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Abstract

Background: Intervertebral disk degeneration (IVDD) is a common spine disease, and

inflammation is considered to be one of its main pathogenesis. Apigetrin (API) is a

natural bioactive flavonoid isolated from various herbal medicines and shows attrac-

tive anti-inflammatory and antioxidative properties; whereas, there is no exploration

of the therapeutic potential of API on IVDD. Here, we aim to explore the potential

role of API on IVDD in vivo and in vitro.

Methods: In vitro, western blotting, real-time quantitative polymerase chain reaction,

and immunofluorescence analysis were implemented to explore the bioactivity of

API on interleukin-1 beta (IL-1β)-induced inflammatory changes in nucleus pulposus

cells (NPCs). In vivo, histological staining and immunohistochemistry were employed

to investigate the histological changes of intervertebral disk sections on puncture-

induced IVDD rat models.

Results: In vitro, API played a crucial role in anti-inflammation and autophagy

enhancement in IL-1β-induced NPCs. API improved inflammation by inhibiting the

nuclear factor-kappaB and mitogen-activated protein kinas pathways, whereas it pro-

moted autophagy via the phosphatidylinositol 3-kinase/AKT/mammalian target of

the rapamycin pathway. Furthermore, in vivo experiment illustrated that API miti-

gates the IVDD progression in puncture-induced IVDD model.

Conclusions: API inhibited degenerative phenotypes and promoted autophagy

in vivo and in vitro IVDD models. Those suggested that API might be a potential drug

or target for IVDD.
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1 | INTRODUCTION

Low back pain (LBP) is a prevalent global symptom that affects indi-

viduals across all age groups and is recognized as the primary contrib-

utor to disability.1,2 In the United States alone, the financial burdenTao Xu and Hongqi Zhao have contributed equally to this work.
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associated with the treatment and rehabilitation of LBP surpassed

134.5 billion US dollars in 2016, positioning it at the top of the list of

154 diseases in terms of economic impact.3 However, most interven-

tions have extremely limited effects. It is widely accepted that inter-

vertebral disk (IVD) degeneration (IVDD) is one of the leading causes

of LBP.4,5 The IVD is vital to spinal function because it connects the

vertebral bodies and provide stability between vertebrae while per-

mitting motion.6 The IVD is composed of a gelatinous inner core, the

nucleus pulposus, and tough outer rings, the annulus fibrosus.7 Disk

degeneration occurs consistently with advancing age as a result of

disordered metabolism of the extracellular matrix (ECM) and a loss of

healthy disk cells.6,8,9 More specifically, abnormal catabolism driven

by increased expression of inflammatory cytokines, including inter-

leukin-1 beta (IL-1β), interleukin-6 (IL-6), and tumor necrosis

factor alpha (TNF-α), as well as catabolic mediators such as the matrix

metalloproteinases (MMPs) family, is the main characteristic of

IVDD.10–12

Autophagy is believed to be a cytoprotective process through

which intracellular proteins and organelles can be renewed and mobi-

lized to fulfill the bioenergetic needs of the cell by generating energy-

rich compounds.13 It is well known that reduced autophagy can be

attributed to degenerative changes and accelerated senescence.13,14

Accumulating studies have demonstrated that reduced autophagy

triggered by various pathological factors, such as oxidative stress and

mechanical stress, leads to aggravation of IVDD.15–17 Additionally,

autophagy is involved in maintaining disk homeostasis and acts by

preventing apoptosis and senescence.18–20 Enhancing autophagy in

nucleus pulposus cells (NPCs) by multifunctional nanoparticles,

circular RNAs, or metformin prominently ameliorates disk degenera-

tion in vitro and in vivo.7,21,22 Hence, interventions capable of induc-

ing autophagy seem to be effective in protecting IVDs from

degeneration.

Flavonoids are a family of polyphenols derived from natural plants

and are widely used to combat cancer, neurodegenerative diseases,

inflammation, and aging-related diseases due to their superior antioxi-

dant ability.23 Apigetrin (API) is a natural bioactive flavonoid isolated

from various herbal medicines and shows attractive anti-inflammatory

and antioxidative properties.24–26 Recently, Kim et al. demonstrated

that API administration increased various autophagy marker proteins,

including microtubule-associated protein 1 light chain 3 beta-II (LC3B-

II) and beclin-1, by decreasing the phosphorylation of phosphatidyli-

nositol 3-kinase (PI3K)/AKT/mammalian target of the rapamycin

(mTOR) pathway proteins in human gastric adenocarcinom cancer

cells.27 Hence, it can be speculated that API may protect cells from

the inflammatory environment and oxidative stress by inducing

autophagy.

The aim of this study was to explore the potential effect of API

on IL-1β-induced ECM degradation in NPCs and to determine the role

of autophagy in the therapeutic effects of API on IVDD. The findings

from in vitro and in vivo results indicate that API exhibits considerable

potential as a treatment option for IVDD.

2 | MATERIALS AND METHODS

2.1 | Reagents and materials

API (HY-N0578), 3-Methyladenine (3-MA, HY-19312), JSH-23 (HY-

13982), SB203580 (HY-10256A), and dimethyl sulfoxide (HY-Y0320)

were obtained from MedChemExpress (Monmouth Junction, USA).

Recombinant rat IL-1β protein was obtained from R&D Systems (Min-

neapolis, USA). Trypsin (25300054), collagenase II (17101015), and

fetal bovine serum (FBS) (16000–044) were purchased from Gibco

(New York, USA). Dulbecco's Modified Eagle Medium/Ham's F

12 (DMEM/F12) medium was obtained from HyClone (Utah, USA).

Boster (Wuhan, China) provided phosphate buffered saline (PBS,

AR0032), Cell Counting Kit-8 (CCK-8, AR1160), radio-immunoprecipi-

tation assay (RIPA, AR0102) lysis buffer, general protease inhibitor

cocktail (AR1182-1), phosphatase inhibitor cocktail (AR-1183), tris-

buffered saline and tween 20 (TBST, AR0195) solution, CY3 Conju-

gated AffiniPure Goat Anti-rabbit IgG (H + L) (BA1032), FITC Conju-

gated AffiniPure Goat Anti-rabbit IgG (H + L) (BA1105), and 4,6-

diamino-2-phenyl indole (DAPI, AR1176). Four percentage paraformal-

dehyde (P1110), toluidine blue (G3660), and safranin O (G1067) were

purchased from Servicebio (Beijing, China). 10% (E303-01) and 12%

(E304-01) Sodium dodecyl sulfate–polyacrylamide gel electrophoresis

(SDS–PAGE) gel and one-step real-time quantitative polymerase chain

reaction (RT-qPCR) kit (R333-01) were purchased from Vazyme (Nan-

jing, China). Polyvinylidene fluoride (PVDF, IPVH00010) was pur-

chased from Millipore (Massachusetts, USA). Bovine serum albumin

(BSA, 4240GR100) and Triton X-100 (1139ML100) were purchased

from BioFroxx (Einhausen, Germany). Total RNA extraction reagent

(9108) was purchased from Takara Bio Inc. (Shiga, Japan). Monomeric

red fluorescent protein (mRFP)-green fluorescent protein (GFP)-micro-

tubule-associated protein 1 light chain 3 (LC3) adenovirus (HB-AP210)

was obtained from HanBio Technology (Shanghai, China). Primary

antibodies against Cyclooxygenase 2 (COX-2, #12282), inducible nitric

oxide synthase (iNOS, #13120), autophagy related 5 (Atg5, #12994),

Atg 12 (#4180), LC3I/II (#12741), P38 (#8690), Phospho-P38 (#4511),

c-Jun N-terminal kinase (JNK, #9252), Phospho-JNK (P-JNK, #4668),

extracellular signal-regulated kinase (ERK, #4695), Phospho-ERK (P-

ERK, #4377), PI3K (#4229), Phospho-PI3K (P-PI3K, #4228), P65

(#8242), and Phospho-P65 (P-P65, #3033) were bought from Cell Sig-

naling Technology (Beverly, USA) and all were used at a dilution of

1:1000. Proteintech Group (Wuhan, China) supplied primary anti-

bodies against Glyceraldehyde phosphate dehydrogenase (GAPDH,

60004-1-Ig), MMP2 (66366-1-Ig), MMP9 (10375-2-AP), MMP13

(18165-1-AP), Collagen II (28459-1-AP), Aggrecan (13880-1-AP), AKT

(60203-2-Ig), Phospho-AKT (P-AKT, 66444-1-Ig), mTOR (66888-1-Ig),

Phospho-mTOR (P-mTOR, 67 778-1-Ig), P62 (18420-1-AP), and all

were used at a dilution of 1:1000. Antibody against the IL-6 (A14687)

was provided by ABclonal (Wuhan, China) and utilized at a dilution

ratio of 1:500. Antibody against the MMP-3 (BM4074) was provided

by Boster (Wuhan, China) and utilized at a dilution ratio of 1:500.
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2.2 | Animals

Sprague–Dawley (SD) rats (6 weeks old, male, 220 ± 20 g) were pur-

chased from Hubei Province Experimental Animal Centre (Wuhan,

China). A total of 30 rats were sacrificed for this study, of which

6 were used in vivo experiments and 24 were used in vitro experi-

ments. The study was approved by the Ethics Committee on Animal

Experimentation of Tongji Hospital, Tongji Medical College, Huazhong

University of Science and Technology.

2.3 | Harvest and culture of primary nucleus
pulposus cells

Rat primary NPCs were isolated from the coccygeal vertebrae of 6-

week-old male SD rats. In brief, nucleus pulposus tissues were col-

lected under aseptic conditions and then incubated with 0.25% tryp-

sin in a cell incubator for 30 min. Next, the samples were digested

with collagenase II in a hybrid furnace for 3 h. Subsequently, the NPCs

were cultured in DMEM/F12 medium containing 10% FBS in an incu-

bator with 5% CO2 at 37�C. NPCs in the first or second passage were

prepared for the following study.

2.4 | Safranin O staining and toluidine blue
staining

Toluidine blue staining and safranin O staining followed similar proto-

cols. The NPCs were washed with 1� sterile PBS three times and then

fixed with 4% paraformaldehyde at room temperature for 15 min.

After removing the fixation fluid and washing with PBS, the NPCs were

stained with safranin O or toluidine blue solution for 30 min. Then, the

reagents were eliminated with PBS. The proteoglycan composition and

cellular morphology of NPCs could be observed under a microscope.

2.5 | Cell viability assessment

CCK-8 was used to evaluate the cytoactivity of IL-1β in NPCs treated

with or without API or 3-MA. According to a previous study, 5 ng/mL

IL-1β was used to create the IVDD cell model.28 Following the proto-

col, the same number of NPCs were seeded into 96-well plates and

treated with IL-1β (5 ng/mL) and/or various concentrations of API

(5, 10, 25, 50, and 100 μM) and 3-MA (5 mM) for 24 h. After that,

each well was incubated with the CCK-8 reagent for 1 h. Then, a

microplate reader (BioTek, USA) was used to measure the absorbance

at a wavelength of 450 nm.

2.6 | Western blotting

According to the experimental design, NPCs were treated with IL-1β

and API. After three washes with PBS, NPCs were lysed for 30 min on

ice with RIPA lysis buffer (including 1 mM general protease and phos-

phatase inhibitor cocktail). To purify the protein, the lysate was centri-

fuged at 12 000 rpm for 30 min at 4�C. A 10% or 12% SDS–PAGE gel

was used to separate the proteins, which were transferred to PVDF

membranes. The bands were incubated at 4�C for 16 h with the corre-

sponding primary antibodies after blocking in 5% BSA. GAPDH has

been demonstrated as an appropriate housekeeping gene for NPCs

and was used as an internal reference in all assays.29 After washing

with TBST solution for 10 min three times, the protein bands were

incubated with secondary antibodies at 37�C for 1 h. Finally, the tar-

get bands were detected with an Image Lab System (Bio-Rad, USA).

ImageJ software (National Institutes of Health, USA) was used to mea-

sure the gray value.

2.7 | Real-time quantitative polymerase chain
reaction

According to the protocol, total RNA was purified from NPCs using a

total RNA extraction reagent, and the purity and concentration were

analyzed with a microplate reader (BioTek, USA). Next, a one-step RT-

qPCR kit was used to amplify complementary DNA. Finally, the rela-

tive messenger RNA expression was calculated using the 2–ΔΔCt

method with GAPDH for normalization.29 The primer sequences can

be found in Table 1.

TABLE 1 Primer sequence used in the RT-qPCR experiment.

Gene Sequence

Rat-Collagen II-F 50-CGAGGCAGACAGTACCTTG-30

Rat-Collagen II-R 50-TGCTCTCGATCTGGTTGTTC-30

Rat-Aggrecan-F 50-CTTCCCAACTATCCAGCCAT-30

Rat-Aggrecan-R 50-TCACACCGATAGATCCCAGA-30

Rat-MMP13-F 50-CAAGCAGCTCCAAAGGCTAC-30

Rat-MMP13-R 50-TGGCTTTTGCCAGTGTAGGT-30

Rat-MMP3-F 50-GCTCATCCTACCCATTGCAT-30

Rat-MMP3-R 50-GCTTCCCTGTCATCTTCAGC-30

Rat-MMP9-F 50-TCCTTGCAATGTGGATGTTT-30

Rat-MMP9-R 50-CGTCCTTGAAGAAATGCAGA-3’

Rat-TNF-a-F 50-ATGGGCTCCCTCTCATCAGT-3’

Rat-TNF-a-R 50-GCTTGGTGGTTTGCTACGAC-3’

Rat-IL-6-F 50-TCTCCGCAAGAGACTTCCAG-3’

Rat-IL-6-R 50-AGCCTCCGACTTGTGAAGTG-3’

Rat-COX-2-F 50-CTCAGCCATGCAGCAAATCC-3’

Rat-COX-2-R 50-GGGTGGGCTTCAGCAGTAAT-3’

Rat-iNOS-F 50-CTATTCCCAGCCCAACAACAC-3’

Rat-iNOS-R 50-GTCACATGCAGCTTGTCCAG-3’

Rat-GAPDH-F 50-GGTGAAGGTCGGTGTGAACG-3’

Rat-GAPDH-R 50-CTCGCTCCTGGAAGATGGTG-3’

Abbreviations: F, Forward; R, Reverse; RT-qPC, Rreal-time quantitative

polymerase chain reaction.
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2.8 | Immunofluorescence staining

An appropriate number of NPCs were seeded into a 48-well plate to

administer different treatments. Then, the cells were fixed with 4%

paraformaldehyde for 30 min and infiltrated with 0.2% Triton X-100

for 10 min. After 1 h of blocking in 1% BSA, the cells were incubated

with primary antibodies (MMP9, MMP13 and Aggrecan, 1:200) at 4�C

for 16 h. Next, the cells were incubated with fluorescent secondary

antibodies at room temperature in the dark for 1 h. Afterwards, the

cells were treated with DAPI staining fluid for 10 min. Finally, fluores-

cence images in five high magnification random fields (200�) were

obtained utilizing a microscope. The region where the cells are located

is selected and the mean fluorescence intensity is measured in the

ImageJ software.

2.9 | mRFP-GFP-LC3 adenovirus transfection

mRFP-GFP-LC3 adenoviruses were used to detect autophagic flux.

When the cell density was close to 60%, the NPCs were infected

with the mRFP-GFP-LC3 adenovirus for 24 h. Following this, the

NPCs were treated with IL-1β and/or API for 24 h. Subsequently, a

confocal microscope (Nikon America Inc.) was used to capture the

autophagic flux. In the merged images, red spots indicate autophago-

lysosomes and yellow spots indicate autophagosomes. If the autop-

hagosome and autophagolysosome can fuse normally, then the red

fluorescence is more than the yellow fluorescence. If the down-

stream autophagy is blocked and the autophagosome and autopha-

golysosome cannot fuse normally, the yellow fluorescence is

predominant.

2.10 | IVDD model generation and treatment

According to a previous study, an in vivo IVDD model was estab-

lished by using a 20-gage needle to puncture the tail disk.30 In the

present study, 24 h male SD rats (220 ± 20 g, 6 weeks old) were

randomly assigned to two groups: a SHAM group (incising tail skin

and suturing) and an IVDD group. Then, rats that received the

SHAM procedure were randomly assigned to two groups: the

SHAM group and the SHAM + API group. Similarly, rats that

underwent the puncture procedure were randomly assigned to two

groups: the IVDD group and the IVDD + API group. After surgery,

the rats in the SHAM group and the IVDD group were injected

with 2 μL of vehicle, whereas the rats in the SHAM + API group

and IVDD + API group were injected with 2 μL of 50 μM API. The

injection was implemented with a 31-gage microsyringe, the size

of which did not result in IVDD as previously reported.31 In addi-

tion, the injection volume of 2 μL does not induce degenerative

changes of NPCs.32 After 6 weeks, the tails of the rats were col-

lected for histological staining and immunohistochemical (IHC)

analysis.

2.11 | Histopathological and immunohistochemical
analyses

After fixing with 4% paraformaldehyde for 24 h, each IVD tissue was

decalcified with a 10% ethylene diamine tetraacetic acid solution for

4 weeks. The tissue was then dehydrated, embedded, and sectioned

to a thickness of 5 mm. Slides of each disk were stained with hema-

toxylin and eosin (HE) and safranin O/fast green (SOFG). The Ortho-

pedic Research Society spine section initiative grading system was

used to evaluate IVD degeneration.33 In addition, the tissue sections

were incubated with primary antibodies (MMP13 and Aggrecan,

1:200) for IHC analysis. All section images were obtained using a

microscope. In histomorphological analysis, the image was captured at

high magnification fields (40�). In IHC analysis, the number of positive

cells was counted in three randomly selected high magnification fields

(200�) using ImageJ software.

2.12 | Statistical analysis

The in vitro experiment data were repeated at least three times and

the in vivo experiment data were repeated at least six times. All data

are presented as the mean ± standard deviation (SD) and were ana-

lyzed using GraphPad Prism V.8 (GraphPad Software Inc., USA). The

normal distribution was assessed using the Shapiro–Wilk test. One-

way analysis of variance followed by Tukey post hoc test was used to

analyze data between multiple experimental groups that meet the

normal distribution. Otherwise, the Kruskal–Wallis test was used. A

p value <0.05 was considered statistically significant.

3 | RESULTS

3.1 | Identification of rat NPCs in vitro

The primary rat NPCs were authenticated through safranin O staining,

toluidine blue staining and IHC staining of Collagen II. The cell mor-

phology of primary NPCs was fusiform or polygonal (Figure 1A). The

cytoplasm of NPCs was stained blue after toluidine blue staining

(Figure 1B). Due to its high content of proteoglycan, the cytoplasm

was stained red with safranin O staining (Figure 1C). In addition,

immunofluorescence (IF) staining revealed the presence of Collagen II,

which emitted red fluorescence in the cytoplasm (Figure 1D).

3.2 | Influences of API on the viability of NPCs and
selection of the optimal concentration of API

The structure of the API is shown in Figure 1E. The influence of

API on cell viability was examined using a CCK-8 kit. First, NPCs were

treated with different concentrations of API (0, 5, 10, 25, 50, and

100 μM) for 24 h. The results showed that the viability of NPCs was
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significantly inhibited when the concentration of API reached 100 μM

(Figure 1F). In addition, there was no significant effect on cell viability

after treatment with IL-1β (5 ng/mL) and API (0, 5, 10, 25, or 50 μM)

for 24 h (Figure 1G). Furthermore, the viability of NPCs was not sig-

nificantly affected when cells were administered with 5 mM 3-MA for

24 h (Figure 1H). The western blot results showed that 50 μM was

F IGURE 1 Identification of rat nucleus pulposus cells (NPCs) and selection of optimal Apigetrin (API) concentrations. (A) The general shape of
primary rat NPCs. (B) Toluidine blue staining and (C) Safranin O staining of primary rat NPCs. (D) Immunofluorescence staining of Collagen II in
primary rat NPCs. (E) Chemical structure of API. (F) The CCK8 results showed the viability of NPCs treated with different API concentrations
(0, 5, 10, 25, 50, and 100 μM) and (G) with interleukin-1 beta (IL-1β) (5 ng/mL) alone or with different API concentrations (0, 5, 10, 25, and
50 μM) for 24 h. (H) The viability of NPCs treated with IL-1β (5 ng/mL), API (50 μM), and 3-MA (5 mM) for 24 h was also measured. (I, J) Western
blotting was used to detect the expression of anabolic (Collagen II), catabolic (MMP13), and inflammatory-related (inducible nitric oxide synthase

[iNOS]) proteins in NPCs treated with 5 ng/mL IL-1β alone or in combination with different concentrations of API (5, 10, 25, and 50 μM). Data
are shown as the means ± SD, n = 3. *p < 0.05; **p < 0.01; ***p < 0.001. ns, no significant difference.
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the best concentration of API to enhance anabolism, reduce catabo-

lism, and suppress the inflammatory response (Figure 1I,J). Therefore,

50 μM API was selected for the follow-up study.

3.3 | API inhibited the inflammatory response in
IL-1β-stimulated NPCs

COX-2, iNOS, and IL-6, the crucial proinflammatory cytokines, are

essential for the progression of IVDD.34,35 In this study, the protein

expression of COX-2, iNOS, and IL-6 was significantly enhanced by

IL-1β stimulation, while this trend was reversed by treatment with

50 μM API (Figure 2A,B). As shown in Figure 2C, a similar phenome-

non was observed at the mRNA level (Figure 2C).

3.4 | API inhibited catabolism in IL-1β-
stimulated NPCs

MMPs, the major matrix-degrading enzymes in the progression of

IVDD, are abnormally highly expressed with the stimulation of IL-

1β.28,36 Therefore, we detected the protein expression of MMP2,

MMP13, MMP9, and MMP3 to analyze the effects of API on catabo-

lism. Western blotting revealed that the increase in MMPs protein

levels stimulated by IL-1β could be decreased by API (Figure 3A,B).

As shown in Figure 3C, RT-qPCR demonstrated that the upregulation

of MMP13, MMP9, and MMP3 following stimulation with IL-1β

could be reversed by API. In addition, the IF results clearly showed

that the fluorescence intensity of MMP9 and MMP9 in the cyto-

plasm was significantly higher in the IL-1β group than in the control

group and API alone group. Whereas, API treatment significantly

decreased the intensity of MMP9 and MMP13 (Figure 3D,E). These

results indicated that API had an anti-catabolic effect in IL-1β-

stimulated NPCs.

3.5 | API promoted anabolism in IL-1β-
stimulated NPCs

Aggrecan and Collagen II are the key elements of the ECM, which are

beneficial for disks in resisting compressive loads.37 Therefore, we

measured the expression of Aggrecan and Collagen II to analyze the

effects of API on anabolism. In this study, the protein expression of

Aggrecan and Collagen II was significantly decreased by IL-1β stimula-

tion, while API alleviated the degeneration of anabolic proteins

induced by IL-1β (Figure 4A,B). RT-PCR also showed that API treat-

ment enhanced the mRNA levels of Aggrecan and Collagen II in IL-1β-

stimulated NPCs (Figure 4C). The IF results further showed that the

intensity of Aggrecan in the cytoplasm was significantly lower in IL-

1β-induced NPCs than in the control group and API alone group,

whereas API treatment improved the expression of Aggrecan

(Figure 4D,E).

F IGURE 2 Apigetrin (API) inhibited the inflammatory responses in interleukin-1 beta (IL-1β)-stimulated nucleus pulposus cells (NPCs). (A, B)
Inflammatory protein expression (inducible nitric oxide synthase [iNOS], Cyclooxygenase 2 [COX-2], and IL-6) in NPCs was shown by western
blotting. (C) The mRNA expression levels of inflammatory genes (iNOS, COX-2, IL-6, and TNF-α) were analyzed by real-time quantitative
polymerase chain reaction (RT-qPCR). Data are shown as the means ± SD, n = 3. *p < 0.05; ***p < 0.001. ns, no significant difference.
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F IGURE 3 Apigetrin (API) inhibits catabolism in interleukin-1 beta (IL-1β)-stimulated nucleus pulposus cells (NPCs). (A, B) The expression of
catabolism-related proteins (MMP2, MMP3, MMP9, and MMP13) in NPCs was analyzed by western blotting. (C) The mRNA expression levels of
catabolism-related genes (MMP3, MMP9, and MMP13) were analyzed by real-time quantitative polymerase chain reaction (RT-qPCR). (D, E) The
expression of MMP9 and MMP13 was detected by immunofluorescence; scale bar = 200 μm. Data are shown as the means ± SD, n = 3.
*p < 0.05; ***p < 0.001; ns, no significant difference. DAPI, 4,6-diamino-2-phenyl indole; IL-1β, interleukin-1 beta; MMP, matrix
metalloproteinases.
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F IGURE 4 Apigetrin (API) promoted anabolism in interleukin-1 beta (IL-1β)-stimulated nucleus pulposus cells (NPCs). (A, B) The expression of
anabolic-related proteins (Aggrecan and Collagen II) in NPCs was analyzed by western blotting. (C) The mRNA expression levels of anabolic-
related genes (Aggrecan and Collagen II) were analyzed by real-time quantitative polymerase chain reaction (RT-qPCR). (D, E) Aggrecan
expression was detected by immunofluorescence; scale bar = 200 μm. Data are shown as the means ± SD, n = 3. *p < 0.05; **p < 0.01;
***p < 0.001. DAPI, 4,6-diamino-2-phenyl indole; IL-1β, interleukin-1 beta; ns, no significant difference.
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3.6 | API inhibited the mitogen-activated protein
kinase, nuclear factor-kappaB and PI3K/AKT/mTOR
signaling pathways in IL-1β-stimulated NPCs

Previous studies have found that the mitogen-activated protein kinase

(MAPK), nuclear factor-kappaB (NF-κB), and PI3K/AKT/mTOR signal-

ing pathways play a crucial role in the progression of IVDD.20,38–40

Therefore, these three signaling pathways were studied to further

explore the mechanisms of API against IVDD. P-P38, P-ERK, P-JNK,

and P-P65 were significantly upregulated following IL-1β stimulation

(Figure 5A,B). However, API inhibited the expression of P-P38, P-ERK,

P-JNK, and P-P65. Moreover, the expression of P-P65 was accumu-

lated in the nucleus after the stimulation of IL-1β, while API inhibited

this nuclear translocation of P-P65 (Figure 5C,D). We employed path-

way inhibitors to block the MAPK and NF-κB signaling pathways,

respectively, and to compare the therapeutic effect of API. In

Figure 5E,F, we found that MAPK and NF-κB pathway inhibitors

decreased the expression of iNOS and MMP13 and increased the

expression of Collagen II. These results were basically consistent with

API treatment, which indirectly suggested that API could partially

inhibit inflammation and reverses degenerative phenotypes via inhi-

biting the MAPK and NF-κB signaling pathway. Similarly, IL-1β acti-

vated the PI3K/AKT/mTOR signaling pathways, and API treatment

suppressed IL-1β-stimulated phosphorylation of PI3K, AKT, and

mTOR (Figure 5F,G).

3.7 | API alleviated impaired autophagy in IL-1β-
stimulated NPCs

Autophagy has been reported to play a key role in the IVDD pro-

cess.41 Therefore, we aimed to investigate whether the effect of

API on IVDD is related to autophagy. Atg5, Atg12, P62, and LC3II/I

are the main autophagy-related proteins. In this study, IL-1β inhib-

ited the expression of Atg5, Atg12, and LC3II/I while increasing the

expression of P62. However, the imbalance in autophagy was miti-

gated by API treatment (Figure 6A,B). The western blot results were

further confirmed with mRFP-GFP-LC3 adenovirus infection

(Figure 6C). Then, we used 3-MA, an autophagy inhibitor, to inves-

tigate whether blocking the autophagy process attenuates the

effect of API on anabolism, catabolism, and the inflammatory

response. As shown in Figure 6E,F, we found that 3-MA reversed

the enhanced autophagy process induced by API. Furthermore, 3-

MA blocked the anti-inflammatory and anti-ECM degradation

effects of API.

3.8 | API ameliorated disk degradation in a rat
IVDD model

To investigate the effects of API on IVDD in vivo, we punctured

the tail disk with a needle to establish a rat model of IVDD. The

results of HE staining and SOFG staining showed that needle

puncture caused a remarkable decrease in the number of NPCs,

ECM loss, and collapse of the cartilage endplate, whereas API sig-

nificantly alleviated these pathological changes (Figure 7A–C).

Moreover, IHC staining of MMP13 and Collagen II was used to

assess the catabolism and anabolism of NPCs. Compared with the

SHAM group and SHAM+API group, puncture significantly

increased the expression of MMP13 and decreased the expression

of Collagen II. However, after API treatment, the percentage of

MMP13-positive cells decreased, and the percentage of Collagen

II-positive cells increased compared to those in the IVDD group

(Figure 7D,E).

4 | DISCUSSION

Currently, some studies have confirmed that degeneration of the IVD

is strongly associated with chronic LBP.42–44 With advancing age,

degenerative disks show an imbalance between anabolic and cata-

bolic processes and gradually lose their function as flexible joints to

maintain spine stability. The disturbance of ECM homeostasis is often

accompanied by an inflammatory reaction, which in turn exacerbates

matrix degeneration in disks. In addition, the occurrence of annulus

fibrosus fissures during IVDD leads to nerve ingrowth, which should

be inhibited by normal NPCs, and the inflammatory microenviron-

ment further aggravates pain. Finally, spinal instability, inflammation,

and neural sensitization resulting from IVDD cause intolerable LBP.45

Unfortunately, there is currently no effective treatment available to

alleviate disk degeneration and the associated discogenic

lombalgia.46

In this study, we identified the protective effects of API on ame-

liorating IVDD in vitro and in vivo. Consistent with previous studies

on different cell types, we found that API showed impressive anti-

inflammatory effects on NPCs derived from rats. Meanwhile, similar

to other flavonoids, such as quercetin,47,48 cardamonin,49 and wogo-

nin,50 API also significantly inhibited catabolism while promoting

anabolism in degenerative IVD. We further confirmed that the bene-

ficial effects could be largely attributed to autophagy induced by API.

This is supported by elevated autophagy marker proteins induced by

API administration and the attenuated benefits of API on IL-1β-chal-

lenged NPCs after 3-MA administration. In addition, API significantly

ameliorated disk degradation in a rat IVDD model. The CCK-8 results

showed that there was no significant effect on cell viability after

treatment with API (0, 5, 10, 25, or 50 μM). However, the viability of

NPCs was significantly inhibited when the concentration of API

reached to 100 μM. Therefore, we selected the concentration of

50 μM API for the in vivo experiment. These results provide proof

of principle that API may be useful in mitigating disk degeneration by

enhancing autophagy to decrease matrix degradation and inflamma-

tion in NPCs.

Fuchs et al. first reported that API showed prominent anti-

inflammatory activity in combating rat dermatitis.51 As mentioned
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above, inflammation plays a vital role in the process of IVDD,

including ECM degradation and innervation.52,53 Teixeira et al.

fabricated nanoparticles with intrinsic anti-inflammatory character-

istics to deliver an anti-inflammatory drug, diclofenac. After inter-

nalization of the drug-loaded nanoparticles, IL-1β-treated IVD

tissue showed a dramatic reduction in many inflammatory media-

tors (IL-6, IL-8, and PGE2), while remodeled ECM manifested by

upregulation of ECM proteins (Collagen II and Aggrecan) and

downregulation of matrix degrading enzymes (MMP1 and

MMP3).54 API shows excellent anti-inflammatory effects on vari-

ous cell types, including skeletal muscle cells,55 microglia,24,56 and

adipocytes,57 which makes it a promising treatment for inflamma-

tion-related diseases. Similarly, our results demonstrated that API

significantly downregulated proinflammatory factors, which may

further reduce catabolic activity while increasing anabolism in IL-

1β-stimulated NPCs. Multiple signaling pathways have been

shown to be involved in IVDD. NF-κB is one of the most well-

known signaling pathways and is a central regulator of many

inflammatory factors, such as TNF-α, IL-1β, and IL-6.58 MAPK sig-

naling pathway plays a significant role in extracellular metabolism

in IVD.59 Disturbance of MAPK and NF-κB pathways is believed

to cause abnormal production of matrix-degrading enzymes such

as MMPs and Aggrecans.45 Our results demonstrate a prominent

inhibition of the MAPK and NF-κB signaling pathways after API

administration, as supported by the reduced phosphorylation of

P38, ERK, JNK, and P65 in IL-1β-stimulated NPCs. These results

indicate that API protects IVD from degeneration by regulating

the abnormal phosphorylation of the MAPK and NF-κB signaling

pathway. Further studies are needed to elucidate the underlying

mechanism.

After confirming the encouraging effects of API on inflammation,

catabolism, anabolism, and associated signaling pathways, we further

explored the biological processes mediated by API in NPCs. We iden-

tified the mediation of autophagy induced by API. The close associa-

tion between autophagy and IVDD is well known. Tang et al.

identified that nuclear factor (erythroid-derived-2)-like 2, a known

regulator capable of protecting cells against oxidative stress, prevents

IVD degeneration by inducing autophagy to combat oxidative

stress.60 Many biological molecules have been proven to prevent

IVDD by enhancing autophagy.61–63 Our results together with these

studies confirm the mediating role of autophagy in IVDD. Consistent

with a previous study,27 our results revealed that API might enhance

autophagy by regulating the PI3K/AKT/mTOR signaling pathway.

Elevated autophagy can be seen in NPCs in which the PI3K/AKT sig-

naling pathway is inhibited.64 mTOR exists in two different multi-sub-

unit protein complexes: mTOR complex 1 (mTORC1) and mTOR

complex 2 (mTORC2). Selective inhibition of mTORC1 prevents apo-

ptosis, senescence, and catabolism in human NPCs.18 However, com-

plete suppression of mTORC1 and mTORC2 would lead to apoptosis

and senescence in human NPCs.19 In the current study, NPCs viabil-

ity was not affected by API, which may be because API primarily

inhibits mTORC1 rather than mTORC2. Future researches need to be

performed to study the effect of API on mTORC1 and mTORC2

downstream genes. 3-MA is regarded as an effective autophagy

inhibitor because it can inhibit class III PI3K. In addition, previous

studies have proven that 3-MA has a dual role in autophagy.65 3-MA

can inhibit autophagy under starving conditions, but promote autop-

hagy under nutrient-rich conditions. In current experiment, NPCs

were cultured in serum-free medium for 6 h, then replaced with com-

plete medium and administered 3-MA. The results showed that 3-

MA could inhibit the autophagy process of NPCs in the current

experiment. The promotion of autophagy induced by API was not

observed after 3-MA administration, which confirmed that API

induced autophagy by inhibiting the PI3K/AKT/mTOR signaling

pathway.

Although API has shown excellent anti-inflammatory and autop-

hagy-promoting effects in vivo and in vitro study, further clinical appli-

cations still have some limitations to this study. First, one of the

limitations is the absence of the utilization of accepted markers, Bra-

chyury and CD24,66 for the identification of rat NPCs in our study.

Second, the assessment of oxygen concentration within the culture

environment was not conducted. It is noteworthy that the nucleus

pulposus cell resides in a hypoxic and avascular milieu, thus emphasiz-

ing the significance of monitoring the oxygen concentration in the cul-

ture environment. Third, we only use histomorphological and IHC

analysis in in vivo study, whereas imageological examination remains

to be performed. Forth, we only uncovered the impact of API on

IVDD-related classical signaling pathways in this study. It is yet to be

determined whether API exerts direct effects on these pathways or if

its effects are indirect through other targets within these pathways.

Fifth, we did not verify the therapeutic effect of API on human disk

cells, which limited clinical relevance of this study. Despite these limi-

tations, our research undeniably provides a potential theoretical basis

for API applications to treat IVDD.

F IGURE 5 Apigetrin (API) inhibited the mitogen-activated protein kinase (MAPK), NF-κB, and phosphatidylinositol 3-kinase (PI3K)/AKT/
mammalian target of the rapamycin (mTOR) signaling pathways in interleukin-1 beta (IL-1β)-stimulated nucleus pulposus cells (NPCs). (A, B) NF-
κB- and MAPK-related signaling molecules were analyzed by western blotting. (C) Immunofluorescence staining and (D) quantitative analysis of
the nuclear translocation of P-P65 in NPCs. (E, F) The protein expression of inflammatory proteins (inducible nitric oxide synthase [iNOS]),
anabolic proteins (Collagen II), and catabolic proteins (MMP13) in NPCs treated with IL-1β (5 ng/mL) in the presence of API (10 μM), or
SB203580 (10 μM), and or JSH23 (10 μM). (G, H) The protein expression levels of PI3K/AKT/mTOR-related signaling molecules were analyzed
by western blotting. Data are shown as the means ± SD, n = 3. *p < 0.05; **p < 0.01; ***p < 0.001. DAPI, 4,6-diamino-2-phenyl indole; ERK,
extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; LC3, light chain 3; ns, no significant difference; P-ERK, Phospho-ERK; P-JNK,
Phospho-JNK; P-P65, Phospho-P65.
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F IGURE 6 Apigetrin (API) alleviated impaired autophagy in interleukin-1 beta (IL-1β)-stimulated nucleus pulposus cells (NPCs). (A, B) Western
blot analysis showed that the impaired autophagy induced by IL-1β could be rescued by treatment with API (50 μM). (C) NPCs were transfected
with mRFP-GFP-LC3 adenovirus, and the strength of autophagic flux was captured with a confocal microscope. (D, E) The expression of

autophagy-related proteins (P62, ATG5, and LC3II/I), inflammatory proteins (inducible nitric oxide synthase [iNOS]), anabolic proteins (Collagen II)
and catabolic proteins (MMP13) in NPCs treated with or without 3-MA (5 mM) before treatment with API or IL-1β. Data are shown as the means
± SD, n = 3. *p < 0.05; **p < 0.01; ***p < 0.001. ns, no significant difference.
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5 | CONCLUSION

In short, as shown in Figure 8, API is capable of alleviating IVDD by

inhibiting inflammation and balancing disturbed ECM homeostasis,

which mainly relies on the improvement of autophagy in NPCs.

Hence, we believe that API may be a promising candidate against LBP

resulting from IVDD.
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