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Abstract

Purpose Methotrexate (MTX) is a widely used cancer chemotherapy agent. The efficacy of MTX is often limited by serious
side effects, such as intestinal mucositis. The aim of this study was to evaluate the protective effect of water-soluble $-glucan
salecan on MTX-induced intestinal toxicity in mice.

Methods Intestinal mucositis was induced in C57BL/6 mice by intraperitoneal injection of MTX for two consecutive days.
Mice were orally administrated with saline or salecan for 6 days before MTX injection and continued to the end of the study.
Several histological and biochemical parameters were measured in the jejunum.

Results Orally administration of salecan improved the severity of intestinal mucositis in a dose-dependent manner, as evi-
denced by the well-maintained mucosal architecture and body weight in salecan-treated groups. Salecan treatment inhibited
MTX-induced oxidative stress and effectively scavenged free radicals both in vitro and in vivo. Metabolomics analysis
revealed that salecan treatment reversed the intestinal metabolic profiling changes in mice with MTX-induced mucositis.
Salecan treatment modulated the innate immunity through the regulation of TLR and Dectinl expression in the jejunum,
thus protecting mice from MTX-induced intestinal damage.

Conclusions Salecan has potential advantages in the treatment of MTX-induced intestinal mucositis, and its protective effect
is mainly attributed to its antioxidant and immunomodulatory properties.
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Introduction

Methotrexate (MTX) is widely used as a cytotoxic chemo-
therapeutic agent for rheumatoid arthritis, leukemia and
other malignancies [1]. As a structural analog of folic acid,
the effect of MTX is attributed to its ability to inhibit dihy-
drofolate reductase, affect thymidylate synthesis and DNA
synthesis [2]. The efficacy of MTX treatment is often lim-
ited by severe side effects, because the cytotoxic of MTX
is not only on cancer cells but also on rapid proliferation
cells such as gastrointestinal mucosal cells [3]. Intestinal
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mucositis, which occurs in forty percent of cancer patients
after a standard dose of MTX treatment, is one of the most
serious side effects. Intestinal mucositis can lead to malab-
sorption and diarrhea, resulting in anorexia and body weight
loss [4]. Ultimately, these side effects can destroy the nutri-
tional status of patients, interrupt the chemotherapy regimen,
and impair patients’ life quality.

It has been demonstrated that the production of reactive
oxygen species (ROS) plays an important role in the ini-
tiation and progression of MTX-induced gastrointestinal
mucositis [5, 6]. Some studies have shown the beneficial
effects of using MTX in combination with antioxidants
such as vitamin A and N-acetylcysteine [7, 8]. Recently,
the microbiota and innate immunity in the small intestine
has attracted significant attention in the investigation for the
pathobiology of mucositis [9]. Recent years, B-glucans are
the most extensively studied polysaccharides with a lot of
beneficial biological properties. There is evidence suggest-
ing that f-glucans have antioxidant, antivirus, antitumor and
immunomodulatory activities [10, 11]. These properties,
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particularly antioxidant and immunomodulatory effects, sug-
gest that f-glucan may have the potential to protect patients
from the side effects of MTX. Salecan is a non-toxic water-
soluble B-glucan with a wide range of biological properties,
such as reducing lipid peroxidation, attenuating the symp-
toms of drug-induced constipation, and alleviating dextran
sulfate sodium-induced colitis [12, 13]. It has excellent
rheological properties and can be used in food industry as
food additive [14]. The antioxidant, immunomodulatory, and
gastrointestinal protective properties make salecan an ideal
nutritional supplement for the treatment of MTX-induced
intestinal injury. The aim of this study was to evaluate the
protective effect of salecan on MTX-induced intestinal
mucositis.

Materials and methods
Chemicals and reagents

Salecan was extracted from the fermentation broth of Agro-
bacterium sp. ZX09 (CCTCC no. M2010020) as described
previously [14]. Commercial salecan was purchased from
Karroten Scientific (Nanjing, China) with an average
molecular weight of 2 x 10°. The content of B-glucan in
the commercial purified salecan was more than 99%. MTX
was purchased from TCI Co. (TCI Shanghai, China, Lot.
VUONB-SR).

Animals and experimental design

Male C57BL/6 mice of 7 weeks old were purchased from
the Model Animal Research Center of Nanjing University
(Nanjing, China). All animals were housed in a temperature-
and humidity-controlled room under a 12/12 h light/dark
cycle and had free access to tap water and food. All animal
care and use procedures were approved by the Institutional
Animal Care and Use Committee of Nanjing University of
Science and Technology, and were performed according to
the Chinese Guidelines for the Care and Use of Laboratory
Animals (GB/T 35892-2018).

The induction of experimental intestinal mucositis in
mice was previously described by Chang [15]. Mice were
randomly assigned into five groups that contained 6 mice
in each group. The groups were treated as follows: Control
group, mice received saline orally for 10 days and injected
with saline intraperitoneally on the 7th and 8th day; Salecan
control group, mice received gavage of salecan (40 mg/kg
body weight) dissolved in saline for 10 days; MTX group,
mice received saline orally for 10 days and injected with
20 mg/kg MTX intraperitoneally on day 7 and day 8; Two
salecan-treated groups, mice received gavage of salecan
(20 mg/kg body weight for low-dose salecan group and
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40 mg/kg body weight for high-dose salecan group) dis-
solved in saline for 10 days and injected with MTX (20 mg/
kg body weight) intraperitoneally on day 7 and day 8.
Throughout the experiment, each mice was weighed every
day and the feeding state of each mice was recorded. At the
end of day 10, all mice were sacrificed, and tissue samples
were collected and stored at — 80 °C until use.

Histological analysis

For histological assessments, jejunum samples were dis-
sected, rinsed with ice-cold phosphate buffer saline (PBS),
immediately fixed in 10% formalin for 24 h, and embedded
in paraffin. The tissues were cut into 5 pm sections, stained
with hematoxylin and eosin (H&E), and then examined
under a light microscope. Average villus height and crypt
depth were measured on 20 well-oriented villi and crypt
per section using digitalized images obtained with a digital
camera (Nikon Eclipse 80i, Japan).

In vitro cytotoxicity assay

B16F10 cells were maintained in DMEM supplemented with
10% fetal bovine serum (FBS) and 1% penicillin—strepto-
mycin with 5% CO, at 37 °C. The cells were treated with
MTX and salecan at different dosage. Cell viability was
determined with 3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyl
tetrazolium bromide (MTT) methods.

Biochemical analysis

For biochemical analysis, the jejunum samples were
removed, washed and homogenized with ice-cold PBS.
Intestinal malonaldehyde (MDA) and glutathione (GSH)
levels, catalase (CAT), superoxide dismutase (SOD) and
glutathione peroxidase (GPx) activities were determined
with commercial analysis kits (Jiancheng Biology Research
Center, Nanjing, China) following the manufacturer’s
instruction.

RNA isolation and quantitative real-time PCR

Total RNA was extracted from the jejunum using Karrol
reagent (Karroten Scientific, Nanjing, China) following the
manufacturer’s instruction. Reverse transcript reaction was
performed with a commercial reverse-transcription enzyme
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instruction. Quantitative real-time PCR was carried out with
an ABI 7300 Plus real-time PCR system. The amplifica-
tion was carried out in a 20 pl reaction volume containing
1 X SYBRGreen PCR Master Mix (10 pl, Toyobo, Osaka,
Japan), primers (0.5 pl of each), diluted cDNA (3 pl), and
ddH,O (6 pl). The thermocycling conditions were as follows:
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incubation for 10 min at 95 °C, followed by denaturation for
15 s at 95 °C, annealing and extension at 60 °C for 60 s. PCR
amplification consisting of 35 cycles was conducted. All
samples were run in triplicate. The primers used in this study
were listed in Supplementary Table 1. Relative expression
in comparison with that of Gapdh was calculated using the
comparative computed tomography method.

"H NMR sample preparation and'H NMR
spectroscopy

NMR samples were prepared according to the method
described by Beckonert et al. [16]. '"H NMR spectra were
manually phased and baseline corrected with Topspin
software (version 3.0, Bruker Biospin, Germany) and ref-
erenced to TSP at 0.0 ppm. Then the data were automati-
cally exported to ASClIfiles using MestReNova (version
8.0.1, Mestrelab Research SL), and subsequently imported
into the open source software R for further phase and base-
line correction and peak alignment. The NMR data were
binned, probabilistic quotient normalized, mean centered
and Pareto scaled before multivariate statistical analysis
[17]. Different metabolites in the 'H NMR spectra of the
jejunum extracts were identified by the software Chenomx
NMR suite 7.7 (Chenomx Inc, Edmonton, AB, Canada). A
supervised method OSC-PLS-DA was applied to maximize
covariance between the NMR data and the response variable
[18]. Color-coded loading plots were constructed to reveal
variables that contributed to the group separation. The fold-
change values of metabolites and their associated p values
corrected by Benjamini and Hochberg-adjusted method were
calculated and visualized in colored tables [19].

Free radical scavenging activity assay

The 2, 2-diphenyl-1-picrylhydrazyl (DPPH), superoxide
anion and hydroxyl radical scavenging activities of salecan
were determined based on methods previously described
by Dok-Go et al. [20], Marklund et al. [21], and Smirnoff
and Cumbes [22], respectively. The free radical scavenging
activities of salecan were calculated according to the follow-
ing equation: Scavenging activity (%)= (1 —Ag/Ac) % 100,
where Ag and A. are the absorbance in the presence or
absence of salecan.

ROS measurements

The ROS level in jejunum was assessed using the ROS-sen-
sitive fluorescence indicator 2, 7'-dichlorofluorescin-diace-
tate (DCFH-DA) as previously described with slight modi-
fication [23]. Briefly, jejunum tissues were homogenized
with ice-cold PBS and diluted to obtain a concentration of

5 mg/ml. The homogenates were centrifuged to collect the
supernatant. Subsequently, the fluorescence probe DCFH-
DA (Jiancheng Biology Research Center, Nanjing, China)
was added to the supernatant, and they were incubated
together at 37 °C for 30 min. The fluorescence intensity of
the DCF product was measured using a spectrofluorimeter
with excitation at 484 nm and emission at 530 nm. Results
are expressed as the relative DCF fluorescence intensity.

Statistical analysis

Statistical analysis was carried out with GraphPad Prism
5.0 software (San Diego, CA, USA). Groups of data are
presented as mean+ SEM. One-way ANOVA plus post
hoc Tukey test or two-tail paired 7 test was used to evaluate
the statistical significance between groups. The following
terminology is used to denote the statistical significance:
*n <0.05, **¥p<0.01.

Results

Salecan ameliorated MTX-induced intestinal
mucositis

To verify that MTX caused intestinal mucositis, we micro-
scopically examined the architecture and integrity of the
jejunum in different groups. As shown in Fig. la (100x
magnification) and Fig. 1b (400x magnification), flattened
villi, atrophic epithelium and increased number of blood
vessels in the stroma were observed in the jejunum sections
of mice of MTX group. In contrast, the mucosal architecture
was well preserved in the low-dose salecan-treated group
(MTX +LS group) and high-dose salecan-treated group
(MTX+HS group) (Fig. 1a, b). As expected, the architec-
ture of the jejunum from mice of the salecan control group
was normal, no histological damage was observed (Fig. 1a,
b). In addition, MTX treatment resulted in a shortened vil-
lus height (Fig. 1c¢) and a shallowed crypt depth (Fig. 1d) as
compared with the control group. Administration of salecan
prevented the shortening of villus height (Fig. 1¢) and shal-
lowing of crypt depth (Fig. 1d) in a dose-dependent manner.

Body weight and food intake of each mice were mon-
itored daily during the study. On the 4th day after MTX
treatment, the average body weight of mice in MTX group
decreased 6% (p <0.05) compared with the starting average
group weights (Fig. le). Mice in MTX + LS group showed a
3% decrease in average weight after MTX treatment, but the
decrease was not statistically significant (p =0.12) (Fig. le).
Meanwhile, the average body weight of mice in MTX + HS
group was 23.3+0.3 g 4 days after MTX injection, which
was comparable with the average body weight (23.6 +0.5 g)
before MTX injection (Fig. le). As shown in Fig. 1f, MTX
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treatment induced anorexic in mice, and became most severe
48 h after MTX injection. The average food intake of MTX
group decreased 21% at the end of the study compared to
the average food intake of the day before MTX injection
(p <0.05). High-dose salecan treatment significantly relieved
the anorexia induced by MTX treatment since the average
food intake was not significantly decreased after MTX treat-
ment (Fig. 1f). The average food intake of MTX + LS group
mice decreased 16% (p <0.05) at the end of study. Moreover,
treated with salecan alone had no significant effect on the
body weight and average food intake of mice (Fig. le, f),
and salecan had no significant effect on the tumor killing
activity of MTX (Supplementary Fig. 1). These results indi-
cated that salecan administration successfully alleviated the
histopathological damage, anorexia and weight loss caused
by MTX treatment in a dose-dependent manner.

Salecan decreased the oxidative stress induced
by MTX treatment

To investigate the effects of salecan on the oxidative
stress induced by MTX treatment, the contents of MDA,
GSH and the activities of SOD, CAT, GPx in the jeju-
num homogenates were measured. As shown in Fig. 2a,
the MDA content in the MTX group increased twofolds
(» <0.01) compared with that in the control group, while
salecan treatment reduced MDA content to normal level.
Furthermore, the SOD (Fig. 2b), CAT (Fig. 2c), and GPx
(Fig. 2d) activities in the intestine of mice with MTX-
induced mucositis were significantly decreased. Sale-
can treatment significantly increased these activities in
a dose-dependent manner (Fig. 2b—d). A decrease of
GSH level in the jejunum was observed in MTX group
compared with control group (Fig. 2e). The decreased
GSH content was also recovered in the MTX +LS and
MTX + HS groups (Fig. 2e).

Effects of salecan on the expression
of pro-inflammatory cytokines and genes related
to cell apoptosis

Quantitative real-time PCR was carried out to examine the
expression of pro-inflammatory cytokines in the jejunum
of mice with MTX-induced mucositis. We found that the
expression levels of TNF-a (Fig. 3a) and IL-1$ (Fig. 3b)
were upregulated in the jejunum of mice with MTX-induced
mucositis. Salecan significantly suppressed the expression
of TNF-a (Fig. 3a) and IL-1p (Fig. 3b), and the suppres-
sion was dose-dependent. Apoptosis-related genes were
also examined in the jejunum. Compared with control
mice, the expression level of Bcl-2 mRNA in the jejunum
of mice with MTX-induced mucositis was significantly
reduced by 4 times (p <0.05) (Fig. 3c). Meanwhile, sale-
can treatment significantly increased the down-regulated
Bcl-2 mRNA expression level in a dose-dependent manner
(Fig. 3c). Compared to control group, mice in MTX group
and salecan-treated groups showed a slight but statistically
significant increase in Bax mRNA expression (Fig. 3d). The
Bax:Bcl-2 ratio significantly increased in mice with MTX-
induced mucositis, suggesting a decreased enterocyte sur-
vival. As expected, salecan treatment reversed the increased
Bax:Bcl-2 ratio in mice with mucositis and increased the
enterocyte survival. Administration of salecan alone did not
affect the expression of TNF-a (Fig. 3a), IL-1f (Fig. 3b) and
apoptosis related genes (Fig. 3c, d).

Salecan treatment reversed the changes
of intestinal metabolic profiles in mice
with MTX-induced intestinal mucositis

Metabolomics was used to investigate the effects of sale-
can treatment on intestinal metabolic profiling of mice
with MTX-induced mucositis. Typical 'H NMR spectra for
jejunum extracts of control, MTX and MTX + HS groups
were exhibited in Supplementary Fig. 2 with metabolites
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Fig.2 Effects of salecan treatment on antioxidant markers in the
jejunums of mice with MTX-induced mucositis. MDA (a) level,
SOD (b), CAT (c), GPx (d) activities and GSH (e) level were com-
pared between control group, salecan control group, MTX group,

and two salecan-treated groups. Data are shown as the mean +SEM,
n=6, #p <0.05, ##p <0.01, compared to control group; *p<0.05,
*##p <0.01, compared to MTX group. LS low-dose salecan, HS high-
dose salecan
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mice from different groups. Data are shown as the mean+SEM,
n=6, ¥p<0.05, #p<0.01, compared to control group; *p<0.05,
*#p <0.01, compared to MTX group. LS low-dose salecan, HS high-
dose salecan

Fig.3 Effects of salecan on the expression of pro-inflammatory
cytokines and apoptosis-related genes. Relative mRNA levels of
TNF-a (a) and IL-1f (b) in the jejunums of control mice and mice
with MTX-induced mucositis treated with saline or salecan. Rela-
tive mRNA levels of Bcl-2 (¢) and Bax (d) in the small intestine of

Table 1 Metabolites identified from the intestine tissue extracts and their variations of MTX group and MTX +HS group versus control group

"
Metabolites Assignmentsf ppm lvéz)i/cc;risa(;ies MTECHS/IS?{I,ZTUZI
Isoleucine 5CHs, 5CHs, yCH, acH - 94(@), 0.96(d), 1.71(m), 0.78 swoor 0.93
3.74(m)
Leucine SCHs, 5CHs, yCH, acH  0-24(d), 0.96(d), 1.71(m), 0.74 or 0.89
3.74(m)
Valine yCHs, yCHs 0.98(d), 1.04(d), 2.26(m), 3.61(d)| 0.77 0.94
Lactate CHs, CH 1.33(d), 4.11(q) 1.26 % 0.99
Threonine CHs 1.33(d) 1. 17 =* 0.98
Alanine BCHs, aCH 1.48(d), 3.78(q) 0.83 0.95
Lysine 5CH2,BCHz2,6-CHz 1.70(m),1.90(m),3.02(t) 0.79 ok 0.94
Acetate CHs, CH 1.92(s) 0.93 0.89
Glutamate BCHz, yCH2,aCH 2.14(m),2.36(m),2.50(m), 3.77(t) = 1.27 #** 1.05
Glutathione ~ BCH2, yCH2,aCH 2.16(m),2.45(m),3.77(t) * 1.1
Succinate CHz 2.41 (s) 1. 06 0.92
Methionine 2}?“3’ B-CHz, S-CHz,0- 2.14(s),2.16(m),2.65(t),3.86(1) 0.74 ok 0.91
Creatine Phosphate CHz, CH3 3.03 (s), 3.93 (s) 0.91 0.92
O-Phosphocholine N(CH;)3 3.23(s) 1.2 1.12 =
Taurine CH,SO3,NCH, 3.25(t),3.42(t) 1.1 0.97
Glycine HOOC-CH:-NH: 3.57(d) 0.87 * 1.03
Glucose 2H, 3H, 4H, 5H, 6H, 6H  3.4-3.95 (m), 5.24(d) 1.22 ores
Uridine Hs, He, Hy' 5.8(d), 5.82(d), 7.81(d) * 1. 36 *
Inosine O-CH-N,N-CH=N,N-CH=N  6.10 (d), 8.23 (s), 8.34 (s) 0.93 1.22
Fumarate CH=CH 6.53(s) 0.74 0.73
Tyrosine CH, CH 6.90 (d), 7.20 (d) 0.73 ok 0.88
Phenylalanine  CH, CH, CH 7.33 (d), 7.37 (m), 7.43 (m) 0.82 kx 0.92
Histidine N-CH C, N-CHN 7.10 (s), 7.89 (s) 0. 82 1.03
3-Methylxanthine NH=CH-N 8.02(s) 0. 99 1.13
Adenosine CH,NH 8.25(s),8.34(s) 0. 88 0. 88
AMP N=CH-N, N=CH-N 8.23(s),8.55(s) 1.34 1.03
FC fold change

TMultiplicity: singlet (s), doublet (d), triplet (t), quartets (q), multiplets (m)

#Color coded according to the FC, red represents increased and blue represents decreased concentrations in the former group when two groups

were compared. Color bar MEEESEN T
-1 -05 0 0s 1

$p values: *p <0.05, **p <0.01
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labeled. 26 metabolites were identified with their 'H reso-
nances assigned, and the detailed information was pre-
sented in Table 1. OSC-PLS-DA analysis was used to eval-
uate the 'H NMR data and to detect intrinsic clustering and
possible outliers. As shown in Fig. 4a, the clustered data
points indicated that MTX group were clearly separated
from control group and MTX + HS group. The MTX +HS
group was not separated from the control group. NMR data
of control and MTX group, control and MTX + HS group,
were subjected to OSC-PLS-DA analysis and the score
plots were shown in Fig. 4b, c, respectively. The s-plot
and color-coded loading plots showed variables respon-
sible for the separation of different groups and revealed a
large number of altered metabolites that contribute to the
separation. In s-plot (Fig. 4d) and color-coded loading plot

a b

Scores Plot

Scores Plot

(Fig. 4e), metabolites in the negative region were reduced
in MTX group, while metabolites in the positive region
were elevated. The score plot presented separation of the
control group and MTX + HS group (Fig. 4c), but the
changes in metabolites were not as obvious as in the MTX
group (Fig. 41, g). Notably, most of the decreased metab-
olites in MTX group were amino acids, suggesting that
the amino acid metabolism in mice with MTX-induced
mucositis was affected (Fig. 4d). Metabolites related to
ROS generation and scavenging were identified as well.
Glutathione, the major antioxidant, was significantly
decreased in the MTX group and recovered to normal level
in the MTX + HS group (Fig. 4d, f), consistent with the
result obtained from small intestine homogenates. These
results indicated that the intestinal metabolic profiling was
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Fig.4 OSC-PLS-DA analysis of '"H NMR data of small intestine
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of the control and high-dose salecan group
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significantly changed by MTX treatment, and high-dose
salecan reversed the changes induced by MTX.

Salecan efficiently scavenged free radicals
both in vitro and in vivo

Then we investigated that whether salecan have radical scav-
enging activities in vitro and in vivo. As shown in Fig. 5a,
the DPPH scavenging activity of salecan increased with the
increasing concentration of salecan. At the concentration
of 4 mg/ml, the scavenging rate of salecan against DPPH
reached 43.82% (Fig. 5a). The superoxide anion scavenging
activity of salecan was measured using the pyrogallol auto-
oxidation method. As shown in Fig. 5b, salecan showed a
moderate superoxide anion scavenging activity in a dose-
dependent manner. At the concentration of 500 pg/ml, the
scavenging rate of salecan was 17.53% (Fig. 5b). Scaveng-
ing activity of salecan against hydroxyl radicals was deter-
mined using Fenton reaction. According to Fig. 5Sc, salecan
showed good hydroxyl radical scavenging activities. The
hydroxyl radical scavenging activity of salecan increased

markedly with the increase of concentration. At the con-
centration of 250 pg/ml, the scavenging rate of salecan for
hydroxyl radicals was 60.33% (Fig. 5c), suggesting that sale-
can is a strong hydroxyl radical scavenger. To evaluate the
free radical scavenging activities of salecan in mice with
MTX-induced mucositis, ROS levels in the jejunum were
measured in all groups. As shown in Fig. 5d, ROS level
was significantly increased in the jejunum of MTX-treated
mice (143.3+9.5%, p <0.01) compared to the control group.
Salecan treatment significantly reduced the MTX-induced
ROS generation (115.6+8.9%, p <0.05). These results sug-
gested that salecan is efficient in scavenging free radicals
both in vitro and in vivo.

Effects of salecan on the expression of toll-like
receptor 2 (TLR2), TLR4, TLR9, and Dectin1 mRNA
in mice jejunum

To clarify the effects of salecan on innate immunity in mice
jejunum, the mRNA expression of TLR2, TLR4, TLRY,
and Dectinl were determined. Figure 6 shows different
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Fig.5 Salecan efficiently scavenged free radicals both in vitro and
in vivo. DPPH (a), superoxide anion (b) and hydroxyl (c¢) radical
scavenging activities of salecan in different concentrations. d ROS
levels in the jejunum was assessed using the ROS-sensitive fluores-
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Fig. 6 Effects of salecan on the expression of TLR2, TLR4, TLR9, and
Dectinl mRNA in mice jejunum. Relative mRNA levels of TLR-2
(a), TLR-4 (b), TLR-9 (c), and Dectinl (d) in the jejunums of mice.
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pared to MTX group. LS low-dose salecan, HS high-dose salecan

d_
an— o
2 2
24 " 93 151
- < *#
< Z
= 3 o
4 £
[ -
o 21 o
© B
= 3
0! S
= 2
2 &
N o

Data are shown as the mean+ SEM, n=6, #p <0.05, ##p <0.01, com-
pared to control group; *p<0.05, **p<0.01, compared to MTX
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expression patterns of TLR2, TLR4, TLR9, and Dectinl
mRNA. Compared with the control group, MTX treat-
ment significantly increased the mRNA expression of TLR2
(Fig. 6a) and TLR9 (Fig. 6¢) by 2.8 times (p <0.05) and
3 times (p <0.05), respectively. The expression levels of
TLR2 and TLR9 were significantly reduced in MTX + HS
group (Fig. 6a, c). Meanwhile, the expression of TLR4 was
not affected by MTX and salecan treatment (Fig. 6b). Dec-
tinl is a non-TLR pattern-recognition receptor that recog-
nizes p-glucan [24]. We found that the mRNA expression
of Dectinl in the jejunum of salecan-treated mice was sig-
nificantly increased, and MTX treatment alone had no sig-
nificant effect on Dectinl expression (Fig. 6d), suggesting
that Dectinl plays an important role in salecan recognition
in mice jejunum. These results indicated that salecan can
regulate the expression of innate immunity-related genes in
mice jejunum.

Discussion

As a chemotherapeutic agent, MTX is widely used in the
treatment of various malignancies and rheumatoid arthritis.
However, MTX targets both healthy cells and tumor cells
without selection [3]. Therefore, the efficiency of MTX
is always limited by severe side effects, such as intestinal
mucositis. In the present investigation, a well-established
mucositis model was used to evaluate the protective effect of
salecan on MTX-induced intestinal mucositis. The applica-
tion of salecan, especially at high dose, significantly relieved
the severity of intestinal mucositis induced by MTX admin-
istration, as evidenced by the prevented body weight loss and
intestinal histopathological damage. We believed that the
protective effect of salecan against MTX-induced intestinal
mucositis is mainly attributed to its antioxidant and immu-
nomodulatory effects.

The pathogenesis of chemotherapy-induced gastrointesti-
nal mucositis has been reviewed by Sonis et al. [25]. Accord-
ingly, the generation of oxidative stress and reactive oxygen
species by chemotherapeutic agents appears to be a primary
event in most pathways leading to mucositis. In the initiation
phase, MTX treatment initiates intestinal mucositis directly
by causing DNA strand breaks and through the generation
of ROS. It has been reported that MTX causes intestinal
injury via ROS generation [5, 6]. Both increased oxidative
stress and decreased antioxidant defenses will occur dur-
ing MTX treatment [26, 27]. GSH is the major antioxidant
protects tissues from ROS and should generally be depleted
under oxidative stress. The depletion of GSH level induced
by MTX could lead to a reduction in the efficacy of antioxi-
dant enzyme defense system and make cells more sensitive
to ROS [28]. SOD, CAT and GPx activities represent the
first line of defense against oxidative stress. GPx is known

to catalyze the reduction of H,O, into water with GSH as
reductant. GST is one of the non-enzymatic antioxidants
and contributes majorly to the defense against lipid peroxi-
dation [29]. Naturally, GSH worked as a substrate of both
GPx, GR, and GSTs. In our study, MTX treatment depleted
the storage of GSH and reduced the activities of major anti-
oxidant enzymes. Salecan efficiently scavenged free radicals
both in vivo and in vitro and protected mice from the MTX-
induced oxidative stress at the initiation phase.

During the up-regulation phase, ROS damage DNA and
cells in the epithelial layer directly and also stimulate sec-
ondary mediators such as transcription factors NF-«kB. Sub-
sequently, the activation of transcription factors resulted in
gene up-regulation, including TNF-a and IL-1/, which can
lead to tissue injury and cell apoptosis in the submucosa
[25]. In the present study, salecan treatment reduced the
MTX-induced up-regulation of TNF-a and IL-1 mRNA
and cell apoptosis. These inhibitory effects of salecan were
in accordance with the results of former studies on p-glucans
[10, 12].

The influence of MTX is extensive, and all intestinal
lesions caused by MTX could have metabolic implications.
"H NMR-based metabolomics analysis revealed that a series
of metabolic pathways were disturbed, including pathways
involved in oxidative stress generation and clearance, energy
metabolism and amino acid metabolism. The decreased glu-
tathione level and increased glutamate level in the intestine
of MTX-treated mice were detected by metabolomics analy-
sis, indicating that oxidative stress was up-regulated. MTX-
induced high level oxidative stress led to the activation of
transcription factors and up-regulation of pro-inflammatory
genes. It has been reported that MTX treatment can alter
protein metabolism in a specific manner, reduce protein
synthesis and an increase proteolysis [30]. Consistent with
previous studies, metabolomics analysis revealed that the
protein metabolism was impaired in the intestine of mice
treated with MTX, as evidenced by the decreased amino
acids levels. Salecan treatment reversed most of the metabo-
lite levels changed by MTX, especially amino acids. These
results improved our understanding of how MTX treatment
alters the metabolic profiles and nutritional status of the
small intestine.

It is reported that the human gut mucosal metabolome
and microbiome have bi-directional influence, with bacteria
influencing metabolites composition and metabolites con-
tributing to microbial community architecture [31]. Several
studies indicated that gastrointestinal microbiota may play
a critical role in the development of chemotherapy-induced
gastrointestinal mucositis [32, 33]. Zhou et al. demonstrated
that the composition of the gut microbiome of mice treated
with MTX for 14 days was significantly altered [34]. Moreo-
ver, microbial metabolic products can contribute to control
energy balance and inflammatory responsiveness of the host
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[35]. In our study, saelcan treatment reversed the disturbed
intestinal metabolic profiling and reduced the expression of
pro-inflammatory cytokines. As the intestinal metabolome
and microbiome have bi-directional influence, we hypoth-
esized that salecan may help maintain the intestinal micro-
biome homeostasis during MTX treatment. However, the
effect of salecan on intestinal microbiome was not evaluated
in this study, which is the limitation of our study. Further
studies need to be done to explore the effect of salecan on
intestinal microbiome during MTX treatment, and clarify the
mechanisms of how salecan affect the intestinal metabolome
and microbiome.

It is well known that the gut is an immunological organ in
its own right [36]. Initiation of the innate immune response
in the intestine is triggered by pathogen-recognition recep-
tors. These receptors recognize molecules of microbial
origin, activate pro-inflammatory transcription factors
such as NF-kB, and play a key role in the innate immune
responses [37, 38]. For immune system of the small intes-
tine, B-glucans serve as pathogen-associated molecular pat-
tern that can be recognized by a variety of host-expressed
pattern-recognition receptors such as TLRs and Dectinl.
TLR signaling has been shown to play a key role in main-
taining gut epithelial homeostasis and function in several
of pathways which mediate mucositis development [38].
TLRs initiate the innate immune response and the produc-
tion of pro-inflammatory mediators such as IL-1f and nitric
oxide [39]. Kaczmarek and co-workers demonstrated that
TLR2 and TLRO signaling pathways play a central role in
the development of doxorubicin-induced intestinal mucositis
[40]. In the present study, TLR2 and TLR9 mRNA expres-
sion was increased in the jejunum of MTX-treated mice. The
expression of TLR2 and TLR9 can activate a local inflamma-
tory reaction during intestinal mucositis [39]. Salecan treat-
ment reduced the up-regulated expression of 7LR2 and TLR9
and reduced the inflammatory reaction. It is noteworthy that
salecan treatment alone did not activate the expression of
TLRs. It is reported that Dectinl is required for -glucan
recognition and mediates the biological effects of f-glucan
[41, 42], and it is a major B-glucan receptor on macrophages
[43]. Our results showed that salecan significantly activated
the expression of Dectinl in the jejunum under pathologi-
cal condition, indicating that Dectinl can recognize salecan
in the jejunum of mice. TLRs, Dectinl, and other recep-
tors collaborated together to modulate the innate immunity
[44], which plays a role in the development of gastrointes-
tinal mucositis. We showed that salecan can modulate the
expression of TLRs and Dectinl in the intestine of mice with
MTX-induced mucositis. Former studies have reported that
B-glucan can reverse the inhibitory effect of MTX on leuko-
cytes, and attribute to its immunomodulatory effects [45].

In conclusion, orally administered salecan relieved the
severity of MTX-induced intestinal mucositis, and the
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protective effect was mainly attributed to its antioxidant and
immunomodulatory properties.
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