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Salidroside (Sal), as a major glycoside extracted from Rhodiola rosea L., has exhibited 
its mighty anti-aging, anti-oxidant, anti-cancer, anti-inflammation, and neuroprotective 
effects in many diseases. Recently, it has showed its protective effect in colitis mice by 
activating the SIRT1/FoxOs pathway. Whereas, it is not known whether Sal has other 
protective mechanisms on dextran sulfate sodium (DSS)-induced colitis in mice. In this 
study, we investigated the protective effects and mechanisms of Sal on DSS-induced 
colitis in mice. The results demonstrated Sal was a competent candidate in the treatment 
of ulcerative colitis (UC). Sal remitted DSS-induced disease activity index (DAI), colon 
length shortening, and colonic pathological damage. Simultaneously, Sal alleviated 
excessive inflammation by reversing the IL-1β, TNF-α, and IL-10 protein levels in DSS-
treated mice. Western blot analysis revealed that Sal inhibited p65 and p38 activation 
together with peroxisome proliferator-activated receptor (PPARγ) up-regulation. In 
addition, Sal skewed the imbalanced activation of nucleotide oligomerization domain-like 
receptor family pyrin domain containing 3 inflammasome and autophagy contributing 
to colitis recovery. The damaged intestinal barrier induced by DSS was also alleviated 
along with plasma lipopolysaccharides (LPS) reduction after Sal treatment. In vitro, Sal 
showed PPARγ-dependent anti-inflammatory effect in LPS-stimulated RAW264.7 cells. In 
summary, our results demonstrated that Sal might be an effective factor for UC treatment 
and its pharmacological value deserved further development.
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INTRODUCTION
Inflammatory bowel diseases (IBD), known as a chronic, 
nonspecific, and relapsing inflammation of the gastrointestinal, 
is highly prevalent in developed countries (Zhang et al., 2017a). 
Ulcerative colitis (UC), a major subtype of IBD, is characterized by 
diarrhea, abdominal pain, weight loss, and rectal bleeding (Zhang 
et al., 2017b). Even now, its exact etiology and pathogenesis are 
still filmy. The susceptibility of host, environmental factors, 
imbalance of cytokines, and the intestinal microflora are thought 
to be related with UC (Ordas et al., 2012; Neurath, 2014; Ungaro 
et al., 2017).

It is reported that nuclear factor-kappa B (NF-κB) and mitogen-
activated protein kinase (MAPK) play important roles in UC 
development (Gupta et al., 2015; Zhang et al., 2017a; Almeer et al., 
2018). Once activated, a large number of transcription factors 
induced pro-inflammatory cytokines release, such as IL-1β, 
IL-6, and TNF-α (Yadav et al., 2003). Excessive inflammation 
can cause damage to the intestinal tract, and long-term exposure 
may lead to colon cancer (Pekow et al., 2017). Peroxisome 
proliferator-activated receptor (PPARγ), a transcriptional factor 
with anti-inflammatory function, is down-regulated during IBD 
with increased levels of inflammation (Rahimian et al., 2016). 
In addition, increasing evidence demonstrates that genetic 
modification is vital in the pathogenesis and developments of 
IBD (Zhang et al., 2014). For example, mice deficient for NOD-
like receptor family pyrin domain containing 3 (NLRP3) were 
less impressible to acute colitis induced by dextran sodium 
sulfate (DSS) (Zhang et al., 2017b). However, IL-10-/- mice are 
susceptible to IBD and show hyperinflammation (Gurung 
et  al., 2015). Autophagy as an important intracellular process 
is involved in many chronic inflammatory diseases. It is vital to 
maintain cell homeostasis and to respond to stimuli (nutrient 
deprivation, hypoxia, and oxidative stress) (Retnakumar and 
Muller, 2019). Since the ascertainment of the autophagy-related 
gene (ATG) 16L1 as a primary factor in IBD in 2006 (Hampe et 
al., 2007), the undiscovered mechanism between autophagy and 
IBD is becoming increasingly clear.

IBD patients show alterations in gut microbiota, such as 
growing numbers of pro-inflammatory and enteroadherent 
bacterial species, reduced diversity of microorganisms (Kelly 
and Ananthakrishnan, 2019), but whether these changes are the 
cause or the result of the disease remains unknown. Due to the 
destruction of intestinal mucosa, a large amount of LPS absorbed 
into the blood continuously stimulates the immune system of the 
body contributing to colitis (Chung et al., 2011; Kim et al., 2012). 
Colonic tight junction (TJ) proteins have been shown to adjust 
the LPS transfer from the intestinal tract into the blood (Park 
et  al., 2010). Hence, maintaining the expression of TJ proteins 
can reduce LPS into the blood and alleviate inflammation 
(Trivedi and Jena, 2013).

Most therapeutic drugs can relieve clinical symptoms, 
however, prolonged treatment, side effects, and expensive cost 
are not the best choice for the most people. Salidroside (Sal), 
a major glycoside extracted from Rhodiola rosea L., has been 
proven to possess multiple pharmacological effects such as 
anti-aging, anti-oxidant, anti-cancer, anti-inflammation, and 

neuroprotective effects (Chen et al., 2009; Zhu et al., 2011; Gao 
et al., 2016). Yet, there is little information about the impact of 
Sal on UC. In this study, we explored the protective effects and 
illuminated the underlying mechanisms of Sal in the treatment of 
DSS-induced colitis.

MATeRIALS AND MeThODS

ethics Statement
All animal experiments were performed in strict accordance 
with regulations of the Administration of Affairs Concerning 
Experimental Animals in China. The protocol was approved 
by the Institutional Animal Care and Use Committee of Jilin 
University (20170318).

Materials
Sal was obtained from TCI Chemical Industry Co., Ltd. 
(Shanghai, China). DSS (molecular weight of 36–50 kDa) was 
purchased from MP Biomedicals (Irvine, CA, USA). The primary 
antibodies p38, p-p38, p65, p-p65, and the secondary antibody 
horseradish peroxidase (HRP)-conjugated goat anti-rabbit 
antibody were purchased from Cell Signaling Technology, Inc. 
(Beverly, MA, USA). The secondary antibody HRP-conjugated 
goat anti-rabbit and goat anti-mouse antibody were obtained 
from Immunoway (Immunoway Technology, USA). The primary 
antibodies occludin and zonula occludens-1 (ZO-1) were 
purchased from Santa Cruz (Santa Cruz, CA, USA). β-Actin 
were purchased from Tianjin Sungene Biotech Co., Ltd. (Tianjin, 
China). All enzyme-linked immunosorbent assay (ELISA) kits 
were obtained from BioLegend (San Diego, CA, USA). Protein 
Extraction Kit was provided by Thermo Scientific Life Science 
Research (MA, USA). All other chemicals were of reagent grade.

Animals
Male C57BL/6 mice (21-23 g) were provided from the Center 
of Experimental Animals of Jilin University, China. Before 
experiment, it takes 1 week for mice to adapt to new condition 
(24 ± 1°C).

Dextran Sulfate Sodium-Induced Mice 
Colitis Model and Treatment
Mice were randomly divided into four groups of six mice each. 
Acute colitis was induced by feeding mice with 2.5% (w/v) DSS, 
continuously for 5 days (Figure 1A). Mice in group I received 
water only. Mice in group II received 2.5% DSS in drinking 
water. Mice in groups III received Sal orally (15 mg/kg) for 7 
days including 5 days DSS treatment once per day. Mice in group 
IV only received Sal (15 mg/kg). Body weights were measured 
once a day. The disease activity index (DAI) was assessed in 
line with established scoring system (Kihara et al., 2003). At the 
end of the experiment, mice were sacrificed, and the colon was 
excised from cecum to 1 cm above the anus. The colon specimens 
were fixed in 10% formalin for hematoxylin and eosin (H&E). 
Histological scoring was performed according to a method 
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described previously and was determined by two independent, 
blinded investigators (Kihara et al., 2003; Hausmann et al., 2007). 
In brief, epithelium 0: normal morphology; 1: loss of goblet cells; 
2: loss of goblet cells in large areas; 3: loss of crypts; 4: loss of 
crypts in large areas. Infiltration 0: no infiltrate; 1: infiltrate 
around crypt basis; 2: infiltrate reaching to lamina muscularis 
mucosae; 3: extensive infiltration reaching the lamina muscularis 
mucosae and thickening of the mucosa with abundant edema; 4: 
infiltration of the lamina submucosa. The final histological score 
is the sum of the epithelium and infiltration score.

Cell Culture and Treatment
The RAW264.7 cells were cultured in RPMI-1640 medium 
supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 
and 100 U/ml streptomycin at 37°C. And bone marrow derived 
macrophages (BMDMs) were isolated from mouse bone marrow 
and cultured in 10% macrophage colony-stimulating factor-
containing RPMI 1640 medium supplemented with 10% fetal 
bovine serum for 7 days as previously described (Toma et al., 2011). 
Cells were pretreated in the presence or absence of Sal added 1 h 
prior to LPS (1 μg/ml). The supernatant and cell lysate were collected 
for cytokine detection and western blot, respectively. The PPARγ 
inhibitor GW9662 (10 μM) was added 30 min before Sal treatment.

enzyme-Linked Immunosorbent Assay
Homogenate of colon (100 mg) were prepared with phosphate-
buffered saline (PBS) (w/v 1/9). The method of cytokine detection 
was performed with the instructions of the manufacturer 
(BioLegend, CA, USA).

Western Blotting Analysis
Total proteins of cells and colon samples were extracted per 
the manufacturer’s protocol. And colon samples were selected 
randomly from three mice out of six. Quantified proteins 
were transferred onto polyvinylidene fluoride membranes. 
Membranes were blocked with 5% nonfat milk for 2 h, then they 
were incubated with the primary antibody overnight at 4°C. 
The second day, membranes were incubated with the secondary 
antibodies for 2 h at room temperature. The blots were examined 
with a western blotting detection program.

Immunohistochemistry
Occludin and ZO-1 levels were detected according to the 
manufacture of immunohistochemistry (IHC) kit (Maixin, 
China). In brief, paraffin-embedded slides were deparaffinized, 
rehydrated, and washed with 1% PBS. Then, slides were hatched 
with 3% hydrogen peroxide and blocked with goat serum at 37°C 
for 1 h. After that, slides were incubated with primary antibodies 
(1:400) at 4°C. Slides were then transferred to PBS containing 
biotinylated secondary antibody for 1 h at room temperature. 
Streptavidin-HRP conjugates to the secondary antibody before 
treating with diaminobenzidine. Finally, slides were counter-
stained with hematoxylin. Images were examined with a 
microscope (Olympus, Japan).

Measurement of Lipopolysaccharides
The LPS of plasma was measure by limulus amebocyte lysate 
(LAL) assay kit (Lengton Bioscience Co., Ltd, Shanghai, China). 
Briefly, plasma was diluted with pyrogen-free water [1:9 (v/v)]. 
It was inactivated for 10 min at 70°C and incubated with LAL at 
37°C for 30 min. Results were detected at 545 nm wavelength.

Statistical Analysis
All data are shown as the mean ± standard deviation (SD). 
The differences of body weight and DAI were evaluated by the 
unpaired two tailed Student’s t-test. Data sets were measured by 
one-way ANOVA followed by Tukey’s multiple-comparison test. 
All experiments were repeated in triplicate. P < 0.05 was regarded 
statistically significant.

ReSULTS

Salidroside Alleviated Dextran Sulfate 
Sodium-Induced Colitis
DAI reflects the degree of injury of UC. As shown in Figure 1B, 
the DSS-treated mice exhibited a higher DAI scores than other 
groups, yet, Sal treatment significantly lowered the scores. The 
shortened colon is an indirect reflection of the pathological course 
of colitis. Sal administration remitted DSS-induced colonic 
shortening (Figures 1C, D). Meanwhile, histopathologic images 
demonstrated that mice in DSS group presented prominent acute 
inflammatory reaction accompanying by loss of goblet cells, 
hyperemia, and mucosal injury. These symptoms were relieved 
in DSS-treated mice after Sal administration (Figures 1E, F).

Salidroside Ameliorated Dextran Sulfate 
Sodium-Induced Inflammation in Colonic 
Tissues
The protein level of IL-1β, TNF-α, and IL-10 were markedly 
up-regulated after DSS treatment in mice, apparently, Sal 
suppressed IL-1β and TNF-α production in contrast to IL-10 in 
colonic tissues (Figure 2).

Salidroside Inhibited p38 and p65 
Activations and Promoted Peroxisome 
Proliferator-Activated Receptor 
expression in Colonic Tissues
To explore the mechanism of inflammatory level alteration, 
we detected the expression of MAPK p38 and NF-κB p65 
by western blot. The results showed that DSS treatment 
significantly up-regulated the phosphorylation levels of p38 
and p65 in colonic tissues, however, this situation was inhibited 
in Sal-treated group. It was reported that PPARγ played a 
satisfactory anti-inflammatory role in experimental colitis 
models (Cao et al., 2018). Comparing with the control group, 
PPARγ expression was remarkable reduced in the DSS group. 
But Sal treatment increased PPARγ level compared with the 
DSS group (Figure 3).
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FIgURe 1 | Salidroside alleviated dextran sulfate sodium (DSS)-induced colitis in mice. (A) The schematic diagram of DSS-induced colitis in mice treated with 
Sal (15 mg/kg). (B) Disease activity index (DAI) during the experimental process. (C) and (D), the photos and statistical results of colon length, respectively. (e) 
Histopathological section of colon from each experimental group (200×; scale bar, 50 μm). (F) Histopathological scores of each group were calculated. Data were 
presented as the means ± SD. (*) p < 0.05, (**) p < 0.01, and (***) p < 0.001 vs. the DSS-treated group; (#) p < 0.05 vs. the control group.

FIgURe 2 | Salidroside adjusted the inflammatory conditions in dextran sulfate sodium (DSS)-treated mice. IL-1β, TNF-α, and IL-10 protein level in the colonic tissue 
were detected by enzyme-linked immunosorbent assay. Data were presented as the means ± SD. (*) p < 0.05 and (**) p < 0.01 vs. the DSS-treated group;  
(#) p < 0.05 vs. the control group.
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Salidroside Suppressed Nucleotide 
Oligomerization Domain-Like Receptor 
Family Pyrin Domain Containing 3 
Inflammasomes in Colonic Tissues
The release of IL-1β is controlled by NLRP3 inflammasome, 
but NLRP3 inflammasomes activation is regulated by two 
phases, including priming phase and activation phase (Di et al., 
2018). The results showed Sal administration down-regulated 
the protein level of IL-1β in colonic tissues (Figure 2). So, we 
wondered to know which pathway did Sal affect, or both of two. 
The results showed that Sal treatment inhibited the priming and 

activation of NLRP3 inflammasome compared with the DSS 
group (Figure 4).

Salidroside Altered the Level of Autophagy 
in Colonic Tissues
Autophagy has been reported to be crucial in IBD process 
(Retnakumar and Muller, 2019), we aimed to explore the effect 
of Sal on autophagy during DSS-induced colitis. Sal promoted 
significantly the conversion of LC3-I to LC3-II and reduced p62 
expression detecting by WB (Figure 5).

FIgURe 3 | Salidroside restrained the phosphorylation of p65 and p38 accompanied with recovering peroxisome proliferator-activated receptor (PPARγ) 
protein level in dextran sulfate sodium-treated mice. (A) P65, p38, and PPARγ protein levels in the colonic tissue were analyzed by western blot.  
(B, C, D) The relative protein expression of p65, p38, and PPARγ were normalized to β-actin. Data were repeated in three independent experiments.  
(*) p < 0.05, (**) p < 0.01.
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Salidroside Maintained the Intestinal 
Barrier in Dextran Sodium Sulfate-Induced 
Colitis
Abnormalities of the mucus system have been introduced in 
active UC, and the changes in intestinal permeability are an 
important factor. In our study, DSS-treated mice exhibited 
insufficient expression of ZO-1 and occludin in colonic tissues 
analyzed IHC (Figure 6), while Sal treatment ameliorated these 
situations (Figure 6).

Salidroside Reduced Plasmatic 
Lipopolysaccharides in Dextran Sulfate 
Sodium-Induced Mice
LPS absorbed into the blood continually stimulates the immune 
system to promote inflammation. To further study the effect of Sal 
on DSS-induced colitis, we detected plasmatic LPS concentration 
in mice. As shown in (Figure 7), LPS concentration was evidently 
higher in DSS group than that in control group. However, Sal 
prominently lowered LPS concentration compared with DSS group.

FIgURe 4 | Salidroside suppressed nucleotide oligomerization domain-like receptor family pyrin domain containing 3 (NLRP3) inflammasome activation in 
dextran sulfate sodium-treated mice. (A) Protein levels of NLRP3, caspase-1, and IL-1β in the colonic tissue were analyzed by western blot. (B, C, D) The 
relative protein expression of NLRP3, caspase-1, and IL-1β were normalized to β-actin. Data were repeated in three independent experiments. (*) p < 0.05,  
(**) p < 0.01.
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Salidroside Showed Peroxisome 
Proliferator-Activated Receptor-
Dependent Anti-Inflammatory effect 
on Macrophages
Macrophages are a major source of inflammation in colon, and 
excessive inflammation can lead to tissue damage. Hence, we 
explored the anti-inflammatory effect of Sal on LPS-treated RAW 
264.7 cells. To further confirm the effect of Sal on macrophages 
in vitro, we did the same procedure on BMDM. The results 
demonstrated that Sal was able to reduce TNF-α protein level 
(Figure 7A and Supplementary Figure 1) and it worked through 
PPARγ (Figure 7B).

DISCUSSION
UC, a kind of chronic and recurrent disease of gastrointestinal 
tract, is considered to be related to environment, genetics, 
host susceptibility, immune level, and intestinal microflora 
(Retnakumar and Muller, 2019; Shen et al., 2019). It has a 
negative impact on millions of people worldwide, with the highest 
incidence in Europe and North America. Moreover, it also has 
a rising prevalence in newly industrialized countries, probably 

due to diet, lifestyle, and sanitation (Kaplan, 2015; Retnakumar 
and Muller, 2019). The current treatments are mainly used with 
anti-inflammatory or immunosuppressive drug, however, these 
agents are expensive and take longer to treat than most people 
can afford (Zhang et al., 2017a). At present, the priority is to find 
a cheap and side-effect-free drug to treat UC. Sal, as a major 
glycoside extracted from R. rosea L., showed its anti-oxidant, 
anti-cancer, anti-inflammation, and neuroprotective effects in 
many diseases (Chen et al., 2009; Zhu et al., 2011; Gao et al., 
2016). In this study, we exploited its new features against UC and 
investigated the underlying mechanisms.

DAI and length of the colon are the primary parameters 
used for assessing the severity of UC (Zhang et al., 2017b). Our 
results demonstrated that Sal could significantly decrease DAI 
scores and remit colon shortening in DSS-treated mice (Figures 
1B–D). In addition, Sal treatment also relieved DSS-induced 
goblet cell loss and twisted crypts analyzed by histopathological 
examination (Figures 1E, F). It was reported that goblet cell 
consuming was related with an infernal circle of increased 
epithelial exposure to bacteria, worsening inflammation, and 
mucus barrier breakdown (van der Post et al., 2019). Hence, 
taking all of these parameters together, Sal can be considered as a 
potent candidate for treatment of UC.

FIgURe 5 | Salidroside regulated the disordered autophagy situation in dextran sulfate sodium-treated mice. (A) Protein levels of LC3 and p62 in the colonic 
tissue were analyzed by western blot. (B, C) The relative protein expression of LC3 and p62 were normalized to β-actin. Data were repeated in three independent 
experiments. (**) p < 0.01.
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The development of UC is often accompanied by increased 
levels of inflammation. Once the mucosal barrier is impaired, 
intestinal epithelial cells release cytokines that recruit large 
numbers of immune cells and cause excessive inflammation 

(Zhang et al., 2017a; van der Post et al., 2019). Obviously, Sal 
down-regulated the secretion of IL-1β and TNF-α, but promoted 
the level of IL-10 (Figure 2). As is known to all, IL-1β and TNF-α 
are representative cytokines that aggravates colitis (Nakanishi 

FIgURe 6 | Salidroside contributed to the maintenance of tight junction architecture in dextran sulfate sodium-treated mice. (A) and (B) Immunohistochemistry for 
zonula occludens-1 and occluding in the colonic tissue, respectively. (400×; scale bar, 100 μm).

FIgURe 7 | Salidroside exhibited anti-inflammatory activity through regulating peroxisome proliferator-activated receptor (PPARγ) expression. (A) The protein level 
of TNF-α was measured by enzyme-linked immunosorbent assay. (B) The expression of PPARγ was analyzed by western blot. (C) The relative protein expression of 
PPARγ was normalized to β-actin. Data were repeated in 3 independent experiments. (*) p < 0.05, (**) p < 0.01, ns, means no significant.
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et al., 2015), the down-regulation of these cytokines caused by Sal 
treatment in DSS-induced colitis mice might help ease disease. 
In addition, IL-10 is a pleiotropic anti-inflammatory cytokine 
produced by most hematopoietic cells. Genome-wide association 
studies and experimental animal models showed an essential 
role of the IL-10 in inflammatory bowel disease (Zigmond et al., 
2014). The up-regulation of IL-10 could reduce pro-inflammatory 
cytokines which mediated its potential in medical therapy for 
colitis (Kiernan et al., 2019; Jang et al., 2019). NF-κB and MAPK 
are two vital regulators participating in regulating inflammation 
(Kim et al., 2010; Cao et al., 2018). Our result showed that DSS-
induced activation of p65 and p38 were inhibited by Sal (Figure 3). 
Looking further up for targets of Sal, it was reported that PPARγ 
was an essential anti-inflammatory factor through inhibiting the 
activation of NF-κB signal in the process of colonic inflammation 
(Zhang et al., 2017a). It could interact with p65 and promote 
p65 out of nuclear leading to the inactivation of NF-κB-driven 
transcription (Cao et al., 2018). The protein level of PPARγ in DSS-
treated group was elevated after Sal administration (Figure  3). 
Consistent with the result obtained in vitro that Sal revealed its 
anti-inflammatory trait in LPS-treated macrophage in a PPARγ-
dependent way (Figure 7 and Supplementary Figure 1). Hence, 
we inferred that Sal might regulate colonic inflammation in an 
axis-dependent manner by PPARγ-NF-κB and MAPK.

As is known to all, NLRP3 inflammasome was strongly 
associated with IBD. NLRP3-/- mice showed less sensitive 
to colitis (Zhang et al., 2017b; Shen et al., 2019). Not only 
that, it also tightly controlled the production of IL-1β, which 

was considered as one of the important indicators of colon 
inflammation (Zhang et al., 2017b). Of course, the very mention 
of inflammasomes brings to mind autophagy (Cosin-Roger 
et al., 2017). There were few studies on Sal and inflammasome, 
Wang et al. reported that Sal could alleviate ventilation induced 
lung injury by suppressing NLRP3 inflammasome (Wang et al., 
2017). This suggested that Sal might have the same function in 
UC. Simultaneously, previous study demonstrated that Sal was 
potent in inducing apoptosis and autophagy in human colorectal 
cancer cells, which was a further result of colitis (Fan et al., 2016; 
Zhang et al., 2017a). In this study, we investigated the potential 
pharmacological targets of Sal and relationship of NLRP3 
inflammasome and autophagy in UC. Our results showed 
that Sal inhibited NLRP3 inflammasome activation by down-
regulating the levels of NLRP3, apoptosis-associated speck-like 
protein (ASC), and caspase-1 in DSS-treated group (Figure 4). 
So, it was not hard to understand why IL-1β secretion was 
lower in DSS-treated mice after Sal treatment (Figure 2). P65/
RelA could bind to the NLRP3 promoter (Cosin-Roger et  al., 
2017), hence, this is consistent with our result above that the 
phosphorylation of p65 was restrained in Sal-treated DSS group 
(Figure 3). In contrast with the status of NLRP3 inflammasome 
in DSS-treated mice after Sal administration, autophagy might 
be activated with LC3 lipidation (LC3-II) and p62 degradation 
(Figure 5). Certainly, the exact autophagy flux should be further 
determined by autophagy inhibitor (chloroquine or bafilomycin 
A) or the formation of LC-3 puncta. Autophagy insufficient was 
related with NF-κB phosphorylation and inflammatory gene 
expression in IBD (Kaser and Blumberg, 2011). Autophagy 
activation contributed to removing endogenous inflammasome 
activators, inflammasomes, and downstream cytokines 
directly (Sun et al., 2017). Therefore, Sal may inhibit excessive 
inflammation caused by inflammasome activation through 
autophagy excitation. However, the exact target of Sal on 
autophagy and inflammasome is worth further investigation.

The development of IBD is facilitated by the destruction of the 
intestinal environment and improper activation of the immune 
system by commensal bacteria, which is the basis of the disease 
(van der Post et al., 2019). Increased epithelial exposure to 
bacteria may cause severe colitis to progress to colon cancer. TJ 
proteins as an essential component of the intestinal barrier, are 
able to reduce intestinal permeability and inhibit the intestinal 
mucosa of foreign substances, such as LPS (Zhang et  al., 
2017b). Our results reveled that Sal ameliorated DSS-induced 
suppression of TJ proteins, ZO-1 and occludin (Figure  6) and 
plasma LPS (Figure 8). It indicated that Sal might play an 
important role in maintaining intestinal barrier and reducing 
external stimuli. Given the structural weakening of the colonic 
mucus barrier is an early time for UC (van der Post et al., 2019), 
the detailed protective mechanism of Sal on colon is worth 
further exploration.

In summary, our study demonstrated that Sal could be a 
competent candidate for UC treatment. It not only exhibited 
its powerful abilities to skew the unbalanced relation of 
inflammasome/autophagy and maintain intestinal barrier 
but also further uncovered the underlying mechanism of UC 

FIgURe 8 | Salidroside reduced plasmatic lipopolysaccharides (LPS) 
concentration in dextran sulfate sodium (DSS)-treated mice. Limulus 
amebocyte lysate assay was used to assess the plasmatic LPS concentration. 
Data are presented as means ± SD. (*) p < 0.05 vs. the DSS-treated group; 
(#) p < 0.05 vs. the control group.
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pathogenesis. We need to do more work to discover the properties 
of salidroside in the future.

DATA AVAILABILITY STATeMeNT
All datasets generated for this study are included in the article/
Supplementary Material.

eThICS STATeMeNT
The animal study was reviewed and approved by the Institutional 
Animal Care and Use Committee of Jilin University (20170318).

AUThOR CONTRIBUTIONS
JL analyzed the data and wrote the article. JC collected the samples 
and operated the experiment. PF operated the experiment and 

processed the data. NZ revised the article. YC designed the 
experiment and supervised the experiment,

FUNDINg
This work was supported by the Key Project of Chinese National 
Programs for Research and Development (no. 2016YFD0501009) 
and National Natural Science Foundation of China (nos. 
31572582 and 31472248).

SUPPLeMeNTARY MATeRIAL
The Supplementary Material for this article can be found online at: 
https://www.frontiersin.org/articles/10.3389/fphar.2019.01385/
full#supplementary-material

SUPPLeMeNTARY FIgURe 1 | Sal could reduce TNF-α level in LPS-stimulated 
BMDM. Data were repeated in 3 independent experiments. (*) p < 0.05,  
(**) p < 0.01.

ReFeReNCeS
Almeer, R. S., Mahmoud, S. M., Amin, H. K., and Moneim, A. E. A. (2018). 

Ziziphus spina-christi fruit extract suppresses oxidative stress and p38 
MAPK expression in ulcerative colitis in rats via induction of Nrf2 and HO-1 
expression. Food Chem. Toxicol. 115, 49–62. doi: 10.1016/j.fct.2018.03.002

Cao, H., Liu, J., Shen, P., Cai, J., Han, Y., Zhu, K., et al. (2018). Protective Effect of 
Naringin on DSS-Induced Ulcerative Colitis in Mice. J. Agric. Food Chem. 66 
(50), 13133–13140. doi: 10.1021/acs.jafc.8b03942

Chen, X., Zhang, Q., Cheng, Q., and Ding, F. (2009). Protective effect of salidroside 
against H2O2-induced cell apoptosis in primary culture of rat hippocampal 
neurons. Mol. Cell Biochem. 332 (1-2), 85–93. doi: 10.1007/s11010-009-0177-3

Chung, H. Y., Lee, E. K., Choi, Y. J., Kim, J. M., Kim, D. H., Zou, Y., et al. 
(2011). Molecular Inflammation as an Underlying Mechanism of the 
Aging Process and Age-related Diseases. J. Dent. Res. 90 (7), 830–840. doi: 
10.1177/0022034510387794

Cosin-Roger, J., Simmen, S., Melhem, H., Atrott, K., Frey-Wagner, I., Hausmann, 
M., et al. (2017). Hypoxia ameliorates intestinal inflammation through NLRP3/
mTOR downregulation and autophagy activation. Nat. Commun. 8 (1), 98. doi: 
10.1038/s41467-017-00213-3

Di, A., Xiong, S., Ye, Z., Malireddi, R. K. S., Kometani, S., Zhong, M., et al. (2018). 
The TWIK2 Potassium Efflux Channel in Macrophages Mediates NLRP3 
Inflammasome-Induced Inflammation. Immunity 49 (1), 56–65. doi: 10.1016/j.
immuni.2018.04.032

Fan, X. J., Wang, Y., Wang, L., and Zhu, M. (2016). Salidroside induces apoptosis 
and autophagy in human colorectal cancer cells through inhibition of PI3K/
Akt/mTOR pathway. Oncol. Rep. 36 (6), 3559–3567. doi: 10.3892/or.2016.5138

Gao, J., Zhou, R., You, X., Luo, F., He, H., Chang, X., et al. (2016). Salidroside 
suppresses inflammation in a D-galactose-induced rat model of Alzheimer's 
disease via SIRT1/NF-kappaB pathway. Metab. Brain Dis. 31 (4), 771–778. doi: 
10.1007/s11011-016-9813-2

Gupta, R. A., Motiwala, M. N., Dumore, N. G., Danao, K. R., and Ganjare, A. 
B. (2015). Effect of piperine on inhibition of FFA induced TLR4 mediated 
inflammation and amelioration of acetic acid induced ulcerative colitis in mice. 
J. Ethnopharmacol. 164, 239–246. doi: 10.1016/j.jep.2015.01.039

Gurung, P., Li, B., Subbarao Malireddi, R. K., Lamkanfi, M., Geiger, T. L., 
and Kanneganti, T. D. (2015). Chronic TLR Stimulation Controls NLRP3 
Inflammasome Activation through IL-10 Mediated Regulation of NLRP3 
Expression and Caspase-8 Activation. Sci. Rep. 5, 14488. doi: 10.1038/srep14488

Hampe, J., Franke, A., Rosenstiel, P., Till, A., Teuber, M., Huse, K., et al. (2007). 
A genome-wide association scan of nonsynonymous SNPs identifies a 

susceptibility variant for Crohn disease in ATG16L1. Nat. Genet. 39 (2), 207–
211. doi: 10.1038/ng1954

Hausmann, M., Obermeier, F., Paper, D. H., Balan, K., Dunger, N., Menzel, K., et al. 
(2007). In vivo treatment with the herbal phenylethanoid acteoside ameliorates 
intestinal inflammation in dextran sulphate sodium-induced colitis. Clin. Exp. 
Immunol. 148 (2), 373–381. doi: 10.1111/j.1365-2249.2007.03350x

Jang, Y. J., Kim, W. K., Han, D. H., Lee, K., and Ko, G. (2019). Lactobacillus 
fermentum species ameliorate dextran sulfate sodium-induced colitis by 
regulating the immune response and altering gut microbiota. Gut Microbes, 
1–16. doi: 10.1080/19490976.2019.1589281

Kaplan, G. G. (2015). The global burden of IBD: from 2015 to 2025. Nat. Rev. 
Gastroenterol. Hepatol. 12 (12), 720–727. doi: 10.1038/nrgastro.2015.150

Kaser, A., and Blumberg, R. S. (2011). Autophagy, microbial sensing, endoplasmic 
reticulum stress, and epithelial function in inflammatory bowel disease. 
Gastroenterology 140 (6), 1738–1747. doi: 10.1053/j.gastro.2011.02.048

Kelly, C. R., and Ananthakrishnan, A. N. (2019). Manipulating the Microbiome 
With Fecal Transplantation to Treat Ulcerative Colitis. J. Am. Med. Assoc. 321 
(2), 151–152. doi: 10.1001/jama.2018.20397

Kiernan, M. G., Coffey, J. C., Sahebally, S. M., Tibbitts, P., Lyons, E. M., O'Leary, 
E., et al. (2019). Systemic molecular mediators of inflammation differentiate 
between Crohn's disease and ulcerative colitis, implicating threshold levels of 
IL-10 and relative ratios of pro-inflammatory cytokines in therapy. J. Crohns 
Colitis. doi: 10.1093/ecco-jcc/jjz117

Kihara, N., de la Fuente, S. G., . Fujino, K., Takahashi, T., and Pappas, T. N. (2003). 
Vanilloid receptor-1 containing primary sensory neurones mediate dextran 
sulphate sodium induced colitis in rats. Gut 52 (5), 713–719. doi: 10.1136/
gut.52.5.713

Kim, K. N., Heo, S. J., Yoon, W. J., Kang, S. M., Ahn, G., Yi, T. H., et al. (2010). 
Fucoxanthin inhibits the inflammatory response by suppressing the 
activation of NF-kappaB and MAPKs in lipopolysaccharide-induced RAW 
264.7 macrophages. Eur. J. Pharmacol. 649 (1-3), 369–375. doi: 10.1016/j.
ejphar.2010.09.032

Kim, K. A., Gu, W., Lee, I. A., Joh, E. H., and Kim, D. H. (2012). High fat diet-
induced gut microbiota exacerbates inflammation and obesity in mice via 
the TLR4 signaling pathway. PloS One 7 (10), e47713. doi: 10.1371/journal.
pone.0047713

Nakanishi, Y., Sato, T., and Ohteki, T. (2015). Commensal Gram-positive bacteria 
initiates colitis by inducing monocyte/macrophage mobilization. Mucosal 
Immunol. 8 (1), 152–160. doi: 10.1038/mi.2014.53

Neurath, M. F. (2014). Cytokines in inflammatory bowel disease. Nat. Rev. 
Immunol. 5 (5), 329–342. doi: 10.1038/nri3661

Frontiers in Pharmacology | www.frontiersin.org December 2019 | Volume 10 | Article 1385

https://www.frontiersin.org/articles/10.3389/fphar.2019.01385/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2019.01385/full#supplementary-material
https://doi.org/10.1016/j.fct.2018.03.002
https://doi.org/10.1021/acs.jafc.8b03942
https://doi.org/10.1007/s11010-009-0177-3
https://doi.org/10.1177/0022034510387794
https://doi.org/10.1038/s41467-017-00213-3
https://doi.org/10.1016/j.immuni.2018.04.032
https://doi.org/10.1016/j.immuni.2018.04.032
https://doi.org/10.3892/or.2016.5138
https://doi.org/10.1007/s11011-016-9813-2
https://doi.org/10.1016/j.jep.2015.01.039
https://doi.org/10.1038/srep14488
https://doi.org/10.1038/ng1954
https://doi.org/10.1111/j.1365-2249.2007.03350
https://doi.org/x
https://doi.org/10.1080/19490976.2019.1589281
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1053/j.gastro.2011.02.048
https://doi.org/10.1001/jama.2018.20397
https://doi.org/10.1093/ecco-jcc/jjz117
https://doi.org/10.1136/gut.52.5.713
https://doi.org/10.1136/gut.52.5.713
https://doi.org/10.1016/j.ejphar.2010.09.032
https://doi.org/10.1016/j.ejphar.2010.09.032
https://doi.org/10.1371/journal.pone.0047713
https://doi.org/10.1371/journal.pone.0047713
https://doi.org/10.1038/mi.2014.53
https://doi.org/10.1038/nri3661
https://www.frontiersin.org/journals/pharmacology/
http://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Sal Alleviates DSS-Induce ColitisLiu et al.

11

Ordas, I., Eckmann, L., Talamini, M., Baumgart, D. C., and Sandborn, W. J. 
(2012). Ulcerative colitis. Lancet 380 (9853), 1606–1619. doi: 10.1016/
S0140-6736(12)60150-0

Park, E. J., Thomson, A. B., and Clandinin, M. T. (2010). Protection of intestinal 
occludin tight junction protein by dietary gangliosides in lipopolysaccharide-
induced acute inflammation. J. Pediatr. Gastroenterol. Nutr. 50 (3), 321–328. 
doi: 10.1097/MPG.0b013e3181ae2ba0

Pekow, J., Meckel, K., Dougherty, U., Huang, Y., Chen, X. D., Almoghrabi, A., et al. 
(2017). miR-193a-3p is a Key Tumor Suppressor in Ulcerative Colitis-Associated 
Colon Cancer and Promotes Carcinogenesis through Upregulation of IL17RD. 
Clin. Cancer Res. 23 (17), 5281–5291. doi: 10.1158/1078-0432.CCR-17-0171

Rahimian, R., Zirak, M. R., Keshavarz, M., Fakhraei, N., Mohammadi-Farani, A., 
Hamdi, H., et al. (2016). Involvement of PPARgamma in the protective action of 
tropisetron in an experimental model of ulcerative colitis. Immunopharmacol. 
Immunotoxicol. 38 (6), 432–440. doi: 10.1080/08923973.2016.1231202

Retnakumar, S. V., and Muller, S. (2019). Pharmacological Autophagy Regulators 
as Therapeutic Agents for Inflammatory Bowel Diseases. Trends Mol. Med. 6, 
516–537. doi: 10.1016/j.molmed.2019.03.002

Shen, P., Zhang, Z., Zhu, K., Cao, H., Liu, J., Lu, X., et al. (2019). Evodiamine 
prevents dextran sulfate sodium-induced murine experimental colitis via the 
regulation of NF-kappaB and NLRP3 inflammasome. BioMed. Pharmacother. 
110, 786–795. doi: 10.1016/j.biopha.2018.12.033

Sun, Q., Fan, J., Billiar, T. R., and Scott, M. J. (2017). Inflammasome and autophagy 
regulation - a two-way street. Mol. Med. 23, 188-195.

Toma, C., Okura, N., Takayama, C., and Suzuki, T. (2011). Characteristic features 
of intracellular pathogenic Leptospira in infected murine macrophages. Cell 
Microbiol. 13 (11), 1783–1792. doi: 10.1111/j.1462-5822.2011.01660.x

Trivedi, P. P., and Jena, G. B. (2013). Melatonin reduces ulcerative colitis-associated 
local and systemic damage in mice: investigation on possible mechanisms. Dig. 
Dis. Sci. 58 (12), 3460–3474. doi: 10.1007/s10620-013-2831-6

Ungaro, R., Mehandru, S., Allen, P. B., Peyrin-Biroulet, L., and Colombel, J. 
F. (2017). Ulcerative colitis. Lancet 389 (10080), 1756–1770. doi: 10.1016/
S0140-6736(16)32126-2

van der Post, S., Jabbar, K. S., Birchenough, G., Arike, L., Akhtar, N., Sjovall, H., et 
al. (2019). Structural weakening of the colonic mucus barrier is an early event in 
ulcerative colitis pathogenesis. Gut. 12, 2142–2151. doi: 10.1136/gutjnl-2018-317571

Wang, Y., Xu, C. F., Liu, Y. J., Mao, Y. F., Lv, Z., Li, S. Y., et al. (2017). Salidroside 
Attenuates Ventilation Induced Lung Injury via SIRT1-Dependent Inhibition 

of NLRP3 Inflammasome. Cell Physiol. Biochem. 42 (1), 34–43. doi: 
10.1159/000477112

Yadav, P. N., Liu, Z. H., and Rafi, M. M. (2003). A diarylheptanoid from lesser 
galangal (Alpinia officinarum) inhibits proinflammatory mediators via 
inhibition of mitogen-activated protein kinase, p44/42, and transcription 
factor nuclear factor-kappa B. J. Pharmacol. Exp. Ther. 305 (3), 925–931. doi: 
10.1124/jpet.103.049171

Zhang, J., Fu, S., Sun, S., Li, Z., and Guo, B. (2014). Inflammasome activation has 
an important role in the development of spontaneous colitis. Mucosal Immunol. 
7 (5), 1139–1150. doi: 10.1038/mi.2014.1

Zhang, Z. C., Li, Y. X., Shen, P., Li, S., Lu, X. J., Liu, J. X., et al. (2017a). Administration 
of geniposide ameliorates dextran sulfate sodium-induced colitis in mice via 
inhibition of inflammation and mucosal damage. Int. Immunopharmacol. 49, 
168–177. doi: 10.1016/j.intimp.2017.05.033

Zhang, Z. C., Shen, P., Lu, X., Li, Y., Liu, J., Liu, B., et al. (2017b). In Vivo and 
In Vitro Study on the Efficacy of Terpinen-4-ol in Dextran Sulfate Sodium-
Induced Mice Experimental Colitis. Front. Immunol. 8, 558. doi: 10.3389/
fimmu.2017.00558

Zhu, Y., Shi, Y. P., Wu, D., Ji, Y. J., Wang, X., Chen, H. L., et al. (2011). Salidroside 
protects against hydrogen peroxide-induced injury in cardiac H9c2 cells via 
PI3K-Akt dependent pathway. DNA Cell Biol. 30 (10), 809–819. doi: 10.1089/
dna.2010.1183

Zigmond, E., Bernshtein, B., Friedlander, G., Walker, C. R., Yona, S., Kim, K. W., 
et al. (2014). Macrophage-restricted interleukin-10 receptor deficiency, but not 
IL-10 deficiency, causes severe spontaneous colitis. Immunity 40 (5), 720–733. 
doi: 10.1016/j.immuni.2014.03.012

Conflict of Interest: The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be construed as a 
potential conflict of interest.

Copyright © 2019 Liu, Cai, Fan, Zhang and Cao. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

Frontiers in Pharmacology | www.frontiersin.org December 2019 | Volume 10 | Article 1385

https://doi.org/10.1016/S0140-6736(12)60150-0
https://doi.org/10.1016/S0140-6736(12)60150-0
https://doi.org/10.1097/MPG.0b013e3181ae2ba0
https://doi.org/10.1158/1078-0432.CCR-17-0171
https://doi.org/10.1080/08923973.2016.1231202
https://doi.org/10.1016/j.molmed.2019.03.002
https://doi.org/10.1016/j.biopha.2018.12.033
https://doi.org/10.1111/j.1462-5822.2011.01660.x
https://doi.org/10.1007/s10620-013-2831-6
https://doi.org/10.1016/S0140-6736(16)32126-2
https://doi.org/10.1016/S0140-6736(16)32126-2
https://doi.org/10.1136/gutjnl-2018-317571
https://doi.org/10.1159/000477112
https://doi.org/10.1124/jpet.103.049171
https://doi.org/10.1038/mi.2014.1
https://doi.org/10.1016/j.intimp.2017.05.033
https://doi.org/10.3389/fimmu.2017.00558
https://doi.org/10.3389/fimmu.2017.00558
https://doi.org/10.1089/dna.2010.1183
https://doi.org/10.1089/dna.2010.1183
https://doi.org/10.1016/j.immuni.2014.03.012
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
http://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	The Abilities of Salidroside on Ameliorating Inflammation, Skewing the Imbalanced Nucleotide Oligomerization Domain-Like Receptor Family Pyrin Domain Containing 3/Autophagy, and Maintaining Intestinal Barrier Are Profitable in Colitis

	﻿Introduction

	﻿Materials and Methods

	﻿Ethics Statement

	﻿Materials

	﻿Animals

	﻿Dextran Sulfate Sodium-Induced Mice Colitis Model and Treatment

	﻿Cell Culture and Treatment

	﻿Enzyme-Linked Immunosorbent Assay

	﻿Western Blotting Analysis

	﻿Immunohistochemistry

	﻿Measurement of Lipopolysaccharides

	﻿Statistical Analysis


	﻿Results

	﻿Salidroside Alleviated Dextran Sulfate Sodium-Induced Colitis

	﻿Salidroside Ameliorated Dextran Sulfate Sodium-Induced Inflammation in Colonic Tissues

	﻿Salidroside Inhibited p38 and p65 Activations and Promoted Peroxisome Proliferator-Activated Receptor Expression in Colonic Tissues

	﻿Salidroside Suppressed Nucleotide Oligomerization Domain-Like Receptor Family Pyrin Domain Containing 3 Inflammasomes in Colonic Tissues

	﻿Salidroside Altered the Level of Autophagy in Colonic Tissues

	﻿Salidroside Maintained the Intestinal Barrier in Dextran Sodium Sulfate-Induced Colitis

	﻿Salidroside Reduced Plasmatic Lipopolysaccharides in Dextran Sulfate Sodium-Induced Mice

	﻿Salidroside Showed Peroxisome Proliferator-Activated Receptor-Dependent Anti-Inflammatory Effect on Macrophages


	﻿DISCUSSION

	﻿Data Availability Statement

	﻿Ethics Statement

	﻿Author Contributions

	﻿Funding

	﻿Supplementary Material

	References



