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Salidroside alleviates hepatic 
ischemia–reperfusion injury 
during liver transplant in rat 
through regulating TLR‑4/NF‑κB/
NLRP3 inflammatory pathway
Yanyao Liu1,2,3, Zilun Lei2,3, Hao Chai2, Quan Kang1 & Xiaoyan Qin1*

Salidroside has anti-inflammatory, antioxidant and hepatoprotective properties. However, its 
effect on hepatic ischemia–reperfusion injury (IRI), an unavoidable side effect associated with liver 
transplantation, remains undefined. Here, we aimed to determine whether salidroside alleviates 
hepatic IRI and elucidate its potential mechanisms. We used both in vivo and in vitro assays to assess 
the effect and mechanisms of salidroside on hepatic IRI. Hepatic IRI rat models were pretreated 
with salidroside (5, 10 or 20 mg/kg/day) for 7 days following liver transplantation while hypoxia/
reoxygenation (H/R) model of RAW 264.7 macrophages were pretreated with salidroside (1, 10 or 
50 μM). The effect of salidroside on hepatic IRI was assessed using hematoxylin–eosin staining, 
terminal deoxynucleotidyl transferase dUTP nick-end labeling staining, qRT-PCR, immunosorbent 
assay and western blotting. Our in vivo assays showed that salidroside significantly reduced 
pathological liver damage, serum aminotransferase levels and serum levels of IL-1, IL-18 and TNF-α. 
Besides, salidroside reduced the expression of TLR-4/NF-κB/NLRP3 inflammatory pathway associated 
proteins (TLR-4, MyD88, p-IKKα, p-IKKβ, p-IKK, p-IκBα, p-P65, NLRP3, ASC, Cleaved caspase-1, IL-1β, 
IL-18, TNF-α and IL-6) in rats after liver transplantation. On the other hand, data from the in vitro 
analysis demonstrated that salidroside blocks expression of TLR-4/NF-κB/NLRP3 inflammatory 
pathway related proteins in the RAW264.7 cells treated with H/R. The salidroside-specific anti-
inflammatory effects were partially inhibited by the TLR-4 agonist lipopolysaccharide. Taken together, 
our study showed that salidroside inhibits hepatic IRI following liver transplantation by modulating 
the TLR-4/NF-κB/NLRP3 inflammatory pathway.

Abbreviations
ALT	� Alanine aminotransferase
ASC	� Apoptosis-associated speck-like protein
AST	� Aspartate aminotransferase
DAPI	� 4,6-Diamidino-2-phenylindole
MYD88	� Myeloid differentiation factor 88
HE	� Hematoxylin–eosin
H/R	� Hypoxia/reoxygenation
IL-1β	� Interleukin-1β
IL-6	� Interleukin-6
IL-18	� Interleukin-18
I/R	� Ischemia/reperfusion

OPEN

1Department of General Surgery and Trauma Surgery, Children’s Hospital of Chongqing Medical University, 
Ministry of Education Key Laboratory of Child Development and Disorders, National Clinical Research Center for 
Child Health and Disorders, China International Science and Technology Cooperation Base of Child Development 
and Critical Disorders, Chongqing Key Laboratory of Pediatrics, Chongqing, China. 2Department of Hepatobiliary 
Surgery, The First Affiliated Hospital of Chongqing Medical University, Chongqing, China. 3These authors 
contributed equally: Yanyao Liu and Zilun Lei. *email: qinxiaoyan1995@sina.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-18369-4&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2022) 12:13973  | https://doi.org/10.1038/s41598-022-18369-4

www.nature.com/scientificreports/
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NLRs	� Nucleotide-binding oligomerization domain-like receptors
PRRs	� Pattern recognition receptors
SD	� Sprague dawely
TLR-4	� Toll-like receptor 4
TUNEL	� Terminal deoxynucleotidyl transferase dUTP nick-end labeling
TNF-α	� Tumor necrosis factor-α

Hepatic ischemia/reperfusion injury (IRI) is an unavoidable pathological event in many liver surgical proce-
dures, especially liver transplantation1,2. Hepatic ischemia can cause metabolic problems and an inflammatory 
microenvironment in the liver, which could lead to graft rejection, hepatic pathological injury or apoptosis and 
early graft dysfunction3,4. The underlying pathogenesis of hepatic IRI is complicated, thus posing many barriers 
to early detection, diagnosis and treatment.

Previous studies have shown that innate immune system plays an important role in hepatic IRI, acting as the 
first line of defense against infection or injury by activating pattern recognition receptors (PRRs) such as Toll-
like receptors (TLRs) as well as nucleotide-binding oligomerization domain-like receptors (NLRs)5,6. Primary 
TLRs expressed in hepatocytes and macrophages include TLR-2, TLR-3, TLR-4 and TLR-9 of which TLR-4 
is involved in inflammatory responses caused by hepatic IRI7. TLR-4 signaling promotes MyD88-dependent 
pathways, which leads to the activation of nuclear factor kappa B (NF-κB), which is essential for production 
of proinflammatory cytokines8,9. Induction of the signaling pathway of NF-κB is one of the main mediators 
of inflammation and defines the development and progression of hepatic IRI10,11. As the most studied tissue-
damage detector, the NLR family pyrin domain-containing 3 (NLRP3) inflammasome is composed of NLRP3, 
apoptosis-associated speck-like protein (ASC) and caspase-1, which is prominent in initiating and propagating 
the inflammatory responses12. Previous evidence suggests that the NF-κB signaling leads to NLRP3 activation 
that participates in the pathogenesis of hepatic IRI13. Thus, the TLR-4/NF-κB/NLRP3 inflammatory pathway 
might be involved in hepatic IRI.

Salidroside, a compound extracted from various Rhodiola plants, is widely used in treatment of ischemia 
stroke, Alzheimer’s disease, and cardiovascular diseases14,15. Recent data has shown that salidroside exerts a 
wide range of pharmacological activities, such as anti-hypoxia, anti-inflammation and antioxidant activity16,17. 
Furthermore, several studies have reported that salidroside could alleviate liver inflammation in furan-induced 
animals by modulating the NF-κB/NLRP3 signaling pathway, and plays a unique protective role in hepatic IRI18. 
In this study, we investigated the potential of salidroside to alleviate hepatic IRI and its underlying mechanisms 
using orthotopic liver transplant rat models.

Materials and methods
Ethical statement.  All experiments were approved and performed in accordance with relevant institu-
tional licensing committee guidelines and regulations (Ethics committee of Animal and Human Experimenta-
tion of Chongqing Medical University). The study was carried out in compliance with the ARRIVE guidelines. 
Euthanasia of animals is by CO2 exposure followed by cervical dislocation in compliance with the AVMA guide-
lines for the euthanasia of animals (2020).

Animals and orthotopic liver transplantation models.  Chongqing Medical University’s experimen-
tal animal center provided inbred male Sprague–Dawley rats (SD) (SPF grade, 220–250 g). The animals were 
kept in a pathogen-free environment. The rats were randomly divided into five groups, each with twelve animals 
(n = 12). We employed a unique magnetic anastomosis technique to perform orthotopic liver transplantation 
as previously described19. The sham group underwent abdominal incision to expose hepatic portal vein. After 
liver transplant, the rats in the ischemia reperfusion (I/R) group received no therapy. On the other hand, the 
rats in the I/R + Sal (5 mg/kg) group received salidroside (dissolved in 0.9 percent saline) (yuanyeBio, Shanghai, 
China) intraperitoneally for 7 days (5 mg/kg/day) before the surgery. The rats in the I/R + Sal (10 mg/kg) group 
were given salidroside (dissolved in 0.9 percent saline) intraperitoneally for 7 days (10 mg/kg/day) before the 
surgery. In addition, the rats in the I/R + Sal (20 mg/kg) group received salidroside (dissolved in 0.9 percent 
saline) intraperitoneally for 7 days (20 mg/kg/day) before the surgery. After orthotopic liver transplantation, the 
animals were euthanized at different times, and then liver tissues and sera were collected and frozen at − 80 °C.

In vitro study design and cell model.  The RAW 264.7 cells were obtained from the Chinese Academy 
of Sciences’ Type Culture Collection’s Cell Bank and grown at 37 °C and 5% CO2 in F12/DMEM (Gibico Grand 
Island, USA) with 10% fetal bovine serum (Gibco, Australia). A hypoxia/reoxygenation (H/R) cell model was 
used to simulate hepatic IRI. Briefly, RAW 264.7 macrophages were placed in a tri-gas incubator (Thermo, MA, 
USA) with a 1% O2 and 5% CO2 condition. The cells were taken for additional tests after 6 h of hypoxia followed 
by 6 h of reoxygenation. With or without lipopolysaccharide (LPS) (25 mol/L, Beyotime, Shanghai, China), the 
cells were treated with 1, 10, or 50 M salidroside. Control cells were cultured in F12/DMEM (Gibico Grand 
Island, USA) containing 10% fetal bovine serum (Gibco, Australia) at 37 °C and 5% CO2.

Aminotransferase assay.  Liver enzyme kits (Jiancheng Bioengineering Institute, China) were used to 
measure serum aminotransferase (AST) and aspartate aminotransferase (AST) levels, according to the manu-
facturer’s instructions.
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Determination of cytokines.  Enzyme-linked immunosorbent assay (ELISA) kits were used to measure 
IL-1, IL-18, and tumor necrosis factor-α (TNF-α) in the cell culture supernatants and rat sera (Neobioscience, 
Beijing, China), following the manufacturers’ instructions.

Histology and TUNEL analysis.  The grafts were fixed with 4% paraformaldehyde for 24 h. After being 
embedded, the tissues were sectioned at 5 µM and stained with HE. Suzuki scores were used to evaluate liver 
damage. The level of hepatic apoptosis was determined using a TUNEL kit (Beyotime, Shanghai, China), accord-
ing to the manufacturer’s protocol. An optical microscope (Lecia, Wetzlar, Germany) was used to analyze and 
image the tissues at different magnifications.

Western blot.  Total protein from the liver tissues of rats following liver transplantation and RAW 264.7 
cells from the Chinese Academy of Sciences’ Type Culture Collection’s Cell Bank was extracted by lysis in radio 
immunoprecipitation assay buffer with a proteinase inhibitor cocktail. The proteins were resolved in 10% SDS-
PAGE gels before transfer into polyvinylidene fluoride membranes and then blocked for 15 min with blocking 
buffer. The membranes were treated overnight at 4  °C with primary antibodies (Table  1), washed and then 
incubated with secondary antibody for 1 h at room temperature. A gel imaging system was used to detect signals 
generated by chemiluminescence (ChemiScope 2850, Clinx Science, Shanghai, China). We then quantified the 
bands using ImageJ program.

Quantitative real‑time PCR (qRT‑PCR).  Total RNA was extracted by TRIzol (Takara, Tokyo, Japan) 
according to the manufacturer’s instructions, and then PrimeScript RT Reagent (Takara, Tokyo, Japan) was used 
to synthesize complementary DNA (cDNA). The PCR primers were provided by Sangon Biotech (Sangon Bio-
tech, Shanghai, China), (Table 2). We used the 2−ΔΔCt method to evaluate all qRT-PCR samples, which were 
conducted in triplicate.

Statistical analysis.  The data was reported as the mean ± SD of at least three independent replicates. For 
comparisons involving means of two groups, the Student’s t-test was used, while one-way ANOVA was utilized 
for comparisons of more than two groups. GraphPad Prism version 8.0 was used to conduct the data analyses. A 
p < 0.05 was used to indicate statistical significance.

Results
Salidroside enhances liver function and reduces inflammatory cytokines in rats after liver 
transplant.  The rats were divided into three groups and received liver transplantation after salidroside intra-
peritoneally for 7 days (Fig. 1A). The chemical formula of salidroside is shown (Fig. 1B). Serum levels of AST and 
ALT are the main indicators in evaluating liver function. Our analysis showed that ALT and AST levels were sig-
nificantly elevated after liver transplant. Pretreatment with increasing dosages of salidroside (5, 10, or 20 mg/kg) 

Table 1.   Antibodies for immunofluorescence staining and western blot. WB western blotting.

Primary antibody Dilution concentration Supplier

TLR-4 WB (1/300) Abcam

MyD88 WB (1/1000) Abcam

p-IKKα WB (1/1000) Beyotime

IKKα WB (1/1000) Beyotime

p-IKKβ WB (1/1000) Beyotime

IKKβ WB (1/1000) Beyotime

p-IKK WB (1/1000) Beyotime

IKK WB (1/1000) Beyotime

p- IκBα WB (1/2500) Santa Cruz

IκBα WB (1/2500) Santa Cruz

p-P65 WB (1/2500) Beyotime

P65 WB (1/1000) Beyotime

NLRP3 WB (1/1000) Bioss

ASC WB (1/1000) Santa Cruz

Cleaved caspase-1 WB (1/1000) CST

Caspase-1 WB (1/1000) CST

IL-1β WB (1/1000) Beyotime

IL-18 WB (1/1000) Beyotime

TNF-α WB (1/1000) Beyotime

IL-6 WB (1/1000) Beyotime

β-actin WB (1/1000) Beyotime
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for 7 days decreased ALT and AST levels compared to the I/R group, demonstrating that salidroside treatment 
improves the recipients’ liver functioning (Fig. 1C). The IL-1β, IL-18, and TNF-α serum levels were markedly 
higher in the I/R group compared to the control group. In comparison to the I/R group, salidroside pretreatment 
(5, 10 or 20 mg/kg) gradually suppressed the elevated levels of the cytokines (Fig. 1D).

Table 2.   Primer sequences used for PCR analyses.

Name Forward primer Reverse primer

TNF-α CTA​CGT​GCT​CCT​CAC​CCA​CAC​CGT​ ACC​TCA​GCG​CTG​AGC​AGG​TCC​CCC​

IL-1β AGG​GCT​GCT​TCC​AAA​CCT​TTG​ACC​ ACT​GCC​TGC​CTG​AAG​CTC​TTG​TTG​

IL-6 CTG​ATT​GTA​TGA​ACA​GCG​ATG​ATG​ AAC​TCC​AGA​AGA​CCA​GAG​CAG​ATT​

IL-18 GCA​GTA​ATA​CGG​AGC​ATA​AA ATC​CTT​CAC​AGA​TAG​GGT​CA

Ly6G TGT​GCA​GAA​AGA​GCT​CAG​GGG​CTG​G AGT​GGG​GCA​GAT​GGG​AAG​GCA​GAG​A

CD11b TGA​TTG​ATG​GCT​CCG​GTA​G GGA​CTG​TGG​TTT​GTT​GAA​GGC​

GADPH CTC​ACT​CAA​GAT​TGT​CAG​CA GTC​TTC​TGG​GTG​GCA​GTG​AT

Figure 1.   Salidroside improves liver function and decrease inflammatory cytokines in rats after liver 
transplantation. (A) Schematic diagram describing the grouping of the rats. (B) Chemical structure of 
salidroside. (C) Serum levels of ALT and AST in different groups. (D) Serum levels of inflammatory cytokines 
in different groups. The statistical differences among groups were assessed by one-way ANOVA. nsP > 0.05, 
*P < 0.05, **P < 0.01, ***P < 0.001.
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Salidroside decreases histopathological changes in rats after liver transplant.  To assess the 
function of salidroside in IRI-induced hepatocellular damage, HE staining was used examine the severity of his-
topathological changes in the liver from the rats in different groups. The HE staining data showed that the degree 
of coagulation necrosis, architectural anomalies, and hepatocyte vacuolization were milder in the I/R + Sal (5, 
10 or 20 mg/kg) group. These findings showed that salidroside pretreatment significantly reduces IRI-induced 
hepatic pathological changes (Fig. 2A,C).

Salidroside attenuates hepatocyte apoptosis in rats following liver transplant.  To investigate 
whether salidroside prevents hepatocyte apoptosis in vivo, the levels of hepatocyte apoptosis were determined 
using a TUNEL assay. The data demonstrated that the sham group had few TUNEL positive cells, which substan-
tially increased following liver transplantation, consistent with the HE staining results. In contrast, salidroside 
pretreatment alleviated hepatic apoptosis in a dose-dependent manner (Fig. 2B,D).

Salidroside regulates the TLR‑4/NF‑κB/NLRP3 inflammatory pathway in the liver of rats after 
liver transplantation.  Liver tissues from I/R group exhibited significant increase in the expression of TLR-
4, MyD88, p-IKKα, p-IKKβ, p-IKK, p-IκBα, p-P65, NLRP3, ASC, Cleaved caspase-1, IL-1β, IL-18, TNF-α and 
IL-6 proteins compared to those in the sham group. As expected, pretreatment with salidroside (5, 10, or 20 mg/
kg) reduced activation of the TLR-4/ NF-κB /NLRP3 inflammatory pathway (Fig. 3).

Figure 2.   Salidroside attenuates hepatic histopathological changes and hepatocyte apoptosis of the rats 
following liver transplantation. (A) Representative HE staining images showing hepatic histological alterations 
(indicated with arrowheads) in the rat liver (magnification, 200; scale bar, 200 m; n = 6). (B) Hepatic apoptosis 
detected by TUNEL assay (magnification, × 200; scale bar, 200 μm; n = 6). (C) Hepatic IRI grading based on 
suzuki’s grade. (D) TUNEL+ cells of the liver based on TUNEL assay. The statistical differences among groups 
were assessed by one-way ANOVA. nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Salidroside mitigates hepatic IRI‑induced inflammation and neutrophil infiltration.  To estab-
lish a connection between neutrophil infiltration and liver inflammation, qRT-PCR was conducted to determine 
the expression levels of Pro-inflammatory cytokines and neutrophil markers, such as IL-1β, IL-18, IL-6, TNF-
α, Ly6G and CD11b. Our analyses showed significantly elevated IL-1β, IL-18, IL-6 TNF-α, Ly6G and CD11b 
mRNA expression levels in the liver of the rats following liver transplantation, which were suppressed in the rats 
in the I/R + Sal (5, 10 or 20 mg/kg) group. The results of qRT-PCR indicated that salidroside pretreatment could 
mitigate hepatic IRI-induced inflammation and neutrophil infiltration in a dose-dependent manner (Fig. 4).

Salidroside induced macrophage M2 polarization and alleviates the H/R‑induced inflamma‑
tion through the TLR‑4/NF‑κB/NLRP3 inflammatory pathway.  Notably, our data showed that H/R 
exposure elevates the TLR-4, MyD88, p-IKKα, p-IKKβ, p-IKK, p-IκBα, p-P65, NLRP3, ASC, Cleaved caspase-1, 
IL-1β, IL-18, TNF-α and IL-6 protein levels compared to those in the control group. Treatment with salidro-
side (1 μM, 10 μM or 50 μM) diminished the activation of TLR-4/NF-κB/NLRP3 inflammatory pathway and 
decreased the secretion of the proinflammatory factors in a dose-dependent manner. Although there were sig-
nificantly higher levels of IL-1β, IL-18 and TNF-α in the cell supernatant of the H/R group, treatment with 
salidroside (1 M, 10 M, or 50 M) decreased the levels of these cytokines in a dose-dependent manner. Western 

Figure 3.   Salidroside inhibits TLR-4/NF-κB/NLRP3 inflammatory pathway in vivo. (A,C) Representative 
western blot assays showing TLR-4/NF-κB/NLRP3 inflammatory pathway associated proteins in the rat liver 
after liver transplantation. (B,D) Results of the Western blot experiments. The statistical differences among 
groups were assessed by one-way ANOVA. nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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blot analysis was used to determine the expression levels of M2 polarization-related proteins (Arg-1, CD206, 
IL-10). As the salidroside concentration increased, the M2 polarization effect of macrophage gradually increased 
(Fig. 5).

Protective effect of salidroside is attenuated after TLR‑4 activation.  In comparison with the 
H/R + Sal (10 M) group, Western blotting analyses revealed that lipopolysaccharides (LPS) treatment signifi-
cantly boosted the expression of TLR-4/NF-κB/NLRP3 inflammatory pathway related proteins (Fig.  6A–D). 
Similarly, compared to the H/R + Sal (10 μM) group, LPS significantly elevated the inflammatory cytokines in 
the cell supernatants (Fig. 6E). These data demonstrated that LPS (TLR-4 agonist) partly reversed the effects of 
salidroside. In addition, LPS stimulation significantly activated TLR-4/NF-κB/NLRP3 inflammatory pathway 
and facilitated the production of inflammatory cytokines by macrophages. Interestingly, the protective effects of 
salidroside in the macrophages with H/R exposure were attenuated after TLR-4 activation.

Figure 4.   Salidroside suppresses transcription of pro-inflammatory cytokinesis. (A) IL-1β mRNA expression. 
(B) IL-18 mRNA expression. (C) TNF-α mRNA expression. (D) IL-6 mRNA expression. (E) Ly6G mRNA 
expression. (F) CD11b mRNA expression. The statistical differences among groups were assessed by one-way 
ANOVA. nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5.   Salidroside inhibits inflammation in the H/R-exposed macrophages by regulating TLR-4/NF-κB/
NLRP3 inflammatory pathway. (A,C) Representative Western blot data showing TLR-4/NF-κB/NLRP3 
inflammatory pathway associated proteins in macrophages. (B,D) The results of western blot experiments. 
(E) Expression of IL-1β, IL-18 and TNF-α in macrophages was analyzed by ELISA. (F) Expression of M2 
polarization markers in macrophages was analyzed by western blot. The statistical differences among groups 
were assessed by one-way ANOVA. nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6.   LPS (TLR-4 activator) partially alleviates the anti-inflammatory ability of salidroside via regulation 
of the TLR-4/NF-κB/NLRP3 inflammatory pathway. (A,C) Representative Western blot data of the TLR-4/
NF-κB/NLRP3 inflammatory pathway associated proteins in macrophages. (B,D) The results of western blot 
experiments. (E) Production of IL-1β, IL-18 and TNF-α in macrophages was assessed by ELISA. The statistical 
differences among groups were assessed by one-way ANOVA. nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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Discussion
Hepatic IRI caused by liver transplantation is one of the main causes of impaired liver function20. Increased 
ischemia time and enhanced liver inflammatory responses may result in a poorer prognosis and overall survival21. 
Although the etiology of hepatic IRI is complex, previous studies have demonstrated the important role of 
excessive inflammatory response in donor liver, which is one of the important factors leading to compromised 
liver functions22. Thus, pharmaceutical approaches targeting proinflammatory cytokines could lay the basis for 
development of hepatic IRI therapy.

Salidroside, one of the most active chemicals from Rhodiola plants, has been associated with remarkable 
biological activities, including anti-inflammatory, antioxidant, and hepatoprotective effects23–25. For instance, 
Gao et al. showed that salidroside reduces cartilage degradation by modulating inflammation and immunologi-
cal responses through the NF-κB pathway26. Besides, Zheng and Yang demonstrated that salidroside improved 
hepatic lipid metabolism and activation of the NLRP3 inflammasome, ultimately alleviating nonalcoholic fatty 
liver disease27. However, the mechanism underlying the therapeutic effects of salidroside in the rat hepatic IRI 
following liver transplantation has not been fully investigated. Herein, we verified that salidroside improved 
liver function inhibit hepatocyte apoptosis, decreased the release of inflammatory cytokines in vitro, similarly 
suppressing inflammatory responses in vitro. Moreover, our studies suggested that salidroside exerts its hepato-
protective effects by inhibiting the inflammatory response through regulating the TLR-4/NF-κB/NLRP3 inflam-
matory pathway. Our results may provide some novel insights into the therapy of hepatic IRI.

In addition, our study showed that treatment with salidroside (5, 10 or 20 mg/kg) significantly decreased 
serum AST and ALT levels in rats after liver transplantation. We also demonstrated that salidroside treatment 
alleviated hepatic histopathological changes and inhibited hepatocyte apoptosis in the liver tissues of rats 

Figure 7.   Putative route by which salidroside attenuates inflammatory reactions in liver IRI. The mechanisms 
involved in salidroside inhibition of hepatic IRI-induced inflammatory response through the roles of TLR-4/
MyD88/NF-κB and TLR-4/NF-κB/NLRP3 inflammatory pathway.
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following liver transplantation, indicating the activities of salidroside in IRI-induced liver injury. Our findings 
agreed with previous studies which showed that salidroside confers hepatoprotective properties28.

Overproduction of inflammatory cytokines such as IL-1β, IL-18, IL-6, and TNF-α during the activation of 
IRI-induced immune responses is referred to as liver inflammation. Here, inflammatory substances accumu-
late in the liver and serum, aggravating endothelial cell damage and disrupting liver microcirculation through 
chemotaxis29,30. Our findings showed that salidroside alleviates hepatic IRI by suppressing the inflammatory 
responses. The inflammatory cytokines such as IL-1β, IL-18, IL-6, and TNF-α were shown to be overexpressed in 
both in vivo and in vitro hepatic IRI models. Furthermore, we showed that salidroside could inhibit the activation 
of the TLR-4/NF-B/NLRP3 inflammatory pathway in hepatic IRI, as well as the release of downstream inflam-
matory cytokines. The correlation between hepatic IRI and TLR-4/NF-κB signaling pathway has been reported. 
Hepatic IRI activates the TLR-4-mediated MyD88-dependent pathway and upregulates NF-κB which induces 
liver injury8,31. Besides, previous study has shown that damage-associated molecular pattern (DAMP) activates 
TLR-4 and MyD88, causing NF-κB to translocate to the nucleus via phosphorylation of the IκB at Ser32 and 
proteasome-mediated degradation32. The significance of TLR-4/NF-κB pathway in the activation of the NLRP3 
inflammasome has already been reported33. Furthermore, NLRP3 promoted the recruitment of ASC, which then 
activated pro-caspase-1 into casepase-1, resulting in the production of mature IL-1β and IL-18, ultimately ampli-
fying inflammatory responses and impairment34. The aberrant activation of the TLR-4/NF-κB/NLRP3 is quite 
significant in the formation and maintenance of the inflammatory microenvironment during hepatic IRI35. Our 
findings revealed that salidroside significantly reduces the expression of TLR-4, MyD88, p-IKKα, p-IKKβ, p-IKK, 
p-IκBα, p-P65, NLRP3, ASC, Cleaved caspase-1, IL-1β, IL-18, TNF-α and IL-6 in rats after liver transplantation 
as well as H/R-induced macrophages. Further analysis showed that salidroside reduces inflammation and hepatic 
IRI by inhibiting TLR-4-mediated NF-κB and inflammasome activation. Our data showed that TLR-4/NF-κB/
NLRP3 inflammatory pathway was activated in rats after liver transplantation and in H/R induced macrophages. 
In addition, activation of the TLR-4/NF-κB/NLRP3 inflammatory pathway was inhibited by salidroside, and 
these effects were reversed by a TLR-4 agonist, suggesting that salidroside alleviate hepatic IRI by inhibiting 
the activation of TLR-4/NF-κB/NLRP3 inflammatory pathway and blocking TLR-4 (Fig. 7). Whereas our study 
highlights important findings, it is limited by the fact that we used a syngeneic liver transplantation mode to 
study liver transplantation IRI, which is not a perfect clinical model for studying allogeneic liver transplantation. 
Besides, we lacked clinical evidence to support the salidroside’s effectiveness.

Conclusions
In conclusion, our data illustrated that salidroside is an anti-inflammatory compound and alleviates hepatic 
IRI by inhibiting TLR-4/NF-κB/NLRP3 inflammatory pathway. Thus, salidroside could be a novel therapeutic 
strategy in the treatment of hepatic IRI.

Data availability
All data generated or analyzed during this study are included in this published article and supplementary mate-
rial S1.

Received: 2 February 2022; Accepted: 10 August 2022

References
	 1.	 Liu, Y. et al. Activation of YAP attenuates hepatic damage and fibrosis in liver ischemia-reperfusion injury. J. Hepatol. 71(4), 

7199–7730 (2019).
	 2.	 Starzl, T. E. & Fung, J. J. Themes of liver transplantation. Hepatol. 51(6), 1869–1884 (2010).
	 3.	 Yang, L. et al. Creg in hepatocytes ameliorates liver ischemia/reperfusion injury in a TAK1-dependent manner in mice. Hepatology 

69, 294–313 (2019).
	 4.	 Sosa, R. A. et al. Pattern recognition receptor-reactivity screening of liver transplant patients: potential for personalized and precise 

organ matching to reduce risks of ischemia-reperfusion injury. Ann. Surg. 271, 922–931 (2020).
	 5.	 Lu, T. et al. Dual effect of hepatic macrophages on liver ischemia and reperfusion injury during liver transplantation. Immune 

Netw. 18(3), e24 (2018).
	 6.	 Guo, Z. et al. NLRP3 is involved in ischemia/reperfusion injury. CNS Neurol. Disord. Drug Targets. 15(6), 699–712 (2016).
	 7.	 Liu, L. et al. Up-regulated TLR4 in cardiomyocytes exacerbates heart failure after long-term myocardial infarction. J. Cell. Mol. 

Med. 19, 272–340 (2015).
	 8.	 Zhang, S. et al. Aucubin attenuates liver ischemia-reperfusion injury by inhibiting the HMGB1/TLR-4/NF-κB signaling pathway, 

oxidative stress, and apoptosis. Front. Pharmacol. 8(11), 544124 (2020).
	 9.	 Gong, T. et al. Dibromoacetic acid induced hepatotoxicity in mice through oxidative stress and toll-like receptor 4 signaling pathway 

activation. Oxid. Med. Cell Longev. 20(2019), 5637235 (2019).
	10.	 Xu, L. et al. viaSevoflurane postconditioning attenuates hepatic ischemia-reperfusion injury by limiting HMGB1/TLR4/NF-Κb 

pathway modulating microRNA-142. Front. Pharmacol. 16(12), 646307 (2021).
	11.	 El-Sisi, A. et al. Octreotide and melatonin alleviate inflammasome-induced pyroptosis through inhibition of TLR4-NF-κB-NLRP3 

pathway in hepatic ischemia/reperfusion injury. Toxicol. Appl. Pharmacol. 410, 115340 (2021).
	12.	 Liang, J., Fraser, I. & Bryant, C. Lipid regulation of NLRP3 inflammasome activity through organelle stress. Trends Immunol. 42(9), 

807–823 (2021).
	13.	 Pan, Y. et al. N-acetyl-L-tryptophan attenuates hepatic ischemia-reperfusion injury via regulating TLR4/NLRP3 signaling pathway 

in rats. PeerJ 10(9), e11909 (2021).
	14.	 Zhong, Z. et al. Pharmacological activities, mechanisms of action, and safety of salidroside in the central nervous system. Drug 

Des. Devel. Ther. 24(12), 1479–1489 (2018).
	15.	 Zhao, C. et al. The therapeutic effects and mechanisms of salidroside on cardiovascular and metabolic diseases: An updated review. 

Chem. Biodivers. 18(7), e2100033 (2021).
	16.	 Zhang, X. et al. Salidroside: A review of its recent advances in synthetic pathways and pharmacological properties. Chem. Biol. 

Interact. 339, 109268 (2021).



12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:13973  | https://doi.org/10.1038/s41598-022-18369-4

www.nature.com/scientificreports/

	17.	 Sun, S. et al. Antioxidant effects of salidroside in the cardiovascular system. Evid. Based Complement Altern. Med. 26(2020), 9568647 
(2020).

	18.	 Yuan, Y. et al. Salidroside alleviates liver inflammation in furan-induced mice by regulating oxidative stress and endoplasmic 
reticulum stress. Toxicology 461, 152905 (2021).

	19.	 Yang, L. et al. A rat model of orthotopic liver transplantation using a novel magnetic anastomosis technique for suprahepatic vena 
cava reconstruction. J. Vis. Exp. 133, 56933 (2018).

	20.	 Kawasaki, S. & Ishizaki, Y. Current status and future of cadaveric liver transplantation. Nihon Shokakibyo Gakkai Zasshi. 108(5), 
717–722 (2011).

	21.	 Ito, T. et al. Ischemia-reperfusion injury and its relationship with early allograft dysfunction in liver transplant patients. Am. J. 
Transpl. 21, 614–625 (2021).

	22.	 Hu, J. et al. Targeting TRAF3 signaling protects against hepatic ischemia/reperfusions injury. J. Hepatol. 64, 146–159 (2016).
	23.	 Fan, F. et al. Salidroside as a potential neuroprotective agent for ischemic stroke: A review of sources, pharmacokinetics, mechanism 

and safety. Biomed. Pharmacother. 129, 110458 (2020).
	24.	 Li, D. et al. Salidroside attenuates inflammatory responses by suppressing nuclear factor-kappaB and mitogen activated protein 

kinases activation in lipopolysaccharide-induced mastitis in mice. Inflamm. Res. 62, 9–15 (2013).
	25.	 Feng, J. et al. Salidroside ameliorates autophagy and activation of hepatic stellate cells in mice via NF-kappaB and TGF-beta1/

Smad3 pathways. Drug Des. Dev. Ther. 12, 1837–1853 (2018).
	26.	 Gao, H. et al. Salidroside alleviates cartilage degeneration through NF-κB pathway in osteoarthritis rats. Drug Des. Devel. Ther. 

14(14), 1445–1454 (2020).
	27.	 Zheng, T. et al. Salidroside attenuates high-fat diet-induced nonalcoholic fatty liver disease via AMPK-dependent TXNIP/NLRP3 

pathway. Oxid. Med. Cell Longev. 22(2018), 8597897 (2018).
	28.	 Zou, H. et al. Salidroside protects against cadmium-induced hepatotoxicity in rats via GJIC and MAPK pathways. PLoS ONE 10, 

e0129788 (2015).
	29.	 Zhang, J. et al. Prognoses of patients with acute-on-chronic hepatitis B liver failure are closely associated with altered SOCS1 

mRNA expression and cytokine production following glucocorticoid treatment. Cell. Mol. Immunol. 11(4), 396–404 (2014).
	30.	 Li, J. et al. Astaxanthin pretreatment attenuates hepatic ischemia reperfusion-induced apoptosis and autophagy via the ROS/MAPK 

pathway in mice. Mar. Drugs. 13(6), 3368–3387 (2015).
	31.	 Kim, M. et al. The vitamin D analogue paricalcitol attenuates hepatic ischemia/reperfusion injury through down-regulation of 

Toll-like receptor 4 signaling in rats. Arch. Med. Sci. 13(2), 459–469 (2017).
	32.	 Yang, L. et al. Inhibition of HMGB1 involved in the protective of salidroside on liver injury in diabetes mice. Int. Immunopharmacol. 

89, 106987 (2020).
	33.	 Luo, H. et al. Mycoplasma pneumoniae lipids license TLR-4 for activation of NLRP3 inflammasome and autophagy to evoke a 

proinflammatory response. Clin. Exp. Immunol. 203(1), 66–79 (2021).
	34.	 Wang, X. et al. The TIR/BB-loop mimetic AS-1 prevents non-alcoholic steatohepatitis and hepatic insulin resistance by inhibiting 

NLRP3-ASC inflammasome activation. Br. J. Pharmacol. 174(12), 1841–1856 (2017).
	35.	 Li, X. et al. Pre-conditioning with tanshinone IIA attenuates the ischemia/reperfusion injury caused by liver grafts via regulation 

of HMGB1 in rat Kupffer cells. Biomed. Pharmacother. 89, 1392–1400 (2017).

Author contributions
Y.L. and X.Q. designed the experiments and edited the final draft of this paper. Y.L., Z.L., H.C. and Q.K. per-
formed the experiments.

Funding
This work was supported by the National  Natural  Science  Foundation  of  Chongqing (No.
cstc2020jcyj-msxmX0113).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​18369-4.

Correspondence and requests for materials should be addressed to X.Q.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-18369-4
https://doi.org/10.1038/s41598-022-18369-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Salidroside alleviates hepatic ischemia–reperfusion injury during liver transplant in rat through regulating TLR-4NF-κBNLRP3 inflammatory pathway
	Materials and methods
	Ethical statement. 
	Animals and orthotopic liver transplantation models. 
	In vitro study design and cell model. 
	Aminotransferase assay. 
	Determination of cytokines. 
	Histology and TUNEL analysis. 
	Western blot. 
	Quantitative real-time PCR (qRT-PCR). 
	Statistical analysis. 

	Results
	Salidroside enhances liver function and reduces inflammatory cytokines in rats after liver transplant. 
	Salidroside decreases histopathological changes in rats after liver transplant. 
	Salidroside attenuates hepatocyte apoptosis in rats following liver transplant. 
	Salidroside regulates the TLR-4NF-κBNLRP3 inflammatory pathway in the liver of rats after liver transplantation. 
	Salidroside mitigates hepatic IRI-induced inflammation and neutrophil infiltration. 
	Salidroside induced macrophage M2 polarization and alleviates the HR-induced inflammation through the TLR-4NF-κBNLRP3 inflammatory pathway. 
	Protective effect of salidroside is attenuated after TLR-4 activation. 

	Discussion
	Conclusions
	References


