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Abstract Bacterial infection is the most common cause of
sepsis. In this study, Phascolosoma esculenta oligosac-
charides (PEOs) were prepared to evaluate their resistance
against E. coli-induced sepsis. HPLC-MS and FT-IR
indicated that PEOs were composed of Dp-glucosyl, p-
galactosyl, with small amount of b-mannosyl, p-arabinosyl
and residues with o- and B-type linkage. Different dosage
administrations of PEOs for 30 days significantly improved
ICR mice survival rate and bacterial clearance ability
(P < 0.01) after as E. coli injection. Moreover, PEOs sig-
nificantly reduced the secretion of IL-1f and TNF-o and
enhanced that of IL-10 in sepsis mice, enhanced the
antioxidant enzyme activities and total antioxidant capac-
ity, decreased MDA level in the serum, and upregulated
mRNA expression of Nrf2 (P < 0.01). All these results
indicate that PEOs could improve the resistance of ICR
mice against E. coli-induced sepsis that attributed to anti-
inflammatory and anti-oxidative stress.
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Introduction

Sepsis has been defined as a systemic inflammatory reac-
tion syndrome caused by a dysregulated host response to a
microbial infection (Lu et al., 2013; Vincent et al., 2002).
Multiple factors could induce the incidence of sepsis,
including gram-negative bacteria, gram-positive bacterial
and fungal (Martin, 2012; Ramachandran, 2014; Riede-
mann et al., 2003). During the sepsis infection, endotoxin
from bacterial pathogens triggers the release of a variety of
proinflammatory cytokines such as tumor necrosis factor
(TNF)-a., interleukin (IL)-10, and IL-1f in immune cells,
which occurs rapidly in the early stage of sepsis (Eichacker
et al., 2002; Kang et al., 2017). Inhibition of these proin-
flammatory cytokine productions has been developed as
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important targets to manage sepsis (LaRosa and Opal,
2008). Moreover, excessive levels of reactive oxygen
species (ROS) and other free radicals would be generated,
which leads to an imbalance in the redox system, induces
oxidative stress and contributes to high mortality rates in
the sepsis progress (Lowes et al., 2008). Malondialdehyde
(MDA) is a product of lipid peroxidation induced by
excessive ROS and is widely used as a marker for oxidative
stress (Urso and Clarkson, 2003). Otherwise, some
enzymes such as superoxide dismutase (SOD) and glu-
tathione peroxidase (GSH-Px) can metabolize free radicals
and protect cells from oxidative stress. Nrf2, an important
transcriptional activator of antioxidant genes, can recog-
nize the antioxidant response element (ARE), and regulate
important antioxidant protective responses. In addition,
Nrf2 also has been identified as a novel modifier gene of
sepsis, that determines survival by mounting an appropriate
innate immune response (Xue et al., 2015).

As a seafood with high nutritive value, Phascolosoma
esculenta (commonly known as ‘Xing Chong’) is widely
distributed along the southern coast of China, especially in
Zhejiang and Fujian province. Polysaccharides extracted
from Phascolosoma esculenta exhibit various functions,
such as antioxidant improvement and neuro-protection (Liu
et al., 2016). Oligosaccharides are the degradation products
of polysaccharides. Compared with polysaccharides,
oligosaccharides are usually water-soluble, easily absorbed
substance through the intestine and exhibit multiples of
physiological functions. In the previous studies, oligosac-
charides derived from the enzymatic hydrolysis in human
gastro-intestine could promote a more active immune
function (Gibson et al., 2004). In the previous reports,
oligosaccharides demonstrated the ability to prevent
endothelial injury and suppress inflammation (Li et al.,
2016), furthermore oligosaccharides from chitosan could
protect mice during the lipopolysaccharide challenge, by
its anti-inflammatory effects and anti-oxidation properties
(Qiao et al., 2011). Human milk oligosaccharides which are
associated with secretor mothers may have a protective
effect by decreasing pathogens associated with sepsis
(Underwood et al., 2015). In this study, Phascolosoma
esculenta oligosaccharides (PEOs) were firstly prepared by
enzymatic hydrolysis from Phascolosoma esculenta
polysaccharide and characterized by HPLC-MS and FT-
IR. PEO was orally administrated to several groups of
bacteria-free Institute of Cancer Research (ICR) male
mice, to improve the immunity of these mice. Then, the
protection of PEO on the mice with E. coli-induced Sepsis
was determined, by detection inflammatory regulation,
antioxidant activity (SOD, TAC, GSH-Px, and MDA) and
Nrf2 expression in E. coli-induced sepsis mice.
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Materials and methods
Materials

Phascolosoma esculenta was purchased in a local marine
market of Ningbo (Zhejiang, China). Standards (Glucose,
galactose, mannose, arabinose), IL-1p, IL-10 and TNFa
assay kit were purchased from BD Pharmingen (San Diego,
CA, USA). Papain and trypsin were brought from Sangon
Biotech (Shanghai) Co., Ltd. (Shanghai, China). Glu-
tathione peroxidase (GSH-Px), superoxide dismutase
(SOD), malondialdehyde (MDA), and total antioxidant
capacity (TAC) assay kit were bought from Nanjing Jian-
cheng Bioengineering Institute (Nanjing, Jiangsu, China).
RNAiso, Oligo (dT), AMV reverse transcriptase, Ex Taq
DNA polymerase, 100 bp DNA Ladder Marker and SYBR
Premix Ex Taq were bought from Takara Biotechnology
(Dalian) Co., Ltd. Gel Extraction Kit was bought from
Sigma-Aldrich. All other reagents were analytical reagents
bought from Sinopharm Group Co., Ltd (Shanghai, China).

Preparation of Phascolosoma esculenta
oligosaccharides

Fresh Phascolosoma esculenta without internal organs was
washed, drained and homogenized, then grinded into sub-
strate. Phascolosoma esculenta polysaccharide was
obtained through bi-enzymatic hydrolysis by papain and
trypsin (1:1) at a substrate/enzyme ratio of 40:1 (w/w, pH
6.5, 65 °C for 7 h). Phascolosoma esculenta polysaccha-
ride was obtained through bi-enzymatic hydrolysis of
papain and trypsin. The detailed parameters were papain/
trypsin of 1:1, substrate/enzyme ratio of 40:1 (w/w), pH
6.5, temperature 65 °C, and the hydrolysis time of 7 h.
After enzyme inactivation at 100 °C, pH was adjusted to
7.0. The protein was removed by trichloroacetic acid and
ethanol with the final concentration of 75%, which was
used for polysaccharide precipitation. After washing
repeatedly with ethanol and acetone, membrane filtration
of 3KDa was applied, to obtain polysaccharides (Millipore
Corporation, Billerica, MA, USA) (Liu et al., 2016). The
oligosaccharide mixture of Phascolosoma esculenta was
produced through acid hydrolysis of polysaccharides with
0.1 M HCI at 65 °C for 5 h and was fractionated by gel
filtration chromatography on a Superdex 30 column
(1.6 x 100 cm), eluted with 0.3 M NH, HCO;, at a flow
rate of 0.3 mL/min and the pooled oligosaccharide was
evaporated in vacuo followed by freezing at -20 °C until
use.
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Identification of composition of Phascolosoma
esculenta oligosaccharides

High performance liquid chromatography-mass spectrom-
etry (HPLC-MS) with gel permeation chromatography,
was carried out to measure the monosaccharide component
and obtain the molecular weight analysis of PEOs (Ya-
mamoto et al., 1995). The column was calibrated with
standard T-series dextran (T-500, T-110, T-70, T-40, and
T-10). The data was analyzed with water gel permeation
chromatography Millennium 32 software (Millennium
Software Developers, Inc., NY, USA).

FT-IR spectroscopy

FT-IR spectra of PEOs were obtained using KBr disks
containing 1% finely ground sample on Nicolet 6700 (Ni-
colet Instrument Company, USA). The spectra were run-
ning in the frequency range of 4000400 cm™' at a
resolution of 2 cm™' in the transmittance mode (Auddy
et al., 2003).

Phascolosoma esculenta oligosaccharides (PEOs)
administration

Institute of Cancer Research (ICR) male mice (14 &+ 2 g,
3-4 weeks) were bought from the Zhejiang Academy of
Medical Science (Hangzhou, Zhejiang, China) and were
cared for according to the National Institutes of Health
(NIH) guidelines. Mice were acclimatized for 1 week prior
to use. All mice were housed under standard conditions at
24 £ 1 °C, with humidity of 50 & 10%, and a 12-h light/
12-h dark cycle and acclimatized for a 7 d period before the
experiments. All procedures were carried out in strict
accordance with PRC legislation, on the use and care of
laboratory animals, and was approved by the Ningbo
University committee for animal experiments (Yu et al.,
2009). Mice were randomly assigned to four experiment
groups. Saline was orally administered to the control group
daily. PEOs at a dosage of 1 mg/kg (low dose, PEOsl),
10 mg/kg (middle dose, PEOs2), and 50 mg/kg (high dose,
PEOs3) were orally administered to the other three groups.
During the administration, the weight of mice was recor-
ded. The PEOs were administered for a period of 30 days
before the E. coli challenge.

Establish of infection model

For sepsis models with a single bacterial species, mice
(n = 10) were injected intraperitoneally (i.p.) with 100 pL
of 2.5 x 10° colony-forming units (CFU) of live E. coli
(DH5a). DHSa E. coli challenge in the mice was per-
formed as described previously (He et al., 2013; Lu et al.,

2011). Brief, overnight cultures of DHSa E. coli were
diluted 1:100 in Luria—Bertani liquid medium, and grown
at 37 °C with continuous shaking, and harvested when the
OD values were at 0.6. After 18 h of DH5a E. coli injec-
tion, the animals were killed and analyzed.

Survival rate

The survival rates of mice were recorded at 12 h intervals
for up to 96 h after the bacterial challenge.

Bacterial burden

After 12 h of injection with DHS5a E. coli., the blood,
livers, spleens and kidneys of mice were aseptically har-
vested (Lu et al., 2013). Tissue homogenates and blood
were serially diluted in sterile PBS and plated onto separate
LB agar plates. The plates were incubated overnight at
37 °C, and after counting, it was found that each plate
yielded 30-300 colonies.

Cytokine determination

Cytokines IL-10, IL-1B, and TNF-a in the serum were
detected by using ELISA kits from BD Pharmingen (San
Diego, CA) according to the instructions.

Oxidative stress status assessment

Activities of SOD, GSH-Px and levels of TAC and MDA
in the serum were assayed using commercially available
assay kits (Nanjing Jiancheng Bio Company, Nanjing,
China), under the guidelines provided. SOD, GSH-Px, and
TAC were determined based on the protein content in the
blood. While, MDA was determined based on the protein
content in the liver.

Detection Nrf2 mRNA expression by qRT- PCR

The total RNA was extracted from the aortic endothelial
cells using TRIzol plus RNA purification kit (Invitrogen,
Life Technologies, Carlsbad, CA, USA), with the optical
density ratio (OD260/0D280) 1.93 by the UV spec-
trophotometer, and 3 pg RNA was used to synthesize
cDNA using the GeneAmp RNA PCR kit (Applied
Biosystems, Foster City, CA, USA), according to the
manufacturer’s protocol. 1 pl cDNA was taken for the
purpose of real time-PCR with SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA). 352 bp fragment of Nrf2
was amplified with specific upstream primer 5'-
ATTGCCTG-TAAGTCCTGGTCA-3 and downstream
primer 5-ACTGCTCTTTGGACAT-CATTTCG-3". As a
control, a 231-bp fragment of the housekeeping B-actin
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gene was amplified from the same cDNA preparations
using pActin-F: 5'-TCGTGCGTGACATCAAGGAG-3'
and pActin-R: 5-CGCACTTCATGATGCTGTTG-3' pri-
mers. PCR reactions were analyzed using the software
provided, with the Mx3000P QPCR system and mRNA
expression of Nrf2 was calculated using the pAACT
method and normalized against the expression of B-actin.

Statistical analysis

All experiments were carried out in triplicate, with the
exception of the survival rate which was performed only
once. Results were expressed as a mean =+ standard error
(SEM) and analyzed using an analysis of variance
(ANOVA) and a comparison of the means was performed
using Duncan’s multiple range test at a 95% confidence
level with the SPSS package (SPSS 17.0 for Windows,
SPSS Inc., Chicago, IL, USA). P value (two-tailed) < 0.05
was considered significant and < 0.01 was considered
extremely significant.

Results and discussion
Composition of PEOs determined by HPLC

In this study, monosaccharide composition and content of
PEOs were detected by HPLC, which were showed in
Fig. 1 and Table 1. The results indicated that PEOs were
mainly composed of D-glucosyl and Dp-galactosyl, with
small amount of p-mannosyl and p-arabinosyl.

Characterization of PEOs by FT-IR

Saccharide strongly absorb in the so-called “fingerprint
region” (1200-900 cm™ ) of FT-IR spectra (Santos et al.,
2014). As shown in Fig. 2, PEOs showed a typical sac-
charide FT-IR spectrum. The absorption bands in the
region of 1077.2 cm™' and 1045.1 cm™', showed the
monosaccharides in glucopyranosides (1100-1010 cm™").
The bands in the region of 3383 cm ™" were due to an O-H
stretching vibration, and the bands in the region of
2932 cm™' were due to a C—H stretching vibration (Cao
et al., 2006). Absorption bands at 1647.5 cm~! were due to
a hydrated vibration or C=0O stretching vibration. The
absorption bands at 1452.1 cm™' were due to a C-H
bending vibration, the bands in the region of 1400.7 cm™'
were due to a C-N stretching vibration, and the bands in
the region of 1248.5 cm™' were due to a C—O stretching
vibration. The characteristic bands of o-type glycosidic
linkages were 844 =+ 8 cm™! (Sun et al., 2018), and the
peaks ranged of 900-890 cm™ ' indicated the presence of
dominant B-glycosidic linkages (Bian et al., 2012). Thus,

Table 1 Monosaccharide Component of Phascolosoma esculenta
oligosaccharides (PEOs) by HPLC-MS

No. Retention time (min) Components Content (%)
1 9.78 D-arabinosyl 2.80

2 12.38 D-galactosyl 77.6

3 13.43 D-glucosyl 213.0

4 14.78 D-mannosyl 17.4

D-glucosyl 13.43

A

D-galactosyl 12.38

: VK’KJ\MV—/ D-glucosyl D-mannosyl 14.78
| i i
B

Fig. 1 Monosaccharide 150
Component of Phascolosoma
esculenta oligosaccharides il
(PEOs)
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Fig. 2 FT-IR spectra of 100

Phascolosoma esculenta
oligosaccharides (PEOs)

Transmittance (%)

the small sharp absorption peaks at 841.5 cm™' and

892.5 cm ™' showed that PEOs contained both o- and p-
type linkages.

Effects of PEOs administration on body weight
of ICR mice

All mice were in good health status throughout the PEOs
administration period. Body weight of the mice in each
group is shown in Fig. 3(A). There were no significant
differences (P > 0.05) among all the groups, which indi-
cated that PEOs administration had no significantly nega-
tive effect on the body weight of mice.

Effects of PEOs on mice survival rates and bacterial
burden after E coli injection

Sepsis is a severe fatal illness via an excessive inflamma-
tion reaction to microbial infections (Yang et al., 2015). In
this study, sepsis model induced by E. coli were applied to
examine the effects of PEOs on mice survival rates. The
survival rate of saline-treated control animals dramatically
decreased, and 100% mortality was observed at 48 h after
E. coli injection (Fig. 3B). However, administration of
PEOs at all three different dosages enhanced the survival
rates compared to the control group (saline-treatment)
(P < 0.01). Moreover, the groups, administered with
middle dose (PEOs2, 10 mg/kg) and high dose (PEOs3,
50 mg/kg), exhibited higher survival rates compared to the
low dose-administrated group (PEOsl, 1 mg/kg). 10 mg/
kg administration displayed the best protective effect dur-
ing the E. coli challenge.

3500

3000 2500 2000 1500 1000 500

Wavenumber (cm™)

To verify that the survival beneficial effect of PEOs
administration was related to enhanced bacterial clearance,
bacterial burden from the blood and organs from the
E. coli-induced sepsis experiment were also detected.
Bacterial burden from the blood and liver were signifi-
cantly inhibited with all three doses of PEOs treatment
(Fig. 3C). The middle dose (10 mg/kg) displayed better
bacterial clearance than the low dosage (P < 0.01),
whereas, the high dose group had no significant difference
compared with the other two treated groups (P > 0.05).
Bacterial burden of spleen and kidney were dramatically
decreased with the middle (10 mg/kg) and high (50 mg/kg)
doses of PEOs administration (P < 0.01), but not in the
low dose of PEOs administration (1 mg/kg). All these
results suggested that PEOs administration could enhance
systemic bacterial clearance, which was partially con-
tributed to the increased survival rate.

Effects of PEOs on cytokine determination

Sepsis involves the overexpression of many inflammatory
factors, such as TNF-o and IL-1[, as well as anti-inflam-
matory IL-10 (Hatherill et al., 2000; King et al., 2014).
TNF-a and IL-1p play a critical role in the pathogenesis in
the early stages of sepsis, contributing to excessive levels
of inflammation and multiple organ failure (Kim et al.,
2003). As shown in Fig. 3D, it could be found that the
secretion of TNF-o and IL-1B in the PEOs-administrated
mice (10 and 50 mg/kg) was significantly decreased
(P < 0.05), which means that PEOs play a protective role
for inflammation reaction in the early development of E-
coli induced sepsis. In the previous study, IL-10 was
reported to show some contribution in the secondary
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Fig. 3 Effect of PEOs administration on body weight, survival rate,
bacterial burden and cytokine levels. Mice were treated with PEOs1
(low dose, 1 mg/kg), PEOs2 (middle dose, 10 mg/kg), PEOs3 (high
dose, 50 mg/kg) and saline (control) for 30 days before the E. coli
challenge. (A) Body weight of mice during the 30 days. (B) Survival
rate of mice after 2.5 x 10° viable E. coli infection for 96 h.

infection during sepsis development as it could down
regulate pro-inflammatory cytokines, such as TNF-a and
IL-1B (Muenzer et al., 2010). In our results, anti-inflam-
matory cytokine IL-10 was elevated with all three doses of
PEOs treated micel0 (P < 0.01). Thus, PEOs pretreatment
may act by up-regulating the IL-10 expression which might
in turn, reduce the expression of TNF-a and IL-6, thereby
mitigating systemic inflammation and organ damage
induced by E-coli infection.

Effects of PEOs on oxidative stress status

Oxidative stress is one of the important mechanisms
underlying the pathogenesis of sepsis and tissues would
become hypoxic and simultaneously with an increase of
free radical production and oxidative stress during the
development of sepsis (Karapetsa et al., 2013). Increased
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(C) Bacterial burden from blood and organs of mice after 2.5 x 10°
viable E. coli infection for 12 h. (D) Levels of IL-1p, TNF-o and IL-
10 of mice after 2.5 x 10° viable E. coli injection for 12 h. The
different letter on Fig. 2(C), (D) means significant difference between
groups (P < 0.05)

ROS also leads to the activation of redox-sensitive tran-
scription factors which further induce the transcription of a
large range of genes involved in the inflammation, then to
release varieties of pro-inflammatory cytokines (e.g. IL-6,
IL-1, and TNF-a)) (Chen and Lan, 2017). SOD and GSH-Px
are the primary antioxidant enzymes minimizing the oxy-
gen radical cascade and removing cytotoxic peroxides in
the mammalian system (Asci et al., 2015). Our result
showed that the enzyme activities of GSH-Px and SOD
were enhanced within three PEOs administration groups
and the level of TAC was elevated in thelO mg/kg and
50 mg/kg PEOs administration groups (P < 0.01), while
the middle dose is more effective compared with the saline
control group (Fig. 4A-C). Lipid peroxidation could
greatly affect the physicochemical properties of membrane
lipid bilayers, which cause the possibility of severe cellular
dysfunction. MDA, the product of lipid peroxidation, is
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Fig. 4 Effect of PEOs administration on oxidative stress in E. coli-
induced sepsis mice model. Mice were treated with saline (control) or
different doses of PEOs, 1 mg/kg (low dose, PEOsl), 10 mg/kg
(middle dose, PEOs2), and 50 mg/kg (high dose, PEOs3) for 30 days,
then were intraperitoneally injected with 2.5 x 10° viable E. coli;

well-known for its role to induce protein oxidation (Catala,
2009). Therefore, we also tested the lipid peroxidation, by
measuring MDA in the blood samples, as shown in
Fig. 4D, and the result demonstrated that all doses of PEOs
administration significantly suppressed elevation of MDA
levels. As the relationship between the pathogenesis of
sepsis and oxidation stress become clearer, it is logical to
try to overcome the nefarious effects of oxidative stress by
increasing anti-oxidants for sepsis (Bar-Or et al., 2015).
Based on the improvement of PEOs administration to
reduce inflammation reaction and oxidation stress, PEOs
could be used as protective dietary food against E. coli-
induced sepsis.

Effects of PEOs on Nrf2 mRNA expression

Nrf2 is a DNA-binding protein that recognizes ARE and it
regulates the expression of most genes related to the ARE-

5. (B

N\

\

SOD activity (U/L)

PEOs1 PEOs2

Control

(D)

a

MDA (nmol/mg)
5
1 "

o
(4]
PR S

0.0

Control PEOs1 PEOs2 PEOs3

blood was collected after 12 h and activities of (A) glutathione
peroxidase (GSH-Px), (B) superoxide dismutase (SOD), levels of
(C) total antioxidant capacity (TAC) and (D) malondialdehyde
(MDA). The different letter on each figure means significant
difference between groups (P < 0.05)

driven antioxidant in response to noxious stimuli. Nrf2
plays a key role in the defense against oxidative stress via
the induction of phase II and antioxidant enzymes (Chapple
et al., 2012). Nrf2 mRNA expression level was signifi-
cantly increased in three PEOs-administrated groups
compared with the saline control group (P < 0.05) (Fig. 5).
Our observations suggested that an accumulation of Nrf2
mRNA might contribute to the induction of ARE-mediated
antioxidant gene expression, after the PEOs treatment.
Previous reports demonstrated that some dietary antiox-
idative oligosaccharides could induce Nrf2-ARE mediated
gene expression (Zhang et al., 2015), which was consistent
with our results.

In conclusion, PEOs was mainly composed of p-gluco-
syl, p-galactosyl, with small amount of p-mannosyl, D-
arabinosyl and residues with o- and B-type linkage. PEOs
could enhance sepsis resistance, through the increase of
bacterial clearance effect, decreasing pro-inflammatory and
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Fig. 5 Effect of PEOs administration on Nrf2 mRNA expression in
E. coli-induced sepsis mice model. Mice were treated with saline
(control) or different doses of PEOs, 1 mg/kg (low dose, PEOsl),
10 mg/kg (middle dose, PEOs2), and 50 mg/kg (high dose, PEOs3)
for 30 days, and were intraperitoneally injected with 2.5 x 10° viable
E. coli and euthanized after 12 h

increasing anti-inflammatory cytokines in sepsis, and
mediating Nrf2-ARE pathways via the antioxidative effect.
PEOs administration might serve as an effective protective
strategy to control sepsis and regulate immunity and anti-
oxidative stress.
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