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Abstract
Lung injury associated with systemic inflammatory response is a common problem affecting human health. Previous studies 
have shown that lycorine exerts a anti-inflammatory effect. However, whether lycorine alleviates lung injury remains unclear. 
To explore this issue, BALB/c mice and MLE-12 cells were treated with lipopolysaccharide (LPS) to establish lung injury 
mouse model and cell model, respectively. Glycyrrhizic acid, known as an inhibitor of ALI, was also used to study the effects 
of lycorine in vitro. Our results showed that after LPS treatment, the lung injury score, lung wet-to-dry weight ratio, and 
malondialdehyde (MDA) production in the lung tissues and the expression levels of tumor necrosis factor-α, interleukin-1β, 
and interleukin-6 in bronchoalveolar lavage fluid were significantly increased, whereas their levels were decreased by lycorine. 
Additionally, LPS injection activated the high-mobility group box 1 (HMGB1)/Toll-like receptors (TLRs)/NF-κB pathway. 
However, lycorine treatment attenuated the activity of the HMGB1/TLRs/NF-κB pathway in the lung tissues. In vitro studies 
showed that lycorine administration significantly decreased the levels of inflammatory cytokines and MDA and attenuated 
the activity of the HMGB1/TLRs/NF-κB pathway in LPS-treated cells. Moreover, the inhibitory effects of lycorine on the 
inflammatory response and oxidative stress in LPS-treated lung cells were similar with that of glycyrrhizic acid, and this 
inhibition was intensified by both lycorine and glycyrrhizic acid treatment. We suggest that lycorine could alleviate LPS-
induced lung injury of inflammation and oxidative stress by blocking the HMGB1/TLRs/NF-κB pathway, which gives a new 
perspective for ALI therapy to treat lycorine as a potential treatment clinically.
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Introduction

Acute lung injury (ALI) is a clinical syndrome results from 
various direct or indirect injury factors, characterized by 
pulmonary edema, inflammatory responses, and surfactant 
dysfunction (Fan et al. 2018). ALI usually leads to fur-
ther clinical outcomes, including acute respiratory distress 

syndrome (ARDS) and hypoxemia (Fan et al. 2018; Fan and 
Fan 2018). Therefore, it is necessary to explore new thera-
peutic approaches and therapeutic targets for the treatment 
of ALI.

Imbalance in a variety of complex reactions, including 
inflammatory responses and oxidative stress, is the main cause 
of lung injury. Inflammatory responses involve the activa-
tion of inflammatory cells and the release of inflammatory 
cytokines (Park et al. 2001). In response to injury stimulation, 
neutrophils, macrophages, endothelial cells, and mast cells are 
activated and produce various cytotoxic substances, including 
pro-inflammatory factors, leading to lung injury and further 
acute hypoxic respiratory insufficiency or respiratory failure 
(Butt et al. 2016; Herold et al. 2013). Additionally, when the 
organisms are adversely stimulated, the oxidation and antioxi-
dant processes become out of balance, resulting in the accu-
mulation of peroxidation products, including reactive oxygen 
species (ROS) and malondialdehyde (MDA), and further cell 
death (Guo and Ward 2007). Moreover, the accumulation of 
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peroxidation products is also associated with the activation 
of inflammatory responses. Specifically, ROS could regulate 
the expression levels of pro-inflammatory factors through the 
nuclear factor-κB (NF-κB) pathway and chromatin remode-
ling (Rahman et al. 2004). It has been reported that the inhibi-
tion of inflammation response and oxidative stress effectively 
attenuated lipopolysaccharide (LPS)-induced ALI (Jiang et al. 
2016; Lei et al. 2018). Mechanism studies have shown that 
this inhibition was achieved by blocking the toll-like receptor 
4 (TLR4)/NF-κB pathway and nuclear factor E2-related fac-
tor 2 (Nrf2)/heme oxygenase-1 (HO-1) pathway (Deng et al. 
2017; Lei et al. 2018). Collectively, inflammatory response 
and oxidative stress may be therapeutic targets for the treat-
ment of lung injury.

Lycorine is a natural alkaloid isolated from lycoris and 
displays a variety of biological efficacy, including anti-
tumor, anti-virus, and anti-malaria (Guo et al. 2016; Nair 
and van Staden 2019; Ying et  al. 2017). Early studies 
showed that lycorine also had anti-inflammatory efficacy 
and improved the survival rate of mice with LPS-induced 
septic shock (Citoglu et al. 2012; Kang et al. 2012). How-
ever, whether lycorine alleviates LPS-mediated ALI needs 
further investigation. High-mobility group box 1 (HMGB1) 
is a key regulator of ALI. HMGB1 mediated the activation 
of the TLR4/NF-κB pathway and the blockade of TLR4/
NF-κB pathway relieved LPS-induced ALI (Meng et al. 
2018). Moreover, the evidence revealed that lycorine could 
inhibit HMGB1 expression in cancer progression (Roy et al. 
2016). Based on the above, we hypothesized that lycorine 
could alleviate LPS-induced ALI via blocking the HMGB1/
TLR4/NF-κB pathway.

In the present study, we found that LPS treatment trig-
gered significant lung injury and induced inflammatory 
response and oxidative stress in the lung, which was attenu-
ated by lycorine. Mechanism studies showed that the acti-
vation of HMGB1/TLRs/NF-κB pathway induced by LPS 
increased inflammatory responses and oxidative stress, while 
its blockade by lycorine effectively suppressed pulmonary 
inflammatory response and oxidative stress, and further alle-
viated lung injury.

Materials and methods

Animal grouping and treatment

Male BALB/c mice aged 8 weeks were adaptively fed for 
1 week. All animals had free access to water and were 
housed at a temperature of 25 ± 1  °C with a 12 h:12 h 
light–dark cycle. The animals were randomly divided into 
four groups: control group, LPS group, LPS + lycorine 
(20 mg/kg) group, and LPS + lycorine (40 mg/kg) group.

For the establishment of ALI model, mice were instilled 
with LPS intratracheally (2 mg/kg, dissolved in 50 μl saline), 
while the control group was given the same amount of 
saline. For the treatment group, mice were received lycorine 
intraperitoneally (20 mg/kg or 40 mg/kg) 1 h before LPS 
treatment. After 12 h of LPS treatment, all animals were 
sacrificed. Bronchoalveolar lavage fluid (BALF) and lung 
tissues were collected for subsequent experiments. LPS and 
lycorine were purchased from Aladdin Biochemical Tech-
nology Co., Ltd. (Shanghai, China).

Hematoxylin–eosin (H&E) staining

The lung tissue samples were fixed with 10% formalde-
hyde, embedded with paraffin, and then sectioned. Lung 
sections (5 μm) were stained with hematoxylin and eosin 
according to the manufacturer’s instructions. Subsequently, 
the sections stained with hematoxylin and eosin were 
observed and photographed under a microscope (Olympus, 
Tokyo, Japan) (magnification, 200 ×). Blind lung injury 
scoring system was used to calculate the lung injury score. 
In short, alveolar congestion, alveolar wall thickening and 
edema, and alveolar cell infiltration scored 0–3 (0: None, 1: 
Mild, 2: Moderate, 3: Severe), with a maximum score of 9 
(Toba et al. 2016).

Lung wet‑to‑dry weight ratio

Fresh lung tissues (left lung) were collected. After removing 
other tissues, the wet weight of lung tissues was measured. 
Then, the lungs were placed in an oven at 70 °C for 24 h to 
remove all moisture, and the dry weight was determined. 
Finally, the lung wet/dry weight ratio was calculated.

Enzyme‑linked immunosorbent (ELISA) assay

The expression levels of tumor necrosis factor-α (TNF-α), 
interleukin-1β (IL-1β), and interleukin-6 (IL-6) in BALF 
and cells were detected using ELISA Kits (Boster, Wuhan, 
China). The optical density (OD) values at 450 nm and 
570 nm were detected with a microplate reader (Biotek, 
Winooski, VT, USA).

Malondialdehyde (MDA) assay

The lung tissues were homogenized and centrifuged to 
obtain the supernatant. Radioimmunoprecipitation assay 
lysis buffer (Solarbio, Beijing, China) was used to lyse 
cells. The lysate was then centrifuged to obtain the super-
natant. The protein concentration was measured using Bicin-
choninic acid (BCA) protein concentration kit (Beyotime, 
Shanghai, China) and then diluted to 1 mg/ml with saline. 
Subsequently, the MDA detection kit (Jiancheng, Nanjing, 



3 Biotech (2020) 10:369	

1 3

Page 3 of 10  369

China) was used to measure the MDA level according to the 
manufacturer’s instructions.

Immunohistochemistry assay

The lung sections were incubated with 3% H2O2 for 15 min 
at room temperature to eliminate endogenous peroxidase 
activity. After treated with 5% goat serum for 15 min at 
room temperature, the sections were incubated with anti-
HMGB1 antibody (1:50, abclonal, Wuhan, China) at 4 °C 
overnight. Then, sections were washed with PBS for three 
times (5 min/time) and incubated with horseradish peroxi-
dase (HRP)-labeled secondary antibodies (1:500, Thermo 
Fisher, Waltham, MA, USA) for 1 h at 37 °C. After wash-
ing three times with PBS (5 min/time), the sections were 
treated with 3,3 N-diaminobenzidine tetrahydrochloride rea-
gent (100 μl) (Solarbio). Subsequently, hematoxylin (Solar-
bio) was counterstained for 3 min. Finally, the slices were 
observed and photographed under a microscope (Olympus) 
(magnification, 200 ×).

Western blot analysis

Total proteins were extracted from lung tissues and cells. BCA 
protein concentration kit (Beyotime) was used to detect pro-
tein concentration. Equal amount (20 µg, 20 μl per lane, 1 μg/
μl) of protein was separately by 10% SDS-PAGE. After trans-
ferred onto polyvinylidene difluoride membranes, the proteins 
were incubated with primary antibodies at 4 °C overnight. 
Subsequently, the membranes were incubated with HRP-
conjugated anti-rabbit/mouse secondary antibodies (1:5000, 
Beyotime) for 2 h at room temperature. Then, the membranes 
were visualized with chemiluminescence reagent and the opti-
cal density values were analyzed by Gel-Pro-Analyzer soft-
ware. β-actin was used as an internal control to standardize the 
target protein levels. The primary antibodies used in the pre-
sent study were: anti-HMGB1 (1:1000, Proteintech, Wuhan, 
China), anti-TLR4 (1:1000, Proteintech), anti-TLR5 (1:1000, 
Proteintech), anti-Myd88 (1:1000, Affinity, Cincinnati, OH, 
USA), anti-P65/P-P65 (Ser 536) (1:1000, Affinity), anti-IκBα/
P-IκBα (Ser 32/Ser 36) (1:1000, Affinity), and anti-β-actin 
(1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Quantitative real‑time PCR (RT‑qPCR)

Total RNA was extracted from lung tissues and cells. With 
the help of Super M-MLV reverse transcriptase and RNase 
inhibitor, reverse transcription PCR was performed to obtain 
complementary DNA (cDNA). Subsequently, RT-qPCR was 
performed using cDNA, primers, 2 × Power Taq PCR Mas-
terMix, and SYBR Green. The expression levels of the target 
genes were normalized with β-actin. The primers (GenScrip, 
Nanjing, China) for RT-qPCR were as follows:

HMGB1	� Forward: 5′…GGA​TAT​TGC​TGC​CTA​CAG​
AG…3′

	� Reverse: 5′… CTT​CAT​CCT​CCT​CAT​CAT​
CT…3′

TLR4	� Forward: 5′… AGC​AGG​TGG​AAT​TGT​ATC​
GC…3′

	� Reverse: 5′… TCA​GGT​CCA​AGT​TGC​CGT​
TT…3′

TLR5	� Forward: 5′… CCC​TTG​TAG​TCA​TAA​AGT​
TCCG…3′

	� Reverse: 5′… AAG​CAT​TCT​GTG​CCC​ATT​
CA…3′

β-Actin	� Forward: 5′…CTG​TGC​CCA​TCT​ACG​AGG​
GCTAT…3′

	� Reverse: 5′…TTT​GAT​GTC​ACG​CAC​GAT​
TTCC…3′

Cell culture and treatment

Mouse lung epithelial (MLE)-12 cells were cultured in a 
Dulbecco’s minimal essential medium/Ham’s F12 medium 
(Zhongqiaoxinzhou Biotech, Shanghai, China) contain-
ing 10% fetal bovine serum in an incubator at 37 °C sup-
plied with 5% CO2. Cells were pretreated with lycorine 
(10 μM, Aladdin, Shanghai, China) or/and glycyrrhizic acid 
(1 mmol/L, MedChem Express, Monmouth Junction, NJ, 
USA) for 3 h and then treated with LPS (2 μg/mL, Sigma, 
St. Louis, MO, USA) for 6 h.

Immunofluorescence staining

Lung sections were fixed in 4% paraformaldehyde for 15 min 
and then incubated with 0.1% Triton X-100 for 30 min. After 
washing three times with PBS (5 min/time), the sections 
were blocked with goat serum for 15 min. Subsequently, 
sections were incubated with anti-HMGB1 antibody (1:50, 
abclonal, Wuhan, China) at 4 °C overnight, followed by Cy3 
labeled goat anti-rabbit secondary antibody (1: 200, Beyo-
time). After washing three times (5 min/time) with PBS, 
the sections were treated with 4′,6-diamidino-2-phenylindole 
(Aladdin) for 30 min. Finally, sections were observed and 
photographed (Olympus) (magnification, 400 ×).

Statistical analysis

All data were mean ± standard deviation. Graphpad Prism 
8.0 was used for data analysis. Differences between multiple 
groups were analyzed by one-way ANOVA. P < 0.05 was 
considered statistically significant.
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Results

Lycorine alleviated LPS‑induced lung injury, 
inflammatory response, and oxidative stress 
in mice.

We first investigated the effects of lycorine on LPS-induced 
lung injury. The results showed that compared with control 
group, LPS treatment resulted in pathological damage, includ-
ing alveolar congestion, alveolar wall thickening, and edema 
(Fig. 1a). The lung injury score in LPS group was significantly 

elevated as compared with control group (Fig. 1a, P < 0.05). 
However, compared with LPS group, the severity of alveolar 
congestion, alveolar wall thickening, and edema in LPS + lyco-
rine groups was decreased (Fig. 1a). The lung injury score 
in LPS + lycorine groups was lower than that in LPS group 
(Fig. 1a, P < 0.05). As shown in Fig. 1b, compared with con-
trol group, the lung wet-to-dry weight ratio was significantly 
increased after LPS challenged (P < 0.05). However, the 
lung wet-to-dry weight ratio in LPS + lycorine (40 mg/kg) 
group was significantly decreased compared with LPS group 
(Fig. 1b, P < 0.05). LPS treatment resulted in the accumulation 

Fig. 1   Lycorine alleviated LPS-induced lung injury, inflammatory 
response, and oxidative stress in mice. One hour before challenged 
with LPS (2  mg/kg, dissolved in 50  μl saline) for 12  h, BALB/c 
mice were treated with or without lycorine (20 mg/kg or 40 mg/kg). 
1, control group; 2, LPS group; 3, LPS + lycorine (20 mg/kg) group; 
4, LPS + lycorine (40  mg/kg) group. a Representative histologi-
cal images of lung lesions and the lung injury score were obtained 
by Hematoxylin–Eosin staining, Scale bar = 100  μm. b, c The lung 
wet/dry weight ratio and the levels of MDA in the lung tissues were 

measured in each group. d The expression levels of TNF-α, IL-1β, 
and IL-6 in each group were measured by enzyme-linked immuno-
sorbent assay. N = 6. Data are means ± SD. A superscript with the 
same letter (such as a and ab) means that the difference is not signifi-
cant, and a superscript with different letter (such as a and b) means 
that the difference is significant (P < 0.05). LPS lipopolysaccha-
ride, MDA malondialdehyde, TNF-α tumor necrosis factor-α, IL-1β 
interleukin-1β, IL-6 interleukin-6
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of MDA in the lung issues, which was decreased by lycorine 
(Fig. 1c, P < 0.05). Additionally, the expression levels of 
pro-inflammatory factors in BALF were detected by ELISA 
assay. As shown in Fig. 1d, the expression levels of TNF-α, 
IL-1β, and IL-6 in LPS group were significantly up-regulated 
as compared with control group, whereas lycorine treatment 
inhibited LPS-induced TNF-α, IL-1β, and IL-6 elevation in a 
dose-dependent manner in BALF (P < 0.05). Therefore, the 
results suggested that LPS treatment successfully induced 
severe lung injury in the lungs accompanied by pulmonary 
edema, inflammatory response, and oxidative stress, which 
was ameliorated by lycorine.

Lycorine blocked HMGB1/TLRs/NF‑κB pathway 
in LPS‑treated mice.

We further explored the mechanism of lycorine in allevi-
ating LPS-induced lung injury. As shown in Fig. 2a, the 
expression level of HMGB1 measured by immunohisto-
chemistry assay in LPS group was higher than that in control 
group, while lycorine treatment inhibited the production of 
HMGB1 induced by LPS. Furthermore, compared to the 
control group, the protein levels of HMGB1, TLR4, TLR5, 
Myd88, P-P65, and P-IκBα in LPS group were observably 
increased and IκBα protein level in LPS group was signifi-
cantly decreased (P < 0.05). However, compared with LPS 
group, the protein levels of HMGB1, TLR4, TLR5, Myd88, 
P-P65, and P-IκBα in LPS + lycorine groups were markedly 
decreased and IκBα level was increased (Fig. 2b, P < 0.05). 
Consistently, the mRNA expression levels of HMGB1, 
TLR4, and TLR5 were markedly increased in LPS group 
as compared with control, whereas their levels were sig-
nificantly decreased in LPS + lycorine groups as compared 
with LPS group (Fig. 2c, P < 0.05). Therefore, these results 
indicated that lycorine inhibited LPS-induced activation of 
the HMGB1/TLRs/NF-κB pathway.

Lycorine alleviated LPS‑induced inflammatory 
response and oxidative stress in MLE‑12 cells

We also established a cell model with LPS. The results 
showed that compared with control group, the TNF-α, 
IL-1β, IL-6, and MDA levels in LPS group were signifi-
cantly increased, while their levels in LPS + lycorine and 
LPS + glycyrrhizic acid groups were decreased as compared 
with LPS group, respectively (Fig. 3a–d, P < 0.05). Moreo-
ver, the inhibitory effect of lycorine on the expression levels 
of pro-inflammatory factors was enhanced by glycyrrhizic 
acid (Fig. 3a–d, P < 0.05). Overall, these results indicated 
that lycorine inhibits LPS-induced inflammatory response 
and oxidative stress, which is consistent with in vivo studies. 
Moreover, the combined effect of lycorine and glycyrrhizic 
acid is more conducive to relieving LPS-induced lung injury.

Lycorine blocked HMGB1/TLRs/NF‑κB pathway 
in LPS‑treated MLE‑12 cells

As presented in Fig. 4a, LPS treatment increased HMGB1 
expression level as compared with control group. However, 
lycorine treatment decreased HMGB1 expression level as 
compared with the LPS group, and the decrease was further 
enhanced by glycyrrhizic acid (Fig. 4a). Moreover, com-
pared with control group, LPS triggered HMGB1, TLR4, 
TLR5, Myd88, P-P65, and P-IκBα elevation, and decreased 
IκBα level (P < 0.05). However, lycorine and glycyrrhizic 
acid administration significantly inhibited the accumulation 
of HMGB1, TLR4, TLR5, Myd88, P-P65, and P-IκBα in 
LPS-treated cells (Fig. 4b, P < 0.05). The trend of HMGB1, 
TLR4, and TLR5 mRNA levels in each group was consist-
ent with their protein expression (Fig. 4c, P < 0.05). Fur-
thermore, the inhibitory effect of lycorine on the HMGB1/
TLRs/NF-κB pathway was enhanced by glycyrrhizic acid 
(Fig. 4a–c, P < 0.05). Overall, lycorine and glycyrrhizic 
acid can inhibit the activation of the LPS-induced HMGB1/
TLRs/NF-κB pathway. Co-treatment of lycorine and glycyr-
rhizic acid enhances this inhibitory effect.

Discussion

In the present study, we revealed the important role of lyco-
rine in alleviating LPS-induced ALI. Increasing evidence 
suggested that inflammatory response is a vital cause of lung 
injury. Severe inflammatory response and overexpression 
of inflammatory factors IL-1β, TNF-α, IL-8, and IL-6 were 
observed in both lung injury animal models and patients 
with ARDS (Dong and Yuan 2018; Meduri et al. 1995). 
Additionally, studies showed that highly expressed inflam-
matory factors were also associated with poor prognosis of 
patients with ARDS, including IL-6 (Bouros et al. 2004; 
Meduri et al. 1995). The present study showed that LPS-
treated mice exhibited inflammatory response and overex-
pression of TNF-α, IL-1β, and IL-6, which is consistent with 
the previous results (Deng et al. 2017). In addition, oxidative 
stress is considered to be another important cause of lung 
damage. It can not only directly induce tissue damage, but 
also regulate pathways involved in pulmonary inflammatory 
response (Crapo 2003; Guo and Ward 2007). Severe oxida-
tive stress was observed in both lung injury patients and ani-
mal models, and the MDA level was significantly elevated 
(Lei et al. 2018; Winterbourn et al. 2000). Consistent with 
the previous studies, the present study showed that LPS 
treatment resulted in the accumulation of oxidative stress 
and MDA in the lungs and cells, indicating that inflamma-
tory response and oxidative stress play a crucial role in the 
induction of lung injury. It has been reported that drugs that 
inhibit inflammation and oxidation effectively attenuated 
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lung damage, including astaxanthin, cordycepin, and linarin 
(Bi et al. 2017; Han et al. 2018; Lei et al. 2018). Lycorine 
has been reported to be an effective inhibitor of tumor devel-
opment and also had many other benefits, including reducing 
LPS-induced bone loss in mice and inhibiting intervertebral 
disc degeneration (Park et al. 2019; Wang et al. 2018). Here, 
we found that lycorine alleviated lung injury and inhibited 

pulmonary edema, inflammatory response, and oxidative 
stress. The results suggested that lycorine may be a potential 
treatment for ALI.

HMGB1 is an inflammatory regulator related to sepsis 
and immune diseases, which is highly expressed in inflam-
matory diseases (Qu et al. 2019a). HMGB1 is the upstream 
regulator of TLR4 (Di Candia et al. 2017). In LPS-induced 

Fig. 2   Lycorine blocked HMGB1/TLRs/NF-κB pathway in LPS-
treated mice. One hour before challenged with LPS (2  mg/kg, dis-
solved in 50 μl saline) for 12 h, BALB/c mice were treated with or 
without lycorine (20  mg/kg or 40  mg/kg). 1, control group; 2, LPS 
group; 3, LPS + lycorine (20 mg/kg) group; 4, LPS + lycorine (40 mg/
kg) group. a The expression of HMGB1 in the lung tissues was 
measured by immunohistochemistry assay, Scale bar = 100  μm. b 
Relative protein expression levels of HMGB1, TLR4, TLR5, Myc88, 
P65, P-P65, IκBα, and P-IκBα in the lung tissues were determined 

by Western blot analysis. β-actin as an internal control. c The mRNA 
expression levels of HMGB1, TLR4, and TLR5 in each group were 
measured by RT-qPCR. N = 6. Data are means ± SD. A superscript 
with the same letter (such as a and ab) means that the difference is 
not significant, and a superscript with different letter (such as a and b) 
means that the difference is significant (P < 0.05). LPS lipopolysac-
charide, HMGB1 the high-mobility group box 1, TLR Toll-like recep-
tor, RT-qPCR quantitative real-time PCR
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lung injury, HMGB1 mediated activation of the TLR4/
NF-κB signaling pathway, while HMGB1 down-regulation 
significantly blocked the TLR4/NF-κB pathway (Meng et al. 
2018). Mechanism studies have shown that upon stimula-
tion, phosphorylated IκBα dissociates from NF-κB dimer 
(p65:p50), which is subsequently degraded by proteasomes. 
Activated NF-κB is transferred from the cytoplasm to the 
nucleus to bind to the κB site in the target gene promoter or 
enhancer, and then, P65 is phosphorylated by protein kinase 
to initiate the transcription of inflammatory factors and oxi-
dative stress-related factors (Ghosh and Hayden 2008; Girid-
haran and Srinivasan 2018). Thus, the NF-κB pathway is 
critical for the induction of inflammatory response and oxi-
dative stress. Additionally, the early studies showed that the 
blockade of TLR4/NF-κB pathway effectively inhibited oxi-
dative stress and inflammatory responses in the lungs (Deng 
et al. 2017; Zhang et al. 2019). Therefore, the HMGB1/
TLR4/NF-κB pathway is an important pathway to induce 
inflammatory response and oxidative stress. In addition, 
TLR5 has been reported to be highly expressed in inflamma-
tory diseases and tissues, and TLR5 knockdown significantly 

decreased the release of inflammatory cytokines (Gao et al. 
2019; Ito et al. 2019). Moreover, TLR5 could activate NF-κB 
pathway (Yan et al. 2019). Here, we found that LPS treat-
ment up-regulated HMGB1, TLR4, TLR5, Myd88, P-P65, 
and P-IκBα expression levels, whereas the up-regulation was 
suppressed by lycorine. The results suggested that lycorine 
may inhibit LPS-induced inflammatory response and oxida-
tive stress via HMGB1/TLRs/NF-κB pathway. Glycyrrhizic 
acid is the main component of licorice. It is well known that 
glycyrrhizic acid has a positive effect on anti-inflammatory 
treatment (Yang et al. 2017). Glycyrrhizic acid is identified 
as an inhibitor of HMGB1. Studies showed that glycyrrhizic 
acid inhibited oxidative stress and inflammatory response 
in lung injury by inhibiting HMGB1 expression (Qu et al. 
2019b; Zhao et al. 2016). Here, we found that lycorine has 
similar regulatory mechanisms with glycyrrhizic acid in 
alleviating lung injury. In addition, the synergistic effect 
of glycyrrhizic acid and lycorine is more conducive to the 
improvement of lung injury, which may provide a new idea 
for the treatment of lung injury.

Fig. 3   Lycorine alleviated LPS-induced inflammatory response and 
oxidative stress in MLE-12 cells. MLE-12 cells were pretreated with 
lycorine (10  μM) or/and glycyrrhizic acid (1  mmol/L) for 3  h, and 
then treated with LPS (2  μg/mL) for 6  h. 1, control group; 2, LPS 
group; 3, LPS + lycorine group; 4, LPS + glycyrrhizic acid group; 5, 
LPS + lycorine + glycyrrhizic acid group. a–c The expression levels 
of TNF-α, IL-1β, and IL-6 were assessed by enzyme-linked immuno-

sorbent assay in MLE-12 cells in each group. d The MDA levels were 
measured in all the groups. N = 3, data are means ± SD. A superscript 
with the same letter (such as a and ab) means that the difference is 
not significant, and a superscript with different letter (such as a and b) 
means that the difference is significant (P < 0.05). LPS lipopolysac-
charide, MDA malondialdehyde, TNF-α tumor necrosis factor-α, IL-
1β interleukin-1β, IL-6 interleukin-6
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Fig. 4   Lycorine blocked HMGB1/TLRs/NF-κB pathway in LPS-
treated MLE-12 cells. MLE-12 cells were pretreated with lyco-
rine (10  μM) or/and glycyrrhizic acid (1  mmol/L) for 3  h, and 
then treated with LPS (2  μg/mL) for 6  h. 1, control group; 2, LPS 
group; 3, LPS + lycorine group; 4, LPS + glycyrrhizic acid group; 
5, LPS + lycorine + glycyrrhizic acid group. a The expression of 
HMGB1 detected by immunofluorescence staining in each group. 
Scale bar = 50  μm. Red represents HMGB1 staining and blue for 
nuclei identification. b The protein expression levels of HMGB1, 

TLR4, TLR5, Myc88, P65, P-P65, IκBα, and P-IκBα in all 
groups were normalized to the level of β-actin. c The mRNA expres-
sion levels of HMGB1, TLR4, and TLR5 in each group were meas-
ured by RT-qPCR. N = 3, data are means ± SD. A superscript with the 
same letter (such as a and ab) means that the difference is not signifi-
cant, and a superscript with different letter (such as a and b) means 
that the difference is significant (P < 0.05). LPS lipopolysaccharide, 
HMGB1 the high-mobility group box  1, TLR toll-like receptor, RT-
qPCR quantitative real-time PCR
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Taken together, our results provide evidence that LPS can 
trigger lung injury accompanied by increased pulmonary 
edema, inflammatory response, and oxidative stress, which 
is attenuated by lycorine. Moreover, we further illustrate that 
lycorine may alleviate LPS-induced lung injury via blocking 
HMGB1/TLRs/NF-κB pathway.
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