set to

P < 0.05. The data were analyzed using the non-parametric Student’s t-test and the Spearman
rank correlation coefficient to account for non-normal distributions of some variables. An
overall generalized estimating equation (GEE) analysis [29] (SPSS 21.0, IBM Corp.) was per-
formed during the random distention. The fixed main effects included those of group (IBS or
HC), drug (CRH or saline), condition (no distention, 20 mmHg distention, or 40 mmHg dis-
tention), and sex (female or male), as well as their potential interactions with the dependent
variables of interest. Network analyses within the neuroendocrine system were conducted
using structural equation modeling in Amos 22.0 (IBM Corp.). The strengths of relationships
between two factors are indicated as standardized beta weights using an arrow path. A satisfac-
tory model usually has a comparative fit index > 0.95 and a root mean square error of
approximation < 0.05. The significance level threshold was set to P < .0125.

Results
Neuroendocrine networks of the HPA and adrenal axes

All hormonal responses in the female participants are shown in the S1 Text, S1 and S2 Fig, S1
Table and the data from the male participants has been reported previously [10]. We found
sex-based differences in plasma noradrenaline levels, but not in plasma ACTH, serum cortisol,
or plasma adrenaline. As a result, the following analyses were performed on data from each
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administration subgroup in the IBS and HC groups, including both men and women. Consis-
tent patterns emerged in the correlational analyses between plasma ACTH, serum cortisol,
plasma noradrenaline, and adrenaline levels (S2 Table). In HCs receiving a placebo injection,
plasma ACTH and serum cortisol levels remained positively correlated during no distention
(rho =.576, P = .019) and 20 mmHg distention (rho = .548, P = .028) conditions. Plasma
ACTH and noradrenaline levels were significantly negatively correlated (rho = -.609, P = .012)
during 40 mmHg distention, but were unrelated to plasma adrenaline levels. In HCs receiving
a CRH injection, ACTH levels were significantly correlated with adrenaline levels in the no
distention condition (rho = .583, P =.018). ACTH levels in patients with IBS receiving a pla-
cebo injection were significantly and positively correlated with cortisol levels (no distention:
rho = .624, P = .010; 20 mmHg distention: rho = .716, P = .002; 40 mmHg distention: rho =
.818, P < .001). ACTH levels were also significantly correlated with noradrenaline levels dur-
ing 20 mmHg distention (rho = .556, P = .025), and adrenaline levels during 40 mmHg disten-
tion (rho = .605, P = .013). Administration of CRH in patients with IBS did not affect the
ACTH-cortisol or ACTH-adrenaline relationships in 0 and 20 mmHg distention conditions.
ACTH and plasma adrenaline levels were not significantly correlated in these participants in
the 40-mmHg distention condition.

We observed a significant group x drug x condition x sex interaction for plasma noradren-
aline levels (S1 Text, S1 Table); therefore, we analyzed the correlation between plasma nor-
adrenaline and other neuroendocrine variables in each sex group. There was a significant
correlation between plasma adrenaline and noradrenaline during 40 mmHg distention in
male HCs receiving a CRH injection (rho = .881, P = .004). However, there were no significant
correlations with plasma noradrenaline in female participants during any of the random dis-
tension conditions.

Associations between neuroendocrine networks assessed using structural
equation modeling

Structural equation modeling was used to better understand the relationship between ACTH-
cortisol and noradrenaline-adrenaline, assess network differences between IBS and HC
groups, and examine the effect of CRH on these relationships. This model included standard-
ized coefficients for each relationship in the analysis. Each coefficient is presented over the
respective pathway represented by the arrows in Fig 1. The model fit was tested together for
the CRH and saline groups in both the IBS and HC groups (3*(4) = 1.706, P = .790, compara-
tive fix index = 1.000, root mean square error of approximation =.000, 95% CI = 0.000-0.126).
As expected, higher plasma ACTH levels in patients with IBS were associated with higher levels
of serum cortisol (B = .94, P < .001); we found a similar association with plasma adrenaline lev-
els (B =.972, P < .001) during strong distention in patients with IBS who were administered
saline, and plasma ACTH levels in patients with IBS patients who were administered CRH
(cortisol: B =.711, P < .001; adrenaline: § = .496, P < .001). In contrast, in HCs, plasma ACTH
levels were significantly associated with serum cortisol levels in the placebo group (B =.744, P
< .001). In addition, plasma noradrenaline and adrenaline levels were significantly associated
in the CRH injection group (B = .439, P = .046). Structural equation modeling during no dis-
tention and 20 mmHg distention showed a significant association between plasma ACTH and
serum cortisol, in addition to plasma adrenaline in IBS with or without CRH (S3 and S4 Fig).

HRV

To explore the effects of CRH on autonomic nervous responses to colonic stimuli, we per-
formed a GEE analysis (Fig 2). There was a significant distention x group x drug interaction
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Fig 1. Neuroendocrine response models during 40 mmHg distention. (A) HCs injected with saline (n = 16), (B) HCs injected with CRH

(n = 16), (C) patients with IBS injected with saline (n = 16), and (D) patients with IBS injected with CRH (n = 16). *P < .0125 indicate significant
paths. The squared multiple correlations (R?) of the variables are reported in the top right corner. There were no significant factor correlations
between ACTH and NA. ACTH, plasma ACTH; cortisol, serum cortisol; HCs, healthy controls; NA, plasma noradrenaline; Ad, plasma
adrenaline; ACTH, adrenocorticotropic hormone; IBS, irritable bowel syndrome; CRH, corticotropin-releasing hormone.

https://doi.org/10.1371/journal.pone.0199698.9001

(P =.016) for HF power, but not HR or LF/HF ratio (HR, P = .939; LF/HF ratio, P = .408).
There were no significant distention x group x drug X sex interactions with any of the HRV
parameters (HR, P = .295; HF, P = .197; LF/HF ratio, P = .110). Basal HR, HF power, and the
LF/HF ratio were not significantly different between the IBS and HC groups (Fig 3). HR was
significantly higher in HCs receiving a CRH injection than in HCs treated with placebo (CRH,
70.3 + 11.2 beats/min; placebo, 61.5 + 9.0 beats/min; P = .021), and in patients with IBS receiv-
ing a CRH injection when compared with those treated with placebo (CRH, 70.5 + 9.2 beats/
min; placebo, 61.7 £ 12.6 beats/min; P = .031). The LF/HF ratio was also higher in controls
receiving a CRH injection than in those receiving a placebo injection (CRH, 1.2 + 0.8; placebo,
0.6 + 0.5; P =.040).

Correlation between the neuroendocrine stress response and HRV

We used Spearman’s correlation analysis to investigate the relationship between CRH-influ-
enced pituitary-cortisol or catecholamine responses and HRV during stress (Table 1). We
found no correlation between neuroendocrine responses and HRV in HCs receiving a placebo
injection. However, there were significant correlations between plasma adrenaline levels and
HR, as well as HF power, for all levels of distention, in HCs who were administered CRH. In
addition, there was a significant correlation between the LF/HF ratio and plasma adrenaline
levels in these participants in the 40-mmHg distention condition. The plasma adrenaline levels
and HRV were not correlated in patients with IBS. There was a significant correlation between
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Fig 2. Effects of CRH on HRV during random distention after injection. (A) HR (beats/min), (B) HF power, and (C) LF/HF ratio in HCs administered with
saline (n = 16) or CRH (n = 16); and patients with IBS administered with saline (n = 16) or CRH (n = 16). Results are represented as mean + SD. GEE analysis
of HRV parameters during random distention revealed a significant distention x group x drug interaction for HF power (P = .016). LF, low frequency; HF,
high frequency; HCs, healthy controls.

https://doi.org/10.1371/journal.pone.0199698.9002

HR and plasma ACTH levels, as well as serum cortisol levels, in the 40-mmHg distention con-
dition in the IBS placebo group.

S1 Text showed the GEE analysis of plasma noradrenaline levels revealed a significant effect
of sex; therefore, we examined the correlation between plasma noradrenaline and HRV in
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Fig 3. Effects of CRH on HRV during the baseline period after injection. (A) HR (beats/min), (B) HF power, and (C) LF/HF ratio in HCs administered
with saline (n = 16) or CRH (n = 16); and patients with IBS administered with saline (n = 16) or CRH (n = 16). Results are represented as mean + SD. *P < .05
when compared with placebo; baseline after CRH or saline injection, paired t-test. LF, low frequency; HF, high frequency; HCs, healthy controls.

https://doi.org/10.1371/journal.pone.0199698.g003
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Table 1. Features of HRV during each distention and correlation between HRV and neuroendocrine variables.

Variable | Mean | SD ACTH Cortisol Ad NA
A. During no distention
HC with placebo injection (n = 16)
HR 62.7 10.19 -0.05 -0.42 0.39 -0.24
HF power 1825.53 2101.22 -0.07 0.12 -0.19 0.32
LF/HF 1.16 1.12 0.31 0.12 0.32 -0.32
HC with CRH injection (n = 16)
HR 69.15 8.35 0.54 | * 0.46 0.58 | * 0.19
HF power 884.81 684.14 -0.71 | ** -0.37 -0.68 | ** -0.28
LE/HF 2.06 1.86 0.47 0.08 0.36 0.32
IBS with placebo injection (n = 16)
HR 62.58 11.66 0.54 | * 0.11 0.54 | * 0.55
HF power 1104.01 996.33 -0.27 -0.24 -0.41 -0.48
LE/HF 1.97 3.38 -0.09 -0.16 0.28 0.14
IBS with CRH injection (n = 16)
HR 68.32 10.49 0.04 0.12 -0.11 -0.33
HF power 919.88 977.99 -0.11 -0.23 0.26 0.22
LF/HF 1.20 1.27 0.28 0.56 0.23 -0.34
B. During 20 mm Hg distention
HC with placebo injection (n = 16)
HR 67.09 9.99 -0.09 -0.29 0.35 -0.16
HF power 1550.92 1766.87 0.23 0.15 -0.01 -0.28
LE/HF 1.46 1.41 0.07 -0.14 -0.10 -0.14
HC with CRH injection (n = 16)
HR 75.18 15.67 0.28 0.11 0.78 | ** 0.15
HF power 973.36 1343.16 0.07 -0.18 -0.69 | ** -0.20
LE/HF 5.06 9.33 -0.34 -0.14 0.04 -0.25
IBS with placebo injection (n = 16)
HR 66.45 12.31 0.62 | * 0.47 0.35 0.42
HF power 1319.21 2438.16 -0.54 | * -0.36 -0.13 -0.44
LF/HF 2.58 3.31 0.27 0.06 0.22 0.34
IBS with CRH injection (n = 16)
HR 73.18 11.9 0.06 0.41 0.16 -0.22
HF power 538.99 493.39 -0.06 -0.51 -0.22 -0.05
LE/HF 3.92 4.69 0.16 0.62 0.46 0.17
C. During 40 mm Hg distention
HC with placebo injection (n = 16)
HR 77.23 9.89 0.04 -0.28 0.45 -0.12
HF power 437.89 338.40 -0.11 0.21 -0.39 -0.04
LE/HF 2.48 1.55 -0.37 -0.02 -0.31 0.42
HC with CRH injection (n = 16)
HR 83.73 19.08 0.25 0.44 0.77 | ** 0.37
HF power 658.02 993.43 -0.41 -0.51 -0.72 | ** -0.29
LF/HF 4.38 2.92 0.10 0.20 0.66 | ** 0.38
IBS with placebo injection (n = 16)
HR 73.48 12.3 0.58 | * 0.54 0.22 0.17
HF power 931.64 1725.64 -0.22 -0.05 0.10 -0.28
LE/HF 3.18 2.79 -0.13 -0.38 -0.24 0.25

(Continued)
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Table 1. (Continued)

Variable Mean

IBS with CRH injection (n = 16)
HR 80.27
HF power 197.78
LF/HF 4.70

SD ACTH Cortisol Ad NA
11.96 0.21 0.21 0.44 -0.12
167.7 0.18 -0.07 -0.27 0.04

2.59 0.04 0.28 0.41 0.01

Data are shown as rho scores of the Spearman rank correlation coefficient. Data for %HF or LE/HF were used to assess the correlations with plasma ACTH, serum

cortisol, plasma adrenaline, and noradrenaline levels during (A) no distention, (B) 20 mm Hg distention, and (C) 40 mm Hg distention.

*P < 0.05
**P < 0.01.

HR, heart rate; HF, high frequency; LF, low frequency; Ad, adrenaline; NA, noradrenaline; ACTH, adrenocorticotropic hormone; SD, standard deviation.

https://doi.org/10.1371/journal.pone.0199698.t001

men and women. During strong distention, plasma noradrenaline levels were significantly
correlated with only the LF/HF ratio in male HCs receiving CRH (rho = 0.95, P < 0.01) or
saline (rho = 0.91, P = 0.002) injections, but not in men with IBS. There were no significant
correlations between HRV and neuroendocrine levels in women with IBS or female HCs
(Fig 4).

Ordinate scales for subjective symptoms were shown in S2 Text.

Discussion

In the present study, we showed an association between plasma adrenaline ACTH levels in
HCs injected with CRH during strong distention. Patients with IBS injected with placebo dis-
played a closer association between these two parameters than those injected with CRH during
strong distention. However, plasma noradrenaline levels were not significantly associated with
ACTH or adrenaline levels. Plasma adrenaline levels were strongly correlated with HRV in
HCs receiving CRH and patients with IBS receiving a placebo. In contrast, plasma ACTH and
noradrenaline levels were not correlated with HRV. We found a modification in plasma adren-
aline responses to colorectal distention, which suggested that the adrenal gland could poten-
tially underlie the autonomic dysfunction characteristic of IBS. Our findings regarding plasma
adrenaline responses to colorectal distention showed significant correlations between ACTH
and HRV, especially in HCs with CRH, although there was no correlation associated with
plasma noradrenaline. Injection of CRH amplifies the sympathetic output in response to colo-
rectal distension, which appears linear in HCs. In contrast, there is an apparent ceiling effect
in patients with IBS and for some markers, such as adrenaline, indicated by no additional effect
of distension. These results might reflect the homeostatic response to elevated CRH in IBS.
We found that CRH injection accelerated ACTH and cortisol release in the IBS and HC
groups, which is supported by the results of Dinan et al. [8], and those of our previous study
[4]. Moreover, the threshold for ACTH-induced adrenaline release was enhanced only during
strong distention in HCs. In contrast, there was a correlation in the IBS group, even in the
absence of distention. Colonic nociceptive signaling first sends information to the dorsal root
ganglia through fine sympathetic afferent fibers [30, 31]. Adrenergic stimulation mediates the
induction of visceral hypersensitivity; thus, the blockage of a1/0:2- and B1/B2-adrenergic
receptors prevents the induction of visceral hypersensitivity [31]. Increased expression of
nerve growth factor in the colon has been shown to alter the electrophysiological characteris-
tics of dorsal root ganglion neurons through voltage-gated sodium channels [31-33]. CRH
receptors in the colonic mucosa also mediate the expression of nerve growth factor in colonic
tissues [31]. These neurons form synapses in the lamina of the dorsal horn of the spinal cord,
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Fig 4. Effects of CRH on the correlation between plasma noradrenaline levels and the LF/HF ratio in men and women. Plasma noradrenaline
levels and LF/HF ratio during 40 mmHg distention (A) in male controls injected with placebo (n = 8) and CRH (n = 8). There were significant
correlations in both groups (CRH, rho = 0.95, P < 0.01; placebo, rho = 0.91, P < 0.01). (B) Male patients with IBS injected with placebo (n = 8) and
CRH (n = 8). (C) Female controls injected with placebo (n = 8) and CRH (n = 8). (D) Female patients with IBS injected with placebo (n = 8) CRH
(n = 8). No significant correlations are shown in panels B, C, and D. IBS, irritable bowel syndrome; CRH, corticotropin-releasing hormone; LF, low
frequency; HF, high frequency.

https://doi.org/10.1371/journal.pone.0199698.g004

which sends projections to the thalamus. The thalamus in turn projects to the insula, anterior
cingulate cortex, amygdala, hippocampus, and hypothalamus. [30, 34]. Thus, excessive afferent
neural input and more intense signaling in colonic neurons might exacerbate the intense
abdominal pain sensation in patients with IBS who have been administered with CRH.

Another factor potentially mediating the effects of CRH administration is neuroendocrine-

immune interactions. Following CRH administration, male HCs had higher amygdala activa-
tion during strong colorectal distention when compared with men with IBS [10]. Excessive
secretion of CRH induced remodeling of neural networks and hormonal receptors, which has
been termed as the “allostatic load” [35, 36]. Repeated episodes of stress also modulate adrenal
medulla-cortex networks. The synthesis of adrenaline from noradrenaline is regulated by cor-
tisol via PNMT, and stress induces adrenal PNMT activity [12]. Plasma noradrenaline and
serum cortisol showed altered response patterns in response to CRH during colorectal
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distention, and a similar pattern was found between serum cortisol and plasma adrenaline. In
addition, frequent intra-adrenal cortisol release stimulates the adrenal medulla [37]. These
effects presumably underlie the strong association between ACTH and adrenaline responses in
patients with IBS. Allosteric patterns of plasma adrenaline might have important implications
for the etiology of IBS. Elenkov et al. reported that adrenaline is involved in immune homeo-
stasis. Specifically, individuals in a 24-h excretion group with high adrenaline levels had signif-
icantly higher levels of interleukin (IL)-10 and significantly lower levels of IL-12 and tumor
necrosis factor-o than those with low adrenaline levels [38]. Mast cells are found in close prox-
imity to sensory neurons and affect the severity and frequency of abdominal pain in patients
with IBS [39]. In addition, patients with IBS have proinflammatory cytokine abnormalities,
such as an imbalance in the IL-10/IL-12 ratio in the blood [40] and increased IL-10 levels in
the colonic mucosa [41]. Temporal acute stress suppresses inflammatory cytokines by elevat-
ing adrenaline levels. However, repeated chronic stress induces a ceiling effect for adrenaline
release, which is also influenced by HPA signaling. This leads to disruptions to the immuno-
logical balance, and might enhance the low-grade inflammation of the gut, which is character-
istic of IBS. These implications should be examined in future studies, including simultaneous
measurements of hormone and cytokine levels.

We have provided evidence for sex-based differences in plasma noradrenaline levels, but
not in plasma ACTH, serum cortisol, or plasma adrenaline levels. Noradrenaline mediates
amygdala activity, and the performance of emotional memory encoding is different between
men and women [42]. The marked sex differences in noradrenaline release and regional brain
function might thus result in the sex-based differences in brain networks responsible for emo-
tional arousal. It is worth noting that postmenopausal women have been reported to have
lower noradrenaline levels and kinetics in the resting period [43]. Nevertheless, our plasma
noradrenaline data analysis revealed a significant distention x group x drug interaction in the
absence of sex-based effects. Therefore, there was a negligible effect of female menstruation in
our study.

The noradrenergic system includes the LC of the midbrain, which sends neural projections
to the amygdala and hypothalamus, areas of the brain that contain numerous CRH receptors.
In fact, colorectal distention stimulates hippocampal noradrenaline release and visceral per-
ception, and is suppressed by o-helical CRH or CRH receptor 1 antagonists [44]. We show
that the strong correlation between plasma noradrenaline levels and LF/HF ratio in male HCs
who were administered CRH shifts to the upper right, although the strength of the correlation
remains. A similar result suggested that CRH injection increased the HR and LF/HF ratio in
young adult male participants [45]. Moreover, plasma adrenaline levels after CRH injection
had a strong correlation with HRV in the HC group in the present study. However, the inter-
actions between noradrenaline/adrenaline and HRV were disrupted in the patients with IBS
during the distention period. As such, repeated CRH exposure might be an important risk fac-
tor for adrenosympathetic modification, as well as for HPA dysregulation.

In contrast to the significant correlation between plasma noradrenaline levels and the LF/
HF ratio in male HCs, there was no significant correlation in female HCs. One of the possible
factors was the menstruation effect. Female HCs have higher LF/HF activity in the luteal phase
than in the follicular phase [46]. Interpretation of the results herein must therefore account for
the influence of the mensuration cycle in women. Other confounding factors that may have
biased our results were that HRV power was influenced by physical training [47, 48], and we
were unable to adjust for the potential effects of this factor in the present study. Second, there
were limitations regarding baseline study characteristics, such as bowel habits, changes in per-
sonnel, time of year, and political/environmental stressors that are associated with different
time periods. We obtained blood samples a few minutes after colorectal distention. Our
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previous data [10] indicate that the protocol used here, which eliminates the effects of time
associated with different distention intensities, can be used to measure neuroendocrine
changes properly. However, the time from baseline to the peak is thought to be different for
each endocrine hormone. Therefore, multiple blood samples are desirable, although this intro-
duces ethical concerns. Patients with IBS often have a wide range of co-morbidities, including
anxiety or depression [49]. In addition, early life trauma influences HPA axis responsiveness
[50]. In order to exclude the direct effects of psychological confounding factors, we recruited
IBS subjects who had no anxiety or depression co-morbidities, and no traumatic history.
Third, we have previously reported that CRH induces colonic motility and sensation regardless
of IBS subtype. Therefore, there are unanswered questions regarding the sympathoadrenal net-
work in each IBS subtype.

In conclusion, our results suggest that the waning of key HPA and adrenal pathways medi-
ated by CRH may inhibit regulatory mechanisms. The correlation between adrenaline and
HRYV may be an important parameter predictive of progression to IBS and a therapeutic target.

Supporting information

S1 Fig. Effects of CRH on the hypothalamic-pituitary-adrenocortical axis and adrenal sys-
tem during random distention after injection in female subjects. (A) Plasma ACTH (pg/
ml), (B) serum cortisol (ug/ml), (C) plasma noradrenaline (pg/ml), and (D) plasma adrenaline
(pg/ml) in female HCs injected with saline (n = 8) and CRH (n = 8); and female patients with
IBS injected with saline (n = 8) and CRH (n = 8). GEE analysis revealed significant

distention x group x drug interactions for all four endocrine measures during random disten-
tion. Results are represented as mean + SD. ACTH, adrenocorticotropic hormone; IBS, irrita-
ble bowel syndrome; CRH, corticotropin-releasing hormone; HCs, healthy controls; SD,
standard deviation.

(TIF)

S2 Fig. Effects of CRH on the hypothalamic-pituitary-adrenocortical axis and adrenal sys-
tem during baseline after injection in female subjects. (A) Plasma ACTH (pg/ml), (B)
serum cortisol (pg/ml), (C) plasma noradrenaline (pg/ml), and (D) plasma adrenaline (pg/ml)
in female HCs injected with saline (n = 8), and CRH (n = 8); and female patients with IBS
injected with saline (n = 8) and CRH (n = 8). Results are represented as mean + SD. *P < .05
and **P < .01 compared with placebo; baseline after IV injection, paired t-test ACTH, adreno-
corticotropic hormone; IBS, irritable bowel syndrome; CRH, corticotropin-releasing hor-
mone; HCs, healthy controls; SD, standard deviation; IV, intravenous injection.

(TIF)

S3 Fig. Neuroendocrine response models during no distention. (A) HCs injected with saline
(n =16), (B) HCs injected with CRH (n = 16), (C) patients with IBS injected with saline

(n = 16), and (D) patients with IBS injected with CRH (n = 16). *P < .0125 indicate significant
paths. The squared multiple correlations (R®) of the variables are reported in the top right cor-
ner. There were no significant factor correlations between ACTH and NA. ACTH, plasma
ACTH; cortisol, serum cortisol; NA, plasma noradrenaline; Ad, plasma adrenaline; ACTH,
adrenocorticotropic hormone; IBS, irritable bowel syndrome; CRH, corticotropin-releasing
hormone; HCs, healthy controls.

(TIF)

$4 Fig. Neuroendocrine response models during 20 mmHg distention. (A) HCs injected
with saline (n = 16), (B) HCs injected with CRH (n = 16), (C) patients with IBS injected with
saline (n = 16), and (D) patients with IBS injected with CRH (n = 16). *P < .0125 indicate
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significant paths. The squared multiple correlations (R?) of the variables are reported in the
top right corner. There were no significant factor correlations between ACTH and NA.
ACTH, plasma ACTH; cortisol, serum cortisol; NA, plasma noradrenaline; Ad, plasma adren-
aline; ACTH, adrenocorticotropic hormone; IBS, irritable bowel syndrome; CRH, corticotro-
pin-releasing hormone; HCs, healthy controls.

(TIF)

S1 Table. Factors and interaction results in GEE analysis of neuroendocrine variables.
(DOCX)

S2 Table. Means, standard deviations, and correlations for measurement scales in the SEM
models.
(DOCX)

S1 Text. Neuroendocrine data in female participants.
(DOCX)

$2 Text. Ordinate scale and subjective symptoms in women.
(DOCX)
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