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Abstract
Recent literature reported the adverse effects of high-fat diet (HFD) on animal’s emotional and cognitive function. An HFD-induced
obesity/hyperlipidemia is accompanied by hormonal and neurochemical changes that can lead to depression. The important roles of gut-
derived serotonin (5-Hydroxytryptamine, 5-HT) during this processing have been increasingly focused. Hence, to determine the
potential role of gut-derived serotonin, HFD model was established in C57BL/6 mice. At the 4th week of feeding, a pharmacologic
inhibitor of gut-derived 5-HT synthesis LP533401 (12.5 mg/kg/day), simvastatin (SIM) (5 mg/kg/day) and benzafibrate (BZ)
(75 mg/kg/day) were administered for two weeks by oral gavage. Then, intraperitoneal glucose tolerance test (IPGTT), open field test
(OFT), tail suspension test (TST), forced swim test (FST), sucrose preference test (SPT) were used to evaluate metabolic and
neurobehavioral performances. Immunohistochemical staining, real-time quantitative PCR and other methods were to explore possible
mechanisms. It was found that HFD feeding and drug treatments had some significant effects on neurobehaviors and brain: (1) All
administrations reduced the total cholesterol (TC) and triglyceride (TG) parametric abnormality caused by HFD. LP533401 and SIM
could significantly improve the impaired glucose tolerance, while BZ had no significant effect. (2) LP533401, SIM and BZ alleviated
depression-like behavior of HFD mice in OFT, TST, FST and SPT. (3) LP533401 and SIM reversed the inhibition of Tryptophan
Hydroxylase 2, Tph2 gene expression and the activation of Indoleamine 2,3-dioxy-Genase, IDO expression in HFD-treated brain,
whereas BZ did not. (4) LP533401, SIM and BZ restored the inhibitory expression of 5-HT1A receptor in HFD hippocampus.
Conclusions: Selective inhibition of intestinal 5-HT can attenuate depressive-like behavior, reduce 5-HT1AR impairment in hippocam-
pus and correct abnormal 5-HT pathway in brain while ameliorating HFD-induced glucose intolerance. Further experiments are
warranted to define the adequate strategy of targeting peripheral 5-HT for the treatment of such co-morbidity.
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GI Gastrointestinal
HFD High-fat diet
HMG-COA Hydroxymethylglutaryl coenzyme A
IDO Indoleamine 2,3-dioxy-Genase
IPGTT Intraperitoneal glucose tolerance test
IRS-1 Insulin receptor substrate-1
LPS Lipopolysaccharide
LRP5 LDL-receptor related protein 5
NPY Neuropeptide Y
OFT Open Field Test
PET Positron Emission Computed Tomography
PPARα Peroxisome proliferator activated receptor α
SIM Simvastatin
SPT Sucrose preference test
TC total cholesterol
TG triglyceride
Tph Tryptophan Hydroxylase
TST Tail Suspension Test

Introduction

Metabolic diseases such obesity, type-2 diabetes, metabolic
syndrome, atherosclerosis, cerebrovascular diseases etc., with
high morbidity and mortality are becoming worldwide health
problems. Epidemiological studies revealed that among met-
abolic diseases the prevalence of depression is 6.6% with a
lifetime prevalence of 16.2% (Kessler et al. 2003). Clinical
studies revealed that these two diseases are interrelated. For
example, compared to the general population, the incidence of
depression among patients with type-2 diabetes is twice, and
this depression may in turn lead to poor blood glucose control
(Lustman and Clouse 2005), foot ulcers (Ismail et al. 2007),
poor compliance of drug and dietary therapy (Knol et al.
2006), and so on in diabetic patients. A meta-analysis showed
that depression is closely related to insulin resistance (Kan
et al. 2013). Other metabolic diseases, such as obesity
(Luppino et al. 2010), metabolic syndrome (Skilton et al.
2007; Dunbar et al. 2008; Kawada 2013), atherosclerosis
(Tiemeier et al. 2004; Manev and Manev 2007) etc., were to
have two-way concurrent phenomenon with depression.
However, the underlying mechanisms are yet to be resolved.

In recent years, a large amount of literature revealed the
adverse effects of high-fat diet (HFD) on the animal’s emo-
tional and cognitive function, and confirmed that metabolic
diseases could induce cognitive deficits such as depression
and Alzheimer’s disease in animals (Schachter et al. 2017).
Sharma et al, revealed that elevated levels of BDNF in nucleus
accumbens, increased CREB phosphorylation and
depression-like behavior can be observed in HFD fed mice
(Sharma and Fulton 2013). Andre et al, reported that HFD
could induce anxiety and spatial cognitive dysfunction with-
out depression-like behavior in mice, but significantly

aggravate hippocampal and hypothalamic inflammation in-
duced by LPS (André et al. 2014). Similarly, a study by
Boitard et al. revealed that HFD amplified hippocampal in-
flammation stimulated by LPS and induced spatial cognitive
impairment (Boitard et al. 2014), though it did not influence
the expression of peripheral and central pro-inflammatory cy-
tokines under basal conditions. Interestingly, the study found
that these changes were significant only in adolescent mice
but not adult mice under basal conditions or LPS stimulation.
In addition, insulin resistance (Arnold et al. 2014) and leptin
resistance (Valladolidacebes et al. 2013) in brain are also as-
sociated with HFD-induced cognitive dysfunction, which is
accompanied with plasticity impairment and morphological
abnormalities in hippocampal synapses.

Intestinal tract is the main organ to absorb exogenous glu-
cose and the first barrier to maintain glucose homeostasis.
Animal studies have shown that HFD could alter intestinal
flora balance, such as decreasing bifidobacterium and increas-
ing intestinal endotoxin concentration (Cani et al. 2007b).
Simultaneously, HFD increases intestinal mucosal permeabil-
ity and in turn elevates circulating LPS levels (Cani et al.
2008), contributing into chronic and low-grade systemic in-
flammation which eventually leads to metabolic disorders and
insulin resistance (Cani et al. 2007a; Ding et al. 2010) along
with neurobehavioral deficiencies (Hao et al. 2012). Based
upon these factors, we hypothesized that intestine is an impor-
tant mediator of neuro-behavioral dysfunction induced by
metabolic disorders. 5-hydroxytryptamine (5-HT) or seroto-
nin which is a monoamine neurotransmitter is predominantly
concentrated in the gastrointestinal tract, platelets and central
nervous system. Almost 90% 5-HT in our body is synthesized
in specialized enteroendocrine cells within the gastrointestinal
(GI) mucosa called enterochromaffin (EC) cells and regulates
gut motility (Kim and Camilleri 2000). 5-HT in brain is close-
ly related with emotion, diet and sleep. The synthesis of 5-HT
requires the rate-limiting enzyme tryptophan hydroxylase
(Tph) which exists as two isoforms (Tph1, Tph2). Tph1 is
predominantly localized in gut EC cells as well as other non-
neuronal sources, while Tph2 is largely expressed in CNS
neurons. 5-HT, being an important neurotransmitter in the
brain-gut axis regulates brain-intestine interaction (Vanner
et al. 2006). Gut 5-HTwill be released by EC cells in response
to mechanical stimulation, parasympathetic activation, chem-
ical substances (acids or bases), nutrients such as fatty acids,
peptides, glucose and so on (Bertrand and Bertrand 2010).
Further, extra intestinal microenvironment changes such as
inflammation (Wang et al. 2007; Manocha et al. 2013), acid-
ification (Kellum et al. 1984) increase the number of EC cells
leading to an increase in 5-HT synthesis and release.

For a long time, we have focused on the important effects
of gut 5-HT on the modulation of peripheral energy metabo-
lism, bone formation (Yadav et al. 2008; Karsenty and
Gershon 2011), hepatic regeneration (Gershon 2013), and
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adaptation to food deprivation (Sumara et al. 2012). Because
adipocytes express Tph1, 5-HTT, 5-HT2A, 5-HT2B and 5-
HT2C receptors, it can regulate their own proliferation and
differentiation as well as leptin secretion in circulation
(Kinoshita et al. 2010; Stunes et al. 2011). Studies proved that
5-HTcould promote lipolysis and hepatic gluconeogenesis via
5-HT2B receptors and inhibit glucose uptake. During periods
of fasting, intestinal 5-HT synthesis increases which subse-
quently elevates the circulating 5-HT levels, and enhances
fat mobilization and hepatic gluconeogenesis to maintain the
energy supply (Sumara et al. 2012). Therefore, EC-derived 5-
HT on glycolipid metabolism is of great significance. Our
previous studies showed that Tph1 was up-regulated and
LDL-receptor related protein 5 (LRP5), which is the key up-
stream negative regulation gene of Tph1 expression, was
down-regulated in HFD mice. The 5-HT immunohistochemi-
cal results of duodenum also suggested that HFD can increase
intestinal 5-HT content (Fig. 2). In addition, peripheral 5-HT
acts as a fundamental mediator of depression-like behaviors
induced by stress (Gul et al. 2017; Wang et al. 2017a). So, the
main purpose of this study is to investigate whether peripheral
intestinal 5-HT is involved in the development of HFD in-
duced depression-like behavior. If yes, what are the underly-
ing molecular mechanisms?

n order to deal with the above problems, we detected the
corresponding changes of mice’s glycolipid metabolism and
neurobehavior after HFD and LP533401 administration which
selectively inhibited intestinal 5-HT, so as to clarify whether the
intestinal EC-derived 5-HT could participate in HFD-induced
neurobehavioral abnormalities. We chose simvastatin (SIM)
and benzafibrate (BZ) as positive controls because they are
common clinically hypolipidemic agents. SIM is a
hydroxymethylglutaryl coenzyme A (HMG-COA) reductase
inhibitor and inhibits cholesterol synthesis while BZ is a non-
selective peroxisome proliferator activated receptorα (PPARα)
agonist (Blednov et al. 2015; Ferguson et al. 2014) with a
strong anti-inflammatory effect and promotes the degradation
of triglycerides (Magliano et al. 2013; Terasawa et al. 2015).
These two drugs were reported to significantly reverse the neu-
robehavioral disorders in HFD animals (Wang et al. 2017b).

Materials and methods

Animals

Male C57BL/6 mice (5–6 weeks old, 15-17 g), were pur-
chased from the Changzhou Cavens Experimental Animal
Co., Ltd. All animals were acclimated for one week under
the following conditions: the room temperature was 23 ±
1 °C; humidity was 50 ± 5% with a 12-h light/dark cycle
(lights on at 7: 00 a.m. and off at 7: 00 p.m.). During this
period, food and water were provided ad libitum.

Experimental design

After acclimated for one week, all animals were screened
by open field test. 36 mice with similar weight and sponta-
neous activity were randomly divided into 6 groups: (1)
Control group (normal diet, ND + vehicle), n = 6; (2)
ND + LP533401 group, n = 6; (3) model group (HFD + ve-
hicle), n = 6; (4) HFD + LP533401 group, n = 6; (5) HFD +
BZ group (HFD + BZ), n = 6; (6) HFD + SIM group
(HFD + SIM), n = 6. ND and HFD were provided by the
Jiangsu Xietong Medical and Biological Corporation
(Nanjing, China). The HFD contained 506.8 kcal/100 g
(23.7% fat, 23.0% protein and 53.3% carbohydrate). The
normal diet contained 360 kcal/100 g (13.3 g/100 g from
main saturated fat, 26.2 g/100 g from protein, and 60.5 g/
100 g from carbohydrate). LP533401 is a specific Tph1
inhibitor that inhibits intestinal 5-HT synthesis without af-
fecting brain 5-HT levels, the dose being 12.5 mg/kg/day.
BZ and SIM are common clinical hypolipidemic drugs. The
dose of BZ was 75 mg/kg/day, the dose of SIM was
5 mg/kg/day, and the medium was 0.5% CMC-Na. The
drugs were administrated by oral gavage.

Body weight and food intake were recorded through-
out the experiment. Animals’ metabolic states were
assessed by intraperitoneal glucose tolerance test
(IPGTT), serum triglyceride (TG) and total cholesterol
(TC). Behavioral states were evaluated by open field
test (OFT), forced swim test (FST), tail suspension test
(TST) and sucrose preference test (SPT). OFT reflects
the animals’ spontaneous activity and emotional respon-
siveness. FST and TST reflect the presence or absence
of desperate behavior on animals. SPT reflects whether
animals lack pleasure. The process design was as shown
in Fig. 1. All behavioral tests were performed on the
same animals. All experimental protocols were carried
out in accordance with the standards of the Guide for
the Care and Use of Laboratory Animals and approved
according to the Animal Experimentation Ethics
Committee of the China Pharmaceutical University.

Intraperitoneal glucose tolerance test (IPGTT)

At the end of the experiment, all animals were fasted
overnight. D-glucose (supplier Sigma-Aldrich, St. Louis,
MO) was administered (2 g/kg BW) intraperitoneally as
an aqueous solution (2% w/v) and blood glucose levels
were determined with a glucometer (TRUEresult®,
Nipro Diagnostics, Fort Lauderdale, FL) by serial tail
bleeds at 0, 15, 30, 60 and 120 min after administra-
tion. The area under the blood glucose concentration-
time curve for 2 h after D-glucose loading (AUC, 0–
2 h) was used to measure the glucose tolerance.
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Behavioral tests

Open field test (OFT)

According to Budni et al. (Budni et al. 2007) the OFT was
usually performed to measure spontaneous activity in mice.
The apparatus was a square, walled arena (100 cm × 100 cm ×
40 cm) with black walls and floor. The floor was marked into
25 equal squares, and the central nine squares were defined as
the center area. The test was conducted from 9:00 am to
11:00 am. Mice were placed in the center area of the open-
field and allowed to explore freely for 6 min. The number of
crossing (with the four paws), the number of rearing (posture
sustained with hind-paws on the floor) and the frequencies of
grooming (including washing or mouthing of forelimbs, hind-
paws, face, body and genitals) were manually counted by
observers blind to the test conditions. The number of crossings
represents the locomotion activity, rearings represents explor-
ative activity and grooming represents emotional status. After
each test the arena was cleaned with a 10% ethanol solution.

Tail suspension test (TST)

TSTwas performed as per previous report (Cunha et al. 2013).
In brief, an adhesive tape was fixed to the mouse tail (distance
from the tip of the tail 1-2 cm) and hooked to a horizontal ring
stand bar placed 50 cm above the floor. All animals were
suspended for 5 min in a visually isolated area without hearing
and visual Bcommunication^. The test sessions were video-
taped for scoring. Mice with several escape attempts inter-
spersed with immobility periods during which they hung pas-
sively and completely motionless. The immobility time was
recorded by observers blind to the treatment conditions. The
scores were expressed as percentages of time.

Forced-swim test (FST)

FST was carried out as per reports with slight modifications
(Porsolt et al. 1977). Mice were separately placed in an open

cylindrical container (diameter = 20 cm, height = 50 cm)
consisted of approximately 30 cm water at 24 ± 2 °C. The test
contained two phases: a 15-min pre-swimming experiment and
an official 5-min swimming test after 24 h. The test procedure
was recorded with a camera. The total immobility time (passive,
floating-like behavior) without active behavior (swimming, div-
ing and climbing) was measured during the 5 min period by
independent observers blinded to the experiment.

Sucrose preference test (SPT)

Test uses the mouse’s preference to the taste of sugar to sim-
ulate the human sense of interest and the decline in sugar
consumption can simulate the decline in interest as the core
of depression symptoms. Animals were first trained to drink
1% sucrose solution from two bottles (48 h before the formal
experiment). Twenty-four hours later, the animals were
allowed free access to 1% sucrose (w/v) and water solution
in two bottles. To avoid bottle side preference, the two bottles
were switched. The amounts in the two bottles were measured
after 24 h and the sucrose preference was calculated according
to the following formula:

Sucrose preference %ð Þ ¼ sucrose intake gð Þ=

sucrose intake gð Þ þ water intake gð Þð Þ � 100

Serum and tissue collection

All animals were fasted overnight, and blood was collected
from the eyeball. Then the blood was centrifuged (4000 rpm,
5 min) and the serum was separated and stored at −20 °C.
After the blood was collected, the mice were sacrificed by
direct cervical dislocation and their brains and duodenums
were removed on ice and stored at −70 °C. Some of brains
and duodenums were removed after mice heart perfusion and
placed in 4% paraformaldehyde for further fixation for
immunohistochemistry.

Fig. 1 An overview of the design for the experiment. Animals were
acclimated for 1 week before the experiments and randomly distributed
into the corresponding experimental groups. After four weeks of high-fat
feeding, the animals’ metabolic state was indicated by intraperitoneal

glucose tolerance test (IPGTT), while behavioral state was assessed using
an open field test (OFT), forced swimming test (FST), sucrose preference
test (SPT) and tail suspension test (TST). These tests were repeated at the
third, fourth and seventh week of HFD feeding
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Serum triglyceride(TG)、total cholesterol (TC)
and 5-HT test

The serum levels of TG and TC were measured according to
the manufacturer’s protocols. (Nanjing Jiancheng Corp.,
Nanjing, China). The serum 5-HT was measured by LC-MS
according to previous studies (Wu et al. 2014).

Immunohistochemistry

Subset of the mice (n = 3 per treatment group) were perfused
with saline and fixed with a freshly prepared solution
consisting of 4% paraformaldehyde in phosphate buffer
(pH 7.4). Their brains and duodenums were dissected and
stored overnight in the same fixative solution. The tissues
were then transferred to a 30% sucrose solution for
cryoprotection. The fixed brain tissues were embedded in par-
affin and were sectioned coronally into 4-μm slices for immu-
nohistochemical staining. Immunohistochemical staining of
the 5-HT1A receptor (1:200, ab85615, Abcam, Cambridge,
UK) and 5-HT (1:200, ab16007, Abcam, Cambridge, UK)
was performed as per previous report (Wu et al. 2016,
2018). Diaminobenzidine (DAB) was used as the chromogen
and the stained sections were analyzed using bright field mi-
croscopy under an Olympus-BX53 biological microscope.

Q-PCR

RNA was extracted using Trizol (Invitrogen) and first-
strand cDNA synthesis was performed using Advantage
RT-for-PCR (TaKaRa, China). Expression of 5-HT1A re-
ceptor, Tph2, SERT (Slc6a4), IDO was assessed by using
quantitative PCR. Primers for these genes were as fol-
lows: 5-HT1A receptor (forward, 5′- ACT CCC TGC
TCA ACC CAG TTA TTT A -3′, and reverse, 5’-CAC
TCT TCC TCC ACT TCT TCC TTC T -3′),TpH2 (for-
ward, 5′- TCT ACA CCC CGG AAC CAG ATA CA -3′,
and reverse, 5′- CTC CCA GAG ACG CTA AGC CTA
TC -3′), SERT (forward, 5′- GCT CAT CTT CAC CAT
TAT CTA CTT C -3′, and reverse, 5′- AGT TTC TGC
CAG TTG GGT TTC -3′), IDO (forward, 5′- CCT GGT
TTT GAG GTT TTC GTG TA -3′, and reverse, 5′- AAG
GTT TCA GCA TTA AGA AGG TTG -3′), GAPDH
(forward,5′- ACT CCC TGC TCA ACC CAG TTA
TTT A -3′, and reverse, 5′- ACT CCC TGC TCA ACC
CAG TTA TTT A -3′,). Transcripts were all amplified by
40 cycles of the following: 95 °C for 30s (denaturation),
60 °C for 30s (annealing) and 72 °C for 30s (extension).
For quantitative PCR, cDNA was amplified using iQ
SYBR Green Supermix (TaKaRa, China) in an MJ
Research Chromo4 System (Bio-Rad Laboratories). All
reactions were performed in triplicate.

Statistical analysis

All data were expressed as means ± SD. Statistical analysis
was performed with One-Way Analysis of Variance followed
by Tukey’s post hoc test for multiple comparisons tests.
Graphs were completed with GraphPad Prism 5 software.
Significant differences were accepted when P < 0.05.

Results

Effect of LP533401 on intestinal and serum5-HT
synthesis in mice

As shown in Fig. 2, compared to ND + vehicle group, the
number of 5-HT immunoreactive cells in the duodenum were
increased by 9.84% in HFD + vehicle group. ND mice treated
with LP533401 had around 20% decrease in duodenum 5-HT
levels (Fig. 2b g). After LP533401 treatment, 5-HT immuno-
reactive cells in the duodenum were decreased by 9.22% than
their HFD counter parts (Fig. 2d and g) suggesting that
LP533401 could reduce duodenum 5-HT immunoreactive
cells. SIM and BZ interventions both reduced the number of
5-HT immunoreactive cells by 25.46% and 15.23% respec-
tively (Fig. 2e, f and g).

In HFD + vehicle group, serum 5-HT levels were increased
by 37% compared with the ND + vehicle group, indicating
that the HFD feeding could significantly increase circulating
5-HT levels. After LP533401, BZ and SIM treatments, these
circulating 5-HT levels were decreased by 32.40%, 24.33%
and 22.99%, respectively (Fig. 2h).

Effect of selective inhibition of intestinal 5-HT
synthesis on food intake, body weight, acute blood
glucose control and lipid metabolism in HFD mice

There was no significant difference in food intake between
groups, so daily calorie intake of HFD mice was about 40%
higher than ND mice (Fig. 3a). HFD mice weighed heavier
from week 1 to week 7 (Fig. 3c and d). After LP533401
intervention, the increase body weight continued to be ob-
served but with a slower rate (Fig. 3c and d), suggesting that
inhibiting peripheral 5-HTcould not down-regulate the weight
gain. However, SIM intervention displayed the decreased
body weight on HFD animals and BZ did not (Fig. 3c and d).

Hyperglycemia and insulin resistance are the manifes-
tations of endocrine abnormalities in all obese animals
(Kan et al. 2013). After short-term HFD, even though
the mice showed normal fasting blood glucose and insu-
lin, they still had acute blood glucose clearance impair-
ment in the glucose tolerance test (Luppino et al. 2010),
indicating that glucose tolerance could sensitively reflect
the metabolism and endocrine disorders. In HFD + vehicle
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Fig. 2 Duodenal 5-HT expression of mice in each group. Shown are
representative photomicrographs of 5-HT staining of duodenum. a
ND + vehicle group (control), b ND + LP533401 group, c HFD +
vehicle group (model), d HFD +LP533401 group, e HFD +BZ group,
f HFD + SIM group. Magnification, 100×. Scale bar, 100 μm. g The

content of serotonin in duodenum. (H) The content of serotonin in serum.
Data are presented as the mean ± SD(n = 6). **P<0.01,compared with the
control group; #P < 0.05, ##P<0.01, ###P<0.001 compared with the
model group
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Fig. 3 Effects of selective inhibition of gut-derived serotonin synthesis on
the animals’ body weight and acute blood glucose control. a Animals’
mean daily food intake. b Animals’ body weight throughout the study. c
Animals’ body weight during drug treatment. d Blood glucose levels
during an IPGTT. e The area under the blood glucose concentration-

time curve for 2 h (AUC 0–2 h) in an IPGTT. f Total triglyceride (TG).
g Total cholesterol (TC). Data are presented as the mean ± SD (n = 6).
**P<0.01, ***P<0.001 compared with the control group; #P < 0.05,
##P<0.01, ###P<0.001 compared with the model group
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group, the integrated area under the curve (AUC) for GTT
showed a 47.90% increase (1800.5 mmol/L × min) (Fig.
3b and e ) bu t was s t ood a t a s t anda rd l eve l
(1217.47 mmol/L × min) in ND fed mice, suggesting that
HFD fed mice developed impaired glucose tolerance.
After LP533401 treatment for 2 weeks, these impaired
mice revealed a normal level (1270.5 mmol/L × min) of
the blood glucose AUC. For positive control, SIM inter-
vention completely restored the impaired glucose toler-
ance to the normal level (1178.3 mmol/L × min) which
BZ could not (Fig. 3b and e).

The levels of blood lipids (TG; TC) in the HFD + vehicle
groupwere significantly increased: TG and TCwere increased
by approximately 27% and 160% respectively. Compared to
HFD mice, drug-treated mice showed lower levels of blood
lipids: LP533401, BZ and SIM decreased TG levels by
15.37%, 23.16% and 26.95%, and TC levels by 13.52%,
17.99% and 29.21% respectively (Fig. 3f and g).

Effect of selective inhibition of intestinal 5-HT
synthesis on behavioral performance of HFD mice

In 6th week, HFD treatment significantly decreased su-
crose intake (Table 1) by 44.1%. In addition, the num-
ber of crossings in OFT were decreased by 43.59%
(Fig. 4a) and the immobility time in both TST (Fig.
4b) and FST (Fig. 4c) were markedly elevated by
106.31% and 176.04% respectively, indicating that
Bdepression-like^ behaviour was fully developed in
HFD fed mice. Treating these 6 week HFD fed mice
with LP533401 significantly decreased the increase in
immobil i ty time elici ted by HFD in both TST
(31.75%) and FST (28.80%) (Fig. 4b and c) while the
number of crossings and sucrose intake weren’t found
to be affected as observed in OFT and SPT (Fig. 4a and
Table 1). Similarly, the positive drugs SIM and BZ were
found to ameliorate these depression-like behaviors as
shown in TST and FST whereas they weren’t found to
have any effect on their number of crossings and su-
crose intake as shown from the OFT and SPT experi-
ment results (Fig. 4 and Table 1).

Effect of selective inhibition of intestinal 5-HT
synthesis on brain 5-HT system of HFD mice

Brain 5-HT system has attracted considerable attention in the
research of depression and antidepressant therapy (Stockmeier
2003). In depression patients, brain 5-HTcontent was found to
be decreased. Antidepressant drugs such as monoamine oxi-
dase inhibitors and 5-HT reuptake inhibitors can decrease
brain 5-HTmetabolism or transport and increase its level, thus
contributing to an antidepressant effect. In addition, a variety
of 5-HT receptors, especially 5-HT1A receptor, are involved in
processing the antidepressant effect (Carr and Lucki 2011),
and these receptors exist simultaneously in the brain and the
gastrointestinal tract.

Tph2 is the rate limiting enzyme for 5-HT synthesis in
neuron and IDO is the limiting enzyme of the tryptophan-
canine urea pathway. Literature reveals that IDO activation
could produce neurotoxic canine urea which is closely related
to the development of HFD-induced depressive-like behavior
(André et al. 2014). Our study revealed that a simple HFD
feeding had no obvious effects on brain 5-HT receptor system
(date not shown), but it could inhibit the expression of Tph2
by 11.5% (Fig. 5b) and significantly activate the expression of
IDO by 52.85% (Fig. 5c). Under HFD condition, LP533401
could drastically block the abnormalities of Tph2 and IDO
expression, which might be an important mechanism of
LP533401-induced anti-depressant effect (Fig. 5b and C).
SIM therapy in HFD fed mice largely elevated the mRNA
expression of 5-HT1A (Fig. 5a), Tph2 and SERT (Fig. 5b
and d), and decreased IDO expression by 43.13% (Fig. 5c)
but weren’t observed in BZ therapy. It is presumed that
LP533401 increased the synthesis and transport rates of brain
5-HT and remained steady of 5-HT microenvironment.

Effect of selective inhibition of intestinal 5-HT
synthesis on 5-HT1A receptor expression
in hippocampus of HFD mice

Our data showed that not only HFD but also drug intervention
had no effect on the expression of 5-HTR (1~7) system in the
whole brain (data not shown). Our recent research revealed the
critical role of hippocampal 5-HT1A receptor in developing

Table 1 Effects of selective
inhibition of gut-derived seroto-
nin synthesis on the sucrose pref-
erence of mice

Time Sucrose Preference(%)

ND+ vehicle ND+ LP533401 HFD+ vehicle HFD+ LP533401 HFD+BZ HFD + SIM

3 weeks 75.96 69.50 66.22 64.25 62.12 60.39

4 weeks 61.64 65.88 49.42 43.45 44.44 41.09

6 weeks 64.37 56.56 35.96 40.40 47.95 63.61
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HFD-induced depression-like behaviors (Wu et al. 2018).
Therefore, we were intended to evaluate 5-HT1A receptor ex-
pression in the hippocampal region of ND fed, HFD fed and
drug treated HFD fed mice. As shown in Fig. 6a and b, im-
munohistochemical staining of hippocampus revealed that
compared to ND fed mice, expression of 5-HT1A receptor in
CA1, CA3 and dentate gyrus (DG) regions of HFD fed mice
were reduced by 15.51%, 15.30% and 8.08% respectively.
Further, after LP533401 administration, hippocampal 5-
HT1A receptor inhibition was partially/completely reversed
and it was increased by 15.18% (CA1), 10.06% (CA3), and
19.13% (DG) (Fig. 6a and b). Positive drugs (SIM, BZ) both
enhanced the protein expression of 5-HT1A receptor. These
above data suggested that the inhibition of peripheral 5-HT
synthesis minimized the HFD induced neurobehavioral disor-
ders possibly through the up-regulation of hippocampal 5-
HT1A receptor expression.

Discussion

5-HT can promote lipolysis and hepatic gluconeogenesis and
inhibit glucose uptake; Peripheral 5-HT attributed to metabolic

dysfunction not only by increasing gluconeogenesis and fasting
blood glucose levels, but also by acting on fat cells to mobilize
free fatty acids and glycerol (Martin et al. 2017). In vitro studies
have showed that 5-HTcould induce the degradation of insulin
receptor substrate-1 (IRS-1), leading to insulin resistance
(Sharma and Fulton 2013). Our recent study found that HFD
increased duodenal and serum 5-HT. LP533401 is a peripher-
ally restricted Tph1 inhibitor and only inhibits intestinal and
circulating 5-HT synthesis without affecting the brain 5-HT
level (Liu et al. 2008; Krevvata et al. 2014) and intestinal 5-
HT plays a key role in functional bowel disease (represented by
irritable bowel syndrome) (Shi et al. 2008) and osteoporosis.
LP533401 treatment in mice (12.5 mg/kg/day) reduced the
serum 5-HT by 35% -40% (Fig. 2h) which is consistent with
previous reports a phenomenon which could be used for the
prevention and treatment of osteoporosis (Yadav et al. 2010).
Further, LP533401 treatment slightly decreased the increased
5-HT in the duodenum, but its effect on serum 5-HTwas con-
siderable (Fig. 2g). The relatively low dose of LP533401 may
be the reason for the least inhibition of duodenum 5-HT, while
high dosage of 30 mg/kg/day (Oh et al. 2015) and 100 mg/kg/
day (Sumara et al. 2012) were known to inhibit it efficiently. In
addition, we quantified 5-HT levels by semi-quantitative

Fig. 4 Effects of selective inhibition of gut-derived serotonin synthe-
sis on the behavioral performance of mice. a Number of crossings in
the open field test. b Immobility time in the tail suspension test. c
Immobility time in the forced swim test. Each column represents the

median with ranges. Data are presented as the mean ± SD (n = 6).
*P<0.05; **P<0.01; ***P<0.001 compared with the control group;
#P<0.05 compared with the model group
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scanning of duodenal immunohistochemistry images, the accu-
racy of which was limited (Fig. 2g and h). BZ and SIM re-
versed the HFD induced 5-HT increase in duodenum and se-
rum, but not as effectively as LP533401 (Fig. 2g and h).
Meanwhile, when reducing intestinal 5-HT levels, effects on
metabolism and neurobehavior in HFD mice would be
assessed by detecting body weight, blood glucose, TC, TG
and depression-like behaviors.

Selective inhibition of intestinal 5-HT affects glucose toler-
ance through a variety of peripheral mediators and the most
likely way is to improve insulin resistance. Recent animal stud-
ies have shown that improving insulin resistance and glycemic
control are implicated with a relief of mood-cognitive deficits
induced by HFD. Though peripheral 5-HT is not able to cross
the blood-brain barrier, it can regulate leptin and ghrelin, both
of which cross the blood-brain barrier and mediate satiety and
hunger signals through neuropeptide Y (NPY) and melano-
cytes Cortical (POMC) neurons in the hypothalamus (Valassi
et al. 2008; Haleem 2014). Therefore, in this study, selective
inhibition of intestinal 5-HT could not down-regulate weight
gain in mice (Fig. 3c and d), but it apparently attenuated glu-
cose tolerance impairment in HFD fed mice (Fig. 3b and e),
which may regulate to leptin and ghrelin.

HFD is known to induce anxiety- and depression-like be-
haviors in mice (Krishna et al. 2016). Zemdegs et al. integrat-
ed the metabolic and emotional parameters using Z-score, and
found that there was a significant positive correlation between
metabolic and emotional changes after both 12 and 16 weeks

of HFD mice (Zemdegs et al. 2016). In this experiment, we
carried out behavioral experiments (OFT, TST, FST and SPT)
in normal, HFD fed and drug treated mice models. FST and
TST are the most commonly used methods to predict for be-
havioral despair with high predictive validity (Porsolt et al.
1977; Cunha et al. 2013). Similarly, OFT is effective to exam-
ine locomotor and explorative activity in rodents (Budni et al.
2007). SPT reflects the pleasure states of animals. They are all
the most commonly used parameters to measure the develop-
ment of depression like behaviors and to examine the antide-
pressant effects of drug and drug like molecules, so we choose
the same behavioral tests to illustrate the degree of depression
in HFD fed mice and effect of our experimental compouds.

Our study demonstrated that HFD induced depression-like
behavior evidenced by the decreased locomotor activity, loss
of explorative interests in OFT, increased immobility time in
TSTand FST, and decreased sucrose preference in SPT (Fig. 4
& Table 1). Our results showed that there was no significant
difference in the number of crossings between groups in OFT
at the 4th week but was significantly decreased in the HFD
group in the 6th week. This may be due to the fact that mice
were still fresh to the palatable HFD at the 4th week and
additionally, body’s self-repairing effects may be compensat-
ing for neurobehavioral damage to some extent. When being
fed with HFD upto the 6th week, mice lost their freshness and
neurobehavioral damage may have exceeded the self-repair
ability and so serious neurological disorder was observed in
the OFT at the 6th week. Our previous study (Wu et al. 2018)

Fig. 5 Effect of selective inhibition of intestinal 5-HT synthesis on
brain 5-HT system of HFD mice. a Effects of selective inhibition of
gut-derived serotonin synthesis on the expression of 5-HT1A receptors in
the brain. b Effects of selective inhibition of gut-derived serotonin syn-
thesis on Tph2 in the brain. c Effects of selective inhibition of gut-derived

serotonin synthesis on IDO in the brain. d Effects of selective inhibition
of gut-derived serotonin synthesis on SERT in the brain. Each colum
represents the mean ± SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001
compared with the control group; #P < 0.05, ###P < 0.001 compared
with the model group
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also showed that 6 weeks of HFD feeding could develop
moderate cytoarchitectural abnormalities and reduced neuron
density in the hippocampus, which are closely related to cog-
nitive functions and regulation of emotions (Arcego et al.
2017). Therefore the OFT results at the 4th and the 6th week
were rather different.

Accumulating studies indicated that HFD caused depression-
like behavior because of a desensitization of 5-HT-activatedAkt /
GSK3β signal pathway and the impairment of cell proliferation

in DG (Papazoglou et al. 2015). Moreover, this depressive phe-
notype was associated with decreased extracellular 5-HT levels
in the hippocampus and increased sensitivity of 5-HT1A

autoreceptor in the dorsal raphe (Zemdegs et al. 2016), which
was consistent with our recent finding (Wu et al. 2018). From
peripheral aspects, it was reported that LPS was produced by gut
microflora and inflammatory cytokines were likely to respond
and mediate the effects of HFD on brain function and behavior
(Schachter et al. 2017). These inflammatory cytokines could

Fig. 6 Effects of selective inhibition of gut-derived serotonin synthe-
sis on the 5-HT1Areceptor expression of the hippocampal CA1, CA3,
DG subregion. a Representative photomicrographs of 5-HT1A receptor
immunohistochemistry of brain sections. a. ND + vehicle group (control),
b. ND + LP533401 group, c. HFD+ vehicle group (model), d. HFD+
LP533401 group, e. HFD + BZ group, f. HFD + SIM group.

Magnification, 100×. Scale bar, 400 μm. b 5-HT1A expression of the
hippocampal CA1, CA3, DG subregion. Each colum represents the
mean ± SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 compared with
the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared with
the model group
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directly cross blood-brain barrier (BBB) into the brain, affect
brain 5-HT function and develop some behavioral anomalies.
However, effect of changes in peripheral 5-HT in developing
such co-morbidities wasn’t studied earlier. 5-HT was the key
mediator of the brain-gut connection (Kim and Camilleri
2000). Central nervous system regulates peripheral intestinal mo-
tor, sensory activity or metabolism (and vice versa) through neu-
rotransmitters. GI symptoms might result from dysregulation of
this brain-gut mediation (Kim and Camilleri 2000). The sub-
stance P, NO, 5-HT, and other substances influenced pain sensa-
tion, GI motility, emotional behavior, immunity and metabolism
(Kaneko and Goto 2013). To test the hypothesis whether periph-
eral 5-HTwas associated with the etiology of HFD-induced de-
pression, we chose a pharmacologic inhibitor of peripheral sero-
tonin synthesis, LP533401, with which HFD mice was treated.
Interestingly, we found that selective inhibition of intestinal 5-HT
counteracted depressive-like behaviors (Table 1 & Fig. 4), re-
versed impaired glucose tolerance, serum TC and TG levels
which were increased in response to HFD (Fig. 3b, f and g),
suggesting that changes in peripheral 5-HT concentrations could
mediate either development and/or curative effects in metabolic
and psychiatric disorders.

Both SIM and BZ are clinical hypolipidemic drugs and
SIM is more prominent than BZ in improving behavioral im-
pairments and anhedonia, probably due to difference in their
neurobiological mechanisms (Wang et al. 2017b). SIM is an
HMG-COA reductase inhibitor and inhibits cholesterol syn-
thesis. Studies have suggested that SIM could restore serum
triglycerides to normal levels and effectively relieve anxiety/
depression-like behaviors and cognitive dysfunction in HFD
animals. SIM also had anxiolytic, antidepressant and Bpuzzle^
effects on normal animals (Can et al. 2012) and antidepressant
effects on animals with depression like bahaviors (Lin et al.
2014), suggesting that its anti-depressant effects were inde-
pendent of its lipid-lowering effect. BZ is a non-selective
PPAR agonist with a potent anti-inflammatory effect, acceler-
ating the degradation of triglycerides (Magliano et al. 2013;
Terasawa et al. 2015) through which it might be reducing
inflammation to have anti-depressant effect.

qPCR results showed that LP533401 treatment had no effect
on brain 5-HTR system functions, but dramatically inhibited
HFD induced activation of IDO in brain (Fig. 5& Fig. 6). Brain
IDO could be activated by the pro-inflammatory cytokines
LPS, TNF-α and IFN-γ resulting in the development of sick-
ness behavior and depression-like behavior (Dantzer et al.
2008). Therefore, it is reasonable to speculate that the anti-
depressant effect of LP544401 by selectively inhibiting intesti-
nal 5-HT might be due to inhibition of these pro-inflammatory
cytokines and subsequent inhibition of IDO activation.

The SIM’s antidepressant mechanismmay be similar to the
selective serotonin reuptake inhibitor fluoxetine’s (Santos
et al. 2012). Our study showed that SIM had a very broad
and obvious effect on the brain 5-HTsystem (data not shown),

which was consistent with the speculation above. In addition,
SIM inhibited HFD-induced brain IDO activation, indicating
that its anti-depressant effect was also related to its anti-
inflammatory effect. Statins have been reported to degrade
the secretion of IL-1 and TNF-α in spinal cord injury and
ischemic stroke (Balduini et al. 2003). SIM attenuated cere-
bral vascular endothelial inflammatory response and de-
creased hippocampal neuroinflammation in rats following
Traumatic Brain Injury (Wang et al. 2014; Lim et al. 2017).
SIM could readily cross the blood-brain barrier (Sierra et al.
2010) with well-defined pharmacokinetic activity (Schachter
2005). Along with antidepressant-like effects, SIM was found
to have potential neuroprotective effect in both short and
chronic HFD (Can et al. 2012; Elbatsh 2015) with which our
present results are in consistent with.

Serum LC-MS analysis to detect changes in the metabolites
in the upstream and downstream of 5-HTand TRP-KYN path-
ways revealed that there was no significant difference in TRP,
KYN, 5-HTP and 5-HIAA between HFD group and ND
group. We also examined brain tissue to detect 5-HT metabo-
lites but none of the above were detected including 5-HT.
Differential disorders of lipid metabolites (including palmitic
amide, oleamide, 8,9-dimethyl-5,11,14- eicosatrienoic acid,
etc.) were detected and all administration groups have pro-
duced callback effect. Numerous documents have indicated
that patients with major depressive disorder (MDD) exhibit
significant deficits in long-chain omega-3 (LCn-3) fatty acids,
including eicosapentaenoic acid and docosahexaenoic acid
(DHA) (Assies et al. 2010; Lin et al. 2010). Preclinical evi-
dence suggested that dietary-induced elevations in LCn-3 fat-
ty acid status increased 5-HT concentrations in rat frontal cor-
tex (Chalon et al. 1998), attenuated the decrease of 5-HT con-
tent in stressed frontal cortex (Vancassel et al. 2008), and
decreased depression-like behavior in FST (Jr et al. 2005).
Cholesterol is an essential constituent of the human brain,
and the brain is the cholesterol-richest organ containing about
20% of the body’s total cholesterol (Orth and Bellosta 2012).
The close association of Low cholesterol levels with impul-
sivity and depression (Vevera et al. 2003) suggested a basis for
the potential role of cholesterol within the CNS as a factor in
the underlying neuropsychiatric pathology (Freemantle et al.
2013). A study also confirmed the changes in serotonin trans-
mission caused by simvastatin in its clinical brain cholesterol-
lowering therapy (Vevera et al. 2016). Low cholesterol and
altered 5-HT activity may be causal (Buydensbranchey et al.
2000). Therefore, altered lipid delivery in the brain is closely
related to the anabolism of central 5-HT. We speculated that,
in our study, HFD and the administration groups might alter
brain lipid substrate to affect central 5-HT.

5-HT1A receptors are widely distributed as postsynaptic
receptors in the hippocampus, the cortex, the amygdala and
the hypothalamus, and are also the most pivotal cytosolic
autoreceptors of the nucleus pulposus. Current researches
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have demonstrated that depression worsened 5-HT1A receptor
activity. Some studies suggested that depressionmight be elic-
ited by 5-HT1A autoreceptors hypersensitivity. The detection
of brain 5-HT1A receptors through Positron Emission
Computed Tomography (PET) found that hippocampal 5-
HT1A receptor binding broadly decreased and presynaptic
membrane 5-HT1A receptor expression in the syncytial nucle-
us of brain stem abnormally increased among patients with
severe depression. A large number of researches proposed that
5-HT dysfunction was commonly recognized as one of the
pathogenesis of depression and 5-HT1A receptor was critical
in its pathophysiology (Kaufman et al. 2016). Our previous
studies also demonstrated the increased apoptosis in hippo-
campal neurons, plasticity, and decreased expression of 5-
HT 1A receptors in HFD mice (Wu et al. 2018), confirming
our results that HFD induced depression-like symptoms. The
selective inhibition of gut-derived 5-HT as well as lipid-
lowering drug can significantly reverse the decrease of 5-
HT1A expression in hippocampus (Fig. 6), proving that selec-
tively inhibiting intestinal 5-HTcould ameliorate neurological
behavioral disorders elicited by the metabolic dysfunction.

In conclusion, our data indicated that selective inhibition of
peripheral 5-HT hinder HFD-induced depressive progression,
and meanwhile can facilitate some metabolic disorders. This
effect was likely to propose a combined therapeutical strategy
of targeting peripheral 5-HT which not only treats metabolic
diseases but also mediates anti-depressant effect.
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