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Abstract

Background: Long-term exposure to constant light is becoming a prevalent lifestyle that is associated with irritable bowel syndrome
(IBS), a chronic functional gastrointestinal disorder. Intestinal stem cells (ISCs) are an important population of cells that maintain ho-
meostasis and function of intestinal tissues. The purpose of this study was to identify the effects of long-term constant light expo-
sure on gastrointestinal function and the potential mechanisms of sympathetic activity on ISC.

Methods: Rats housed in a 24h constant light chamber for 4 weeks were used as the constant light exposure animal model.
Hematoxylin-eosin staining and immunohistochemical examination were used to determine the pathological changes of the intes-
tine. Propranolol (ARs inhibitor; 40 mg/kg/day), metoprolol (ADRA1 inhibitor; 50 mg/kg/day), and Box5 (Wnt5a inhibitor; 2 ug/day) were
used to examine the effect of sympathoexcitation and Wnt signaling pathway on constant light-induced gastrointestinal disorders.

Results: We found that 4 weeks of constant light exposure in rats resulted in a decrease in the number of ISC and an increase in sympa-
thetic activity. Intestinal f1-adrenoceptor expression and reactive oxygen species (ROS) were significantly increased, but Wnt5a expres-
sion decreased in the continuous light-exposed rats. Similarly, we found that administration of the f1-adrenoceptor antagonist metopro-
lol for 4 weeks attenuated the effects of continuous light exposure on the intestine, which was rescued by the reintroduction of Wnt5a.

Conclusion: Taken together, these data indicate that sympathoexcitation is critical for disruption of ISC under constant light expo-
sure, suggesting that targeting f1-adrenoceptor/oxidative stress/Wnt5a axis may be a potential strategy for ISC disruption induced by
prolonged sustained light exposure, providing a new direction for IBS treatment.

Keywords: constant light; sympathoexcitation; IBS; intestinal stem cells; ROS; Wnt5a

intestinal stem cell (ISC) proliferation and differentiation [8, 9].
Emerging evidences suggested that IBS was closely associated
with autonomic neuropathy especially sympathetic overactiva-
tion [10, 11]. Plenty of studies have confirmed that autonomic
nerves could promote cell proliferation in the intestine by regulat-
ing ISC [12-14]. Sympathetic nerves reach to the level of enteric
myofibroblasts and ISC, and adrenergic receptors (ARs) were
expressed on these cells [14, 15]. Studies have proved abnormal

Introduction

Long-term exposure to constant light is a prevalent modern life-
style under which individuals are more likely to suffer from gas-
trointestinal disorders [1-3]. Irritable bowel syndrome (IBS) is
considered more prevalent among functional gastrointestinal
disorders in terms of symptoms such as increased intestinal per-
meability and visceral sensitivity [4-/]. However, the correlation
between constant light exposure and IBS remains insufficient,

and the pathophysiology and underling mechanisms are still
unambiguous.

Gut homeostasis mainly depends on the rapid renewing of
intestinal epithelium, which requires a tight balance between

sympathetic activation induced by constant exposure to light [16,
17]; however, to date, the regulatory functions and molecular
mechanisms of sympathetic activation involved in the occurrence
and development of IBS remain poorly understood. Here in this
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study, we proposed a theory that constant exposure to light could
cause ISC injury and IBS by enhancing sympathetic activity.

Wnt signaling pathway is critical in promoting ISC prolifera-
tion and thus intestinal epithelium regeneration [18, 19]. While
in acetaminophen-injured livers, p-adrenoceptor agonist isopro-
terenol could totally activate Wnt signaling [20], suggesting a po-
tential regulation of sympathetic activity on Wnt signaling
pathway. Notably, sympathetic overactivation always stimulated
excess reactive oxidative species (ROS), which has been proved to
be able to trigger Wnt signaling pathway. However, the critical
role of Wnt signaling pathway affordable for the sympathetic in-
hibition on ISC under constant exposure to light is still unclear.

In the current study, we mainly focused on the ISC injury
caused by long-term exposure to constant light and explored the
effect of sympathetic activity on Wnt signaling pathway. A 24-h
constant light phase rat model was constructed, and intestinal
physiological functions, intestinal pathological changes, changes
in ISC and ROS-Wnt signaling pathway of this model were mea-
sured. Moreover, we determined the sympathetic effect on ISC by
oral gavage of ARs inhibitor propranolol and metoprolol.

Materials and methods

Animals

Male Sprague-Dawley rats (8-12 weeks, 200-220g) were housed
with controlled temperature and humidity and a 12:12h light-
dark (LD) cycle (8 am light on, 8 pm light off). All experimental
protocols adhered to ethical guidelines and were approved by the
Animal Use and Care Committee of the Naval Medical University
(IACUC protocol number: NMU-20210901).

Constant light exposure procedure

A time-controlled light animal rearing box (Shanghai Experimental
Instrument Factory Co., Ltd, Shanghai, China) was used in this
study, we utilized the white light-emitting diodes, with a wave-
length of 465-485nm, and the light intensity was adjusted to ap-
proximately 250-3001ux. Rats were acclimatized for 1 week and
then housed in a 24-h constant light (LL) chamber with unrestricted
food and water for 4 weeks to establish a constant light exposure
model [21].

Gastrointestinal function testing

The rats were fasted within 12h and then intragastrical adminis-
trated (ig) with 2mL of a mixture of carbon powder and gum arabic,
and then executed 30min later with an overdose of pentobarbital
sodium (200mg/kg). The pylorus and cardia of rats were ligated
with medical silk threads, and then the gastric emptying rate and
small intestinal propulsion rate of rats were measured separately.

The whole stomach was removed and wiped dry, then
weighed and recognized as the total gastric mass. Next, we cut
along the greater curvature of the stomach with scissors, and
washed it with saline to remove the contents. We weighed it
which was recognized as the net gastric mass. The gastric empty-
ing rate was calculated according to the following formula: [1 —
(total gastric mass — net gastric mass)/gastric mass] x 100% [22].

The jejunum was clipped, and the distance from the pylorus
to the advancement front of the carbon powder paste and its full
length were measured, and the small intestine propulsion rate
was calculated according to the following formula: length of car-
bon powder paste/full length of small bowel x 100% [23].

Evaluation of visceral sensitivity

The method for measuring evaluation of visceral sensitivity was
based on the previous study [24]. Briefly, before the graded

colonic distension test was performed, rats were forbidden from
food intake but not from water for 12h. A polyethylene balloon
(about 4cm) was inserted into the distal colon from the anus,
and the end of the catheter was fixed at the root of the rat’s tail
with adhesive tape. The experiment was performed after 20 min
according to the colonic distension pressures of 20, 40, and
60mmHg, which lasted for 20s each time, with a 4-min interval.
Each pressure was measured three times, and the average of the
three scores was taken. During each inflation period, a standard
abdominal withdrawal score (AWR) was used to score the rats: 1,
no obvious behavioral changes; 2, the rats’ abdominal muscles
contracted slightly but did not lift the abdomen off the platform;
3, the rats’ abdominal muscles contracted markedly and the ab-
domen was lifted off the platform; and 4, the abdominal muscles
contracted severely, the body was arched, and the pelvic struc-
ture was lifted off the platform.

Hematoxylin-eosin staining and
immunohistochemical examination

The procedure of hematoxylin-eosin (HE) staining and immuno-
histochemical (IHC) examination was carried out as previously
described [15]. After rats were perfused through the aorta with
0.9% NacCl solution (NS), jejunums were removed and refixed in
4% paraformaldehyde overnight at 4°C, cut into 5-um sections,
and stained with HE.

We measured the expression of Olfm4, 81 adrenergic receptor
(ADRB1), B2 adrenergic receptor (ADRB2), 83 adrenergic receptor
(ADRB3), and tyrosine hydroxylase (TH) using IHC staining.
Briefly, paraffin sections were deparaffinized, dehydrated, rehy-
drated, and repaired with microwave antigen, and the sections
were blocked with 3% H,O,. Sections were then incubated over-
night at 4°C with specific primary antibodies Olfm4 (1:300;
Affinity, China), ADRB1 (1:300; ZENBIO, China), ADRB2 (1:100;
RecordBio, China), ADRB3 (1:200; Bioss, China) and TH (1:600;
CST, USA), and then stained with HRP-conjugated secondary an-
tibody. After sections were made, photographs were taken using
the microscope (Leica, Germany). For each intestinal tissue sec-
tion sample, we randomly selected four crypts, counted the posi-
tive cells in each crypt, and finally calculated the mean for
statistical analysis.

Total RNA extraction and quantitative PCR

Total RNA from jejunum tissues was extracted with TransZol UP
reagent (TransGen Biotech, China), and then RNA was reverse-
transcribed into cDNA wusing a reverse transcription kit
(TransGen Biotech), and the cDNA was amplified using SYBR
Green gPCR Mix (TransGen Biotech). The relative expression was
calculated using the 2-ACt method and normalized to GAPDH. All
primers used in the experiment are listed in Table 1.

Western blotting

Based on previous study [15], jejunums tissues were collected,
and the protein concentration of the intestinal tissues was deter-
mined by BCA Protein Assay Kit (Beyotime, China), diluted with
5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(5% SDS-PAGE) uploading buffer (Solarbio, China) and PBS
(Solarbio, China) and boiled. Proteins were separated by SDS-
PAGE in the 10% gradient gel (EpiZyme, China) and transferred to
a polyvinylidene fluoride (PVDF) (Sigma, USA). After transfer, the
PVDF was incubated with 5% skimmed milk (EpiZyme) in TBST
for 2h at room temperature. The primary antibody anti-
Nicotinamide Adenine Dinucleotide Phosphate-Oxidase 2(NOX2)
(1:800; Abcam, USA) and anti-GAPDH (1:5,000; ZENBIO) was di-
luted to the appropriate concentration in TBST, and then the
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Table 1. SybrGreen primer sets used in gPCR experiments for rat samples

Gene ID Forward (5'-3') Reverse (5'-3)

GAPDH GACATGCCGCCTGGAGAAAC AGCCCAGGATGCCCTTTAGT

Z0-1 CAAGCCAGTCCATTCTCAGAGTCAG TCCATAGCATCAGTTTCGGGTTTCC
Olfm4 AGCCGTCTTCTCCTCCTGTCC GGCAGTCGTAGTCTCGGGTAATG
Wntl CTACTGGCACTGACCGCTCTG GGTTCGTGGAGGAGGCTATGTTC
Wnt2 ATCTGGCTCTGGCTCCCTCTG CCTGGCACATTGTCACACATCAC
Wnt2b TCTGAAGCTGGAGTGCAAGTGTC GTACGGCGGAAGTCTGAGAGTG
Wnt3 CTTTAAGCCACCCACGGAGAGG CAGCAGATCGCAGCCATCAATG
Wnt3a CAGCCTGACTTCCGCACCATC TCCACCCAGCCACGAGACTC
Wnt4 ATACGCCATCTCTTCAGCAGGTG CGGTCACAGCCACACTTCTCC
Wnt5a CAGCCGAGAGACAGCCTTCAC AGCCAGTCCCGAGGTAAGTCC
Wnt6 CTCCTCTACGCAGCCGATTCAC AACAGGTCGCAGCCGCTAAG
Wnt7a AAGGCAACCTGAGTGACTGTGG CGTAGCGGATGTCGGCAGAG
Wnt8b CCGACACCTTCCGTTCCATCTC GGTCTTGTTCTCCAGGCAGTAGTC
Wnt9b TGACGCCCACAACACCCATG CTTCCAGCAGGTCCGCACAG
Wnt10a AGTGCTTTCGCCTACGCCATAG CATCGCAACCGCAAGCCTTC
Wntll CAACTACCTGCTTGACCTGGAGAG GGGCGATGGTGTGACTGATGG

PVDF was incubated overnight at 4°C. After that, the PVDF was
washed by three times and then incubated with the secondary
antibody for 2h at room temperature. And the immunostaining
bands were detected by an automatic chemiluminescence image
analysis system. The band densities from Western blot were
quantitated using ImageJ software (http://rsbweb.nih.gov/ij).

Drugs

The following drugs were used in the present study: propranolol
(Pro; ARs inhibitor; ig, 40 mg/kg/day for 4 weeks) [25], metoprolol
(Met; ADRp1 inhibitor; ig, 50mg/kg/day for 4weeks) [26], and
Box5 (Wnt5a inhibitor; intraperitoneal injection [ip], 2 ug/day for
4weeks) [27].

Enzyme-linked immunosorbent assay

Levels of norepinephrine (NE) and epinephrine (EPI) are com-
monly used to assess the functional state of sympathetic nerves.
NE and EPI are key hormones of the sympathetic nervous system,
and by measuring their levels in plasma, it is possible to assess
the degree of sympathetic excitation and functional state. This is
important for the study of physiological functions, pharmacolog-
ical mechanisms and pathological states of sympathetic nerves
in vivo. Concentrations of NE and EPI in the plasma were quanti-
fied by enzyme-linked immunosorbent assay (ELISA) kits (AiFang
biological, China).

Statistical analysis

Statistical analysis was carried out using GraphPad Prism soft-
ware. Data are expressed as mean = SD. Comparisons between
the control and experimental groups were made using the stu-
dent’s t-test. Parametric tests were used for normally distributed
data and non-parametric tests for non-normally distributed
data. Comparisons between the different groups were made us-
ing one-way or two-way analysis of variance (ANOVA).
Differences were considered significant at P < 0.05.

Results

Effects of constant light on

gastrointestinal function

To investigate the effect of constant light on gastrointestinal
function, gastric emptying rate, small bowel propulsion rate, and
visceral sensory sensitivity were recorded. Gastric emptying rate
(LD vs LL (57.10 % 14.40)% vs (38.10+8.735)%, P < 0.05; Figure 1A)

and intestinal propulsion rate (LD vs LL (69.67 +10.10)% vs (52.24
+8.193)%, P < 0.05; Figure 1B) were decreased in LL group than in
LD group, whereas AWR scores (LD vs LL, 1.333+0.516 vs 3.500 =
0.548, P<0.001) were increased in LL group than in LD group
(Figure 1C). Meanwhile, LL group was accompanied with intesti-
nal lumen fluid (Figure 1D) and shorter intestinal length (LD vs
LL (131.3+£3.974) cm vs (117.9+7.892) cm, P <0.01; Figure 1E and
F) compared with LD group.

In terms of intestinal morphology, more significant changes
were also observed in LL group rats compared with the LD group
rats, as evidenced by thicker muscularis layer (LD vs LL (28.19+
4.377) um vs (55.14+4.224) um, P <0.001), less goblet cells (LD vs
LL, 24.08+3.028 vs 6.542+1.907, P < 0.001), shortened villi (LD vs
LL (592.4+31.16) pm vs (386.5+41.17) um, P<0.001) and crypts
(LD vs LL (158.2+18.64) wm vs (83.46+11.78) um, P<0.001;
Figure 1G and H), as well as irregular arraying of villi together with
villus fragmentation, and increased differentiation of crypts.

The expression of ZO-1 gene was reduced in the LL group than
in the LD group (LD vs LL, 1.0+0.5705 vs 0.3567 +0.1700, P < 0.05;
Figure 1I). Taken together, this evidence suggested that constant
light exposure could cause intestinal damage, thus inducing gas-
trointestinal disorders.

Effects of sympathoexcitation on ISCs by
constant light

In the present study, we found that the number of ISC was signif-
icantly lower in the LL group than in the LD group (LD vs LL, 5.25
+1.061 vs 2.705+0.7416, P <0.001; Figure 2A and B). Meanwhile,
mRNA expression of Olfm4, a marker of ISC, was lower in the LL
group than in the LD group (LD vs LL, 1.0+0.1879 vs 0.6700 +
0.2777, P<0.05; Figure 2C), suggesting that constant light expo-
sure affected the ISC, which may induce intestinal damage. We
found that plasma NE (LD vs LL (3.972+0.4282) ng/mL vs (4.993 +
0.6290) ng/mL, P < 0.01) and EPI (LD vs LL (8.487 + 1.471) ng/mL vs
(10.74+0.8443) ng/mL, P<0.01; Figure 2D) concentrations were
markedly increased; meanwhile, the integrated optical density
(IOD) of intestinal TH (LD vs LL, 2.465+0.8760 vs 3.535+0.4669,
P < 0.05) was significantly elevated in the LL group than in the LD
group (Figure 2E and F), suggesting sympathetic hyperactivity un-
der the constant light exposure condition. Furthermore, the
number of ISC was significantly increased after treatment with
B-adrenoceptor blocker propranolol in the LL group (LLpgs Vs
LLpro, 2.600+0.548 vs 4.950+0.818, P<0.001; Figure 2G and H),
and Olfm4 gene expression was similarly increased in the LL
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Figure 1. Constant light disrupts gastrointestinal function. (A, B) Statistical graphs of gastric emptying rate, intestinal propulsion rate in LD and LL
groups. (C) AWR scores in LD and LL groups. (D) Representative images of abdominal cavity of LD and LL groups. (E, F) Representative images of
intestine length and statistical graphs in LD and LL groups. (G, H) Representative HE-stained images of the intestine showing thickness of the muscle
layer, number of goblet cells, length of villi, and length of crypts, with corresponding statistical graphs (scale bar = 400 um). (I) Statistical graphs of
relative ZO-1 gene expression in LD and LL groups. n = 5-6 per group. LD = 12 h light: 12 h dark, LL = 24 h light, AWR = abdominal withdrawal score,

HE = hematoxylin-eosin.

group (LLpgs VS LLpy, 0.266+0.126 vs 0.896+0.182, P<0.05;
Figure 2I). This suggested that constant light may disrupts ISC
through enhancing sympathetic activity.

Role of fl-adrenoceptors in constant
light-induced ISC injury

To further investigate how sympathetic nerves affected ISC, it
was found by [HC that intestinal ADRAI was most increased in LL

group rats than in LD group rats (Figure 3A). In addition, inhibi-
tion of ADRB1 by metoprolol in constant light exposure rats
resulted in significant increases in the number of ISC (LLys Vs
LLyet, 2.050+0.512 vs 4.850+0.576, P<0.001; Figure 3B and C)
and Olfm4 mRNA expression (LLys VS LLyet, 0.294+0.168 vs 0.898
+£0.112, P<0.05; Figure 3D) compared with those treated with
normal saline. Next, we determined whether ISC is affected by
ROS, and the results showed that NOX2 expression was
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Figure 2. Sympathoexcitation is identified to be involved in ISC injury by constant light. (A, B) Representative IHC staining images of Olfm4 positive cells
(ISC) in each crypt and statistical graphs in the LD and LL groups (scale bar =100 um). (C) Statistical graphs of relative Olfm4 gene expression in the two
groups. (D) The concentration of NE and EPI in plasma of two groups. (E, F) Representative images of TH IOD in intestine submucosa and muscular
layer in two groups with corresponding statistical graphs (scale bar =200 um). (G, H) Representative IHC staining images of Olfm4 positive cells (ISC) in
each crypt (scale bar =100 um) and statistical graphs. (I) Relative changes in Olfm4 gene expression. n =5-6 per group. LD = 12 h light: 12h dark,

LL = 24 h light, IHC = immunohistochemical, ISC = intestinal stem cells, NE = norepinephrine, EPI = epinephrine, TH = tyrosine hydroxylase,

IOD = integrated optical density.
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significantly elevated in the LL group than in the LD group (LD vs
LL, 1.000 +0.3136 vs 1.820+0.6457, P < 0.05), while metoprolol sig-
nificantly blunted this effect compared with rats treated with sa-
line (LLys VS  LLmer, 3.628+1579 vs  1.072+0.378,
P <0.01; Figure 3E).

Role of Wnt5a in sympathoexcitation-induced ISC
injury by constant light
The expressions of 13 genes in the Wnt signaling pathway were
examined by gPCR (Figure 4A), and we found that the expressions
of Wnt5a, Wnt8b, and Wnt10a were downregulated in the LL group
compared with the LD group. However, only Wnt5a mRNA expres-
sion was elevated after metoprolol treatment in the LL group
(LLns VS LLyet, 0.554+£0.118 vs 0.984 +£0.251, P < 0.05; Figure 4B).
Compared with the LLyt group, the LLyer Box5 group showed
increased AWR scores (LLyet VS LLyer +B0Ox5, 2.000+0.707 vs
3.600+£0.548, P < 0.01; Figure 4C), decreased gastric emptying rate
(LLyet VS Llyer (BOXS (58.120+9.603)% vs (33.422+7.408)%,
P <0.01; Figure 4D), decreased intestinal propulsion rate (LLyet VS
LLyet +Box5 (63.120+£9.346)% vs (48.460+7.028)%, P<0.05;
Figure 4E), thickened muscularis propria (LLyer VS LLyer +BOX5
(35.088+6.770) um vs (54.070+9.343) um, P < 0.01), reduced num-
ber of goblet cells (LLyet VS LLyer +BOX5 (22.600+3.655) ym vs
(11.316+£0.512) um, P<0.05), shortened length of villi (LLyet VS
LLyer +Box5 (535.322+18.955) uym vs (358.210+50.912) um,
P<0.01) and depth of crypts (LLyet VS LLpmer +BOX5 (146.138+
11.448) ym vs (80.208 +17.662) pym, P < 0.05; Figure 4F and G), re-
duced ZO-1 mRNA expression (LLyet VS LLyetr - B0X5, 0.916 +0.105
vs 0.284+0.147, P<0.05; Figure 4H), decreased number of ISC
(LLyer VS LLyer +BOX5, 5.250+0.661 vs 2.650+0.518, P <0.001;
Figure 4I and J), and reduced Olfm4 mRNA expression (LLyer VS
LLyer +B0OX5, 0.872+£0.294 vs 0.384+0.136, P<0.05; Figure 4K).
These experimental results suggested that Wnt5a was critical for
sympathetic hyperactivity-induced intestinal damage caused by
constant light exposure.

Effects of restoration of light rhythm on
ISC function

To investigate whether removal of the light stimulator could re-
store gastrointestinal morphology, we brought rats exposed to
4weeks constant light to normal 12h light/12h dark phase. Here
rats were divided into three groups as 4 weeks of continuous light
exposure (LL), 6 weeks of continuous light exposure (LLsw), and
2 weeks of light rhythm recovery after 4 weeks of continuous light
exposure (LLg). According to the results, it was found that the in-
testinal damage was enhanced in the LLgy group compared with
the LL group, as evidenced by decreased number of goblet cells
(LL vs LLgw, 15.4+1.306 vs 10.25+2.385, P<0.01; Figure SA and
B), reduced ZO-1 mRNA expression (LL vs LLew, 1.0+0.1639 vs
0.2640+£0.2067, P < 0.01; Figure 5C), decreased number of ISC (LL
vs LLew, 3.850+0.3791 vs 1.900+0.1369, P <0.001; Figure 5D and
E), and decreased expression of Wnt5a mRNA (LL vs LLgw, 1.0+
0.4347 vs 0.2100+£0.06819, P < 0.01; Figure 5F). Interestingly, the
above changes were partially ameliorated in the LLg group. The
above results suggested that light exposure might be an indepen-
dent factor causing intestinal damage which was mediated by
Wnt5a downregulation.

Discussion

Long-term exposure to constant light is prevalent in modern soci-
ety where shift work, jet leg, and prolonged using electronics dis-
turb circadian rhythm and increase the risk of IBS [28, 29].
However, our understanding of the potential mechanisms

remains limited, which virtually constrains the efficient diagno-
sis and appropriate treatment. In the present work, we have
shown that long-term exposure to constant light caused a signifi-
cant disruption of ISC, which most likely led to IBS supported by
the gastrointestinal function test and morphological detection.
Importantly, our data demonstrated that sympathoexcitation
was responsible for this effect. Mechanistically, Wnt5a signaling
was markedly inhibited by g1-adrenoceptor-induced ROS activa-
tion after constant light exposure. These findings suggested that
modulating sympathetic activity and oxidative stress might pro-
vide a new perspective to prevent and treat IBS via regulating the
function of ISC.

Light is an important environmental signal triggering the cir-
cadian rhythm of individual activity. Long-term exposure to con-
stant light disturbs the normal circadian regulation of central
clock, affecting the peripheral rhythms [30]. It has been reported
that circadian disruption was closely associated with the devel-
opment of IBS [31], and light exposure was the upstream factor
that governs the regular diurnal fluctuations of gut microbiota,
while constant darkness led to the loss of the rhythmic oscilla-
tions in almost all parts of the intestine [32]. In addition, constant
light exposure has long been recognized as a powerful behavioral
stressor that could increase stress reactivity of hypothalamic—pi-
tuitary-adrenal (HPA) axis [33]. Both circadian disruption and
stress are characterized by dysregulated autonomic nerve system
activity, especially sympathetic activity [34, 35]. A recent study
has demonstrated that stroke-induced gut permeability was me-
diated by the activation of the sympathetic nervous system [36],
which serves as an important messenger mediating the crosstalk
between other functional system and gastrointestinal tract. In
the current study, we found that a 4-week constant light phase
shift resulted in visceral hypersensitivity with a higher AWR
score in vivo, smaller intestinal length, increased lumen fluid fill-
ing, and enhanced sympathetic activity ex vivo, compared with
these in normal 12h light/dark phase. Interestingly, we next
found that a 4-week constant light with 2-week return to 12h
light/dark phase partly relieved these pathological changes, com-
pared with rats exposed to 6-week constant light, suggesting that
constant light might be an independent risk factor for gut ho-
meostasis. However, the inability to clarify whether it is the light
itself or the effects of circadian rhythm disruption caused by con-
stant light exposure that brings about the effects is indeed a limi-
tation of our study.

The effects of constant light exposure could be significantly
blunted by administration of ARs inhibitor propranolol, suggest-
ing a pivotal role of sympathetic participation in IBS under con-
stant light exposure conditions. Subsequently, we revealed this
sympathetic damage on gut homeostasis was mediated via f1-
adrenoceptor, as its specific antagonist metoprolol similarly re-
lieve the pathological condition of intestine. It has been reported
that circadian disruption by light control caused disturbance of
gastric vagal afferents, indicating that gastric vagal afferents are
susceptible to disturbances in the light cycle [37], so we cannot
exclude that parasympathetic inhibition was involved in con-
stant light exposure-induced gastrointestinal disorder. Although
these solid data suggested that sympathoexcitation might be
harmful for gut homeostasis under the condition of constant
light exposure, we cannot make a decision that sympathetic acti-
vation was a negative factor all the time, because studies have
proved the protective effect of sympathetic activity in maintain-
ing innate immunity of intestine [38, 39]. Moreover, gut homeo-
stasis depends to a great extent on the presence of a balanced
gut microbiota [40]. Nowadays, the “gut-brain axis” dysfunction
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has been recognized responsible for many gastrointestinal dis-
eases, sympathetic abnormality could disturb the homeostasis of
gut microbiota and thus gastrointestinal function [41], while gut
microbiota could control the extrinsic sympathetic activation
through a gut-brain circuit [42]. As this gut microbiota-
sympathetic related mechanism cannot be ruled out, we need
further investigation to determine the effects of constant light
exposure on gut microbiota and the relation to sympathetic
overactivation-induced dysfunction of ISC.

Gut homeostasis is maintained mainly through the integrity
of intestinal epithelial barrier, which is seriously dependent on
the self-renewal and proliferation of ISC, while ISC injury could
lead to a variety of gastrointestinal disorders [43, 44]. However, to
date, the influence of constant light exposure on ISC and the
pathological relevance of ISC remain elusive. Here, we revealed
that constant light exposure caused a significant damage to ISC
verified by lower Olfm4 expression by immunohistochemistry
measurement. Mechanistically, sympathetic overactivation
inhibited Wnt5a signaling by eliciting ROS production. Here we
cannot determine whether sympathetic nerve directly reached to
intestinal crypts for small intestinal epithelial regeneration, nor
the crosstalk between sympathetic nerve and intestinal microen-
vironment [45, 46], where biological information exchanges occur
from the perspectives of Wnt signaling regulation [47, 48], which
needs to be further confirmed.

Accumulating evidences underlie that Wnt signaling always
plays an indispensable role in ISC function [49, 50]. The activity
of Wnt signaling is regulated by a variety of stimulators such as
amino acid, microbial metabolites, inflammatory cytokines, and
oxidative stress [51-53]. Our findings provided insights into the
mechanism by which sympathetic overactivation inhibited Wnt
signaling pathway in response to constant light exposure from
the perspective of ISC. In the present study, we had screened all
Wnt signaling molecular affected by constant light exposure, and

we found Wnt5a signaling was most sensitive to sympathetic ac-
tivity. We further hypothesized that Wnt5a inhibition was associ-
ated with increased ROS production, which had been reported to
be an important downstream effector of sympathetic activation
[54], leading to different cellular biological damage. NADPH oxi-
dase has been considered a mediator of the major source of ROS
in activated macrophages and neutrophils in dysregulated gas-
trointestinal tract [55], and our results showed an increased ex-
pression of Nicotinamide Adenine Dinucleotide Phosphate
(NADPH) oxidase subtype NOX2. In order to determine the irre-
placeable role of Wnt5a signaling in mediating sympathetic regu-
lation of ISC function, we used Wnt5a specific antagonist Box5 to
downregulate its signaling pathway, and the results could be rea-
sonable to ask the question how ISC was injured. It has been
demonstrated that Wnt/B-catenin signaling and the balance be-
tween Wnt and notch signaling activity are important to main-
tain the function of ISC [18, 56]. Thus, further studies are needed
to elucidate the effects of sympathoexcitation on Wnt/g-catenin
and Wnt/notch signaling in ISC.

Conclusions

Our findings revealed that long-term exposure to constant light
caused a significant injury on ISC and gut homeostasis, which was
mediated by sympathetic activity-induced Wnt5a signaling inhibi-
tion (Figure 6). These findings might help us to explore the valid
strategy to prevent and treat the IBS to maintain the gut homeo-
stasis under modern lifestyles such as constant light exposure.

Supplementary data

Supplementary data is available at Gastroenterology Report online.
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