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Oxidative stress—induced apoptosis and senescence of nucleus pulposus (NP) cells play a
crucial role in the progression of intervertebral disc degeneration (IVDD). Accumulation of
studies has shown that activated autophagy and enhanced autophagic flux can alleviate
IVDD. In this study, we explored the effects of apigenin on VDD in vitro and in vivo. Apigenin
was found to inhibit tert-butyl hydroperoxide (TBHP)-induced apoptosis, senescence, and
ECM degradation in NP cells. In addition, apigenin treatment can restore the autophagic
flux blockage caused by TBHP. Mechanistically, we found that TBHP may induce
autophagosome and lysosome fusion interruption and lysosomal dysfunction, while
apigenin alleviates these phenomena by promoting the nuclear translocation of TFEB
via the AMPK/mTOR signaling pathway. Furthermore, apigenin also exerts a protective
effect against the progression of IVDD in the puncture-induced rat model. Taken together,
these findings indicate that apigenin protects NP cells against TBHP-induced apoptosis,
senescence, and ECM degradation via restoration of autophagic flux in vitro, and it also
ameliorates VDD progression in rats in vivo, demonstrating its potential for serving as an
effective therapeutic agent for IVDD.

Keywords: intervertebral disc degeneration, autophagy, autophagic flux, apoptosis, senescence, TFEB

INTRODUCTION

Intervertebral disc degeneration (IVDD) is a worldwide age-related musculoskeletal disease, resulting in
low quality of life and an increase in the clinical and socioeconomic burdens (Vergroesen et al., 2015). It has
been reported that over 40% of low back pain is due to the IVDD progress (Clark and Horton, 2018), which
is a consequence of multiple pathological factors, such as abnormal stress, aging, genetic predisposition,
and obesity (Kanayama et al., 2009; Ikegawa, 2013). Although there are many studies targeting the IVDD
progress, the exact underlying pathological mechanism of IVDD is still unclear. The intervertebral disc
(IVD) is composed of three integrated structures: a jelly-like tissue, nucleus pulposus (NP); multiple layers
of collagen fibers, annulus fibrosus (AF); and the cartilaginous endplates in the upper and lower vertebra.
The NP cells, mainly regulating the extracellular matrix metabolism (ECM) and controlling the balance of
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proteoglycan and type II collagen production (Ashley et al., 2016), are
the most critical components of the disc to maintain the disc function
and flexibility (Banala et al., 2018). Although IVDD is associated with
multiple pathological processes, it is characterized by decreased
intervertebral space height and dysfunction of NP and AF.
Besides, previous studies indicated that the production of reactive
oxygen species (ROS) induced by oxidative stress may increase the
level of apoptosis and senescence in NP cells, which may directly
affect the ECM anabolism and catabolism (Olga et al., 2016; Feng
et al, 2017; Yu et al, 2018). Therefore, targeting oxidative
stress—induced apoptosis and senescence in NP cells is regarded as
an effective therapeutic strategy for alleviating IVDD progress.

Macroautophagy (autophagy), a well-known highly conserved
substantial intracellular degradation process, exhibits its
cytoprotective effect by scavenging the unwanted senescent
organelles and misfolded proteins (Zheng et al, 2019b;
Deretic, 2021). Autophagy is a dynamic process consisting of
several steps: subcellular membranes undergo structural changes,
then autophagosomes come into being and fuse with lysosomes,
and finally the fused autophagolysosomes degrade the content
and release the energy (Nakatogawa, 2020). The entire dynamic
process is described as “autophagic flux,” which can be used to
assess autophagic activity. Many research studies demonstrated
that the autophagic flux was closely related to cell senescence and
apoptosis in IVDD development (Zheng et al., 2019a; Hu et al,,
2021). As previously reported, autophagic flux blockage existed in
NP cells under oxidative stress (Liu et al., 2020). In the meantime,
the oxidative stress or inflammatory factors, including TBHP and
interleukin-1, mediated ECM degradation which would worsen
after chloroquine (CQ) administration, a classical autophagic flux
blocker (Xu et al.,, 2015; Chen et al., 2018). Hence, enhancing
autophagy and restoring autophagic flux might also serve as a
potential therapeutic strategy for IVDD.

Apigenin is a natural flavonoid that exists in multiple plants,
vegetables, fruits, spices, and Chinese herbal medicines (Shankar
etal.,, 2017; Sharma et al., 2019). A bunch of research studies indicated
that apigenin exerts anti-inflammatory (Wang and Huang, 2013),
antioxidant (Yang et al,, 2020), anticancer (Guedj et al., 2020), and
antiplatelet aggregation effect (Sharifi-Rad et al,, 2021) in various
diseases, such as neurodegenerative diseases and epilepsy, which can
alleviate pathogenesis and symptoms of them (Sang et al., 2020;
Sharma et al., 2020). In recent studies, apigenin showed the ability to
induce autophagy and improve autophagic flux in various tissues,
such as human skin, cartilage, heart, and retina (Bridgeman et al,
2016; Cho et al., 2019; Zhang et al., 2020b). However, whether the
protective effects of apigenin exist in NP cells is still unclear.
Therefore, we investigated the effects of apigenin in vitro and in
vivo and explored the underlying mechanism.

MATERIALS AND METHODS
Ethical Statement

All surgical operations and treatments on animals were approved
by the Animal Care and Use Committee of Wenzhou Medical
University.

Apigenin Restores Autophagy Flux

Reagents and Antibodies

Apigenin (C15H1005; purity >98%), hematoxylin-eosin (HE)
staining kit, and Safranin O-fast green (SO) staining kit were
purchased from Beijing Solarbio Science & Technology (Beijing,
China); tert-butyl hydroperoxide solution (TBHP), chloroquine
(CQ), and type II collagenase were obtained from Sigma-Aldrich
(St. Louis, MO, United States); dorsomorphin (compound C) and
bafilomycin A1 were purchased from MCE (Monmouth Junction,
NJ, United States); the primary antibodies against Bcl2 (12789-1-
AP), Bax (50599-2-Ig), MMP13 (18165-1-AP), p-actin (20536-1-
AP), and TFEB (13372-1-AP) were obtained from Proteintech
(Wuhan, China); p21 (ab109199), p62 (ab109012), collagen II
(ab188570), ADAMTS5 (ab41037), AMPK (ab32047), p-AMPK
(ab13448), LAMP2 (ab125068), and lamin B (ab133741) were
acquired from Abcam; LC3 (#83506), cleaved caspase 3 (#9661),
p-mTOR (#5536), and mTOR (#2972) and apigenin were
partially purchased from Cell Signaling Technology (Danvers,
MA, United States); p16INK4a (A0262), aggrecan (A11691), and
LAMP1 (A2582) were purchased from ABclonal Technology
(Wuhan, China). Goat anti-rabbit and anti-mouse IgG-HRP
antibodies were purchased from Bioworld (Nanjing, China).
Alexa Fluor® 594- and 488-conjugated secondary antibodies
were obtained from Jackson ImmunoResearch (PA,
United States); 4',6-diamidino-2-phenylindole (DAPI) was
purchased from Beyotime (Shanghai, China).

Rat NP Cells Culture and Viability Analysis
Healthy male Sprague-Dawley (100-150 g, 4 weeks) were used
for NP cell extraction. The methods for NP cell extraction and
culture were described in a previous study (Xie et al., 2021).

Cell viability analysis was performed by CCK-8. NP cells were
seeded in 96-well plates and incubated with different
concentrations of apigenin or TBHP alone, or with both of
them. Then, to each well was added 100 pl solution that had a
combination of 90 ul DMEM/F12 and 10 pl CCK-8 solution, and
incubated for 120 min at 37°C; after that, the absorbance was
measured using the microplate reader at 450 nm.

Live and dead NP cells seeded in 6-well plates were also
detected after 24-h incubation with TBHP or API via the
Calcein/PI Cell Viability/Cytotoxicity Assay Kit according to
the manufacturer’s instructions. The cells were observed and
scanned by using a microscope (Olympus Inc., Tokyo, Japan).

Western Blotting

The total cytoplasmic and nucleus proteins were extracted from
NP cells after various treatments or stimulation via related kits
according to the manufacturer’s instructions (Beyotime, China).
Then the balanced protein samples were separated via sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a polyvinylidene difluoride membrane (PVDF)
(Bio-Rad, United States), the obtained membranes were blocked
by 5% (w/v) non-fat milk for 120 min and then incubated with
the primary antibody, whose concentration ranges from 1:500 to
1:1,000, overnight at 4°C, and subsequently, incubated with the
corresponding secondary antibody for 120min at room
temperature. A ChemiDoc XRS + Imaging System (Bio-Rad)
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was used for visualizing the membranes, and Image Lab 3.0
software (Bio-Rad) was for quantification.

Small-Interfering RNA Transfection

The specific rat TFEB small-interfering RNA (siRNA) was
obtained from GenePharma (Shanghai, China), and negative
control or siRNA-TFEB were transfected into NP cells using
Lipofectamine 2000 siRNA transfection reagent (Thermo Fisher,
UT, United States) according to the manufacturer’s instructions.

SA-3-Gal Staining

Senescence activity of NP cells was assessed via SA-B-gel staining
kit (Beyotime), according to the instructions. After staining, the
cells turned blue, indicating that cells showed higher SA-B
activity. And the degree of senescence activity was presented

by the percentage of staining positive cells to total cells in each
filed of slides.

TUNEL Staining

TUNEL staining, targeting at detecting cell apoptotic DNA
fragmentations, was used for assessing the apoptotic level of
NP cells. Normal or treated NP cells were fixed in the slides,
then incubated and stained with corresponding reagents for
30 min at room temperature according to the manufacturer’s
instructions (F. Hoffmann-LaRoche Ltd., Basel, Switzerland), and
finally stained with DAPI for visualizing the nuclei. The obtained
slides were visualized and captured by using a fluorescence
microscope (Olympus Inc., Tokyo, Japan).

Lyso-Tracker Red Staining

The function of lysosomes was assessed via Lyso-Tracker Red
(LTR) staining; 50 nM LTR was chosen for staining with NP cells
(Invitrogen, Grand Island, NY) for 30 min at 37°C and then
Hoechst 33258 was added to stain nuclei for 10 min. After that,
bright and strong fluorescent staining of lysosomes can be
observed under a fluorescence microscope (Olympus Inc.,
Tokyo, Japan), and fluorescence intensity was analyzed by
Image] (Bethesda, MD, United States).

Immunofluorescence

As described previously (Xie et al., 2021), slides were incubated
with primary antibodies, collagen II (1:100), MMP-13 (1:200),
LC3 (1:100), and LAMPI1 (1:200), overnight at 4°C, and then
labeled with suitable secondary antibodies for 60 min at 37°C. The
nuclei were stained with DAPI for 5 min. All the images were
observed and captured by using a fluorescence microscope
(Olympus Inc., Tokyo, Japan).

Puncture-Induced Rat Intervertebral Disc

Degeneration Model

The animal experimental protocols were approved by the Animal
Care and Use Committee of Wenzhou Medical University. Male
Sprague-Dawley rats (8 weeks, 200-250 g, n = 24) were obtained
from the Animal Center of the Chinese Academy of Sciences
(Shanghai, China). Animals were bred in a suitable condition with
a 12-h light/dark cycle and were regularly fed. Sprague-Dawley rats

Apigenin Restores Autophagy Flux

were randomly divided into three groups: sham group, IVDD
group, and IVDD + apigenin group. After being anesthetized by an
intraperitoneal injection of 2% (w/v) pentobarbital (40 mg/kg), a
26 g needle was punctured into the disc as previously described
(Xie et al., 2021). Once the IVDD model was accomplished, except
the regular feeding, the sham group were given saline every day via
intragastric administration as well as the IVDD group; in the
meantime, the IVDD + apigenin group was given 10 mg/kg
apigenin (dissolved in saline) once a day for 8 weeks until
killed. The rats were given daily care to ensure their survival.

X-Ray Image Acquisition and Magnetic
Resonance Imaging

X-ray and MRI were taken 8 weeks after surgery. X-ray of rat tails
was captured by an imaging machine (Kubtec, United States) in a
prone position. Similarly, MRI imaging was performed on rat tails
through a 3.0 T clinical magnet (Philips Intera Achieva 3.0 MR)
(Zheng et al., 2019a). The Pfirrmann grading system was used for
assessing IVDD degree (Pfirrmann et al., 2001).

Histopathological Analysis and

Immunohistochemical Examination

Surgery and non-surgery rat tails were harvested after being killed
by an overdose of anesthesia at 8 weeks, respectively. The
obtained specimens sequentially decalcified, fixed,
dehydrated, and eventually embedded in paraffin. Then the
tissues were cut into 5-pm sections. HE staining and SO
staining were performed on 5-pm-thick sectioned tissues that
target at assessing the cellularity and morphology variation of the
intervertebral disc under a microscope (Olympus Inc., Tokyo,
Japan). As for immunohistochemical examination, the sliced
tissues underwent deparaffinization and dehydration, then
pepsin incubation for 30 min, followed by 1% (w/v) goat
serum albumin block for 60 min at room temperature, and
then primary antibody (1:200) incubation at 4°C overnight.
Finally, incubated with appropriate HRP-
conjugated secondary antibodies. Images were observed by
Image-Pro Plus software, version 6.0 (Media Cybernetics,
Rockville, MD, United States).

were

tissues were

Statistical Analysis

Data were expressed as means + standard deviation (SD) and
analyzed by GraphPad Prism 9 (United States). One-way
analysis of variance (ANOVA) was performed to assess the
difference among groups and Tukey’s test for comparison
between groups. Two group differences were analyzed by
Student’s t-test. p values <0.05 were considered statistically
significant.

RESULTS
Effects of Apigenin on Cell Viability

The chemical structure of apigenin is shown in Figure 1A.
Toxicity analysis of apigenin was performed in this study, as
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FIGURE 1 | Effects of apigenin (API) on cell viability, apoptosis, and senescence of rat nucleus pulposus (NP) cells. (A) Chemical structure of API. (B,C) Counting
Kit-8 (CCKB8) results of NP cells treated with various concentrations of APl or TBHP for 24 h. (D) CCK-8 results of NP cells co-treated with APl and TBHP (50 uM) for 24 h.
(E,F) Live and dead staining of NP cells cocultured with APl and TBHP (50 uM) for 24 h. (scale bar: 50 pm). (G) Western blot results of Bax, cleaved caspase 3, Bcl2, p21,
and p16INK4a expression levels in NP cells. (H) Quantification of Bax, cleaved caspase 3, Bcl2, p21, and p16INK4a by immunoblot. () TUNEL and SA-p-gel
staining was performed in NP cells (scale bar: 50 um). (J) The positive cells in TUNEL and SA-B-gel staining were quantified. The data in the figures represent mean + S.D.
Significant differences between groups are indicated as ****p < 0.0001, **p < 0.001.

observed in Figure 1B, and no cytotoxic effect was found when
NP cells were incubated in various concentrations of apigenin for

24 h; and TBHP decreased the cell viability of NP cells in a dose- confirmed this result (Figures 1E,F).

dependent manner, which was reversed by apigenin treatment
(Figures 1C,D). Besides, live and dead cell staining also
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24 h. (A) The protein expression of collagen Il, aggrecan, ADAMTS5, and MMP13 in NP cells as treated above were assessed by Western blot. (B) Quantification of
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Apigenin Suppresses TBHP-Induced

Apoptosis and Senescence in NP Cells

Several experiments were performed to investigate the effect of
apigenin on apoptosis and senescence under TBHP stimulation.
Senescence-related indicators, p16INK4a and p21 protein levels
in NP cells and SA-[B-gal activity of NP cells were assessed in this
study. As shown in Figures 1F-I, both protein level of p16INK4a
and p21, and the positive SA-pB-gal cells were increased by TBHP,
which were reversed by apigenin treatment in NP cells. Next,
TUNEL staining, a classical damaged DNA test method, was used
for apoptosis analysis. Besides, the expression level of pro-
apoptotic protein (Bax and cleaved caspase 3) and
antiapoptotic protein (Bcl-2) were detected by Western blot. It
can be observed in Figures 1F,G that apigenin alleviated Bax and
cleaved caspase 3 protein levels, while increasing Bcl2 protein
levels. From the results of TUNEL staining (Figures 1H,I), more
positive cells were detected in the TBHP group, while apigenin
administration obviously abolished the TBHP-induced apoptotic
cells. Taken together, these results demonstrate that apigenin

exerts a protective effect against TBHP-induced apoptosis and
senescence in NP cells.

Apigenin Alleviates TBHP-Induced ECM

Degradation in NP Cells

Then we studied the effect of apigenin on the degradation of ECM
in TBHP-treated NP cells, which was the main reason causing
IVDD progress. As seen in Figures 2A,B, Western blot results
proved that TBHP treatment reduced the protein expression of
collagen II and aggrecan; on the contrary, it promoted the
expression of matrix metalloproteinase-13 (MMP13) and a
disintegrin and metalloproteinase with thrombospondin motifs
5 (ADAMTS), but apigenin partially reversed the aforemenioned
results in a dose-dependent manner. In addition, the fluorescence
intensity of collagen II decreased along with the increasing
fluorescence intensity of MMP13 in cells exposed to TBHP
(Figures 2C,D). Also, it was reversed by apigenin treatment,
which was consistent with the results of Western blot. Hence, it
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can be concluded that apigenin protects NP cells from ECM
degradation induced by TBHP stimulation by regulating the
balance of ECM synthesis-related and degradation-related
protein levels.

Apigenin Promotes Autophagic Flux in NP
Cells

In order to evaluate whether apigenin can activate autophagy in
NP cells, several autophagy-related protein levels were analyzed
through Western blot. As shown in Supplementary Figures
S1A-D, the LC3-II/I protein ratio and Lamp2 expression
increased, but p62 expression decreased in NP cells by
apigenin treatment in a dose- and time-dependent way,
respectively. Besides, the results of cell immunofluorescence
staining indicated that apigenin treatment effectively enhanced
the colocalization of LC3 with LAMP1 (Supplementary Figures
S1E,F), which confirmed the aforementioned findings.
Interestingly, LC3-II is also involved in the dynamic variation

during the autophagy process; either the increased generation of
autophagosomes or the decreased degeneration of autolysosomes
may increase the LC3-II level. Besides, p62, a specific substrate
degraded in autolysosomes, is also an indicator for the status of
autophagic flux. Hence, the autophagic flux activity was assessed
by LC3-II and p62 expression levels in NP cells treated with or
without the bafilomycin Al (a typical lysosomal inhibitor). As
observed in Supplementary Figures S1G,H, apigenin promotes
autophagic flux in NP cells. Altogether, these data indicate that
apigenin activates autophagy and promotes autophagic flux in
NP cells.

Apigenin Restores Autophagy Flux
Blockage Induced by TBHP Treatment in NP
Cells

The effect of apigenin on regulating autophagic flux was analyzed
in NP cells exposed to TBHP. As seen from Figures 3A,B, the
LC3-II/LC3-I protein ratio was elevated as well as p62 expression,
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indicating that NP cells exposed to TBHP caused autophagic flux
blockage, while TBHP-induced upregulation of p62 expression
and LC3-II/LC3-I ratio were reversed by apigenin treatment.
Then, to quantize the autophagic flux, a tandem mRFP-GFP-LC3
construct was used in this study. Normally, only red fluorescence
can be observed in lysosomal because of its acidic environment
inhibits the green fluorescence; but yellow puncta, a merged form
of red and green fluorescence, can be seen in autophagosomes. As
shown in Figures 3C,D, more yellow puncta were found in the
TBHP group than in the control group, indicating that
autophagic flux was blocked in NP cells; but in apigenin and
TBHP coculture group, fewer yellow puncta and more red
fluorescence were observed compared to the TBHP group.
Besides, a further analysis was performed via cell
immunofluorescence staining. From the results in Figures
3E,F, double-immunofluorescence staining for Lamp1 (a major
protein of lysosomal) and LC3 was performed, which showed that
the colocalization of LC3 with Lampl was increased in NP cells
with apigenin treatment compared with that in TBHP-treated
cells; Therefore, these results demonstrate that apigenin has a
positive role in restoring impaired autophagic flux in TBHP-
treated NP cells.

CQ Reverses the Protective Effects of
Apigenin in NP Cells Under Oxidative Stress

To determine whether apigenin-induced autophagy and autophagic
flux benefited the cell viability, we explored the effect of apigenin on
apoptosis, senescence, and ECM degradation when cocultured with
CQ, a well-known lysosomal cavity alkalizer that could block
autophagic flux in TBHP-treated NP cells. Western blot results
demonstrated that CQ treatment inhibited the apigenin’s
protective function against TBHP-induced upregulation of
apoptosis-related proteins (Bax and cleaved caspase 3) and
senescence-related proteins (pl6INK4a and p21) expression, as
well as the antiapoptosis protein (Bcl2) expression level
(Supplementary Figures S2A,B). Meanwhile, the percentage of
TUNEL and SA-B-gal-positive cells was further confirmed the
Western blot results (Supplementary Figures S2CD). In
addition, the protection of apigenin against TBHP-induced ECM
degradation was also abolished by CQ, as observed from the results in
Supplementary Figures S3A,B that the treatment of CQ inhibited
ECM anabolic proteins (collagen II and aggrecan) levels and
increased ECM catabolic proteins (MMP13 and ADAMTS5)
levels. Besides, the immunofluorescence staining of collagen II and
MMP13 showed the same results of Western blot (Supplementary
Figures S3C-F). Taken together, the aforementioned data prove that
apigenin-induced  antiapoptosis, anti-senescence, and anti-
degradation of ECM function were via autophagic flux regulation.

Apigenin Promotes the Nuclear
Translocation of TFEB in TBHP-Treated NP
Cells

Next, several experiments were performed to figure out whether
apigenin regulated TFEB expression levels in TBHP-treated NP
cells. Western blot results showed that apigenin treatment

Apigenin Restores Autophagy Flux

promoted the nuclear expression level of TFEB in a dose- and
time-dependent manner (Figures 4A,B); an obvious decrease in
nuclear TFEB expression was observed when NP cells were
administrated with TBHP (Figures 4C,E), but apigenin
treatment reversed the decreased TFEB nuclear transfer
triggered by TBHP (Figures 4D,F), which was also confirmed
by cell immunofluorescence analysis (Figures 4G,H), These data
suggest that apigenin may promote the nuclear level of TFEB in
TBHP-treated NP cells.

Apigenin Alleviates TBHP-Induced
Autophagy Flux Blockage Through TFEB in

NP Cells

It has been proved that TFEB regulated autophagic flux and
lysosome function in NP cells; then, the function of apigenin on
autophagic flux activity was evaluated after knocking down the
TFEB expression by siRNA-TFEB (si-TFEB) in TBHP-treated NP
cells. TFEB expression was successfully knocked down by si-
TFEB in NP cells (Figures 5A,B). Meanwhile, as shown in
Figures 5C,D, the effect of apigenin on improving the ratio of
LC3-II/LC3-I and Lamp2 expression level as well as inhibiting
p62 expression was remarkably reversed in the si-TFEB group
compared to the siRNA-control (si-control) group. Besides, the
immunofluorescence double staining intensity of LC3-II and
Lampl, which  could represent the fusion of
autophagy-lysosome,  was enhanced by  apigenin
administration; however, this effect was eliminated by si-TFEB
transfection (Figures 5E,F). Next, we also assessed the lysosomal
enzyme activity by LysoTracker Red (LTR). As a specific
lysosomotropic probe, it could be observed like a red
fluorescence in fluorescence microscope, which changed with
the lysosomal pH variation. As seen from Figures 5G,H, a
weakened red fluorescence intensity was observed in NP cells
under TBHP stimulation compared to the normal NP cells,
indicating TBHP may lead to the impairment of lysosomal
function, while apigenin treatment restored the low
fluorescence intensity caused by TBHP stimulation. After
transfecting si-TFEB, apigenin exhibited less effect on
recovering the lysosome dysfunction induced by TBHP. All
the aforementioned results indicate that apigenin alleviates
TBHP-induced autophagy and lysosome dysfunction in NP cells.

Apigenin Alleviates TBHP-Induced
Apoptosis, Senescence and ECM
Degradation in NP Cells via TFEB

Then, we assessed whether apigenin exerted the antiapoptosis, anti-
senescence, and anti-degradation of ECM ability via TFEB regulation
in TBHP-treated NP cells. Apoptosis was detected by Western blot
and TUNEL staining. As observed in Figures 6A,B, the Bcl2
expression level was increased, while Bax and cleaved caspase 3
expression levels were remarkably decreased by apigenin treatment.
Interestingly, the deletion of TFEB abolished this phenomenon,
which was also confirmed by TUNEL staining (Figures 6C,D).
Besides, we detected the senescence-related indicators, p21 and
pl6INK4a expression levels, and the SA-B-gal activity in NP cells.
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Knocking down TFEB remarkably reversed the apigenin’s effect on
reducing p21 and p16INK4a expression levels (Figures 6A,B), and
the SA-B-gal-positive cells (Figures 6C,E). In the meantime, collagen
II and aggrecan proteins levels were significantly increased, the
MMP13 and ADAMTS5 proteins were remarkably decreased in
TBHP-treated NP cells cocultured with apigenin and TFEB-control;
while an opposite result was obtained when NP cells were cocultured
with apigenin and si-TFEB (Supplementary Figures S4A,B).
Furthermore, the increment of fluorescence intensity of collagen II
was inhibited in the si-TFEB group; on the contrary, the MMP13
fluorescence intensity was enhanced (Supplementary Figures

$4CD). All data above suggest that apigenin may suppress
senescence, apoptosis, and ECM degradation in NP cells caused
by TBHP through regulating TFEB.

Apigenin Activates AMPK/mTOR Pathway
in NP Cells

As previous studies described, the AMPK/mTOR signaling
cascade was known as one of the classic pathways regulating
TFEB. Hence, we investigated whether this signal pathway was
activated in NP cells under apigenin treatment. As shown in
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Supplementary Figures S5A-D, apigenin changed the p-AMPK
and p-mTOR protein levels in a time- and dose-dependent
manner; while no obvious variation was observed both in total
AMPK and mTOR protein levels, indicating that apigenin
activated the AMPK/mTOR pathway. Next, to detect the
apigenin’s effect on TFEB whether through the AMPK/mTOR
pathway, an AMPK inhibitor, compound C, was used in NP cells
for inhibiting AMPK expression. As observed in Supplementary
Figures S5E-J, compound C administration reversed the
activation of the AMPK/mTOR pathway and TFEB nuclear
translocation by apigenin. Besides, Western blot results also
indicated compound C remarkably impaired apigenin-
mediated enhancement of autophagy and autophagic flux in
NP cells (Supplementary Figures S6A,B). In addition, the
protection of apigenin against TBHP-induced apoptosis,

senescence, and ECM degradation was also markedly
attenuated by compound C (Supplementary Figures S6C-F).
Hence, these results confirm that apigenin activated TFEB in NP
cells through the AMPK-mTOR signaling pathway.

Apigenin Treatment Ameliorates IVDD in

Rats In Vivo

In order to investigate the potential therapeutic effect of apigenin
on IVDD in vivo, a needle puncture-induced IVDD model in rats
was obtained. The X-ray and MRI images were obtained at
8 weeks after surgery. As observed in Figure 7B, the T2-
weight signal intensity of the punctured section was gradually
weakened at 8 weeks after surgery, but this phenomenon was
delayed by apigenin treatment. The degeneration extent was
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further quantified by the Pfirrmann grading system (Figure 7D).
Meanwhile, X-ray results showed that apigenin treatment
alleviated the decline of disc height induced by puncture
injury (Figures 7A,C). Apart from the aforementioned
assessment, histomorphological changes between normal and
damaged disc tissues with or without apigenin treatment were
also assessed. HE staining and SO staining were performed to
assess the variation of NP histological structure and
proteoglycans and glycosaminoglycans, respectively. As
observed in Figure 7E, the NP structure was gradually
shriveled and NP cells were reduced and invaded by notable
fibrous tissue in the IVDD group, while treatment with apigenin
significantly delayed the disruption of IVD tissues, like more NP
cells existed and less lamellar disorganization or fragmentation
and ECM component containing in the disc. According to the
analysis of the histological scores from SO staining (Figure 7F),
apigenin administration clearly showed lower scores compared to
the IVDD group, which further confirmed the protection of
apigenin against IVDD progression. Besides, we detected the
expression of LC3-II, p16INK4a, cleaved caspase 3, collagen II,
and aggrecan by immunohistochemical staining, and the results
were consistent with the Western blot results mentioned before
(Figures 7G,H). Taken together, all these results suggest that

apigenin participates in the therapy of IVDD and ameliorates its
progression in vivo.

DISCUSSION

IVDD is a clinical refractory degenerative disease, which has been
reported as the major reason for low back pain (Lazary et al,
2014; Wilke et al., 2014). Current clinical medicine is only to
alleviate the symptom, and most of them cannot reverse the
pathology of IVDD. Thus, a drug focus on the pathological
mechanisms to delay the IVDD progression is necessarily
needed. This study found that apigenin can enhance
autophagy and restore autophagic flux by regulating TFEB,
which inhibits TBHP-induced apoptosis, senescence, and ECM
anabolic and catabolism imbalance in vitro. The in vivo study also
confirmed the effect of apigenin on IVDD (Figure 8).

The pathophysiological characteristics of aging-related
degenerative diseases are referred to as multiple factors, such
as inflammatory cytokines, mechanical load, and metabolic stress,
leading to an increased level of reactive oxygen species (ROS)
(Labuschagne and Brenkman, 2013; Ali et al, 2015). The
overexpression of ROS seriously harms cell homeostasis and
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leads to the accumulation of damaged DNA and dysfunctional ~ imbalance was reversed by apigenin, as indicated by
mitochondria, especially in degenerative diseases with weak  promoting collagen II and aggrecan expression, and inhibiting
antioxidant defense mechanisms (Grishko et al., 2009). matrix degradation enzyme (MMP-13 and ADAMTS-5)
Continuous release of ROS leads to oxidative stress, creating  expression, indicating that apigenin has a protective effect on
cell apoptosis and premature senescence, and ultimately leading ~ NP cells against exposed to TBHP. In addition, our puncture-
to cell death (Lin et al., 2021). In this study, TBHP was selected as induced rat IVDD model further confirmed the results of the
an ROS donor to create an oxidative stress condition in vitro aforementioned in vitro experiments.

study. As expected, in TBHP-treated NP cells, the antiapoptotic Autophagy, which means “self-eating,” maintains cell
protein Bcl2 was significantly downregulated, while pro-  homeostasis by degrading and recovering damaged organelles
apoptotic proteins Bax and cleaved caspase 3 were significantly ~ and proteins in cells to cope with the increase in cell metabolism
upregulated. Meantime, the activity of SA-B-gel and senescence-  or external pressure. Previous studies have shown that normal NP

related proteins p21 and pl16INK4a expression levels were also  cells accompanied with a low level of basal autophagy (Choi et al.,
increased in NP cells exposed to TBHP. ECM plays a vital rolein ~ 2016). In degenerated NP cells, autophagy activity also increases.
maintaining the IVD physiological function, which contains two  In addition, other studies have also demonstrated that autophagy
main components: collagen I and aggrecan that enhance the disc ~ played an important role in the pathogenesis of IVDD (Zhang
tensile strength and promote nutrient diffusion, respectively. et al, 2016). For example, the research results of Yang Chao et al.
Interestingly, TBHP-induced ECM synthesis/degradation =~ showed that autophagy activation can alleviate mitochondrial
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FIGURE 8 | Potential molecular mechanism involved in apigenin treatment in NP cells.

dysfunction, cell apoptosis, and aging, which further delay
IVDD progression (2018). Zheng Gang et al. pointed out that
autophagy can inhibit the expression of pro-apoptotic
proteins  (cleaved caspase 3), and senescence-related
protein (p16INK4a) in NP cells treated with TBHP and IVDD
progression was accompanied with lysosomal activity
impairment and decrease of autophagolysosome formation
(Zheng et al, 2019a). Therefore, enhancing autophagic
flux becomes a potential therapeutic strategy for IVDD. In
our current work, we found that apigenin can activate
autophagy-related indicator expression (as observed by the
increased LC3-II expression in Supplementary Figure S1) and
restore autophagy flux (as observed by the increased Lamp2
expression in Figures 5C,E) in TBHP-treated NP cells,
indicating that apigenin alleviates the autophagic flux blockage
caused by TBHP.

In order to clarify the action mechanism of apigenin, we
focused on the upstream regulatory protein of autophagy
activity, such as transcription factor (TFEB), the controller of
autophagosome, and lysosome biogenesis. Normally, TFEB exists
in the cytoplasm in the form of phosphorylation combining with
the chaperone TFEB14-3-3 (Roczniak-Ferguson et al., 2012;
Settembre et al., 2012). Once cell homeostasis is interrupted by
internal or external signals (starvation, oxidative stress, metal
toxicity), TFEB is dephosphorylated and dissociated from the
complex, then the free dephosphorylated TFEB enters into the
nucleus, participates in the regulation of autophagy and
lysosomal biogenesis (Medina et al., 2015). This study showed
that apigenin increased the expression of TFEB. Besides, the
protective effect of apigenin against TBHP-induced apoptosis,
senescence and ECM degradation were abolished by si-TFEB,

indicating that apigenin exerts its protection ability on NP cells
via regulating TFEB.

To find out the specific mechanism by which apigenin
regulates TFEB, we focused on the AMPK pathway, a key
metabolic sensor of regulating autophagy, which was activated
by nutritional deficiency or increased AMP/ATP ratio (Shah
et al, 2017). While in the cytoplasm, the increased
phosphorylated AMPK suppressed mTOR activity, which
promotes the dissociation of TFEB from the complex and
transfers to the nucleus enhancing lysosomal and autophagy
gene expression (Jiang et al., 20155 Wu et al,, 2019; Zhou
et al,, 2019). In this study, we demonstrated that the AMPK/
mTOR signaling pathway was activated by apigenin in a dose-
and time-dependent manner in NP cells. In addition, an AMPK
inhibitor, compound C, inhibited apigenin-mediated activation
of the AMPK/mTOR signaling pathway and the effect on
alleviating apoptosis, senescence, and ECM degradation in NP
cells under oxidative stress. Together, our results confirmed that
apigenin activated autophagy and regulated the TFEB level
through the AMPK/mTOR signaling pathway. It is worth
noting that the effect of apigenin on AMPK/mTOR signaling
is consistent with previously reported studies (Lu et al., 2019;
Zhang et al., 2020a).

In summary, the current study demonstrated that apigenin
exerts a protective effect against TBHP-induced apoptosis,
senescence, and ECM degradation in NP cells via restoration
of autophagic flux targeting the TFEB level via the AMPK-mTOR
signaling pathway. In addition, in vivo experiments confirmed the
therapeutic effect of apigenin may delay IVDD in rats. These
findings provide new insights into understanding the potential of
Apigenin in the treatment of IVDD.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

12

January 2022 | Volume 9 | Article 787278


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Xie et al.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care
and Use Committee of Wenzhou Medical University.

AUTHOR CONTRIBUTIONS

CX, QH, XZ, and XW performed study concept and design; CX,
YS, ZC, XZ, and YW performed development of methodology
and writing, review, and revision of the paper; PL, CH, NT, and
AW provided acquisition, analysis and interpretation of data, and
statistical analysis; NT, YZ, YL, and HD provided technical and
material support. CX, YS, and XZ carried out manuscript editing

REFERENCES

Ali, T., Badshah, H., Kim, T. H., and Kim, M. O. (2015). Melatonin Attenuates
D-Galactose-Induced Memory Impairment, Neuroinflammation and
Neurodegeneration via RAGE/NF-K B/JNK Signaling Pathway in Aging
Mouse Model. J. Pineal Res. 58 (1), 71-85. doi:10.1111/jpi.12194

Ashley, J. W., Enomoto-Iwamoto, M., Smith, L. J., Mauck, R. L., Chan, D., Lee, J.,
et al. (2016). Intervertebral Disc Development and Disease-Related Genetic
Polymorphisms. Genes Dis. 3, 171-177. doi:10.1016/j.gendis.2016.04.006

Bridgeman, B. B., Wang, P., Ye, B,, Pelling, J. C., Volpert, O. V., and Tong, X.
(2016). Inhibition of mTOR by Apigenin in UVB-Irradiated Keratinocytes: A
New Implication of Skin Cancer Prevention. Cell Signal. 28 (5), 460-468.
doi:10.1016/j.cellsig.2016.02.008

Chen, J., Xie, J.-J., Jin, M.-Y., Gu, Y.-T., Wu, C.-C., Guo, W.-],, et al. (2018). Sirt6
Overexpression Suppresses Senescence and Apoptosis of Nucleus Pulposus
Cells by Inducing Autophagy in a Model of Intervertebral Disc Degeneration.
Cell Death Dis 9 (2), 56. doi:10.1038/s41419-017-0085-5

Cho, C, Kang, L. J,, Jang, D., Jeon, J., Lee, H., Choi, S., et al. (2019). Cirsium
Japonicum Var. Maackii and Apigenin Block Hif-2a-induced Osteoarthritic
Cartilage Destruction. J. Cell Mol Med 23 (8), 5369-5379. doi:10.1111/
jemm.14418

Choi, H., Merceron, C., Mangiavini, L., Seifert, E. L., Schipani, E., Shapiro, I. M.,
et al. (2016). Hypoxia Promotes Noncanonical Autophagy in Nucleus Pulposus
Cells Independent of MTOR and HIFIA Signaling. Autophagy 12 (9),
1631-1646. doi:10.1080/15548627.2016.1192753

Clark, S., and Horton, R. (2018). Low Back Pain: a Major Global challenge. Lancet
391, 2302. doi:10.1016/S0140-6736(18)30725-6

Deretic, V. (2021). Autophagy Inflammation, Infection, and
Immunometabolism.  Immunity (3), 437-453.  doi:10.1016/
jimmuni.2021.01.018

Feng, C., Yang, M., Lan, M,, Liu, C,, Zhang, Y., Huang, B., et al. (2017). ROS:
Crucial Intermediators in the Pathogenesis of Intervertebral Disc Degeneration.
Oxidative Med. Cell Longevity 2017, 1-12. d0i:10.1155/2017/5601593

Grishko, V. I, Ho, R., Wilson, G. L., and Pearsall, A. W. (2009). Diminished
Mitochondrial DNA Integrity and Repair Capacity in OA Chondrocytes.
Osteoarthritis  and  Cartilage 17 (1), 107-113.  doi:10.1016/
j.joca.2008.05.009

Guedj, F,, Siegel, A. E., Pennings, J. L. A., Alsebaa, F., Massingham, L. J., Tantravahi,
U., et al. (2020). Apigenin as a Candidate Prenatal Treatment for Trisomy 21:
Effects in Human Amniocytes and the Ts1Cje Mouse Model. Am. J. Hum.
Genet. 107 (5), 911-931. doi:10.1016/j.ajhg.2020.10.001

in
54

Apigenin Restores Autophagy Flux

and supplementary experiment. All authors read and approved
the final manuscript.

FUNDING

This work is supported by the National Natural Science
Foundation of China (81871806, 81972094), the Zhejiang
Provincial ~ Natural  Science  Foundation of  China
(LGF20H060013, LGF21H060011, LGF21H060010), the
Zhejiang Provincial Project for Medical and Health Science
and Technology (2020KY190), and the Wenzhou Science and
Technology Bureau Foundation (ZY2019014, Y2020059).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2021.787278/
full#supplementary-material

Hu, S., Chen, L., Al Mamun, A., Ni, L., Gao, W,, Lin, Y., et al. (2021). The
Therapeutic Effect of TBK1 in Intervertebral Disc Degeneration via
Coordinating Selective Autophagy and Autophagic Functions. J. Adv. Res.
30, 1-13. doi:10.1016/j.jare.2020.08.011

Ikegawa, S. (2013). The Genetics of Common Degenerative Skeletal Disorders:
Osteoarthritis and Degenerative Disc Disease. Annu. Rev. Genom. Hum. Genet.
14, 245-256. doi:10.1146/annurev-genom-091212-153427

Jiang, L.-B., Cao, L., Yin, X.-F., Yasen, M., Yishake, M., Dong, J., et al. (2015).
Activation of Autophagy via Ca2+-dependent AMPK/mTOR Pathway in Rat
Notochordal Cells Is a Cellular Adaptation under Hyperosmotic Stress. Cell
Cycle 14 (6), 867-879. doi:10.1080/15384101.2015.1004946

Kanayama, M., Togawa, D., Takahashi, C., Terai, T., and Hashimoto, T. (2009).
Cross-sectional Magnetic Resonance Imaging Study of Lumbar Disc
Degeneration in 200 Healthy Individuals. Spi 11 (4), 501-507. doi:10.3171/
2009.5.spine08675

Labuschagne, C. F., and Brenkman, A. B. (2013). Current Methods in Quantifying
ROS and Oxidative Damage in Caenorhabditis elegans and Other Model
Organism of Aging. Ageing Res. Rev. 12 (4), 918-930. doi:10.1016/
j.arr.2013.09.003

Lazary, A., Szévérfl, Z., Szita, J., Somhegyi, A., Kiimin, M., and Varga, P. P. (2014).
Primary Prevention of Disc Degeneration-Related Symptoms. Eur. Spine J. 23,
$385-5393. doi:10.1007/500586-013-3069-x

Lin, J., Du, J., Wu, X, Xu, C, Liu, J, Jiang, L., et al. (2021). SIRT3 Mitigates
Intervertebral Disc Degeneration by Delaying Oxidative Stress-induced
Senescence of Nucleus Pulposus Cells. J. Cell Physiol 236, 6441-6456.
doi:10.1002/jcp.30319

Liu, P, Feng, Y., Li, H,, Chen, X, Wang, G., Xu, S, et al. (2020). Ferrostatin-1
Alleviates Lipopolysaccharide-Induced Acute Lung Injury via Inhibiting
Ferroptosis. Cell Mol Biol Lett 25, 10. doi:10.1186/s11658-020-00205-0

Lu, J., Meng, Z., Cheng, B., Liu, M., Tao, S., and Guan, S. (2019). Apigenin Reduces
the Excessive Accumulation of Lipids Induced by Palmitic Acid via the AMPK
Signaling Pathway in HepG2 Cells. Exp. Ther. Med. 18 (4), 2965-2971.
doi:10.3892/etm.2019.7905

Medina, D. L., Di Paola, S., Peluso, I, Armani, A., De Stefani, D., Venditti, R., et al.
(2015). Lysosomal Calcium Signalling Regulates Autophagy through
Calcineurin and TFEB. Nat. Cell Biol 17, 288-299. doi:10.1038/ncb3114

Nakatogawa, H. (2020). Mechanisms Governing Autophagosome Biogenesis. Nat.
Rev. Mol. Cell Biol 21 (8), 439-458. d0i:10.1038/s41580-020-0241-0

Olga, K., Junichi, H., Marian, H., Juergen, K., Caroline, O., John, F. S, et al. (2016).
The Natural Polyphenol Epigallocatechin Gallate Protects Intervertebral Disc
Cells from Oxidative Stress. Oxidative Med. Cell Longevity 2016, 7031397.
doi:10.1155/2016/7031397

Frontiers in Cell and Developmental Biology | www.frontiersin.org

January 2022 | Volume 9 | Article 787278


https://www.frontiersin.org/articles/10.3389/fcell.2021.787278/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.787278/full#supplementary-material
https://doi.org/10.1111/jpi.12194
https://doi.org/10.1016/j.gendis.2016.04.006
https://doi.org/10.1016/j.cellsig.2016.02.008
https://doi.org/10.1038/s41419-017-0085-5
https://doi.org/10.1111/jcmm.14418
https://doi.org/10.1111/jcmm.14418
https://doi.org/10.1080/15548627.2016.1192753
https://doi.org/10.1016/S0140-6736(18)30725-6
https://doi.org/10.1016/j.immuni.2021.01.018
https://doi.org/10.1016/j.immuni.2021.01.018
https://doi.org/10.1155/2017/5601593
https://doi.org/10.1016/j.joca.2008.05.009
https://doi.org/10.1016/j.joca.2008.05.009
https://doi.org/10.1016/j.ajhg.2020.10.001
https://doi.org/10.1016/j.jare.2020.08.011
https://doi.org/10.1146/annurev-genom-091212-153427
https://doi.org/10.1080/15384101.2015.1004946
https://doi.org/10.3171/2009.5.spine08675
https://doi.org/10.3171/2009.5.spine08675
https://doi.org/10.1016/j.arr.2013.09.003
https://doi.org/10.1016/j.arr.2013.09.003
https://doi.org/10.1007/s00586-013-3069-x
https://doi.org/10.1002/jcp.30319
https://doi.org/10.1186/s11658-020-00205-0
https://doi.org/10.3892/etm.2019.7905
https://doi.org/10.1038/ncb3114
https://doi.org/10.1038/s41580-020-0241-0
https://doi.org/10.1155/2016/7031397
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Xie et al.

Pfirrmann, C. W. A, Metzdorf, A., Zanetti, M., Hodler, J., and Boos, N. (2001). Magnetic
Resonance Classification of Lumbar Intervertebral Disc Degeneration. Spine 26 (17),
1873-1878. doi:10.1097/00007632-200109010-00011

Roczniak-Ferguson, A., Petit, C. S., Froehlich, F., Qian, S., Ky, J., Angarola, B, et al. (2012).
The Transcription Factor TFEB Links mTORCI Signaling to Transcriptional Control
of Lysosome Homeostasis. Sci. Signal. 5 (228), ra42. doi:10.1126/scisignal. 2002790

Sampara, P., Banala, R. R, Vemuri, S. K, Av, G. R,, and Gpv, S. (2018).
Understanding the Molecular Biology of Intervertebral Disc Degeneration
and Potential Gene Therapy Strategies for Regeneration: a Review. Gene
Ther. 25 (2), 67-82. doi:10.1038/s41434-018-0004-0

Sang, Z., Wang, K., Shi, J., Cheng, X., Zhu, G., Wei, R,, et al. (2020). Apigenin-
rivastigmine Hybrids as Multi-Target-Directed Liagnds for the Treatment of
Alzheimer’s Disease. Eur. ]. Med. Chem. 187, 111958. doi:10.1016/
j.ejmech.2019.111958

Settembre, C., Zoncu, R., Medina, D. L., Vetrini, F., Erdin, S., Erdin, S., et al. (2012).
A Lysosome-To-Nucleus Signalling Mechanism Senses and Regulates the
Lysosome via mTOR and TFEB. EMBO JOURNAL 31 (5), 1095-1108.
doi:10.1038/emboj.2012.32

Shah, S. Z. A., Zhao, D., Hussain, T., and Yang, L. (2017). Role of the AMPK
Pathway in Promoting Autophagic Flux via Modulating Mitochondrial
Dynamics in Neurodegenerative Diseases: Insight into Prion Diseases.
Ageing Res. Rev. 40, 51-63. d0i:10.1016/j.arr.2017.09.004

Shankar, E., Goel, A., Gupta, K., and Gupta, S. (2017). Plant Flavone Apigenin: an
Emerging Anticancer Agent. Curr. Pharmacol. Rep. 3 (6), 423-446. d0i:10.1007/
540495-017-0113-2

Sharifi-Rad, J., Quispe, C., Shaheen, S., El Haouari, M., Azzini, E., Butnariu, M.,
et al. (2021). Flavonoids as Potential Anti-platelet Aggregation Agents: from
Biochemistry to Health Promoting Abilities. Crit. Rev. Food Sci. Nutr., 1-14.
doi:10.1080/10408398.2021.1924612

Sharma, A., Ghani, A., Sak, K., Tuli, H. S., Sharma, A. K., Setzer, W. N., et al. (2019).
Probing into Therapeutic Anti-cancer Potential of Apigenin: Recent Trends
and Future Directions. Iad 13 (2), 124-133. doi:10.2174/
1872213x13666190816160240

Sharma, P., Sharma, S., and Singh, D. (2020). Apigenin Reverses Behavioural
Impairments and Cognitive Decline in Kindled Mice via CREB-BDNF
Upregulation in the hippocampus. Nutr. Neurosci. 23 (2), 118-127.
doi:10.1080/1028415x.2018.1478653

Song, Y., Li, S., Geng, W., Luo, R,, Liu, W., and Tu, J. (2018). Sirtuin 3-dependent
Mitochondrial Redox Homeostasis Protects against AGEs-Induced
Intervertebral Disc Degeneration. Redox Biol. 19, 339-353. doi:10.1016/
j.redox.2018.09.006

Vergroesen, P. P., Kingma, I., Emanuel, K. S., Hoogendoorn, R. J., Welting, T. J.,
van Royen, B. ], et al. (2015). Mechanics and Biology in Intervertebral Disc
Degeneration: A Vicious circle. Osteoarthritis Cartilage 23 (7), 1057-1070.
do0i:10.1016/j.joca.2015.03.028

Wang, Y.-C., and Huang, K.-M. (2013). In Vitro anti-inflammatory Effect of
Apigenin in the Helicobacter Pylori-Infected Gastric Adenocarcinoma Cells.
Food Chem. Toxicol. 53, 376-383. doi:10.1016/j.fct.2012.12.018

Wilke, H. J., Urban, J., and Kiimin, M. (2014). The Benefits of Multi-Disciplinary
Research on Intervertebral Disc Degeneration. Eur. Spine J. 23 Suppl 3 (3 Suppl.
ment), $303-S304. doi:10.1007/s00586-014-3287-x

Wu, H,, Ding, J,, Li, S., Lin, J., Jiang, R, Lin, C,, et al. (2019). Metformin Promotes
the Survival of Random-Pattern Skin Flaps by Inducing Autophagy via the
AMPK-mTOR-TFEB Signaling Pathway. Int. J. Biol. Sci. 15 (2), 325-340.
doi:10.7150/ijbs.29009

Apigenin Restores Autophagy Flux

Xie, C., Ma, H,, Shi, Y., Li, J., and Zhang, X. (2021). Cardamonin Protects Nucleus
Pulposus Cells against IL-1p-induced Inflammation and Catabolism via Nrf2/
NF-kB axis. Food Funct. 12. doi:10.1039/DOFO03353G

Xu, K., Chen, W., Wang, X, Peng, Y., Liang, A., Huang, D., et al. (2015). Autophagy
Attenuates the Catabolic Effect during Inflammatory Conditions in Nucleus
Pulposus Cells, as Sustained by NF-«B and JNK Inhibition. Int. J. Mol. Med. 36,
661-668. doi:10.3892/ijmm.2015.2280

Yang, L., Wang, H., Yang, X,, Wu, Q,, An, P, Jin, X,, et al. (2020). Auranofin
Mitigates Systemic Iron Overload and Induces Ferroptosis via Distinct
Mechanisms. Sig Transduct Target. Ther. 5 (1). doi:10.1038/s41392-020-
00253-0

Yu, S., Shuai, L., Wen, G., Luo, R., Wei, L., Ji, T., et al. (2018). Sirtuin 3-Dependent
Mitochondrial Redox Homeostasis Protects against AGEs-Induced
Intervertebral Disc Degeneration. Redox Biol. 19, 339-353. doi:10.1016/
j.redox.2018.09.006

Zhang, J., Liang, X, Li, J., Yin, H., Liu, F., Hu, C,, et al. (2020a). Apigenin Attenuates
Acetaminophen-Induced Hepatotoxicity by Activating AMP-Activated Protein
Kinase/Carnitine Palmitoyltransferase I Pathway. Front. Pharmacol. 11,
549057. doi:10.3389/fphar.2020.549057

Zhang, S.-]., Yang, W., Wang, C., He, W.-S,, Deng, H.-Y,, Yan, Y.-G,, et al. (2016).
Autophagy: A Double-Edged Sword in Intervertebral Disk Degeneration.
Clinica Chim. Acta 457, 27-35. d0i:10.1016/j.cca.2016.03.016

Zhang, Y., Yang, Y., Yu, H,, Li, M., Hang, L., and Xu, X. (2020b). Apigenin Protects
Mouse Retina against Oxidative Damage by Regulating the Nrf2 Pathway and
Autophagy. Oxidative Med. Cell Longevity 2020 (3), 1-14. doi:10.1155/2020/
9420704

Zheng, G., Pan, Z., Zhan, Y., Tang, Q., Zheng, F., Zhou, Y., et al. (2019a). TFEB
Protects Nucleus Pulposus Cells against Apoptosis and Senescence via
Restoring Autophagic Flux. Osteoarthritis and cartilage 27 (2), 347-357.
doi:10.1016/j.joca.2018.10.011

Zheng, K., He, Z., Kitazato, K., and Wang, Y. (2019b). Selective Autophagy
Regulates Cell Cycle in Cancer Therapy. Theranostics 9 (1), 104-125.
doi:10.7150/thno.30308

Zhou, K., Chen, H,, Lin, J., Xu, H., Wu, H,, Bao, G,, et al. (2019). FGF21 Augments
Autophagy in Random-Pattern Skin Flaps via AMPK Signaling Pathways and
Improves Tissue Survival. Cell Death Dis 10 (12), 872. doi:10.1038/s41419-019-
2105-0

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xie, Shi, Chen, Zhou, Luo, Hong, Tian, Wu, Zhou, Lin, Dou, Wu,
Huang, Zhang and Wang. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

14

January 2022 | Volume 9 | Article 787278


https://doi.org/10.1097/00007632-200109010-00011
https://doi.org/10.1126/scisignal.2002790
https://doi.org/10.1038/s41434-018-0004-0
https://doi.org/10.1016/j.ejmech.2019.111958
https://doi.org/10.1016/j.ejmech.2019.111958
https://doi.org/10.1038/emboj.2012.32
https://doi.org/10.1016/j.arr.2017.09.004
https://doi.org/10.1007/s40495-017-0113-2
https://doi.org/10.1007/s40495-017-0113-2
https://doi.org/10.1080/10408398.2021.1924612
https://doi.org/10.2174/1872213x13666190816160240
https://doi.org/10.2174/1872213x13666190816160240
https://doi.org/10.1080/1028415x.2018.1478653
https://doi.org/10.1016/j.redox.2018.09.006
https://doi.org/10.1016/j.redox.2018.09.006
https://doi.org/10.1016/j.joca.2015.03.028
https://doi.org/10.1016/j.fct.2012.12.018
https://doi.org/10.1007/s00586-014-3287-x
https://doi.org/10.7150/ijbs.29009
https://doi.org/10.1039/D0FO03353G
https://doi.org/10.3892/ijmm.2015.2280
https://doi.org/10.1038/s41392-020-00253-0
https://doi.org/10.1038/s41392-020-00253-0
https://doi.org/10.1016/j.redox.2018.09.006
https://doi.org/10.1016/j.redox.2018.09.006
https://doi.org/10.3389/fphar.2020.549057
https://doi.org/10.1016/j.cca.2016.03.016
https://doi.org/10.1155/2020/9420704
https://doi.org/10.1155/2020/9420704
https://doi.org/10.1016/j.joca.2018.10.011
https://doi.org/10.7150/thno.30308
https://doi.org/10.1038/s41419-019-2105-0
https://doi.org/10.1038/s41419-019-2105-0
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Apigenin Alleviates Intervertebral Disc Degeneration via Restoring Autophagy Flux in Nucleus Pulposus Cells
	Introduction
	Materials and Methods
	Ethical Statement
	Reagents and Antibodies
	Rat NP Cells Culture and Viability Analysis
	Western Blotting
	Small-Interfering RNA Transfection
	SA-β-Gal Staining
	TUNEL Staining
	Lyso-Tracker Red Staining
	Immunofluorescence
	Puncture-Induced Rat Intervertebral Disc Degeneration Model
	X-Ray Image Acquisition and Magnetic Resonance Imaging
	Histopathological Analysis and Immunohistochemical Examination
	Statistical Analysis

	Results
	Effects of Apigenin on Cell Viability
	Apigenin Suppresses TBHP-Induced Apoptosis and Senescence in NP Cells
	Apigenin Alleviates TBHP-Induced ECM Degradation in NP Cells
	Apigenin Promotes Autophagic Flux in NP Cells
	Apigenin Restores Autophagy Flux Blockage Induced by TBHP Treatment in NP Cells
	CQ Reverses the Protective Effects of Apigenin in NP Cells Under Oxidative Stress
	Apigenin Promotes the Nuclear Translocation of TFEB in TBHP-Treated NP Cells
	Apigenin Alleviates TBHP-Induced Autophagy Flux Blockage Through TFEB in NP Cells
	Apigenin Alleviates TBHP-Induced Apoptosis, Senescence and ECM Degradation in NP Cells via TFEB
	Apigenin Activates AMPK/mTOR Pathway in NP Cells
	Apigenin Treatment Ameliorates IVDD in Rats In Vivo

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


