
Food Sci Nutr. 2021;9:5583–5589.	﻿�    |  5583www.foodscience-nutrition.com

 

Received: 14 May 2021  |  Revised: 29 July 2021  |  Accepted: 30 July 2021

DOI: 10.1002/fsn3.2519  

O R I G I N A L  A R T I C L E

Shikonin protects against lipopolysaccharide-induced 
inflammation and apoptosis in human nucleus pulposus cells 
through the nuclear factor-kappa B pathway

Yuanbin Liu  |   Jiazhuang Zheng |   Yu Chen |   Fandong Wang |   He Ye |   Miao Wang |   
Zhi Zhang

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. Food Science & Nutrition published by Wiley Periodicals LLC

Department of Orthopaedics, Suining 
Central Hospital, Suining, China

Correspondence
Zhi Zhang, Department of Orthopaedics, 
Suining Central Hospital, Suining, Sichuan 
629000, China.
Email: zzspine2021@163.com

Funding information
This research was supported by the Medical 
Research Youth Innovation Project of 
Sichuan Province, China (grant no. Q16073)

Abstract
Objective: To investigate the protective effect and mechanism of shikonin on human 
intervertebral disk degeneration.
Methods: Human primary nucleus pulposus (NP) cells cultured in vitro were used for 
the experiments. The effects of different concentrations of shikonin (1, 2, 4, 8, and 
16 µM) on the activity of lipopolysaccharide (LPS)-induced NP cells were determined 
using the CCK-8 assay, and the appropriate drug concentration was determined. The 
experiment was divided into the control, LPS, and LPS + shikonin groups. ELISA and 
Western blot were used to detect the expression of the inflammatory factors tumor 
necrosis factor (TNF)-α and interleukin (IL)-1β. NP cell apoptosis was measured using 
Western blot and caspase 3 activity. Western blot and immunofluorescence assays 
were used to detect the protein expression of p-P65 and P65 and the nuclear trans-
location of P65.
Results: The CCK-8 assay showed that shikonin had no cytotoxic effect on NP cells 
and increased the activity of LPS-induced NP cells, especially at a concentration of 
4 μM. Shikonin reversed the expression of the inflammatory cytokines TNF-α and IL-
1β and apoptosis-related molecules Bax, Bcl-2, and cleaved caspase 3 in LPS-induced 
NP cells. In addition, shikonin significantly decreased apoptosis and caspase-3 activ-
ity in LPS-induced NP cells. Furthermore, shikonin treatment significantly inhibited 
the expression of p-P65 and nuclear translocation of P65, and nuclear factor-kappa 
B (NF-κB) pathway inhibitor Pyrrolidinedithiocarbamate ammonium (PDTC) signifi-
cantly enhanced the anti-inflammatory and antiapoptotic effects of shikonin in LPS-
induced NP cells.
Conclusion: Shikonin significantly inhibited the inflammatory response and apoptosis 
of human primary NP cells, possibly through the NF-κB pathway.
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1  | INTRODUC TION

Intervertebral disk degeneration (IVDD) is the initiating factor 
of spinal degenerative diseases and is one of the main causes 
of chronic low-back pain. Its prevalence is increasing, which has 
caused a serious economic and social burden (Cheung, 2010; Joud 
et  al.,  2012). Although the causes and molecular mechanisms of 
IVDD have not yet been fully elucidated, increased inflammation 
and excessive apoptosis of nucleus pulposus (NP) cells are import-
ant risk factors in the process of IVDD (Adams & Roughley, 2006; 
Ding et  al.,  2013; Wang et  al.,  2013). It has been reported that 
some cytokines, such as tumor necrosis factor (TNF)-α and inter-
leukin-1β (IL-1β), can significantly decrease the gene and protein 
levels of aggrecan and collagen II, and increase the gene and pro-
tein levels of matrix metalloproteinases (MMPs) and a disinteg-
rin and metalloproteinase with thrombospondin motifs, thereby 
leading to the degradation of IVDD (Johnson et al., 2015; Wang, 
Che, et al., 2020). Some studies have showed that the decreased 
number of NP cells caused by their excessive apoptosis leads to a 
reduction in extracellular matrix synthesis, which further leads to 
disk degeneration (Ding et al., 2013; Luo et al., 2019;). As a result, 
finding a suitable treatment that can inhibit the inflammatory re-
sponse and excessive apoptosis of NP cells may delay interverte-
bral disk degeneration.

Nuclear factor-kappa B (NF-κB) is a dimer complex composed of 
p65/p50, which regulates cell apoptosis and inflammatory responses 
and participates in cell proliferation, differentiation, and immune re-
sponse. The NF-κB pathway is closely associated with IVDD. Shen 
et  al. (2016) found that overexpression sirtuin 1 (SIRT1) protects 
against NP cell apoptosis through the NF-κB pathway. Yi et  al. 
(2019) also found that inhibiting NF-κB can reduce the expression 
of inflammatory factors and cell apoptosis in IVDD. These results 
indicate that the NF-κB pathway plays a vital role in delaying IVDD. 
Therefore, finding appropriate drugs that act on the NF-κB pathway 
can potentially delay IVDD.

Shikonin is an active naphthoquinone extracted from the tradi-
tional Chinese medicinal herb, Lithospermum erythrorhizon, which 
is widely used because of its various pharmacological properties, 
such as antitumor, antioxidation, anti-inflammatory, antiapoptotic, 
and wound-healing properties (Guo et al., 2019; Imai et al., 2019; 
Lu et al., 2011; Wang, Mayca Pozo, et al., 2020; Yang et al., 2017). 
Previous research has shown that shikonin inhibits inflammation 
and chondrocyte apoptosis by regulating the PI3K/Akt signaling 
pathway in a rat model of osteoarthritis (Fu et al., 2016). In addition, 
shikonin exerts anti-inflammatory effects in lipopolysaccharide 
(LPS)-induced mastitis by inhibiting the NF-κB signaling pathway 
(Yang et al., 2018). However, the role and molecular mechanism of 
action of shikonin in human IVDD remains unclear. Therefore, we 
explored whether shikonin exerts anti-inflammatory and antiapop-
totic effects through the NF-κB pathway in LPS-induced human 
NP cells.

2  | MATERIAL S AND METHODS

2.1 | Patient tissue samples

Human disk tissues were derived from 12 patients (five women and 
seven men, aged 48–68 years) who underwent spinal surgery for lum-
bar disk herniation in our department. The collected intervertebral 
disk degeneration samples were determined into grades III to V ac-
cording to the Pfirrmann grading scale (Pfirrmann et al., 2001). Written 
informed consent was obtained from all patients, and this study was 
approved by the Ethics Committee of Suining Central Hospital.

2.2 | Cell isolation and culture

The disk tissues were rinsed several times with phosphate-buffered 
saline (PBS) solution, cut into 1 mm3 pieces, and 2.5 g/L trypsin was 
added for 30 min. Then, the supernatant was centrifuged at 800 rpm 
for 5 min, and 2 g/L type II collagenase was added for 4 h. Next, 200 
mesh cell sieves were used to filter the digested tissue. After cen-
trifugation, the cell pellet was collected. Finally, the cells were cul-
tured in Dulbecco's modified Eagle medium (DMEM)/F12 medium 
containing 10% fetal bovine serum (FBS) and 100 U/ml penicillin at 
37°C in a 5% CO2 environment. Third-generation NP cells were used 
for all experiments.

2.3 | Cell viability assay

The third-generation NP cells were digested with 0.25% trypsin and 
then seeded at a density of 1.5 × 104 cells/ml in a 96-well culture 
plate for 24 h. The cells were then cultured with 100 µM LPS and 
different concentrations (0, 1, 2, 4, 8, and 16 µM) of shikonin (Sigma-
Aldrich). After 24 h of incubation, 10 µl of CCK-8 reagent was added 
to each well for 2 h. The optical density was measured at a wave-
length of 450 nm using a Bio-Rad 680 microplate reader. Each ex-
periment was performed in triplicates.

2.4 | ELISA

After NP cells were treated for 24  h, the cell supernatants from 
each group were collected. The expression of inflammatory factors 
(TNF-α and IL-1β) was detected using ELISA kits (Elascience) accord-
ing to the manufacturer's instructions.

2.5 | Hoechst 33258 staining

According to the results of the CCK-8 assay, the experiment was di-
vided into control group, LPS (1 µg/ml) and shikonin (4 µM) + LPS 
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(1 µg/ml) groups. NP cells were seeded in a 24-well plate at a density 
of 2 × 104/well. After 24 h of treatment, NP cells were fixed with 
4% paraformaldehyde for 15 min, followed by staining with 2  μg/
ml Hoechst 33258 for 10 min at 37°C. Apoptotic cells were char-
acterized by bright fluorescent DNA fragmentation and chromatin 
condensation under fluorescence microscopy.

2.6 | Caspase 3 activity

Nucleus pulposus cells were seeded at 1 × 105  cells/ml in six-well 
plates and treated with the caspase tetrapeptide substrate Ac-
DEVD-pNA (Beyotime) to detect caspase 3 activity. Cells were 
washed with PBS and lysed with 100 μl of lysis buffer (Beyotime) on 
ice for 15 min. The cells were incubated in a mixture of 10 μl lysate, 
80 μl reaction buffer, and 10 μl AC-DEVD-PNA at 37°C for 1 h. The 
optical density of the free PNA was determined using a microplate 
spectrophotometer.

2.7 | Immunofluorescence

The cells in each group were fixed with 4% paraformaldehyde for 
10 min and then washed with PBS. The NP cells were permeabilized 
with 0.5% Triton for 3 min and then blocked with 0.1% BSA for 1 h. 
The p65 antibody dilution solution was added to each group and 
incubated at 4°C overnight. The appropriate diluted secondary an-
tibody was added at room temperature for 2 h then, DAPI staining 
solution was added at room temperature for 10  min and the cells 
were observed under a fluorescence microscope.

2.8 | Western blot

After treatment for 24  h, the cells were washed repeatedly with 
precooled PBS and lysed with RIPA lysis buffer on ice for 40 min. 
The cells were centrifuged for 15 min, and the supernatant was col-
lected. The protein concentration was determined using a protein 

F I G U R E  1   Effect of shikonin on the 
activity of nucleus pulposus cells induced 
by lipopolysaccharide (LPS). n = 3. All data 
were obtained from three independent 
experiments and shown as the mean ± SD. 
*p < .05, compared with control group, 
#p < .05, compared with LPS group

F I G U R E  2   Shikonin inhibits the 
production of inflammatory cytokines in 
nucleus pulposus cells. (a) The expression 
of TNF-α and IL-1β in NP cells supernatant 
measured by ELISA, n = 3. (b) The protein 
expression of TNF-α and IL-1β detected 
by Western blot and relative expression of 
protein level, n = 3. All data were obtained 
from three independent experiments 
and shown as the mean ± SD. *p < .05, 
compared with control group, #p < .05, 
compared with lipopolysaccharide (LPS) 
group
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assay kit (Beyotime, P0010S). The protein was loaded to an SDS-
PAGE gel for electrophoresis and then transferred to a 0.22  µM 
PVDF membrane. After blocking at room temperature for 2 h, the 
membrane was incubated with the primary antibodies (anti-TNF-α, 
BA0131, Boster; anti-IL-1β, A00101, Boster; anti-p-P65, #3033, 
CST; anti-P65, #8242, CST; anti-cleave caspase 3, #9664, CST; anti-
Bax, TA810334, OriGene; and anti-Bcl-2, TA806591, OriGene) at 
4°C overnight. The membrane was incubated with the correspond-
ing secondary antibody for 2  h at room temperature. Finally, the 
membranes were measured using an ECL Plus reagent (Millipore).

2.9 | Statistical analysis

SPSS 20.0 software was used for statistical analysis. The experi-
mental data are expressed as the mean ± SD and analyzed by one-
way ANOVA and Student's t-test. A p value <.05 was considered 
significant.

3  | RESULTS

3.1 | Effect of shikonin on the activity of NP cells 
induced by LPS

To investigate the cytotoxic effect of shikonin on NP cells, a CCK-8 assay 
was used to detect NP cell viability. The results showed that shikonin had 

no significant effect on the activity of NP cells at 24 and 48 h after treat-
ment with different concentrations (1, 2, 4, 8, and 16 μM), indicating that 
shikonin had no cytotoxic effect on NP cells. When NP cells were treated 
with LPS alone, the activity of NP cells decreased significantly (p < .05). 
After treatment with different concentrations of shikonin, the activity of 
NP cells increased to a certain extent compared to that of the LPS group. 
The activity of NP cells was highest when the concentration of shikonin 
was 4 μM. Therefore, we chose a shikonin concentration of 4 μM for the 
follow-up experiment (Figure 1).

3.2 | Shikonin inhibits the production of 
inflammatory cytokines in LPS-induced NP cells

The results of ELISA (Figure 2a) and Western blot (Figure 2b) show 
that the protein expression levels of TNF-α and IL-1β were lower in 
the control group. After treatment with LPS for 24  h, the protein 
expression levels of TNF-α and IL-1β were significantly increased 
(p < .05), but the protein expression levels of TNF-α and IL-1β were 
significantly decreased after shikonin treatment (p < .05).

3.3 | Shikonin inhibits LPS-induced apoptosis in 
NP cells

Hoechst 33,58 staining showed that there were fewer apoptotic cells 
with highly bright fluorescent nuclei in the control and LPS + shikonin 

F I G U R E  3   Shikonin inhibits 
lipopolysaccharide (LPS)-induced nucleus 
pulposus cells apoptosis. (a) Morphologic 
changes in apoptotic NP cells were 
stained by Hoechst 33258, n = 3. (b) 
Expression of Bax, Bcl-2 and cleaved 
caspase 3 detected by Western blot 
and relative expression of protein level, 
n = 3. (c) Detection of caspase 3 activity, 
n = 4. All data were obtained from three 
independent experiments and shown as 
the mean ± SD. *p < .05, compared with 
control group, #p < .05, compared with 
LPS group
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groups than in the LPS group (Figure 3a). Similarly, Western blot re-
sults showed that compared to the control group, the expression lev-
els of Bax and cleaved caspase 3 were increased and the expression 
levels of Bcl-2 were decreased after LPS treatment alone (p < .05). 
When shikonin was added, the expression levels of Bax and cleaved 
caspase 3 were decreased, and the expression levels of Bcl-2 were 
significantly increased (p < .05; Figure 3b). Furthermore, the optical 
density value of the LPS group was significantly higher than that of 
the control group (p < .05), which indicated that LPS could increase 
caspase 3 activity. Meanwhile, after treatment with shikonin, the 
value of the LPS + shikonin group was significantly lower than that 
of the LPS group (p < .05; Figure 3c).

3.4 | Shikonin inhibits the activation of NF-κB 
pathway in LPS-induced NP cells

The experimental results showed that after treatment with LPS 
alone, the protein expression of p-P65 in NP cells was significantly 
increased and the translocation of P65 to the nucleus was significant. 
After treatment with shikonin, p-P65 protein expression in NP cells 
was significantly decreased (p < .05), and the nuclear translocation 

of P65 was significantly reduced. There was no significant differ-
ence in P65 protein expression between any of the groups (p > .05; 
Figure  4a,b). To further investigate whether NF-κB signaling plays 
a role in LPS-induced inflammation and apoptosis of NP cells, we 
used PDTC to inhibit NF-κB signaling way. We found that NF-κB 
signaling pathway inhibitor (PDTC) significantly enhanced the anti-
inflammatory and antiapoptotic effects of shikonin in LPS-induced 
NP cells (Figure 4c).

4  | DISCUSSION

Intervertebral disk degeneration is a multicausal age-related degen-
erative disorder. Although the mechanism of disk degeneration is 
not completely clear, inflammation and excessive apoptosis are the 
main pathological factors of the process of disk degeneration (Liao 
et al., 2019; Risbud & Shapiro, 2014; Ruiz-Fernandez et al., 2019). 
Shikonin has numerous pharmacological properties, including anti-
cancer, anti-inflammatory, and antiapoptotic properties. However, 
the effect of shikonin on intervertebral disk degeneration has not yet 
been reported. Our results showed that pretreatment with shikonin 
inhibited cell inflammation and apoptosis in LPS-induced human 

F I G U R E  4   Shikonin inhibits the 
activation of nuclear factor-kappa B 
(NF-κB) pathway in lipopolysaccharide 
(LPS)-induced nucleus pulposus (nucleus 
pulposus) cells. (a) The expression of 
p-P65 and P65 proteins detected by 
Western blot and relative expression 
of protein, n = 4. (b) The nuclear 
translocation of P65 measured by 
immunofluorescence, n = 3 (magnification: 
×200). (c) The expression of TNF-α, 
IL-1β, and cleaved caspase-3 detected 
by Western blot and relative expression 
of protein, n = 4. All data were obtained 
from three independent experiments 
and shown as the mean ± SD. *p < .05, 
compared with control group, #p < .05, 
compared with LPS group, ##p < .05, 
compared with LPS + SKN group
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primary NP cells. In addition, shikonin increased p-P65 expression 
and promoted nuclear translocation of P65. These results indicate 
that shikonin protects against LPS-induced inflammation and apop-
tosis in human NP cells, possibly through the NF-κB pathway.

Lipopolysaccharide, an admitted strong promoter of inflamma-
tion, can induce the production of inflammatory factors in NP cells 
and cause cell apoptosis, thereby reducing the content of collagen 
II and aggrecan, and ultimately leading to IVD degeneration (Dong 
et al., 2018; Zhong et al., 2021). Thus, in the present study, we used 
LPS to simulate an NP cell model of inflammation and apoptosis in 
degenerative intervertebral disks. Shikonin has anti-inflammatory 
and antiapoptotic effects. A previous report indicated that shiko-
nin attenuates hyperhomocysteinemia-induced activation of CD4+ 
T cells in ApoE−/− mice (Lu et al., 2020). Furthermore, recent reports 
pointed out that shikonin protects PC12 cells against β-amyloid 
peptide-induced cell injury through antioxidant and antiapoptotic 
activities (Tong et al., 2018). Our results also showed that LPS treat-
ment significantly increased the expression levels of the inflamma-
tory factors, TNF-α and IL-1β, and apoptosis in NP cells. However, 
the levels of inflammatory cytokines, TNF-α and IL-1β, and apoptosis 
decreased significantly in the NP cells after shikonin treatment. The 
above results indicate that shikonin possesses anti-inflammatory 
and antiapoptotic roles in LPS-induced NP cells, but the specific 
mechanism is not clear.

Nuclear factor-κB is a dimer complex composed of p65/p50 
and regulates cell apoptosis and the inflammatory response, and 
participates in cell proliferation, differentiation, and immune re-
sponse. The NF-κB pathway plays an important role in the de-
generation of intervertebral disks (Dell'accio et  al.,  2008; Kang 
et al., 2017; Liang et al., 2018). Studies have reported that inhib-
iting the NF-κB pathway can reduce the inflammatory response 
and cell apoptosis in LPS-induced NP cells (Yi et al., 2019). Studies 
have confirmed that shikonin reduces edema induced by phorbol 
ester by interfering with IkappaBalpha degradation, thus inhibit-
ing translocation of P65 to the nucleus, and shikonin suppresses 
osteoclastogenesis by inhibiting the NF-κB pathway induced by 
RANKL (Andujar et al., 2010; Chen et al., 2020). However, the re-
lationship between shikonin and the NF-κB pathway in IVDD re-
mains unclear. Our results showed that after treatment with LPS 
alone, the protein expression of p-P65 and the nuclear transloca-
tion of P65 were significantly increased. However, shikonin treat-
ment significantly decreased p-P65 protein expression and the 
nuclear translocation of P65, NF-κB signaling pathway inhibitor 
(PDTC) significantly enhanced the anti-inflammatory and antia-
poptotic effects of shikonin in LPS-induced NP cells. These results 
indicated that the anti-inflammatory and antiapoptotic effects of 
shikonin in LPS-induced NP cells may be through inhibiting the 
NF-κB pathway.

In conclusion, shikonin can significantly inhibit LPS-induced 
inflammatory response and apoptosis in human NP cells, and the 
mechanism may be through the NF-κB pathway. The results of the 
current study may help identify the theoretical basis for future 

research on the potential therapeutic effects of shikonin in the 
clinical treatment of preventing degenerative changes in interver-
tebral disks.
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