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Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host response to infection with a high mortality.
5-Hydroxytryptamine (5-HT) is an important regulatory factor in inflammation. The aim of this study is to investigate the role of
5-HT on cecal ligation and puncture- (CLP-) induced sepsis in the mouse model. CLP was performed on C57B/6 wild-type (WT)
mice and tryptophan hydroxylase 1 (TPHI) knockout (KO) mice. The results showed that the 5-HT-sufficient group mice had a
significantly lower survival rate than the 5-HT-deficient group in CLP-induced sepsis and septic shock. The KO-CLP sepsis group
received a lower clinical score than the WT-CLP sepsis group. Meanwhile, the body temperature of mice in the KO-CLP sepsis
group was higher than that in the WT-CLP sepsis group and was much closer to the normal body temperature 24 hours after
CLP. The tissue histopathology analysis revealed that 5-HT markedly exacerbated histological damages in the peritoneum,
lung, liver, kidney, intestinal tissue, and heart in sepsis. Moreover, significant lower levels of TNF-a, IL-6, bacterial loads,
MPO, and ROS were discovered in the KO-CLP sepsis group in contrast to the WT-CLP sepsis group. In conclusion, 5-HT
drives mortality and exacerbates organ dysfunction by promoting serum cytokines and bacterial loads as well as facilitating

oxidative stress in the process of sepsis.

1. Introduction

Sepsis is defined as a life-threatening organ dysfunction
caused by a dysregulated host response to infection. It is
characterized by high mortality between 28% and 50% and
limited therapeutic options [1-3]. In many diseases, the
severe infections result in sepsis which generates serious
complications including septic shock, multiple organ dys-
function syndrome (MODS), multiple organ failure, and
even death [4, 5]. In the process of sepsis, the infection or
bacterial translocation, which often occurs at the mesenteric
lymph nodes, liver, and spleen, may activate an inflammatory
response. The inflammatory mediators such as tumor
necrosis factor-a (TNF-«), interleukin-1f (IL-1f), and IL-
6 were released initially [6, 7]. TNF-a amplifies inflamma-
tory cascades by activating macrophages/monocytes to
secrete other inflammatory cytokines. The overproduction

of inflammatory mediators induces endothelial and epithe-
lial injury, vascular leakage, edema, and vasodilatation. In
addition, the oxidative stress and mitochondrial dysfunction
also exert vital roles in the organ damages and MODS [8-11].
The development of new therapeutic methods of anti-inflam-
matory, antioxidant, or regulating intestinal bacteria may
reduce the incidence and mortality of sepsis.

Serotonin, or 5-hydroxytryptamine (5-HT), is an impor-
tant regulatory factor in the gastrointestinal (GI) tract and
other organ systems in addition to its role as a brain neuro-
transmitter [12]. The majority of peripheral 5-HT in the
body is produced by the rate-limiting enzyme tryptophan
hydroxylase 1 (TPH1). TPH1 knockout (TPHI1-/-) mice
show very low levels of circulating 5-HT but maintain nor-
mal levels of central 5-HT due to the blood-brain barrier
[13-15]. Peripheral 5-HT is mainly stored in the platelets
and released when activated. To date, 15 different 5-HT
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receptors (HTR) have been identified [16]. Binding to its
receptors, peripheral 5-HT regulates diverse functions such
as cardiac functions, platelet aggregation, bone development,
and immune responses. The dysregulation of peripheral
5-HT is involved in the pathogenesis of irritable bowel
syndrome (IBS), immune tolerance and inflammation, ische-
mia reperfusion injury, inflammatory bowel diseases,
zymosan-induced MODS, acetaminophen-induced liver tox-
icity, acute pancreatitis, tumorigenesis of hepatocellular carci-
noma (HCC), and so on [17-21].

It has been verified that gut microbiota regulates the host
5-HT biosynthesis and bacterial translocation contributes to
the sepsis [22-24]. Besides, 5-HT facilitates the oxidative
stress, nitrative stress, and lipid peroxidation in the patholog-
ical process of many diseases [25]. Furthermore, 5-HT has
significant proinflammatory function in inflammation-
linked diseases by regulating the release of inflammatory
mediators and recruitment of inflammatory cells [16, 26].
Considering these facts, we speculated that 5-HT might par-
ticipate in the process of sepsis. The previous studies showed
that platelet-derived 5-HT promoted the recruitment of neu-
trophils in sites of acute inflammation in mice. Moreover, a
sepsis-induced elevation in plasma 5-HT facilitated endothe-
lial hyperpermeability [26-28]. However, there was no direct
evidence whether 5-HT regulated anti-inflammatory, antiox-
idant, and bacterial production and drove mortality in sepsis.
The main purpose of this study was to investigate the poten-
tial effects and mechanisms of 5-HT in the process of sepsis.

2. Materials and Methods

2.1. Experimental Animals. The study was conducted using
male TPH1 knockout mice (TPH1-/— mice, kindly pre-
sented by Max Planck Institute for Molecular Genetics, Ber-
lin, Germany) and wild-type C57BL/6 mice (4-5 weeks old,
20-26g) (Animal Feeding Center of Xi’an Jiaotong Univer-
sity Health Science Center). The TPH1—/— mice were origi-
nated from C57BL/6 mice. The lack of peripheral 5-HT was
the only difference between TPH1-/— mice and C57BL/6
mice. The characteristics of TPHI1-/— mice had been
described previously [15, 26, 29, 30]. Five mice were allocated
to each cage. Moreover, the laboratory conditions were as fol-
lows: 23°C, 50% humidity, 12 h light daily, and the availability
of sufficient food and water. The animal protocol was
designed to minimize pain and discomfort to the animals.
All animals were euthanized by isoflurane gas for tissue col-
lection. All animal experiments were performed in accor-
dance with the guidelines of the China Council on Animal
Care and Use. All animal procedures performed in this study
were reviewed, approved, and supervised by the Institutional
Animal Care and Use Committee of the Ethics Committee of
Xi’an Jiaotong University Health Science Center, China.

2.2. Experimental Design. The mice were randomly allocated
into the following groups: (1) WT sham group: a sham lapa-
rotomy operation was performed on the WT mice. (2) KO
sham group: a sham laparotomy operation was performed
on TPH1 knockout mice. (3) WT-CLP sepsis group: the cecal
ligation and puncture (CLP) with a 21-gauge needle was
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performed on WT mice. (4) KO-CLP sepsis group: the CLP
with a 21-gauge needle was performed on TPHI1 knockout
mice. (5) WT+PCPA-CLP sepsis group: wild-type mice were
pretreated with p-chlorophenylalanine (PCPA, TPH1 inhib-
itor, at a dose of 150 mg/kg/day for 3 days by subcutaneous
injection before the CLP with a 21-gauge needle [20]). (6)
KO+HTP-CLP sepsis group: TPH1 knockout mice were pre-
treated with 5-hydroxytryptophan (5-HTP) (precursor of 5-
HT which can reload the 5-HT content, at a dose of 75 mg/
kg/day for 3 days by subcutaneous injection before the CLP
with a 21-gauge needle [20]). (7) WT-CLP septic shock
group: the CLP with an 18-gauge needle was performed on
WT mice. (8) KO-CLP septic shock group: the CLP with an
18-gauge needle was performed on TPHI knockout mice.
(9) WT+PCPA-CLP septic shock group: WT mice were pre-
treated with PCPA before the CLP with an 18-gauge needle.
(10) KO+HTP-CLP septic shock group: TPH1 knockout
mice were pretreated with 5-HTP before the CLP with an
18-gauge needle. In the experiment, the animals (n=6 for
the sham groups and n =15 for the experimental groups)
were randomly divided as described above and were moni-
tored to assess mortality for 5 days in the CLP sepsis model
and 3 days in the CLP septic shock model. The temperature
and clinical score of each animal was measured as previously
described [31].

2.3. Sepsis and Septic Shock Model: CLP. The mice were anes-
thetized with chloral hydrate (10 ml/kg, 4%). The abdomen
was disinfected with iodine volts, and a 2 cm midline abdom-
inal incision was conducted. The cecum was exposed, ligated
below the ileocecal valve with a 3-0 silk, and then punctured
with a 21-gauge needle for the sepsis model or an 18-gauge
needle for the septic shock model. After the operation, the
cecum was placed back to the original location. Saline
(30 ml/kg) was used for anesthesia recovery in the incubator.
The mice were returned to their cages until full recovery [32,
33]. Only abdominal incision was performed on the WT and
KO sham group mice, exposed for 5 minutes and then closed
in layers.

2.4. Histologic Analysis. Six hours and 24 h after the CLP and
sham operations, respectively, tissue samples from the peri-
toneum, lung, liver, kidney, intestines, and hearts were col-
lected for histologic analysis. The tissues were fixed in 10%
formalin for 48 hours and then treated with paraffin embed-
ding. Serial sections of 5um thickness were obtained and
stained with hematoxylin and eosin (H&E). Then, two
researchers assessed the histologic changes in a double-
blinded way to select a representative field for future use
through the light microscope.

2.5. Quantification of Organ Function and Injury. At 6h and
24 h after CLP, the mice were sacrificed to evaluate the acute
peritonitis. Through a midline abdominal incision, 5ml
phosphate-buffered saline (PBS) was injected into the
abdominal cavity. Then, all abdominal cavity liquid was col-
lected to EP tubes. The exudate volume was calculated by
subtracting the volume injected (5 ml) from the total volume.
The mice serum was collected at 6h and 24 h after the CLP.
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The liver and kidney injury was evaluated by measuring the
level of serum alanine aminotransferase (ALT) and blood
urea nitrogen (BUN). The activities of ALT and BUN were
determined by an automated procedure in the Department
of Inspection (The First Affiliated Hospital of Xi’an Jiaotong
University). Lung dysfunction was assessed by measuring the
W/D weight ratio. The superior and middle lobes of the right
lung were gathered for the assessment of the lung W/D ratio.
The lung samples were weighed immediately after collection,
then placed into an incubator at 80°C for 48h to dry and
weighed again. The lung W/D ratio was calculated by the
wet weight divided by the dry weight. Intestine dysfunction
was assessed by measuring the villus height in H&E staining.
The heart dysfunction was assessed by the ejection fraction
(echocardiography).

2.6. Enzyme-Linked Immunosorbent Assays (ELISA). The
levels of serum TNF-q, IL-6, and IL-1f were measured with
commercial ELISA kits according to the instructions of the
manufacturer (Dakewe, Shenzhen, China).

2.7. Measurement of Peritoneal, Blood, and Lung Bacterial
Loads. At 24h after the CLP, the mice were sacrificed. The
peritoneal fluid, blood, and lung tissues were collected. After
diluted with phosphate-buffered saline (PBS), the peritoneal
fluid, blood, and mixed liquid of the lung tissues were cul-
tured overnight on blood-agar base plates (Becton Dickin-
son, USA) at 37°C. The colony-forming units (CFUs) of
peritoneal, blood, and lung bacterial loads were calculated.

2.8. Immunofluorescence. At 24h after the CLP, the fresh
lung and liver tissues of mice were harvested for tissue slides.
The lung and liver tissue slides were fixed in 10% formalde-
hyde and blocked with 10% normal donkey serum diluted
in PBS containing 0.1% triton. Then, the slides were incu-
bated with a polyclonal rabbit anti-MPO antibody (Santa
Cruz Biotechnology, Inc., CA) diluted 1:200 in PBS for 1
hour at room temperature. The slides were washed and incu-
bated with a donkey anti-rabbit antibody at 1:500 in PBS for
90 min at room temperature and counterstained with 4%6-dia-
midino-2-phenylindole (DAPI). The tissue sections were
randomly screened (five fields/slide). Images were acquired
using an inverted Leica CTR 6000 fluorescence microscope
and merged with Leica Application Suite Advanced Fluores-
cence software (Leica UK, Milton Keynes).

2.9. Measurement of MPO Activity. The activity of MPO was
measured using an activity assay kit (NanJing JianCheng Bio-
engineering). The liver and lung tissues were homogenized
with PBS and centrifuged at 1500g for 15 min. The superna-
tants were obtained and stored at —80°C for the following
analysis. The detection was conducted following the refer-
ence manual.

2.10. DHE Fluorescence Measurement. The fresh liver and
lung tissues were collected and stored at —80°C. Five-
millimeter thickness tissue sections were performed and
incubated in Locke’s buffer containing DHE concentration
of 10nM for 30 min. The lung tissue fluorescence (adopt

excitation at 490 nm, emission at 610 nm) was observed by
using fluorescence microscope.

2.11. Statistical Analysis. The measurement data were
expressed as mean +SD. Student’s t-test was used for the
comparison between the two groups. Kaplan-Meier curve
was used for survival analysis and log-rank test for difference
between the two groups. All tests were two-sided, and signif-
icance was accepted at p < 0.05. The statistical analyses were
performed using GraphPad Prism software (version 6.0,
GraphPad Software, Inc., La Jolla, CA, USA).

3. Results

3.1. Effect of PCPA and 5-HTP Treatment on the 5-HT Levels
of WT and TPHI-/- Mice. To validate the role of 5-HT in
CLP-induced sepsis, the PCPA (a classical TPH1 enzyme
inhibitor) and 5-HTP (the precursor of 5-HT) were injected
to mice 3 days before CLP operation. The plasma 5-HT levels
were measured to confirm the effects of PCPA and 5-HTP in
the WT and TPH1-/— mice. The results showed that plasma
5-HT levels in the WT mice treated with PCPA for 3 days
significantly decreased compared with that in the WT
mice treated with saline (306.0+12.86 versus 3203.00
+170.563 ng/ml, p <0.0001). Meanwhile, TPH1-/- mice
treated with 5-HTP for 3 days could markedly replenish
blood 5-HT in contrast to the TPH1—/— mice treated with
saline (2544.60+190.992 versus 287.850+ 13.4185ng/ml,
p <0.0001).

3.2. 5-HT Drives Mortality in Sepsis and Septic Shock. The
animals (n = 6 for sham groups and n =15 for experimental
groups) were randomly grouped and monitored to assess
the 5-day survival rate in CLP-induced sepsis and the 3-day
survival rate in CLP-induced septic shock (Figure 1). A log-
rank test analysis of the 5-day survival curves in CLP sepsis
showed that the survival rate of the KO-CLP group was
significantly higher than that in the WT-CLP group
(p=0.0475). Furthermore, we conducted the experiment by
adding PCPA and 5-HTP. The WT+PCPA-CLP sepsis group
also showed an increased survival rate compared with the
WT-CLP sepsis group (p = 0.045), while the survival rate of
the KO+HTP-CLP sepsis group was lower than that of the
KO-CLP sepsis group (p = 0.003). The mortality was revealed
to be more serious in the CLP-induced septic shock model.
Similar results were obtained for the septic shock model,
demonstrating that the survival rate of the KO-CLP group
was significantly higher than that of the WT-CLP group
(p=0.035); and PCPA had a protective effect on the WT
+PCPA-CLP septic shock group, which had a higher survival
rate than the WT-CLP septic shock group 3 days after the
CLP (p =0.048). However, there was no difference between
the KO+5-HTP CLP septic shock group and the KO-CLP
group (p=0.086). The above results demonstrated that
5-HT deficiency provided a significant level of protection.

3.3. Effect of 5-HT on Sepsis Manifestation. Two researchers,
in a double-blinded study, evaluated the clinical score of the
sepsis severity 24 hours after the CLP. The KO-CLP sepsis
group received a lower score than the WT-CLP sepsis group
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FIGURE 1: 5-HT drives the survival rate in a sepsis and septic shock model in mice. Kaplan-Meier survival curve for mice 5 days after the CLP
sepsis model and 3 days after the CLP septic shock model. PCPA, a TPH1-inhibitor, at a dose of 150 mg/kg/day for 3 days by subcutaneous
injection before the CLP. 5-Hydroxytryptophan (5-HTP), a precursor of 5-HT that can reload the 5-HT content, at a dose of 75 mg/kg/day for
3 days by subcutaneous injection before CLP). (WT sham group and KO sham group, n = 6; WT-CLP groups, KO-CLP groups, WT+PCPA-
CLP groups or KO+HTP-CLP groups, n =15, p < 0.05 was statistically significant.)
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F1GURE 2: Lack of 5-HT reduces the clinical score and retains low body temperature in CLP-induced sepsis in mice. The clinical score was
assessed at 24 h, and the temperatures of the mice were measured at 6h and 24 h after CLP-induced sepsis (n =15, mean + SD, clinical
score, p < 0.05 versus the WT-CLP group; temperature, p < 0.01 versus the WT-CLP group 24 h after CLP-induced sepsis).
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FIGURE 3: Lack of 5-HT alleviates peritonitis in CLP-induced sepsis in mice. The peritoneum tissue were harvested at 6 h or 24 h after CLP
administration. The visceral peritoneum tissue sections were stained with H&E. Original magnification 200x. Figures are representative of
at least three experiments performed on different experimental days. The amount of exudate was calculated for assessment of acute
peritonitis (n = 6, amount of exudate: mean + SD, p < 0.05 versus the WT-CLP group at 6 h after the CLP administration).

(p < 0.05). Meanwhile, the body temperature of the mice in
the KO-CLP sepsis group was higher than the WT-CLP sep-
sis group and was much closer to the normal body tempera-
ture after 24 hours (p < 0.01) (Figure 2).

3.4. Effect of 5-HT on Tissue Histopathology Change and
Organ Dysfunction in Sepsis. At 6h and 24 h after the CLP
administration, a histological evaluation of the lung, liver,
kidney, intestine sections, and heart exhibited several marked
pathological changes and organ dysfunctions. In the lung, the
histologic analysis revealed that an inflammatory infiltration
of neutrophils, macrophages, and plasma cells in the WT-
CLP sepsis group was more serious than that in the KO-
CLP sepsis group, especially at 6h after the CLP. The WT-
CLP mice also showed more severe peritonitis compared
with the KO-CLP mice at 24h (p < 0.05) (Figure 3). More-
over, the WT-CLP mice showed a higher lung W/D weight
ratio compared with the KO-CLP mice at 6h (p <0.05)
(Figure 4). In the liver, CLP induced marked congestion,
inflammatory cell infiltration, necrosis, and degeneration.
The KO-CLP mice alleviated histopathological changes and
had a lower level of ALT at 24h (p <0.05) (Figure 5). In
the kidney, the mice in the KO-CLP sepsis group had better

results for inflammatory cell infiltration and necrosis as well
as lower levels of BUN in contrast to the WT-CLP sepsis
group (p < 0.05) (Figure 6). In the intestine sections, the mas-
sive inflammatory cell infiltration, edema, and separation of
the epithelium from the basement membrane were observed
after the CLP treatment. In addition, the villus height
suffered less damages in the KO-CLP mice (p<0.05)
(Figure 7). In the heart, the KO-CLP mice showed less
inflammatory cell infiltration, necrosis, and degeneration
than the WT-CLP mice; whereas, the ejection fractions were
not significantly different (Figure 8). Based on the evidences
above, we concluded that 5-HT played detrimental roles in
the organ functions.

3.5. Effect of 5-HT on Serum Cytokines and Bacterial Loads.
The inflammatory response plays a fatal role in the process
of sepsis. Serum cytokines were assessed by determining the
serum levels of the TNF-« and IL-6 (Figure 9). A marked
increase of TNF-a and IL-6 secretion was observed in
the CLP sepsis group compared with the sham group
(p<0.05). Moreover, a significant inhibition of TNF-«
was discovered in the KO-CLP sepsis group in contrast to
the WT-CLP sepsis group both at 6h and 24h after the
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FIGURE 4: Lack of 5-HT alleviates histopathology damage and organ dysfunction in the lung in CLP-induced sepsis in mice. The lung tissues
were harvested at 6 h or 24 h after the CLP administration. The lung tissue sections were stained with H&E. Original magnification 200x. In
the lung, the inflammatory infiltration of neutrophils, macrophages, and plasma cells in the WT-CLP sepsis group was more serious than in
the KO-CLP sepsis group. The figures are representative of at least three experiments performed on different experimental days. The lung
wet/dry weight ratio was calculated as an assessment of lung dysfunction (n = 6, lung wet/dry weight ratios: calculated by dividing the wet
weight by the dry weight. Mean + SD, p < 0.05 versus the WT-CLP group at 6 after the CLP administration).
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F1GURE 5: Lack of 5-HT alleviates histopathology damage and organ dysfunction in the liver in CLP-induced sepsis in mice. The animal blood
samples and liver tissues were harvested at 6 h or 24 h after the CLP administration. H&E staining was conducted as described above. In the
liver, the WT mice showed a marked congestion, inflammatory cell infiltration, necrosis, and degeneration. The KO-CLP mice had alleviated
histopathological changes. ALT was calculated as an assessment of liver dysfunction (n =6, ALT: mean + SD, p < 0.05 versus the WT-CLP
group at 24 h after the CLP administration).

BUN (mg/dl)
- -
[=} (=) S

58]
(=}
!

FIGURE 6: Lack of 5-HT alleviates histopathology damage and organ dysfunction in the kidney in CLP-induced sepsis in mice. The animal
blood samples and the kidney tissues were harvested at 6h or 24h after the CLP administration. H&E staining was conducted as
described above. In the kidney, the mice in the KO-CLP sepsis group had less inflammatory cell infiltration, necrosis, and degeneration.
The BUN was calculated as an assessment of renal dysfunction (n =6, BUN: mean +SD, p <0.01 versus the WT-CLP group at 6h after
the CLP administration; p < 0.05 versus the WT-CLP group at 24 h after the CLP administration).
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FIGURE 7: Lack of 5-HT alleviates the histopathology damage and organ dysfunction in the intestine in CLP-induced sepsis in mice. The
intestine tissues were harvested at 6h or 24 h after CLP administration. H&E staining was conducted as described above. In the intestine
sections, the KO-CLP mice showed a reduced infiltration of inflammatory cells, edema in the space bounded by the villus, and separation
of the epithelium from the basement membrane. The villus height was measured as an assessment of intestine dysfunction (n =6, villus
height: mean +SD, p <0.05 versus the WT-CLP group at 6h after the CLP administration; p < 0.01 versus the WT-CLP group at 24h
after the CLP administration).
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FIGURE 8: Lack of 5-HT alleviates the histopathology damage and organ dysfunction in the heart in CLP-induced sepsis in mice. The
animal heart tissues were harvested at 6h or 24h after CLP administration. H&E staining was conducted as described above. In the
heart, the KO-CLP mice showed less inflammatory cell infiltration, necrosis, and degeneration than the WT-CLP mice. The ejection
fraction was measured as an assessment of heart dysfunction (n =6, ejection fraction: mean + SD; there has no significant difference at
both 6h and 24 h after the CLP administration).
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FIGURE 9: Lack of 5-HT decreases the level of serum cytokines in CLP-induced sepsis. The levels of serum TNF-« and IL-6 were measured
with commercial ELISA kits according to the instructions of the manufacturer. A lack of 5-HT reduced the serum TNF-« and IL-6
concentrations (# =6, mean+SD, TNF-a: p <0.05 versus the WT-CLP group at 6h after the CLP administration. p <0.01 versus the
WT-CLP group at 24 h after the CLP administration; IL-6: p < 0.01 versus the WT-CLP group at 24 h after the CLP administration).
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F1GURE 10: Lack of 5-HT decreases the bacterial loads in CLP-induced sepsis. The mice were anesthetized, and the peritoneal fluid, blood, and
lung tissue were collected to measure the bacterial loads 24 h after the CLP. The bacterial loads were significantly decreased in the KO-CLP
mice compared with the WT-CLP mice in the peritoneal fluid, blood, and lung tissue. All data are expressed as the mean + SD (n =6, p <0.05

versus the WT-CLP group).

Lung

WT-CLP-24

KO-CLP-24

FiGure 11: Lack of 5-HT decreases the level of MPO in the lung in CLP-induced sepsis. MPO staining of the lung tissue at 24 h after CLP
administration. The MPO-stained cells (green), the corresponding nuclear counterstaining (blue), and both channels merged display the
relative change in the level of MPO observed in a typical field. The MPO staining was significantly decreased in the KO-CLP sepsis group
compared to the WT-CLP sepsis group in the lung at 24 h after CLP. Original magnifications, x400.

CLP (p <0.05), while the KO-CLP mice had a lower level
of IL-6 at 24 h rather than at 6h after the CLP compared
with the WT-CLP mice (p<0.01). In conclusion, 5-HT
increased serum cytokine secretion, such as TNF-a and
IL-6, and aggravated the mortality of sepsis by an excessive
inflammatory response.

Bacteria and their metabolic products are the initial
cause of sepsis. The peritoneal fluid, blood, and lung tissues
were collected for measuring the bacterial loads (Figure 10).
We discovered that the bacterial loads were significantly
decreased in the KO-CLP mice compared with the WT-
CLP mice in the peritoneal fluid, blood, and lung tissues
(p<0.05).

3.6. Effect of 5-HT on Oxidative Stress in Sepsis. MPO is a
marker of neutrophil infiltration as well as a marker of oxida-
tive stress. The level of MPO, determined by the MPO stain-
ing, was significantly lower in the KO-CLP sepsis group than
in the WT-CLP sepsis group in the liver and lung at 24 h after
the CLP (Figures 11 and 12). The MPO quantification results
exhibited that the level of MPO markedly increased after the
CLP treatment in contrast to the sham mice. In addition, the
level of MPO in the KO-CLP sepsis group was significantly
lower than in the WT-CLP sepsis group in the lung and liver
(p <0.05) (Figure 13). DHE fluorescence was conducted to
measure ROS, and there was a lower level of fluorescence
intensity in the KO-CLP sepsis group than in the WT-CLP
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FiGUre 13: Lack of 5-HT decreases the level of MPO in CLP-
induced sepsis. The activities of myeloperoxidase (MPO) in the
liver and lung tissues were measured using activity assay kits. All
data are expressed as the mean + SD. p < 0.05 versus the WT-CLP

group.

sepsis group in both the liver and lung, which revealed that
the KO-CLP mice had a reduced level of ROS compared with
the WT-CLP mice (Figure 14).

4. Discussion

In this study, a model of sepsis and septic shock was estab-
lished in mice by CLP and the influences of 5-HT on survival
rate, sepsis manifestation, organ dysfunction, serum cyto-
kines, bacterial loads, and oxidative stress were assessed to
investigate whether 5-HT drives mortality and the potential
mechanism in the process of sepsis. With this work, we dem-
onstrated that 5-HT markedly increased mortality in sepsis
and septic shock. The study further exhibited that 5-HT

exacerbated the general manifestation as well as caused histo-
logical damages in the lung, liver, kidney, intestinal tissue,
and heart. The mechanisms that 5-HT aggravated the sepsis
might include the following: (1) the increasing secretion of
serum cytokines, such as TNF-« and IL-6, and an excessive
inflammatory response; (2) the acceleration of bacterial
translocation; and (3) the promotion of oxidative stress, for
instance, MPO and ROS. All the evidence illustrated that 5-
HT could increase the risk of sepsis. In contrast, the5-HT
deficiency provided a significant level of protection. Bacteria
and their metabolic products caused an uncontrollable
inflammatory response and played a crucial role in sepsis.
The relationship between bacterial translocation and sepsis
seemed to be a positive regulation. The previous study proves
that there is a close association between bacterial transloca-
tion and gut-derived sepsis and bacterial translocation has
been put forward as a concept to explain sepsis without an
infectious focus [7, 34]. Meanwhile, sepsis accelerates bacte-
rial translocation by destroying the intestinal barrier and
increasing intestinal permeability [35-37]. It has been dem-
onstrated that 5-HT exacerbated DSS-induced colitis by
upregulating MMP-3 and MMP-9 expression in mice [38].
In our study, we discovered that the absence of 5-HT reduced
bacterial loads in the peritoneal fluid, blood, and lung tissue
in sepsis. 5-HT might increase intestinal permeability and
play a role in promoting bacterial translocation.

Our findings showed that 5-HT exacerbated the histolog-
ical damages in the lung, liver, kidney, intestinal tissue, and
heart, which resulted in organ dysfunction. A recent research
claimed that a sepsis-induced elevation in plasma 5-HT facil-
itated the endothelial hyperpermeability [28]. In this situation,
the organs were susceptible to injuries from bacteria, serum
cytokines, and oxidative stress. 5-HT also promoted the
recruitment of neutrophils and regulated immune tolerance
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and inflammation [26, 39, 40]. Our study revealed that 5-HT
aggravated the histological changes, including congestion,
inflammatory cell infiltration, necrosis, and degeneration.

TNF-« is released by macrophages in response to infec-
tion, stimulates the production of downstream cytokines,
such IL-6 and IL-8, and plays a significant role in activating
the cytokine cascade [41, 42]. In the previous study, the levels
of TNF-a and IL-6 in the plasma were also substantially
increased in CLP-induced sepsis [43]. Our study indicated
that the levels of TNF-a were decreased in the 5-HT defi-
ciency group at both 6h and 24h. However, the absence of
5-HT inhibited the level of IL-6 at 24 h but not at 6h after
the CLP. The possible reason why the KO-CLP mice and
the WT-CLP mice showed no differences 6h after the CLP
administration might be that IL-6 was not massively released
at the early stage of inflammation.

The effect of oxidative stress has been widely studied
in previous studies [10, 44, 45]. During sepsis, ROS and
MPO production exceeds antioxidant defenses and leads
to a state of oxidative stress that fuels inflammation and
causes direct mitochondrial damages, which is suggested
to play a central role in sepsis-induced organ dysfunction
[46, 47]. MPO is a marker of oxidative stress except for
neutrophil infiltration. In addition, therapeutic strategies to
protect the mitochondria by decreasing oxidative stress dur-
ing sepsis have been recognized [48-50]. Our study showed
that the levels of ROS detected by DHE fluorescence and
MPO by immunofluorescence were markedly increased after
the CLP treatment and decreased in the KO-CLP mice com-
pared with the WT-CLP mice in the lung and liver. We
concluded that 5-HT aggravated sepsis by facilitating the
occurrence of oxidative stress that fueled inflammation.

In this study, we discovered that 5-HT drove mortality
and exacerbated organ dysfunction through the promotion
of serum cytokines and bacterial loads and by facilitating oxi-
dative stress in the process of sepsis. This study proved that
5-HT regulated sepsis progression and might be a new ther-
apeutic target for sepsis. However, the mechanism of increas-
ing bacterial loads induced by bacterial translocation has no
direct evidence and further studies are required. Whether

the mechanism of endothelial hyperpermeability and aggra-
vating injury plays a key role in histological damages and
organ dysfunctions induced by 5-HT needs further studies.
Moreover, prospective clinical studies are needed to evaluate
whether the level of 5-HT relates to the process of sepsis.

5. Conclusions

In conclusion, the results of the present study demonstrated
that 5-HT markedly drove mortality and exacerbated organ
dysfunctions in sepsis. The potential mechanisms might be
that 5-HT facilitated the inflammation, bacterial loads, and
oxidative stress. These findings indicated that 5-HT played
a key role in the process of sepsis and might be a potential
therapeutic option in sepsis.
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