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Salidroside protects against intestinal barrier
dysfunction in septic mice by regulating IL.-17 to block
the NF-kB and p38 MAPK signaling pathways
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Abstract. Sepsis is a systemic inflammatory response
syndrome, mainly caused by infection or suspected infectious
factors. The intestine is not only one of the most easily involved
organs in the course of sepsis, but also the dynamic organ for
the course of sepsis. The present study investigated the protec-
tive effect and mechanism of salidroside on intestinal barrier
dysfunction of septic mice. Briefly, C57BL/6 mice were
used to establish a septic model and then administered with
salidroside. The ileum tissues of mice were examined by histo-
pathological examination. Fluorescein isothiocyanate-dextran
concentration was measured. I1L-17, IL-6, IL-13 and TNF-a
levels in ileum tissues and NF-«B and p38 MAPK activations
were detected by ELISA and the expressions of NF-kB p65
and p38 MAPK protein with their phosphorylation and intes-
tinal tight junction proteins were gauged by western blotting.
The above assays were performed again to investigate the
effect of anti-IL-17A and salidroside (160 mg/kg) alone or in
combination. The septic model induced the ileum tissue injury,
increased intestinal permeability and TNF-a, IL-17 and IL-6
levels, activated NF-xB and p38 MAPK pathways, promoted
the expressions of NF-xB p65 and p38 MAPK and their phos-
phorylation, while suppressing the levels of IL-13 and intestinal
tight junction proteins. Salidroside and anti-IL-17A partially
reversed the above effects of septic model, which in combi-
nation further strengthened the reversing effect. Collectively,
salidroside protected against intestinal barrier dysfunction in
septic mice by downregulating IL-17 level to inhibit NF-kB
and p38 MAPK signaling pathways, thus providing a new
treatment direction.
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Introduction

Sepsis can be secondary to severe trauma, burn, infection
and other clinical acute and critical diseases, manifested as
systemic inflammatory response disorder and host autoim-
mune injury and can result in obvious hemodynamic disorder
and multiple organ dysfunction. In the majority of cases, sepsis
is a syndrome of circulatory, immune and metabolic dysfunc-
tion (1-3). The gut is the first organ to be affected in sepsis. The
normal intestinal mucosal barrier is composed of mechanical,
chemical, biological and immune barriers (4). Among them,
the immune barrier serves a key role in maintaining the normal
operation of the intestinal tract and preventing bacterial endo-
toxin translocation (4). The impairment of intestinal mucosal
barrier function, especially the immune barrier damage, leads
to immune inflammatory injury and bacterial translocation,
which is an important cause of sepsis (5). Therefore, early
protection of intestinal immune barrier function is a crucial
consideration to prevent and control the occurrence and
development of sepsis.

Rhodiola is a perennial herb, and exhibits beneficial
effects on cognitive function, cardiovascular system and
fatigue (6). Rhodiola contains more than 40 chemical
constituents including alcohols, polysaccharides, ketones
and phenolic compounds and a variety of amino acids and
trace elements, with extremely complicated pharmacolog-
ical activities (6). Salidroside, one of the most effective and
active components extracted from Rhodiola, is a phenyl-
ethanol compound (7). In recent years, a number of studies
have uncovered that salidroside not only has protective
effects on the cardiovascular, cerebrovascular, immune
and central nervous systems, but also possesses a number
of pharmacological effects such as anti-inflammation and
inhibiting cell apoptosis (8-12). Salidroside may be a poten-
tial candidate for the management of lung inflammation in
cecal ligation and puncture (CLP)-induced endotoxemia
and septic shock (13). However, there are few reports about
the protective effect of salidroside on intestinal barrier
dysfunction during sepsis.

T helper 17 (Th17) cells are a type of CD4 * T cell which are
named for their characteristic secretion of IL-17 (14). The IL-17
family consists of six members: IL-17A (IL-17),IL-17B, IL-17C,
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IL-17D,IL-17E (IL-25) and IL-17F (15).1L-17 was discovered in
1993 has been considered as an important inflammatory factor,
which has profound effects on the anti-infection defenses of the
body, especially against extracellular bacteria and fungi (16). By
virtue of its inflammatory properties, IL-17 is closely related to
a number of autoimmune diseases, such as rheumatoid arthritis,
multiple sclerosis, systemic lupus erythematosus, inflammatory
bowel disease and psoriasis (17,18). Following treatment with
IL-17 antibody, the inflammatory reaction and bone destruction
in a collagen-induced arthritis mouse model were significantly
reduced (19,20). In addition, targeting IL-17A can improve
the dysmotility of the small intestine during sepsis (21) and
IL-17-producing y0 T cells are important for the maintenance
and protection of epithelial barriers in the intestinal mucosa (22).
These studies illustrate that IL-17 may serve a vital role in the
protection against intestinal barrier dysfunction during sepsis.
In addition, IL-17 could activate p38 MAPK, ERK and NF-«xB
in various cells and diseases, including human salivary gland
cells, human dental pulp fibroblasts, psoriasis and ischemic
heart failure (23-26). MAPK and NF-«xB pathways are related to
sepsis-induced cardiac inflammation and dysfunction (27) and
inhibiting activation of MAPK/NF-kB can safeguard against
lipopolysaccharide-induced sepsis (28), indicating that MAPK
and NF-kB pathways may be involved in the pathogenesis of
sepsis. In addition, it has been noted that salidroside inhibits
MAPK and NF-«B pathways (9,29).

Based on the above understandings, the present study
constructed a sepsis mouse model to investigate the effects of
salidroside and IL-17 on intestinal barrier dysfunction, so as to
explore an approach for gaining clinical benefit.

Materials and methods

Ethics statement. All animal experiments, were performed
in Nanfang Hospital following the guidelines of the China
Council on Animal Care and Use and were permitted by the
Committee of Experimental Animals of Nanfang Hospital
(approval no. S201709024). Pain and discomfort to the animals
were minimized.

Animals. A total of 80 SPF grade C57BL/6 mice (6-8 weeks
old, weighing 18-22 g) were purchased from Vital River
Laboratory Animal Technology Co. Ltd. and raised under the
SPF barrier system of the Laboratory Animal Center of the
Nanfang Hospital. The light cycle was 12-h light/12-h dark, and
room temperature was maintained at 21-25°C, with a humidity
of 20-30%. The mice had free access to food and water and
were subjected to the experiment ~3 weeks after acclimation.

Establishment and administration of the animal model.
Salidroside (CAS: 10338-51-9; cat. no. SMB00072;
purity 295%) was purchased from MilliporeSigma. In the
sham and salidroside (320 mg/kg) groups, only the mouse
abdominal cavity was opened and the cecum was turned over
and then closed layer by layer without intestinal puncture and
ligation. The sepsis mice models were established using the
CLP method. The main steps were: The mice were fasted
12 h before operation and drank freely; 2% pentobarbital
sodium (cat. no. P-010; Supelco Inc.) was injected intraperi-
toneally into mice at 40 mg/kg for abdominal anesthesia; a

1.5 cm longitudinal incision was made in the middle of the
mouse abdomen; the skin and muscle layers were cut layer by
layer; the abdominal cavity was opened to expose the cecum;
the cecum was ligated and punctured; and the intestine was
ligated from ileocecum to 1/3 of cecum end with sterile silk
thread (cat. no. BSO117; 4#; Changzhou Huawei Medical
Supplies Co., Ltd.). A 21G sterile needle was used to penetrate
the intestinal tube and a small amount of contents were gently
squeezed out to ensure smooth perforation. After the abdomen
was sutured, the mice in each group were injected subcutane-
ously with 5 ml/100 g normal saline for anti-shock therapy.
Mice in model, model + salidroside (80 mg/kg),
model + salidroside (160 mg/kg) and model + salidroside
(320 mg/kg) groups were intraperitoneally injected with sali-
droside dissolved in saline according to the dosage of 80, 160
and 320 mg/kg (30,31) within 30 min after the end of modeling.
The corresponding volume of normal saline was injected into
mice in the sham group and salidroside (320 mg/kg) groups.

Experimental grouping. Mice were randomly divided to
eight groups, with 10 mice in each group: Sham group (mice
were treated according to the above conditions); salidroside
(320 mg/kg) group (mice treated as sham group were additionally
intraperitoneally injected with 320 mg/kg salidroside); model
group (septic model group); model + salidroside (80 mg/kg)
group (mice were intraperitoneally injected with 80 mg/kg
salidroside after modeling); model + salidroside (160 mg/kg)
group (mice were intraperitoneally injected with 160 mg/kg
salidroside after modeling); model + salidroside (320 mg/kg)
group (mice were intraperitoneally injected with 320 mg/kg
salidroside after modeling); model + anti-IL-17A group [mice
were intraperitoneally injected with recombinant anti-IL-17A
(cat. no. MAB421; R&D Systems, Inc.) at the dose of 5 mg/kg
6 h before modeling]; and model + salidroside 160 + anti-IL-17A
group [mice were intraperitoneally injected with recombinant
anti-IL-17A (cat. no. MAB421; R&D Systems, Inc.) at the dose
of 5 mg/kg 6 h before modeling and then intraperitoneally
injected with 160 mg/kg salidroside after modeling].

Histopathological examination. The mice were euthanized
by cervical dislocation under 2% pentobarbital (40 mg/kg)
anesthesia 24 h after surgery. The ileum tissues of the mice
were collected, fixed with 4% paraformaldehyde fixative
solution for 24 h at 4°C, dehydrated with an increasing alcohol
gradient (75, 85, 95 and 100%), cleared with xylene, routinely
embedded in paraffin and sliced into serial cross sections.
The 5 um ileum tissue sections were stained with hema-
toxylin (cat. no. H3136; MilliporeSigma) for 10 min followed
by staining with eosin (cat. no. E4009; MilliporeSigma) for
1 min and toluidine blue (cat. no. 89640; MilliporeSigma)
for 10 min at room temperature to observe pathological and
morphological changes.

Determination of fluorescein isothiocyanate-dextran (FD4)
concentration. At 24 h after modeling, the mouse abdominal
cavity was opened and the ileum (the segment with abundant
mesenteric blood vessels) was taken and ligated at both ends.
The ileum was cut from the loose knot and ligation site and
washed with PBS. The free intestinal segment was tied tightly.
Then 0.5 ml of FD4 solution (10 mg/ml) was injected to make
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Figure 1. Salidroside affects the ileum tissue injury and intestinal permeability induced by a septic model and regulates ileum tissue cytokines. (A) The
ileum tissues of mice were examined by histopathological examination. (B) FD4 concentration was measured by fluorospectrophotometer to detect intestinal
permeability. (C-F) The cytokine levels of (C) IL-17, (D) IL-6, (E) IL-13 and (F) TNF-a in ileum were detected by ELISA. The data are presented as the
mean + standard deviation of three independent experiments; “““P<0.001 vs. sham; "P<0.05; P<0.01; #P<0.001 vs. model; "P<0.05; ""P<0.001 vs. salidroside

(320 mg/kg). FD4, fluorescein isothiocyanate-dextran.

FD4 enter the blood circulation through mesonic vessel. After
30 min, heart blood samples were harvested and placed into
centrifuge tube for 10 min centrifugation at 10,000 x g at
4°C, based on which the samples were transferred to a new
centrifuge tube, diluted at 1:8 and inoculated to a 96-well
plate (100 ul/well). FD4 concentration in blood samples was
determined by a fluorospectrophotometer (F-7100; Hitachi,
Ltd.).

Enzyme-linked immune sorbent assay (ELISA). Ileum
tissues were homogenized for ELISA. Homogenization was
performed in ice-cold homogenate buffer, containing 10 mM

HEPES (pH 7.9), 10 mM KCl, 2 mM MgCl,, 0.1 mM EDTA,
1.0 mM dithiothreitol (DTT) and 0.5 mM phenylmethane-
sulfonylfluoride (PMSF). The homogenates were centrifuged
at 3,000 x g for 15 min at 4°C. The supernatants were subse-
quently stored at -70°C before use. Then TNF-a, IL-6, IL-13
and IL-17 levels in ileum tissues were measured using ELISA
kits (TNF-a; cat. no. RAB0477; MilliporeSigma; IL-6
and IL-13; cat. nos. KMC0061 and KMC2221; Invitrogen;
Thermo Fisher Scientific, Inc.; IL-17; cat. no. 860.070.048;
Diaclone Research, SAS) according to the instructions of the
manufacturers. The protein levels of TNF-a, IL-6, IL-13 and
IL-17 were expressed as pg/ml.
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Figure 2. Salidroside attenuates the decrease in the levels of intestinal tight junction proteins in a septic model. (A) The levels of intestinal tight junction
proteins (B) ZO-1, (C) occludin and (D) claudin-5 were detected by western blotting. GAPDH was served as the internal reference. The data are presented as
the mean =+ standard deviation of three independent experiments. ““P<0.001 vs. sham; #P<0.01 vs. model; "P<0.05; *"P<0.01 vs. salidroside (320 mg/kg). ZO-1,

zonula occludens-1.

Analysis of NF-kB and p38 MAPK signaling activation. The
activation of NF-«B and p38 MAPK signaling was measured
by DNA-binding activity with TransAM Transcription Factor
ELISA kits (Active Motif, Inc.). Nuclear extracts were collected
using a Nuclear Extract kit (Active Motif, Inc.). Proteins were
quantified in line with the BCA method and subjected to an
ELISA-based TransFactor assay.

Western blotting. Radioimmunoprecipitation assay lysis buffer
(cat. no. POO13K, Beyotime, China) was applied to extract the
total protein from ileum tissues. Protein content was quanti-
fied utilizing the BCA assay reagent kit (cat. no. C503021,
Sangon, China). The SDS-PAGE (with 6-10% gels) was used to
separate the 30-ug protein samples and the separated protein
was transferred to the PVDF membrane (cat. no. IPFL00010;
MilliporeSigma) which was then blocked in 5% skimmed
milk for 2 h at room temperature. The membrane was subse-
quently incubated with primary antibodies at 4°C overnight.
The primary antibodies were as follows: NF-xB p65 (Abcam;
Rabbit; 1:1,000 dilution; cat. no. ab207297; 65 kDa), phos-
phorylated (p)-NF-kB p65 (CST; Rabbit; 1:1,000 dilution;
cat. no. 3033; 65 kDa), zonula occludens-1 (ZO-1; Abcam;
Rabbit; 1:1,000 dilution; cat. no. ab216880; 245 kDa) and
claudin-5 (Abcam; Rabbit; 1:1,000 dilution; cat. no. ab13125;
23 kDa), occluding (CST; Rabbit; 1:1,000 dilution; cat.

no. 91131; 65 kDa), p38 MAPK (CST; Rabbit; 1:1,000 dilution;
cat. no. 8690; 40 kDa), p-p38 MAPK (CST; Rabbit; 1:1,000
dilution; #4511, 43 kDa), Bcl-2 (Abcam; Rabbit, 1:2,000 dilu-
tion; cat. no. ab182858; 26 kDa), Bax (Abcam; Rabbit; 1:1,000;
cat. no. ab32503; 21 kDa), cleaved-caspase-3 (CST; Rabbit;
1:1,000 dilution; cat. no. 9664; 17 kDa) and GAPDH (Abcam,
Mouse, 1:5,000 dilution; cat. no. ab8245; 36 kDa). The
membrane was then washed by tris-buffered saline with 0.05%
Tween-20 (TBST) and cultivated with HRP-conjugated goat
polyclonal anti-rabbit secondary antibody IgG H&L (Abcam;
1:3,000 dilution; cat. no. ab97051) and HRP-conjugated goat
anti-mouse secondary antibody IgG H&L (Abcam; 1:3,000
dilution; cat. no. ab205719) at 37°C for 1 h. The membrane was
immersed in ECL Luminous liquid (R30199; 100 ml, Pierce;
Thermo Fisher Scientific, Inc.) using a GelDoc XR Biorad
(Bio-Rad Laboratories, Inc.); the gray value of each special
band on the image was analyzed by Imagel] software v1.8
(National Institute of Health).

Statistical analysis. SPSS 20.0 (IBM Corp.) was used for
statistical analysis. The measurement data are expressed as
the mean + standard deviation. The comparison among groups
was accomplished by one-way analysis of variance and Tukey's
post-hoc test was used. P<0.05 was considered to indicate a
statistically significant difference.
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Figure 3. Salidroside affects the activation of NF-xkB and p38 MAPK pathways in a septic model. (A) The NF-xB and (B) p38 MAPK signaling pathways
activation was detected by ELISA. (C) Western blotting was performed to determine the protein expressions of (D) NF-xB p65 and (E) p38 MAPK. GAPDH
was served as the internal reference. The data are presented as the mean + standard deviation of three independent experiments; “““P<0.001 vs. sham; “P<0.05;
#P<0.01; *#P<0.001 vs. model; “'P<0.01; ""P<0.001 vs. salidroside (320 mg/kg).

Results

Salidroside mitigates the injury of ileum tissues and intestinal
permeability induced by a septic model and reversely
regulated ileum tissue cytokines. It can be seen from Fig. 1A
that in septic model group, the injury of ileum tissue was the
severest, the intestinal villi became shorter and thicker, the
arrangement was disordered, the epithelial space of intestinal
villi was clearly and continuously broken, the epithelial layer
and lamina propria declined and the capillary congestion and
hemorrhage of lamina propria could be observed. By contrast,
the ileum tissue injury was effectively mitigated in the model
+ salidroside (80, 160, 320 mg/kg) group, especially in the
model + salidroside (160 mg/kg) group. Fig. 1B shows that
FD4 concentration was significantly higher in septic model
group compared with the sham group (P<0.001; Fig. 1B).
Compared with the model group, FD4 concentration was
decreased evidently in in the model + salidroside (80, 160,
320 mg/kg) group (P<0.001; Fig. 1B), especially in the model +
salidroside (160 mg/kg) group. The ileum tissue cytokine
levels (Fig. 1C-F) revealed that the levels of IL-17, IL-6 and
TNF-a in septic model group notably exceeded those in sham
group (P<0.001; Fig. 1C, D and F) and IL-17, IL-6 and TNF-a
levels in sepsis group were decreased by salidroside (80, 160,
320 mg/kg; P<0.01; Fig. 1C, D and F), especially salidroside
(160 mg/kg). The IL-13 level in sham group was evidently
reduced by septic model (P<0.001, 1E). Compared with the

model group, IL-13 level was clearly increased in model + sali-
droside (80, 160, 320 mg/kg) group, especially in the model +
salidroside (160 mg/kg) group. These data demonstrated that
salidroside partly reversed the effect of septic model, allevi-
ating the ileum tissue injury and intestinal permeability and
decreasing the levels of inflammation-related cytokines.

Salidroside attenuates the decreased in the levels of intestinal
tight junction proteins in the septic model. The intestinal
mucosa is a physical and metabolic barrier, regulated by
epithelial junction complexes known as tight junctions. This
barrier function is reflected by the intestinal permeability.
Thus, the levels of intestinal tight junction proteins: ZO-1,
occludin and claudin-5 were further detected in septic mice.
The results showed that the levels of ZO-1, occludin and
claudin-5 were decreased in septic model, which was attenu-
ated by salidroside (80, 160, 320 mg/kg) (P<0.01; Fig. 2A-D),
especially salidroside at 160 mg/kg.

Salidroside suppresses the activation of NF-kB and p38 MAPK
pathways in the septic model. As shown in Fig. 3A and B, the
NF-kB and p38 MAPK signaling pathways were activated
in the septic model (P<0.001; Fig. 3A and B), which were
then inhibited by salidroside (80, 160, 320 mg/kg) (P<0.01;
Fig. 3A and B), especially salidroside at 160 mg/kg. Fig. 3C
to E show that the protein expressions of p-NF-kB p65/NF-«xB
p65 and p-p38 MAPK/p38 MAPK were evidently augmented
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Figure 4. Anti-IL-17A further affects the ileum tissue injury and intestinal permeability and regulated ileum tissue cytokines in sepsis mice treated with
salidroside. (A) The ileum tissues of mice were examined by histopathological examination. (B) FD4 concentration was measured by fluorospectrophotometer
to detect intestinal permeability. (C) IL-17, (D) IL-6, (E) IL-13 and (F) TNF-a levels in ileum were detected by ELISA. The data are presented as the
mean = standard deviation of three independent experiments; ““P<0.001 vs. sham; 7P<0.01; “#P<0.001 vs. model; "P<0.05; *'P<0.01; "*"P<0.001 vs. model +
salidroside (160 mg/kg); $P<0.05; ¥P<0.01 vs. model + anti-IL-17A. FD4, fluorescein isothiocyanate-dextran.

in septic model mice (P<0.001; Fig. 3C-E). However, the salidroside at 160 mg/kg. The expression levels of Bax and
two expressions were then sharply downregulated by sali- Bcl-2 were also determined, as they are members of the
droside (80, 160, 320 mg/kg; P<0.001; Fig. 3C-E), especially  Bcl-2 family involved in the intrinsic apoptotic pathway. The
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Figure 5. Anti-IL-17A further attenuates the decreases in the levels of intestinal tight junction proteins in sepsis mice treated with salidroside. (A-D) The levels
of intestinal tight junction proteins (B) ZO-1, (C) occludin and (D) claudin-5 were detected by western blotting. GAPDH was served as the internal reference.
The data are presented as the mean + standard deviation of three independent experiments; ““P<0.001 vs. sham; *P<0.01; "*P<0.001 vs. model; "P<0.05;
""P<0.01 vs. model + salidroside (160 mg/kg); $P<0.05 vs. model + anti-IL-17A. ZO-1, zonula occludens-1.

results showed that the level of Bcl-2 was decreased, while
those of Bax and cleaved-caspase-3 were elevated in septic
model (P<0.001; Fig. S1A-D); however, salidroside (80, 160,
320 mg/kg) increased the level of Bcl-2 and decreased the
levels of Bax and cleaved-caspase-3 in septic model (P<0.001;
Fig. S1A-D), especially salidroside at 160 mg/kg.

Thus, salidroside suppressed activation of NF-kB and p38
MAPK pathways in the septic model. Considering that sali-
droside at 160 mg/kg generated the most effective effect, this
dosage was therefore selected in the following experiments.

Anti-IL-17A further alleviates the ileum tissue injury and
intestinal permeability and reversely regulates ileum tissue
cytokines in sepsis mice treated with salidroside. The present
study used IL-17A antagonist to verify the protective mecha-
nism of salidroside in intestinal barrier dysfunction of sepsis
mice. Fig. 4A shows that septic model-induced ileum tissue
injury was mitigated in both the model + anti-IL-17A group and
the model + salidroside (160 mg/kg) group and the mitigative

effect was strengthened in model + salidroside (160 mg/kg) +
anti-IL-17A group, resulting in the ileum tissue in a condition
close to that in the sham group. In addition, FD4 concentra-
tion was much lower in model + anti-IL-17A group compared
with the septic model group (P<0.001; Fig. 4B) and that was
further diminished in model + salidroside (160 mg/kg) +
anti-IL-17A group compared with that in model + anti-IL-17A
group (P<0.01; Fig. 4B). In addition, the ileum tissue cytokine
levels of IL-17, IL-6 and TNF-a that had been increased in
septic model group were decreased in the model + anti-IL-17A
group (P<0.001; Fig. 4C, D and F) and salidroside (160 mg/kg)
further decreased the levels in model + anti-IL-17A group.
Anti-IL-17A had a promoting effect on IL-13 levels. From
the above data, anti-IL-17A could mitigate the ileum tissue
injury and intestinal permeability induced by septic model and
reversely modulated ileum tissue cytokines.

Anti-IL-17A further attenuates the decreased in the levels of
intestinal tight junction proteins in sepsis mice treated with
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Figure 6. Anti-IL-17A further affects the activated NF-kB and p38 MAPK pathways in sepsis mice treated with salidroside. The activation of (A) NF-xB and
(B) p38 MAPK signaling pathways was examined by ELISA. (C) Western blotting was performed to detect the (D) p-NF-kB p65/NF-kB p65 and (E) -p38
MAPK/p38 MAPK protein expressions and GAPDH was served as the internal reference. The data were presented as the mean + standard deviation of three
independent experiments; ““P<0.001 vs. sham; #P<0.01 vs. model; "P<0.05; “"P<0.01 vs. salidroside (160 mg/kg), *"P<0.001; P<0.05; ¥*P<0.01 vs. model +

anti-IL-17A, *¥P<0.001..

salidroside. The results showed that anti-IL-17A increased
the levels of ZO-1, occludin and claudin-5 in septic model
and further promoted the effect of salidroside (160 mg/kg) in
septic model (P<0.001; Fig. 5A-D).

Anti-IL-17A further inhibits the activated NF-xB and p38
MAPK pathways in sepsis mice treated with salidroside.
According to Fig. 4A and B, as with salidroside (160 mg/kg),
anti-IL-17A also suppressed the septic model-induced NF-kB
and p38 MAPK signaling pathways activation (P<0.01;
Fig. 6A and B) and anti-IL-17A combined with salidroside
(160 mg/kg) was more effective than anti-IL-17A alone (P<0.05;
Fig. 6A and B). Similarly, the p-NF-xB p65/NF-xB p65 and
p-p38 MAPK/p38 MAPK protein expressions in septic model
group were decreased after the treatment with anti-IL-17A
(P<0.01; Fig. 6C-E) and the effect of anti-IL-17A was rein-
forced when combined with salidroside at 160 mg/kg (P<0.001;
Fig. 6C-E). As a consequence, anti-IL-17A could counteract the
effect of septic model, inhibiting the activated NF-xB and p38
MAPK signaling pathways. Moreover, anti-IL-17A and salidro-
side (160 mg/kg) in combination were more effective.

The results showed that anti-IL-17A elevated the level of
Bcl-2 and decreased the levels of Bax and cleaved-caspase-3
in septic model (P<0.001; Fig. S2A-D). Moreover, anti-IL-17A
in combination with salidroside further elevated the level of
Bcl-2 and decreased the levels of Bax and cleaved-caspase-3
in septic model (P<0.001, Fig. S2A-D). Finally, the salidro-
side-associated mechanisms of action against the sepsis model
to mitigate the inflammation is shown in Fig. S3.

Discussion

Sepsis is a systemic inflammatory response syndrome, mainly
caused by infection or suspected infectious factors (32).
The intestinal mucosal immune barrier is composed of
intestinal-associated lymphoid tissue and diffused immune
cells, which serve an important role in protecting intestinal
function and regulating the occurrence and development of
sepsis (33). Salidroside, a type of phenylethanol compound
extracted from Rhodiola, has been proved to be able to rescue
mice from experimental sepsis induced by CLP through
anti-inflammatory and anti-apoptosis effects (34). In addition,
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salidroside alleviates myocarditis induced by sepsis in rats
through regulation of IGF-1/PI3K/Akt/GSK-3f signaling (35).

The present study established a sepsis mouse model to
identify the effect of salidroside on intestinal mucosal barrier
in mice. The results showed that after the treatment with sali-
droside, intestinal villi presented normal basic morphology
and were arranged regularly, the epithelial space was obvi-
ously dilated, capillary congestion was observed and the
lamina propria was still intact. Adherens junctions and intes-
tinal tight junction proteins, made up of occludin, claudin and
Z0-1, serve a crucial role for protecting the intestinal mucosal
barrier (36-38). This barrier function is reflected by the intes-
tinal permeability. The intestinal permeability was decreased
while the expressions of intestinal tight junction proteins were
increased by the administration of salidroside. Thus, salidro-
side could prevent the increase in mucosal permeability and
increase the expressions of tight junctional proteins, inhibiting
intestinal damage and protecting the intestinal mucosal barrier
during sepsis.

The main pathophysiological process of sepsis is
excess activation of inflammatory response caused by
pathogen infection and the secondary immune dysfunction
or immunosuppression (39). Human immune responses
to severe infections are mediated mainly by the primary
proinflammatory cytokine TNF-a and by the secondary
proinflammatory mediators IL-6 and IL-17 (40). TNF-a and
IL-6 are both considered as notable elements in the cytokine
network during sepsis (40) and IL-17 is upregulated in both
clinical and experimental sepsis (41). Studies show that IL-6
concentration in plasma could be a new biomarker for the
sepsis diagnosis (42) and the neutralization of TNF-a could
prolong survival time of patients with moderate/severe CLP
sepsis (43). On the other hand, the anti-inflammatory cytokine
IL-13 neutralizes the excessive production of proinflamma-
tory cytokines and may induce a state of immunosuppression
in patients with sepsis (44). Previous studies report that
salidroside attenuates the levels of TNF-a and IL-6 in
LPS-induced myocardial injury (45) and the expression of
IL-17 is decreased following salidroside treatment in heart
failure left ventricle (46). In addition, salidroside suppresses
the upregulation of IL-13 in bronchoalveolar lavage fluids and
lung tissues of ovalbumin-induced asthma mice model (47).
The present study revealed that the levels of TNF-a, IL-6 and
IL-17 were upregulated and IL-13 level was downregulated
by septic model. Salidroside treatment partially reversed
the effects of septic model, which increased IL-13 level yet
decreased the levels of TNF-a, IL-6 and IL-17, showing
alleviative effects on the septic model-induced inflammation
in the ileum tissues of mice. A previous report indicates that
post-treatment salidroside attenuates CLP-induced increase
in the serum levels of inflammatory factors, including
plasma TNF-a and IL-6, -1p and-10 in septic rats and also
significantly attenuate the activation of NF-kB and increase
the release of peroxisome proliferator-activated receptor y
in the lung tissue (13). Accumulating evidence also reports
the inhibitory effects of natural products on CLP-induced
sepsis. Shenfu decoction may serve a protective role in
sepsis by inhibiting inflammatory response and gut barrier
damage in rats with CLP-induced sepsis (48). Astragaloside
IV protects intestinal epithelium from sepsis-induced barrier

dysfunction through blocking RhoA/NLRP3 inflammasome
signal pathway (49). Sodium tanshinone ITA sulfonate attenu-
ates cardiac dysfunction and improves survival of rats with
CLP-induced sepsis (50).

It has been reported that glucosamine attenuates lung
injury and inflammation by suppressing the MAPK and
NF-«B activation (51) and maresin 1 alleviates acute kidney
injury in septic mice by blocking the NF-xB/STAT3/MAPK
pathways (52). It is also reported that MAPK/NF-«kB serves
important roles in the inflammatory response and apop-
tosis regulation (53-55). Increase of Bcl-2 or inhibition of
caspases also lead to an elevated survival in animal models
of sepsis (56). Previous studies indicate that salidroside
regulates the MAPK/NF-«kB pathway (9,21,57). IL-17, which
has the ability to induce the activation of NF-xB and MAPK
pathways in rheumatoid arthritis synovial fibroblasts and
human colonic myofibroblasts (58,59), has also been reported
to promote the sepsis-induced cardiac dysfunction via the
NF-xB and MAPK pathways (60). Additionally, salidroside
protects mice from CLP-induced sepsis by exerting its
anti-inflammatory and anti-apoptosis effects (34). In the
present study, salidroside also exerted anti-inflammatory
and anti-apoptosis effects on septic mice. The current study
corroborated that septic model-activated MAPK/NF-«B
signaling pathways were suppressed by IL-17 regulated by
the treatment of salidroside.

In brief, the results demonstrated that salidroside reduced
inflammation to protect against intestinal barrier dysfunction
in septic mice by downregulating IL-17, thereby suppressing
the NF-kB and p38 MAPK signaling pathways, which thus
could be a therapeutic option in current therapy of intestinal
barrier dysfunction during sepsis.
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