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Abstract 

Intervertebral disc degeneration (IVDD) is a chronic disease with complicated pathology involving 
nucleus pulposus (NP) cell apoptosis and extracellular matrix (ECM) degradation. Previous studies 
have shown that moderate autophagy has a protective effect against apoptosis in NP cells. Berberine 
(BBR) is an alkaloid compound with many beneficial properties including antimicrobial, 
anti-inflammatory, antioxidative, and anti-apoptotic activity. Recently, it was found to induce 
autophagy in various tissues as well. Thus, we hypothesized that BBR may exert a therapeutic effect 
on IVDD through autophagy activation. In this study, we investigated the effects of BBR on IVDD 
and delineated a potential mechanism. BBR treatment in vitro inhibited the expression of 
pro-apoptotic proteins induced by tert-butyl hydroperoxide (TBHP), and increased the expression 
of anti-apoptotic Bcl-2. Furthermore, it prevented ECM degradation by inhibiting the production of 
matrix-degrading enzymes. Additionally, BBR treatment significantly activated autophagy in NP cells. 
However, autophagy inhibition markedly suppressed BBR’s effects on NP cell apoptosis and ECM 
degeneration, indicating that autophagy activation with BBR treatment is protective against IVDD. In 
vivo, BBR treatment increased the expression of LC3 in disc cells and prevented the development of 
IVDD in a needle puncture-induced rat model. Thus, BBR stimulates autophagy as a protective 
mechanism against NP cell apoptosis and ECM degeneration, revealing its therapeutic potential in 
the treatment of IVDD. 

Introduction 
Low back pain (LBP) induced by intervertebral 

disc degeneration (IVDD) has been estimated to affect 
approximately 80% of the adult population at least 
once in their lives and imposes a heavy social and 
economic burden on individuals, communities and 
countries(1). With increased lifespan and slower 

aging in the general population, the incidence rate of 
IVDD is predicted to increase in the future. However, 
there is no effective intervention to prevent IVDD 
because its pathogenesis involves a variety of 
pathological pathways and mechanisms that remain 
unclear. Excessive apoptosis of disc cells has long 
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been considered as a key pathogenic mechanism as 
well as a potential therapeutic target in IVDD (2).  

The intervertebral disc is comprised of a central 
gelatinous nucleus pulposus (NP) and a tough outer 
annulus fibrosus (AF), sandwiched between the 
upper and lower cartilage endplates(3). The NP 
enables the intervertebral disc to confront diverse 
mechanical impacts due its highly hydrated structure, 
which is physiologically important for its function(4). 
Within the NP, chondrocyte-like NP cells are 
embedded in a loosely organized matrix composed 
primarily of type II collagen and Aggrecan, 
supplemented with other proteoglycans. The 
extracellular matrix (ECM) is produced by NP cells, 
which are the main component of the gelatinous 
tissues of the NP. Excessive apoptosis of NP cells 
disrupts the normal metabolic activity within the 
ECM, resulting in an unbalanced synthesis of matrix 
components and aberrant activity of matrix 
degradation enzymes such as MMPs and ADAMTS, 
which eventually leads to IVDD(5). 

Autophagy is a lysosome-dependent cellular 
degradation pathway through which cells degrade 
altered and dysfunctional organelles, membranes, 
and cytosolic macromolecules to protect against 
cellular stress(6). Autophagy is associated with 
apoptosis in the pathological process of many 
diseases, including osteoarthritis(7), Alzheimer’s 
disease(8), and diabetic cardiomyopathy(9). Studies 
from our group and other groups have found 
evidence that autophagy could be a protective 
mechanism against excessive apoptosis of NP cells 
under stress(10).  

Berberine (BBR) is an isoquinoline alkaloid 
isolated from a variety of plants such as rhizoma 
coptidis, cortex phellodendri and mahonia bealei. 
BBR is known to exert extensive pharmacological 
activity as an anti-inflammatory(11), antioxidative 
(12), and anti-apoptotic(13) compound in various 
diseases. In several recent studies, BBR was found to 
have beneficial effects on musculoskeletal disorders 
such as rheumatoid arthritis due to its anti- 
inflammatory properties(14). More recently, it was 
reported that BBR could alleviate high glucose- 
induced podocyte apoptosis via autophagy(15). In 
addition, BBR can stimulate autophagy in various 
tissues including heart(16), lungs(17) and hepar(18), 
however, this has not been shown in the NP. 
Considering that oxidative stress, apoptosis and 
inflammatory activation are all elements of IVDD 
pathology, we hypothesize that BBR may utilize 
autophagy to prevent the formation of IVDD. 

To study this, we utilized tert-butyl hydro-
peroxide (TBHP) to induce oxidative stress, which is a 
common pathological mechanism of apoptosis in NP 

cells. We investigated the effects of BBR on apoptosis 
in NP cells under oxidative stress and examined 
matrix components and matrix metalloproteinases. 
We further investigated if the protective effects of BBR 
on stressed NP cells are mediated, at least partially, 
through regulation of autophagy. Finally, we 
evaluated the therapeutic potential of BBR in a 
puncture-induced rat IVDD model. 

Materials and methods 

Ethics statement 
All surgical interventions, treatments and 

postoperative animal care procedures were perform-
ed in strict accordance with the Animal Care and Use 
Committee of Wenzhou Medical University (wydw 
2014-0129). 

Reagents and antibodies 
Berberine (PHR1502), tert-butyl hydroperoxide 

(TBHP) (458139), dimethyl sulphoxide (DMSO) 
(D2650), 3-methyladenine (3-MA) (M9281) and type II 
collagenases (1148090) were purchased from Sigma- 
Aldrich (St Louis, MO, USA). Cell-Counting Kit-8 
(CCK-8) (CK04) was purchased from Dojindo (Kuma-
moto, Japan). Primary antibodies against Collagen II 
(ab34712), Aggrecan (ab3778), MMP-13 (ab39012), 
ADAMTS-5 (ab41037), Bax (ab32503), Bcl-2 (ab59348), 
Cytochrome C (ab90529), P62 (ab56416) and GAPDH 
(ab8245) were purchased from Abcam (Cambridge, 
MA, USA). LC3 (12741S), Beclin-1 (3495S), ATG7 
(8558S) and Cleaved-caspase3 (9664S) antibodies were 
acquired from CST (Beverly, MA, USA). Dulbecco's 
modified Eagle's medium (DMEM)/F12 (11320082), 
and fetal bovine serum (FBS) (10099141) were 
purchased from Gibco (Grand Island, NY, USA). 
FITC-labeled and horseradish peroxidase-labeled 
secondary antibodies (BS10000, BS13278) were purch-
ased from Bioworld (MN, USA). 4', 6-diamidino- 
2-phenylindole (DAPI) (C1002) was obtained from 
Beyotime (Shanghai, China). 

Isolation and culture of NP cells 
NP cells were isolated and cultured as described 

previously (19, 20). Thirty young male Sprague– 
Dawley rats (150–200 g) were euthanized with an 
overdose of 10 % chloralhydrate. The lumbar 
vertebrae were removed and disc tissues were 
collected. NP tissues were isolated and then cut into 
small pieces, followed by digestion in 0.1% type II 
collagenase (Gibco) for approximately 4 h at 37°C. 
Next, the digested tissues were suspended and seeded 
into tissue culture flasks. NP cells were grown in 
DMEM/F12 with 10% fetal bovine serum and 1% 
penicillin/streptomycin antibiotics (Gibco, Invitro-
gen, Grand Island, NY) and maintained with 5% CO2 
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at 37 °C. Medium was changed after 7 days incubation 
when the adherence and migration of NP cells was 
observed. At 80% confluency, the cells were harvested 
using 0.25% Trypsin-EDTA (Gibco, Invitrogen). Next, 
cells were counted and subcultured into 10 cm culture 
plates at an appropriate density. Cells from passage 1 
to 3 were used for all experiments due to no 
significant changes during cells passaging.  

Cell viability assay 
Cell viability was determined using a CCK-8 kit. 

NP cells were seeded onto 96-well plates (5000/well) 
for 24 h and then treated with different concentrations 
of BBR with or without TBHP for 24 h. Subsequently, 
the cells were incubated with CCK-8 solution at 37°C 
for 4 h. The absorbance of the wells was measured at 
450 nm by a micro-plate reader (Leica Microsystems, 
Germany). BBR used for in vitro experiments was 
dissolved in DMSO and diluted in phosphate 
buffered saline (PBS) immediately before use (DMSO 
< 0.1%). All experiments were performed in triplicate. 

Transmission electron microscopy 
NP cells were fixed in 2.5% glutaraldehyde 

overnight, post-fixed in 2% osmium tetroxide for 1 h, 
and stained with 2% uranyl acetate for another 1 h. 
Then, samples were dehydrated in ascending acetone 
solutions, embedded into araldite, and cut into 
semi-thin sections. Sections were subsequently 
stained with toluidine blue to locate cells that were 
finally recorded with a transmission electron 
microscope (Hitachi, Tokyo, Japan). 

Western blotting 
Total protein was extracted from the NP cells 

using ice-cold RIPA and PMSF, and the protein 
concentration was quantified using the BCA protein 
assay kit (Beyotime, Shanghai, China). The equivalent 
of 60 μg protein samples were loaded onto an 
SDS-PAGE gel and transferred to a PVDF membrane 
(Bio-Rad, USA). Membranes were blocked with 5% 
skim milk for 1.5 h at room temperature and 
subsequently washed three times for 7 min in 
Tris-buffered saline with Tween-20 (TBST). The 
membranes were incubated with primary antibodies 
specific to Collagen II (1:1000), Aggrecan (1:200), 
MMP-13 (1:1000), ADAMTS-5 (1:1000), Bax (1:1000), 
Bcl-2 (1:500), Cleaved-caspase3 (1:1000), Cytochrome 
C (1:500), ATG7 (1:1000), P62 (1:1000), Beclin-1 
(1:1000), LC3 (1:1000) and GAPDH (1:5000) in TBST at 
4°C overnight. After washing with TBST three times 
for 7 min, the membranes were incubated with 
respective secondary antibodies for 1 h at room 
temperature. Signals were visualized using the 
ChemiDicTM XRS+ Imaging System (Bio-Rad 

Laboratories, Hercules, CA, USA), and the band 
densities were quantified with Image Lab 3.0 software 
(Bio-Rad). 

Immunofluorescence 
For LC-3 and Cleaved-caspase3 staining, NP 

cells were seeded on slices in a six-well plate at a 
density of 5 × 105 cells/ml and incubated overnight. 
After treatment, samples were fixed with 4% 
paraformaldehyde for 15 min followed by permeation 
using 0.1% Triton X-100 diluted in PBS for 15 min. 
Cells were blocked with 5% bovine serum albumin 
(BSA) for 1 h at 37°C, rinsed with PBS, and incubated 
with primary antibodies diluted in PBS: LC3 (1:200) 
and Cleaved-caspase3 (1:200) overnight at 4 °C. The 
following day, glass plates were washed and 
incubated with Alexa Fluor®488 labeled or Alexa 
Fluor®594 conjugated second antibodies (1:1000) for 1 
h in a 37°C oven and labeled with DAPI for 5 min. 
Finally, three random microscopic fields per slide 
were observed under a fluorescence microscope 
(Olympus Inc., Tokyo, Japan). 

TUNEL assay 
DNA fragmentation was detected using an In 

Situ Cell Death Detection Kit (Roche, South San 
Francisco, CA, USA). After fixation with 4% 
paraformaldehyde for 1 h, cells were incubated with 
3% H2O2 and 0.1% Triton X-100 for 10 min and 
washed with PBS three times in every step. In 
accordance with standard protocols, cells were 
stained with TUNEL inspection fluid and DAPI under 
lucifugal conditions. Finally, three fields of each slide 
were chosen randomly for microscopic observation 
with a fluorescence microscope (Olympus Inc., Tokyo, 
Japan). 

Surgical procedure 
A total of 48 male Sprague Dawley rats, aged 2 

months, were used for the in vivo experiments. They 
were randomly divided into three groups (control 
group n=16, IVDD group n=16 and BBR group n=16) 
and anaesthetized by intraperitoneal(i.p.) injection of 
10 % chloral hydrate (3.6 ml/kg). The IVDD group 
and the BBR group underwent the following 
operation. As described previously(21), the 
experimental level rat tail disc (Co7/8) was located by 
digital palpation on the coccygeal vertebrae, which 
was further confirmed by the trial radiograph. 
Needles (27G, about 4mm in length) were used to 
puncture the whole layer of AF though the tail skin 
perpendicularly. All the needles were rotated 360° 
and kept in position for 1 min. After surgery, BBR 
dissolved in 0.9% NaCl solution was administered 
intragastrically using syringe feeding (150 mg/kg 
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body weight) once per day in the BBR group, while 
the IVDD group was given an equal amount of saline 
solution. Daily feeding of solutions started on the day 
of operation, and continued until the rats were 
sacrificed. All animals were allowed free movement, 
and were monitored every day to ensure their 
well-being. 

Magnetic resonance imaging method 
Magnetic resonance imaging (MRI) was 

performed with a 3.0 T clinical magnet (Philips Intera 
Achieva 3.0MR) on the rats at 0 week, 4 weeks and 8 
weeks after operation. Sagittal T2-weighted images 
were taken to evaluate the signal and structural 
changes of the discs. T2-weighted sections in the 
sagittal plane were obtained in the following settings: 
fast-spin echo sequence with time to repetition (TR) of 
5400 ms and time to echo (TE) of 920 ms; 320 (h) 9 256 
(v) matrix; field of view of 260; and 4 excitations. The 
section thickness was 2 mm with a 0-mm gap. The 
MRIs were evaluated by another blinded orthopedic 
researcher using the classification of intervertebral 
disk degeneration as reported by Pfirrmann et al.(22). 
(1 point = Grade I, 2 points = Grade II, 3 points = 
Grade III, 4 points = Grade IV). 

Histopathologic analysis 
After MRI examination, rats were euthanized by 

i.p. administration of overdose 10% chloral hydrate 
and the caudal vertebraes including experimental disc 
segments were removed. Specimens were then fixed 
in 4% paraformaldehyde for 24 h, decalcified in 
neutral 10% (v/v) EDTA solution for 1 month, 
embedded in paraffin, and sectioned (5 µm) along the 
midsagittal plane. Sections were stained with 
Safranin-O to assess disc condition. The cellularity 
and morphology of NP were evaluated in a blinded 
manner according to a grading scale(21). Histologic 
score was 5 for normal disc, 6–11 for moderately 
degenerated disc, and 12–14 for severely degenerated 
disc. 

Immunohistochemical and 
immunofluorescence for tissues 

Sagittal paraffin sections were deparaffinized 
and rehydrated, and the endogenous peroxidase 
activity was then blocked with 3% hydrogen 
peroxide. Subsequently, the sections were incubated 
with 0.4% pepsin (Gibco, Grand Island, NY, USA) in 5 
mM HCl at 37 °C for 20 min for antigen retrieval, and 
nonspecific binding sites were blocked by 5% BSA for 
30 min at room temperature. Sections were then 
incubated with primary antibody (Cleaved-caspase3, 
1:200) overnight at 4 °C. After triple washing in PBS, 
sections were incubated with an appropriate 
HRP-conjugated secondary antibody for 1 h at 37°C. 

The reaction was stopped with 3, 3-diaminobenzidine 
(DAB). For LC3 staining, sections were incubated with 
primary antibody (LC3, 1:200) overnight at 4 °C. After 
washing with PBS, sections were incubated with 
Alexa Fluor®488 labeled second antibodies (1:1000) 
for 1 h in a 37°C oven and labeled with DAPI for 5 
min. Images were taken using a fluorescence 
microscope (OlympusInc., Tokyo, Japan). 

Statistical analysis 
All experiments were performed in triplicate at 

least. The results are presented as mean ± S.D. 
Statistical analyses were performed using SPSS 
statistical software program 20.0. Differences among 
the experimental groups were identified by one-way 
analysis of variance (ANOVA) followed by the 
Tukey’s test. Nonparametric data (Pfrrmann grading) 
were analyzed by the Kruskal–Wallis H test. P values 
< 0.05 were considered significant. 

Results 
Effects of BBR on cell viability. 

The cytotoxicity of BBR on NP cells was 
determined at various concentrations (1, 5, 10, 25, 50, 
100 and 200 μM) for 24 h. As shown in Figure 1A, cell 
viability was reduced with treatment of BBR above 50 
μM at 24 h, indicating no cytotoxicity of BBR to NP 
cells at concentrations up to 50 μM. Stimulation with 
TBHP for 24 h remarkably decreased the viability of 
NP cells in a dose-dependent manner (Figure 1B), 
while pretreatment with BBR prevented cell death 
induced by TBHP, especially at 25 μM (Figure 1C). 
Therefore, 25 μM BBR was used for subsequent 
experiments. 

BBR treatment protects against 
TBHP-induced apoptosis in NP cells. 

In order to assess the effects of BBR on 
TBHP-induced apoptosis, NP cells were pretreated 
with 25 μM BBR for 2 h before subsequent TBHP 
stimulation for 24 h. TBHP (100 μM) markedly 
increased the expression of pro-apoptotic proteins 
(Cleaved-caspase3, Bax and Cytochrome C) and 
decreased the expression of anti-apoptotic Bcl-2 
(Figure 1D-E). However, pretreatment with BBR 
significantly reversed these alterations, which was 
consistent with the TUNEL results (Figure 1H-I). 

Effects of BBR on ECM synthesis and 
degradation in TBHP-induced rat NP cells. 

To evaluate the effects of BBR on the ECM, we 
detected the protein levels of matrix components 
(Collagen Ⅱ and Aggrecan) and matrix degrading 
enzymes (MMP-13 and ADAMTS-5) after TBHP 
stimulation with or without BBR pretreatment. As 
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shown in Figure 1F-G, TBHP significantly inhibited 
Collagen II and Aggrecan synthesis, but increased the 
expression of MMP-13 and ADAMTS-5. Importantly, 

BBR administration reduced the loss of Collagen II 
and Aggrecan, and suppressed matrix degrading 
enzyme expression. 

 

 
Figure 1. BBR treatment inhibits NP cell apoptosis and alleviates ECM degeneration induced by TBHP. (A) Cell Counting Kit-8 (CCK-8) results of NP cells treated 
with different concentrations of BBR for 24 h. (B) Viability of NP cells treated with different concentrations of TBHP for 24 h. (C) CCK-8 results of BBR-pretreated 
NP cells induced by TBHP. (D-E) Protein levels of Bax, Bcl-2, Cytochrome C and Cleaved-caspase3 of NP cells treated with TBHP and TBHP plus BBR for 24 h. (F-G) 
Protein content of Aggrecan, CollagenⅡ, MMP-13 and ADAMTS-5 of NP cells as treated above. (H-I) TUNEL assay was performed in NP cells as treated above 
(original magnification × 200, scale bar: 50 μm). The data in the figures represent the averages ± S.D. Significant differences between the treatment and control groups 
are indicated as **P<0.01,*P<0.05, n = 3. 



Int. J. Biol. Sci. 2018, Vol. 14 
 

 
http://www.ijbs.com 

687 

 

 
Figure 2. BBR treatment promotes autophagy in NP cells. (A-B) Protein levels of ATG7, Beclin-1, P62 and LC3 of NP cells as treated above. (C) Autophagosomes 
and autophagolysosomes in NP cells were observed by transmission electron microscopy (×25000). (Black arrow: autophagosome; black triangle: 
autophagolysosome). The data in the figures represent the averages ± S.D. Significant differences between the treatment and control groups are indicated as **P<0.01, 
*P<0.05, n = 3. 

 
BBR promotes autophagy in NP cells. 

To assess the effects of BBR on autophagy, we 
detected autophagy markers including ATG7, 
Beclin-1, P62, and LC3-II/LC3-I ratio. Pretreatment 
with BBR followed by TBHP increased the 
LC3-II/LC3-I ratio and expression of ATG7 and 
Beclin-1 in NP cells, but decreased the expression of 
P62 (Figure 2A-B). Autophagosomes and autophago-
lysosomes were observed by transmission electron 
microscopy, which is a standard method to detect 
autophagy formation. BBR-pretreated cells contained 
increased autophagosomes and autophagolysosomes 
in their cytoplasm with TBHP stimulation in 
comparison to untreated cells (Figure 2C). 

Activation of autophagy is important for BBR’s 
protective effects in NP cells. 

To investigate the role of autophagy in BBR’s 
beneficial effects on NP cells, cells were pretreated 
with the autophagy inhibitor 3-MA before BBR 
administration. Compared with the BBR group, 3-MA 
pretreatment significantly decreased the amount of 
ATG7 and Beclin-1, as well as the LC3-II/LC3-I ratio, 
and concordantly increased P62 levels (Figure 3A-B). 
By immunofluorescence, LC3 puncta in the cytoplasm 
of NP cells were up-regulated with BBR adminis-
tration, whereas pretreatment with 3-MA markedly 
reversed this alteration (Figure 3C). 

To further link autophagy to BBR’s effects, cells 
were pretreated with 3-MA, which markedly 

attenuated BBR’s effects on apoptotic protein express-
ion (Figure 4A-B). By immunofluorescence, Cleaved- 
caspase3 was significantly increased in both the TBHP 
group and 3-MA group, compared to the BBR group 
(Figure 4C). 

We then assessed if autophagy affects ECM 
synthesis and degradation of NP cells. As shown in 
Figures 4D-E, BBR’s effects on ECM synthesis and 
degradation marker proteins were markedly decreas-
ed with 3-MA treatment. Taken together, these results 
indicate that autophagy is involved in the beneficial 
effects of BBR on NP cells. 

BBR ameliorates disc degeneration in rats in 
vivo. 

To assess the therapeutic effect of BBR on a rat 
IVDD model, MRI and Pfirrmann MRI grade scores 
were obtained at 4 and 8 weeks after puncture. The 
BBR group showed stronger T2-weighted signal 
intensities than the IVDD group both at 4 weeks and 8 
weeks (Figure 5A). Pfirrmann MRI grade scores, 
which indicate the levels of disc degeneration, were 
markedly lower in BBR-treated rats than those in the 
IVDD group at 4 weeks and 8 weeks (Figure 5C). The 
beneficial effects of BBR were further confirmed by 
Safranin O staining in the degenerative discs at 4 and 
8 weeks (data not shown). As shown in Figure 5B, the 
cells in control discs were mostly stellar-shaped and 
equably embedded in abundant extracellular matrix. 
Compared to controls, cells in the IVDD group 
migrated into clusters, separated by wispy proteo-
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glycan matrix, indicating critical degeneration of the 
disc. However, BBR treatment alleviated the 
degeneration of proteoglycan matrix and maintained 
NP cell morphology. Moreover, the histologic score of 
the BBR group was significantly lower than that of the 
IVDD group (Figure 5D). Finally, BBR treatment 
increased LC3 expression and decreased the amount 
of Cleaved-caspase3 in the degenerative rat discs 
(Figures 5E-F), which further confirmed the 
anti-apoptotic effect of BBR in vivo. 

Discussion 
IVDD is a complex process involving a variety of 

pathophysiological mechanisms, including excessive 
apoptosis of disc cells(23). Although several drugs 
have been reported that may have anti-apoptotic 
effects on disc cells, few of them have been applied in 
clinical practice due to excessive side effects. BBR, an 
isoquinoline alkaloid extracted from Coptidis 
rhizome and Cortex phellodendri, has been shown to 
have potent anti-apoptotic activity with minor side 

effects(24). This study demonstrated for the first time 
that BBR can inhibit oxidative stress-induced NP cell 
apoptosis via autophagy activation, which subsequ-
ently attenuates the ECM degradation of NP cells 
under stress (Figures 6). These results were 
corroborated by in vivo results, suggesting that BBR 
may play a protective role in IVDD in a 
puncture-induced rodent model. 

As a potent pro-apoptotic factor for human NP 
cells, reactive oxygen species (ROS) are a vital 
mediator of the occurrence and progression of 
IVDD(25). Pathogenic factors affecting IVDD include 
inflammatory cytokines, mechanical loading, and 
hyperglycemia, which can induce apoptosis through 
ROS(26-28). Thus, hydroperoxide is widely used to 
induce apoptosis in vitro. In this study, the 
administration of TBHP markedly increased the 
expression of pro-apoptotic proteins and matrix 
degradation enzymes, and dramatically decreased the 
viability of NP cells, as well as ECM components, 
which is one of the most prominent features of IVDD. 

 

 
Figure 3. Pretreatment with 3-MA inhibits BBR-induced autophagy in NP cells. (A-B) NP cells were pretreated with 3-MA and followed with BBR and TBHP 
stimulation as described above, then the protein expression of ATG7, Beclin-1, P62 and LC3 was detected. (C)The representative LC3-positive autophagic vesicles 
were detected by immunofluorescence staining combined with DAPI staining for nuclei (scale bar:25 μm). The data in the figures represent the averages ± S.D. 
Significant differences between the treatment and control groups are indicated as **P<0.01, *P<0.05, n = 3. 
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Figure 4. BBR’s effects on apoptosis and ECM degradation are reversed by 3-MA. (A-B) Protein expression of Bax, Bcl-2, Cytochrome C and Cleaved-caspase3 of 
NP cells which pretreated with 3-MA and followed with BBR and TBHP stimulation as described above. (C) The representative Cleaved-caspase3 were detected by 
the immunofluorescence combined with DAPI staining fornuclei (scale bar: 25 μm). (D-E) Protein content of Aggrecan, CollagenⅡ, MMP-13 and ADAMTS-5 of NP 
cells as treated above. The data in the figures represent the averages ± S.D. Significant differences between the treatment and control groups are indicated as 
**P<0.01, *P<0.05, n = 3. 

 
Autophagy is an essentially intracellular 

catabolic process in which damaged organelles and 
cytosolic macromolecules can be degraded and 
recycled in response to increased metabolic demands 
or stresses(29). In recent years, there is abundant 

evidence showing that moderate autophagy is 
involved in the maintenance of cellular homeostasis in 
discs(30). As the largest avascular organ in the body, 
the intervertebral disc is a hypoxic niche with NP cells 
residing there. It was recently reported that NP cells 
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adapt to the hypoxic microenvironment through 
autophagy activation, indicating that autophagy is 
essential for their normal metabolism(31). Interest-
ingly, it appears contradictory that either higher or 
lower levels of autophagy were observed in 
degenerative disc cells. According to previous reports, 
autophagy is significantly increased both in 
degenerative NP and AF cells(32, 33). However, a 
recent study found fewer autophagosomes and 
decreased expression of autophagy-related genes in 
human degenerated discs compared to normal 
discs(34). To resolve this apparent contradiction, we 

believe that moderate autophagy could be enhanced 
in disc cells as a protective mechanism in the early 
stages of IVDD. However, aggravating disc 
degeneration potentiates autophagy dysfunction, 
leading to irreversible destruction of intervertebral 
discs. In this study, we detected autophagy markers, 
which have crucial functions in autophagy. 
Furthermore, we observed autophagosomes and 
autophagolysosomes by transmission electron 
microscopy, which is a standard method to check for 
autophagy activation. Our results showed for the first 
time that BBR could activate autophagy in NP cells. 

 

 
Figure 5. BBR ameliorates IVDD development in a needle puncture-induced rat model in vivo. (A, C) T2-weighted MRI of rat tails from different experimental groups 
at 4 and 8 weeks post surgery (white arrows) with the corresponding Pfirrmann MRI grade scores. (B, D) Representative Safrain O staining of disc samples from 
different experimental groups at 4 weeks post surgery (original magnification×40 or ×100) with the corresponding histological grades. (E) Immunohistochemical 
staining of Cleaved-caspase3 expression in the disc samples at 4 weeks post-surgery (original magnification×40 or ×100). (F) Immunofluorescence staining of LC3 
expression combined with DAPI staining for nuclei in the disc samples at 4 weeks post-surgery (original magnification×80). The data in the figures represent the 
averages ± S.D. Significant differences between the treatment and control groups are indicated as **P<0.01, *P<0.05, n = 8. 
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Figure 6. A model illustrating the protective effects of BBR on NP cells. TBHP 
increased the level of ROS in NP cells, which subsequently up-regulated the 
expression of pro-apoptotic proteins and matrix-degrading enzymes, leading to 
apoptosis and ECM degradation of NP cells. BBR treatment attenuated NP cell 
apoptosis and mitigated the ECM degeneration via autophagy activation, which 
was inhibited by 3-MA. 

 
Apoptosis has been found to be essential in the 

development of IVDD, which can be activated by 
various stimuli via different signal transduction 
pathways such as the death receptor, the 
mitochondrial pathway, and the endoplasmic 
reticulum(2, 23). In IVDD, oxidative stress caused by 
various pathogenic factors mediates mitochondrial 
pathway apoptosis, decreases Bcl-2 expression, and 
increases the expression of pro-apoptotic Bcl-2 family 
members such as Bax and Bak, which leads to the 
release of Cytochrome C(35, 36). Subsequently, 
caspase3 is activated as the final executor of 
apoptosis(37). Our study found that BBR administra-
tion attenuated these changes in apoptotic proteins 
under oxidative stress, suggesting that BBR is 
protective against apoptosis in NP cells. 

The ECM produced by NP cells performs a vital 
role in the maintenance of disc physiology, and ECM 
degradation is a major feature of IVDD(38). MMPs 
and ADAMTS are catabolic enzymes that degrade the 
ECM in IVDD(39). Our data indicated that BBR could 
effectively inhibit ECM degradation. To further 
confirm that BBR stimulates autophagy, autophagy 
inhibition using 3-MA was capable of reversing BBR’s 
beneficial effects. 

Finally, needle puncture-induced degenerative 
rat discs were evaluated 4 and 8 weeks after 
successful modeling. We found severely degenerated 
intervertebral discs in the IVDD group, which was 
decreased by BBR treatment, indicating that BBR 
could ameliorate disc degeneration in vivo. 
Furthermore, BBR treatment promoted autophagy 
and suppressed the expression of apoptotic proteins in 

the degenerative rat discs, which further confirmed 
the results from our in vitro experiments. In addition, 
no differences in terms of survival rate, weight, and 
mobility were observed between the BBR group and 
IVDD group, suggesting that the dosage of BBR used 
in rats was safe. 

However, this study has some limitations. First, 
the underlying mechanism of BBR-induced 
autophagy including the upstream signaling pathway 
involved has not been fully elucidated. Other 
apoptotic pathways involved in IVDD, such as 
endoplasmic reticulum stress, were not investigated 
in the current study and require further research. 
Moreover, linking the protective effects of BBR 
against ECM degeneration to its anti-inflammatory 
properties remains unclear. In addition, the optimal 
concentration of BBR for animal use needs further 
confirmation.  

In conclusion, the current study demonstrates 
that BBR treatment attenuates NP cell apoptosis and 
mitigates the ECM degeneration via autophagy 
activation, presenting the possibility for an ideal 
therapeutic agent for IVDD treatment in the future. 
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