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Overexpression of BNIP3 in rat intervertebral disk cells triggers autophagy and apoptosis
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Abstract: Excessive apoptosis of intervertebral disk cells and intervertebral disk degeneration (IDD) is the prime cause of
low back pain. B-cell lymphoma 2 (Bcl-2) and adenovirus E1B 19 kDa interacting protein 3 (BNIP3), a member of the Bcl-2
family, are involved in cell autophagy and apoptosis. The roles and mechanisms of BNIP3 in intervertebral disk cell autoph-
agy and apoptosis are unclear. In this study, primary rat intervertebral disk cells were prepared to study the effect of BNIP3
overexpression on their autophagy and apoptosis. The cell counting kit (CCK)-8 assay showed that BNIP3 overexpression
decreased cell viability. Real-time PCR and Western blotting showed that BNIP3 overexpression significantly upregulated
the expression of autophagy-related proteins and pro-apoptotic proteins, including hypoxia-inducible factor-1a, apoptotic
protease activating factor 1, caspase 3 and cleaved caspase 3, microtubule-associated proteins 1A/1B light chain 3 (LC3)
and Beclin-1 while downregulating the expression of anti-apoptotic protein Bcl-2. Cell staining detection of autophagy and
apoptosis showed that BNIP3 overexpression increased the autophagy and apoptosis of rat intervertebral disk cells. BNIP3
RNA interference revealed that the effects of BNIP3 overexpression can be reversed. These findings suggested that BNIP3
enhanced the autophagy and apoptosis in the rat intervertebral disk cells in vitro, which might promote IDD development.
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INTRODUCTION exclusively exists in eukaryotic cells [5]. Autophagy,
a type II programmed cell death pathway, promotes
or inhibits apoptosis in different ways; studies have

reported that autophagy plays a crucial role in IDD

A common spinal disease manifesting as low back
pain has become a serious world public health prob-

lem that greatly affects patients’ physical and mental
health with a heavy economic burden to society [1].
Although the detailed pathological mechanism of low
back pain is elusive, intervertebral disk degeneration
(IDD) is currently regarded as an imaportant cause
of low back pain [2,3]. The occurrence and devel-
opment of IDD are related to many factors, such as
genetic factors, lifestyle habits (such as smoking or
alcohol consumption) and aging. In particular, apop-
tosis of intervertebral disk cells, degradation of the
extracellular matrix and cell phenotype alterations
are considered direct causes of IDD [4]. Autophagy is
a lysosome-dependent cell degradation pathway that
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development [6,7].

Bcl-2 and adenovirus E1B 19 kDa interacting
protein 3 (BNIP3) is closely related to apoptosis trig-
gered by ischemia and hypoxia [8-10]. Existing studies
suggest that hypoxia-inducible factor-1a (HIF-1a) is
the primary regulatory protein of BNIP3 [11], so the
expression of BNIP3 is largely upregulated under hy-
poxic conditions. BNIP3 not only directly regulates
cell apoptosis but also indirectly affects cell survival
and apoptosis by regulating the level of autophagy
or mitophagy [12] Therefore, BNIP3 plays a vital
role in ischemia or hypoxia-related diseases [13-15].
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Recent studies have also shown that BNIP3 expres-
sion is positively correlated with the severity of IDD,
that is, patients with severe IDD frequently exhibit
increased expression of BNIP3 [16,17], suggesting that
BNIP3 has an important role in the development of
IDD. However, the detailed molecular mechanism of
BNIP3 in IDD development is unclear.

In this study, the methods of overexpression and
RNA interference (RNAi) were used to study the ef-
fect of BNIP3 on the autophagy and apoptosis in the
isolated rat intervertebral disk cells. The aim of the
study was achieved, and the findings of this study may
help in the development of a novel therapeutic ap-
proach for IDD.

MATERIALS AND METHODS
Ethics statement

All procedures, care and handling of animals were ap-
proved by the Ethics Committee of Nanchang Hongdu
Hospital of Traditional Chinese Medicine and con-
ducted in compliance with the standard guidelines.

Animals

Twenty healthy adult Sprague-Dawley (SD) rats
weighing 200-250 g were used. The animals were
purchased from the Beijing Charles River Laboratory
Animal Co., Ltd. The rats were housed in individual
cages under a constant temperature of 23+2°C and
had access to food and water ad libitum throughout
the study.

Antibodies and reagents

The SuperSignal™ West Pico PLUS chemilumines-
cent substrate (34580) was purchased from Thermo
Fisher Scientific Inc. (Waltham, MA, USA). The poly-
vinylidene fluoride (PVDF) membrane with 0.45-um
pore size (IPVHO00010) was purchased from Merck
Millipore (Darmstadt, Germany). The bicinchoninic
acid (BCA) protein assay kit (CW0014S), HiFiScript
first strand cDNA synthesis kit (CW2569M),
UltraSYBR mixture (CW0957M), Ultrapure RNA
extraction kit (CW0581M) and TRIzol reagent
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(CW0580S) were purchased from Cwbio Inc (Beijing,
China). The mouse anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) monoclonal antibody
(TA-08), horseradish peroxidase (HRP)-conjugated
goat anti-mouse immunoglobulin G (IgG) heavy and
light chains (H+L) secondary antibody (ZB-2305),
and HRP-conjugated goat anti-rabbit IgG (H+L)
secondary antibody (ZB-2301) were purchased from
ZSGB-Bio Technologies Inc (Beijing, China). The rab-
bit anti-hypoxia-inducible factor 1-alpha (HIF-1a)
polyclonal antibody (ab2185), rabbit anti-B-cell lym-
phoma 2 (Bcl-2) polyclonal antibody (ab59348), rabbit
anti-apoptotic protease activating factor 1 (APAF-1)
monoclonal antibody (ab32372), rabbit anti-cleaved
caspase 3 polyclonal antibody (ab2302), and rabbit
anti-Beclin-1 polyclonal antibody (ab62557) were
purchased from Abcam (Cambridge, UK). The rab-
bit anti-microtubule-associated proteins 1A/1B light
chain 3 (LC3) polyclonal antibody (bs-8878R) was
purchased from Biosynthesis Inc (Beijing, China). The
cell autophagy staining test kit (G0170) and acridine
orange staining solution (CA1143) were purchased
from Solarbio Life Sciences (Beijing, China). All oth-
er reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA).

Isolation and culture of the rat intervertebral disk
cells

Twenty SD rats were used to isolate the intervertebral
disk cells. In brief, the rats were anesthetized and eu-
thanized by intraperitoneal injection of sodium pento-
barbital (45 mg/kg), and the spine was isolated under
aseptic conditions, following removal of ligaments and
nucleus pulposus around the spine. The isolated spine
was cut into small blocks with a size of 1 mm?®. After
digestion with 0.25% trypsin for 20 min and 0.2% type
IT collagenase digestion for 2 h, the digested cells were
collected by passing through a cell sieve and cultured
in the Dulbecco’s Modified Eagle Medium (DMEM)/
Ham’s F-12 (F12) medium containing 10% fetal bovine
serum, 100 U/mL penicillin and 100 pug/mL strepto-
mycin under an atmosphere of 5% CO, at 37 °C. The
cultured medium was changed every 2-3 days. When
the degree of cell fusion reached more than 80%, the
cells were digested at a ratio of 1:2 for passage. Then,
the second-generation cells were taken for detection
by toluidine blue staining.
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Toluidine blue staining

Cultured rat intervertebral disk cells were grown
to the second generation and inoculated on 6-well
plates. After the removal of the medium, the cells were
washed with phosphate buffered saline (PBS) for 5
min. Then, the cells were fixed with 4% paraformalde-
hyde at room temperature for 10 min. Thereafter, fixa-
tion solution was removed and the cells were stained
with toluidine blue dye for 2 min. Subsequently, the
staining solution was removed, and the cells were
washed with ultrapure water for 3 min. The stained
and washed cells were then air dried and observed
under an optical microscope.

Experimental groups

The grouping was random as follows: (i) blank con-
trol (blank) group: Normal rat intervertebral disk
cells; (ii) overexpression control (oeControl) group:
Cells transfected with overexpression empty vector;
(iii) BNIP3 overexpression (0eBNIP3) group: Cells
transfected with BNIP3 overexpression vector; (iv)
interference control (siControl) group: Cells trans-
fected with RNAi empty vector; (v) BNIP3 interfer-
ence (siBNIP3) group: Cells transfected with BNIP3
interference vector.

Overexpression and RNAi assay

To study the role of BNIP3 in the autophagy and
apoptosis of the rat intervertebral disk cells, overex-
pression and RNAi were performed as previously de-
scribed [18]. Briefly, the rat intervertebral disk cells
were placed on 6-well tissue culture plates and grown
to 60% confluence prior to transfection. The cells
were transfected with 4 pg of plasmids (recombinant
BNIP3-pcDNA 3.1 vector and pcDNA 3.1 empty vec-
tor) for 48 h. Lipofectamine 3000 transfection reagent
was used. During the RNAi experiments, the cells were
grown to 40%-50% confluence prior to transfection.
Recombinant BNIP3 silenced plasmid sh-BNIP3-
pLVshRNA (siBNIP3) and control vector (siControl)
were transfected into cells using the Lipofectamine
3000 transfection reagent for 48 h. After BNIP3 over-
expression and RNAi, the expression of BNIP3 mRNA
in the rat intervertebral disk cells was detected by real-
time polymerase chain reaction (QPCR).
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Cell viability determination by the cell counting
kit-8 (CCK-8) method

The CCK-8 method was employed to determine the
viability of the rat intervertebral disk cells after trans-
fection with the BNIP3 overexpression vector or the
interference vector. Briefly, the transfected cells were
placed in 96-well plates, and 150 pL of freshly pre-
pared toxicity test solution containing 10 uL CCK-
8 was added to each well and cultured for 4 h. The
absorbance at 450 nm after 0, 12, 24 and 72 h was
measured with a microplate reader. The cell viability
assay was conducted three times, and data were pre-
sented as the means+SD. The cell growth inhibition
rate was calculated as follows:

%=(0D,, Control-OD,  Experiment)/
OD,, Controlx100%.

The cell growth inhibition rate curve was drawn.
The cell groups were on the abscissa, and the cell
growth inhibition rate (%) was the ordinate.

Cell apoptosis determination by acridine orange
staining

The transfected cells were collected and prepared to a
cell suspension at a concentration of 1x10° cells/mL.
Every 100 pL of the cell suspension was mixed with an
acridine orange staining solution to a final concentra-
tion of 15 pg/mL, stained at room temperature in the
dark for 20 min, placed on a glass slide, and observed
under a fluorescent microscope.

Cell autophagy determination by the
monodansylcadaverine (MDC) method

The transfected cells collected by trypsin digestion
were washed with PBS and suspended in 1x wash buf-
fer at a concentration of 1x10° cells/mL. A 90-pL cell
suspension was taken and transferred to an Eppendorf
tube. Approximately 10 pL of MDC dye was added
to the cell suspension, mixed, and stained at room
temperature in the dark for 45 min. The stained cells
were collected by centrifugation. The cells were washed
twice with 1x wash buffer and resuspended in a 100-
uL collection buffer. The cell suspension was loaded
on the slide and observed under a fluorescent micro-
scope. The normal cells had a uniform yellow-green
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fluorescence, while the chromatin of autophagic cells
appeared condensed. The nuclei were fragmented into
dots, staining into uneven, dense, deep-green particles.

Cell membrane potential detection by flow
cytometry

The membrane potential of the transfected cells was
detected by flow cytometry. Briefly, the transfected
cells collected by trypsin digestion were washed twice
with PBS and suspended in a JC-1 working buffer at
a concentration of 1x10° cells/mL. The cell suspen-
sions were incubated at 37°C for 20 min, centrifuged,
collected and resuspended in 1x incubation buffer.
Finally, the cells were analyzed by a flow cytometer.

Real-time polymerase chain reaction (QPCR)

qPCR was used to detect the expression of HIF-1a,
Bcl-2, APAF-1, caspase 3, LC3 and Beclin-1 mRNA of
the transfected rat intervertebral disk cells. In brief, the
total RNA of the transfected cells was extracted using
a commercial RNA extraction kit, and the RNA purity
was determined by the ratio of A260/A280 and agarose
gel electrophoresis. The total RNA was synthesized on
the first cDNA strand with a cDNA synthesis kit. With
the synthesized first-strand cDNA as a template, the
specific primers for HIF-1a, Bcl-2, APAF-1, caspase
3, LC3 and Beclin-1 were designed as described [19]
and used for qPCR (Supplementary Table S1). The
qPCR reaction was as follows: 95 °C for 10 min, 95°C
for 5 min, and 60°C for 1 min, 40 cycles. The qPCR
reaction system was as follows: 20 pL contained 2 pL
cDNA template, 0.4 uL (10 uM) primer F and 0.4 pL
(10 uM) primer R, 10 uL SYBR Green solution and 7.2
uL ddH,O. The data obtained after gPCR were calcu-
lated and analyzed by using the 274" method.

Western blotting

Western blotting was used to detect the expression
level of HIF-1a, Bcl-2, APAF-1, cleaved caspase 3, LC3
and Beclin-1 proteins of the transfected rat interverte-
bral disk cells. Briefly, the cells were collected, washed,
and lysed by adding a radioimmunoprecipitation as-
say (RIPA) buffer (30 mM HEPES, pH 7.4, 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate (SDS), 5 mM EDTA, 1
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mM NaVO,, 50 mM NaE, 1 mM phenylmethylsulfonyl
fluoride, 10% pepstatin A, 10 pg/mL leupeptin, and
10 ug/mL aprotinin) in an ice-bath for 20 min. The
cell lysate was centrifuged at 9391 xg for 15 min, and
the supernatant obtained after centrifugation was the
total protein. The protein concentrations were deter-
mined by the BCA method. The total proteins were
loaded and separated by 12% sodium dodecyl sulfate
(SDS) polyacrylamide gel electrophoresis and elec-
trotransferred onto PVDF membranes. Subsequently,
the PVDF membranes were blocked with 3% bovine
serum albumin and incubated with rabbit anti-HIF-
la (1:1000 dilution), anti-Bcl-2 (1:1000 dilution),
anti-APAF-1 (1:1000 dilution), anti-cleaved caspase
3 (1:1000 dilution), anti-LC3 (1:500 dilution), anti-
Beclin-1 (1:1000 dilution) and mouse anti-GAPDH
(1:2000 dilution) primary antibodies overnight at
4°C. After incubation, the PVDF membranes were
washed with a Tris-buffered saline buffer containing
1% Tween-20 three times and incubated with HRP-
conjugated goat anti-rabbit or goat anti-mouse sec-
ondary antibody (1:5000 dilution). Finally, the pro-
tein bands were visualized with the SuperSignal™ West
Pico PLUS chemiluminescent substrate.

Statistical analysis

All experimental data were presented as the mean+SD.
Each experiment was conducted at least three times
independently. The statistical analysis of the data
was performed using SPSS 17.0 software. One-way
ANOVA was used to analyze the differences between
more than two groups, and a non-paired Student’s
t-test was used to analyze the difference between two
groups. P<0.05 was considered statistically significant.

RESULTS

Identification of cultured rat intervertebral disk
cells

Primary rat intervertebral disk cells were prepared to
study the role of BNIP3 in the autophagy and apop-
tosis of rat intervertebral disk cells. After the cultured
cells were stained with toluidine blue, the cytoplasm
and nucleus were stained blue and bluish violet, re-
spectively. The cells under the light microscope were
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Fig. 1. Blue violet staining of the isolated rat intervertebral disk
cells. Isolated cells were stained with a blue violet dye and ob- —_ : iag:ntrol
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mostly spindly or irregular in shape, which met the
morphological characteristics of the intervertebral
disk cells (Fig. 1), suggesting that the isolated and
cultured cells were the rat intervertebral disk cells.

BNIP3 overexpression decreased the viability of
the rat intervertebral disk cells

The effect of BNIP3 on the viability of the rat interver-
tebral disk cells was examined by transfection. First,
the transfection efficiency in the cells was estimated.
The expression level of BNIP3 mRNA in the BNIP3
overexpression group (0eBNIP3) was significantly
increased compared with the overexpression con-
trol group (oeControl) or blank group. Meanwhile,
the expression level of BNIP3 mRNA in the BNIP3
interference group (siBNIP3) was significantly de-
creased compared with the interference control group
(siControl) or blank group (Fig. 2A). Subsequently,
the CCK-8 assay was used to detect the viability of
the rat intervertebral disk cells. Our findings showed
that the cell viability of the BNIP3 overexpression
group was lower than in the overexpression control
or blank group, even though the cell viability in all
groups was increased with time, while the BNIP3 in-
terference group had a higher cell viability than the
interference control or blank group (Fig. 2B). These
results suggested that BNIP3 negatively regulated the
viability of the rat intervertebral disk cells.

Time (hour)

Fig. 2. Overexpression of BNIP3 decreased the viability of the
rat intervertebral disk cells. A - Isolated rat intervertebral disk
cells were transfected with BNIP3 overexpression and control
vector, BNIP3 interference vector and control vector. The BNIP3
expression levels in different groups were detected by qPCR 48
h after transfection. The differences in BNIP3 mRNA expression
were analyzed by the 27" method. The BNIP3 expression in the
samples normalized against the expression of GAPDH, and the
gene expression in the untreated cells (blank group) normalized
to one. B — Cells placed on 6-well plates and transfected with
different vectors. The cell viability of the different groups was
detected by CCK-8. The bars represent the mean+SD from three
independent experiments. **P<0.01 versus the control using the
unpaired two-tailed Student’s t test.

BNIP3 overexpression enhanced the autophagy
and apoptosis of the rat intervertebral disk cells

Although BNIP3 can induce autophagy and apoptosis
in different types of cells, whether BNIP3 can trig-
ger the autophagy and apoptosis of the rat interver-
tebral disk cells remains unknown. Apoptosis of the
rat intervertebral disk cells was detected by acridine
orange staining. We found an increase in apoptosis in
the BNIP3 overexpressed rat intervertebral disk cells
compared with the overexpression control or blank
group, and a decrease in apoptosis in the BNIP3 inter-
ference group compared with the interference control
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Fig. 3. Apoptosis of the rat intervertebral disk cells in different groups
detected by acridine orange staining (x400). A - Normal rat intervertebral
disk cells (blank group). B - Cells transfected with overexpression empty
vector (oeControl group). C - Cells transfected with BNIP3 overexpres-
sion vector (0eBNIP3 group). D - Cells transfected with RNAi empty
vector (siControl group). E - Cells transfected with BNIP3 interference
vector (siBNIP3 group). The stained cells were observed by light micros-
copy. Scale bar=100 pum.

Fig. 4. Autophagy of rat intervertebral disk cells in different groups de-
tected by MDC staining (x400). A — Normal rat intervertebral disk cells
(blank group). B - Cells transfected with overexpression empty vector
(overexpression control group). C - Cells transfected with BNIP3 overex-
pression vector (BNIP3 overexpression group). D — Cells transfected with
RNAi empty vector (interference control group). E - Cells transfected
with BNIP3 interference vector (BNIP3 interference group). The stained
cells were observed by light microscopy. Scale bar=100 um.
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during autophagy. These findings suggested that
BNIP3 overexpression triggered the autophagy
and apoptosis of the rat intervertebral disk cells.

BNIP3 overexpression or interference
disturbed the cell membrane potential

The cell membrane potential is closely related
to a cell’s state, such as autophagy and apopto-
sis. The cell membrane potential of the BNIP3
transfected cells was detected by flow cytometry.
The membrane potential of the BNIP3 over-
expression group was significantly decreased
compared with the overexpression control or
blank group, while the membrane potential of
the BNIP3 interference group was significantly
increased compared with the interference con-
trol or blank group (Fig. 5), suggesting that
BNIP3 affected the cell membrane potential by
triggering the autophagy and apoptosis of the
rat intervertebral disk cells.

BNIP3 induced increased expression of
autophagy and apoptosis-related molecules

We observed that BNIP3 overexpression acti-
vated the autophagy and apoptosis of the rat
intervertebral disk cells. Accordingly, we ex-
amined whether BNIP3 can affect the expres-
sion of autophagy- and apoptosis-related pro-
teins. The qPCR assay was employed to detect
the different mRNA expression profiles of the
autophagy- and apoptosis-related proteins, in-
cluding HIF-1a, APAF-1, caspase 3, Bcl-2, LC3
and Beclin-1 in the rat intervertebral disk cells
after transfection with BNIP3 overexpression or

or blank group (Fig. 3). The results of the MDC meth-
od showed an increase in autophagy in the BNIP3
overexpressed rat intervertebral disk cells compared
with the overexpression control or blank group, and
a decrease in autophagy was observed in the BNIP3
interference group compared with the interference
control or blank group. The rat intervertebral disk
cells overexpressing BNIP3 were massed, and their
nuclei were fragmented into dots; they stained into
uneven, dense and deep-green staining particles un-
der a light microscope compared with the control and
interference group (Fig. 4), which is known to occur

interference vectors. The qPCR results showed that
the expression of HIF-1a, APAF-1, caspase 3, LC3 and
Beclin-1 mRNAs was significantly increased when the
rat intervertebral disk cells were transfected with the
BNIP3 overexpression vector compared with the con-
trol or blank group. However, the expression of anti-
apoptotic protein Bcl-2 was significantly decreased in
the BNIP3 overexpression group compared with the
control or blank group. Moreover, the expression of
the autophagy- and apoptosis-related proteins in the
rat intervertebral disk cells after BNIP3 RNAi was also
detected by qPCR, demonstrating that the expression
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Fig. 5. Membrane potential of the rat intervertebral disk cells in different
treatment groups detected by flow cytometry. A — Normal rat interver-
tebral disk cells (blank group). B — Cells transfected with overexpression
empty vector (overexpression control group). C — Cells transfected with
BNIP3 overexpression vector (BNIP3 overexpression group). D — Cells
transfected with RNAi empty vector (interference control group). E -
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Fig. 7. Different expression of HIF-1a, Bcl-2, APAF-1, cleaved caspase 3,
Beclin-1 and LC3 proteins of the rat intervertebral disk cells in different
treatment groups detected by Western blotting (A). The expression of
HIF-1a, Bcl-2, APAF-1, cleaved caspase 3, Beclin-1 proteins were detected
by Western blotting after the cells were transfected with BNIP3 overex-
pression or BNIP3 interference vectors. B - Quantitative analysis of the
band intensities according to their grayscale by Image J software. The
bars represent the mean+SD from the three independent experiments.
**P<0.01 versus the control using the unpaired two-tailed Student’s t test.
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ized against the expression of GAPDH. The mRNA expression
in the untreated cells (blank group) was normalized to one. The
bars represent the mean+SD from the three independent experi-
ments. **P<0.01 versus the control using the unpaired two-tailed
Student’s t test.

of HIF-1a, APAF-1, caspase 3, LC3 and Beclin-1
was significantly decreased when the interverte-
bral disk cells transfected with BNIP3 interfer-
ence vector were compared with the control or
blank group. The expression of anti-apoptotic
protein Bcl-2 was significantly increased in the
BNIP3 interference group compared with the
control or blank group (Fig. 6).

Western blotting analysis of the autophagy-
and apoptosis-related proteins revealed that the
expression of HIF-1a, APAF-1, cleaved caspase
3, LC3 and Beclin-1 was increased when the in-
tervertebral disk cells transfected with BNIP3
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overexpression vector were compared with the match-
ing overexpression control and blank group. In partic-
ular, the expression of anti-apoptotic protein Bcl-2 was
decreased in the BNIP3 overexpression group com-
pared with the control or blank group. In addition,
the BNIP3 RNAi assay revealed that the expression of
HIF-1a, APAF-1, cleaved caspase 3, LC3 and Beclin-1
was decreased when the intervertebral disk cells trans-
fected with BNIP3 interference vector were compared
with the control or blank group. The expression of an-
ti-apoptotic protein Bcl-2 was increased in the BNIP3
interference group when compared with the control
or blank group (Fig. 7A). To better display the expres-
sion differences of HIF-1a, APAF-1, cleaved caspase
3, Bcl-2, LC3 and Beclin-1 in the different groups,
grayscale analysis of the Western blotting bands was
performed, and similar results were obtained (Fig.
7B). These findings indicated that BNIP3 activated
the expression of the autophagy- and apoptosis-related
proteins and caused the autophagy and apoptosis of
the rat intervertebral disk cells.

In summary, our findings showed that BNIP3
triggered the autophagy and apoptosis of the rat in-
tervertebral disk cells by stimulating the expression
of the autophagy- and apoptosis-related proteins.
Augmentation of autophagy and apoptosis of the rat
intervertebral disk cells may result in the development
of IDD and exacerbation of low back pain.

DISCUSSION

Apoptosis of the lumbar intervertebral disk cells is a
contributor to IDD [4,18]. Studies have shown that
the apoptosis rate of the nucleus pulposus cells in IDD
patients and IDD model animals is significantly higher
than in the nucleus pulposus cells of normal humans or
animals [4]. In addition, many factors that can induce
IDD, such as ischemia and hypoxia, nutritional defi-
ciencies, stress load, high glucose and hypertonicity,
not only activate autophagy but also induce apoptosis
[19-21]. Autophagy can inhibit apoptosis by clearing
damaged cells, but excessive autophagy can also induce
autophagic apoptosis [22,23]. Moreover, autophagy
is a lysosome-dependent catabolic pathway that ex-
clusively exists in eukaryotic cells and is composed
of a series of autophagy-related genes that can de-
grade and recycle damaged, senescent and denatured
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organelles or macromolecular constituents in cells [24].
Furthermore, autophagy provides sufficient energy for
cell survival. Autophagy mainly includes macrophage,
microautophagy and molecular chaperone-mediated
autophagy. The process of autophagy is divided into
five stages: autophagy induction, autophagy vesicle
nucleation, extension, autophagosome formation and
autophagy lysosome formation [25].

Autophagy plays many different important roles
in IDD development. Ye et al. [26] found that the
number of autophagosomes and the ratio of autoph-
agy-related proteins LC3-II/LC3-I in rat intervertebral
disk nucleus pulposus cells increases with the age of
rats. The level of autophagy in endplate cells in IDD
patients is lower than that in normal humans [27], and
the autophagy level of the annulus fibrosus in patients
with IDD was higher than that in normal humans
[28]. According to the abovementioned studies, the
exact roles of autophagy in IDD are difficult to deter-
mine. The level of autophagy substantially varies in
the course of different degrees of IDD or due to the
difference in the age of rats, which needs to be judged
according to the actual situation. The possible reasons
are that the patients exhibited IDD of different sever-
ity, and the tissues were obtained from different sites.
However, the detailed role and molecular mechanisms
of autophagy in the development of IDD are unclear.
Therefore, this study aimed to explore the role and
mechanisms of the autophagy and apoptosis of the
rat intervertebral disk cells.

The BNIP3 gene encodes for a protein that was
discovered in 1994 by yeast hybridization technol-
ogy that can interact with the adenovirus E1B19kD
protein and encodes for 194 amino acids. The ability
to interact with adenovirus E1B19kD protein is deter-
mined by its own properties. The full-length BNIP3
gene sequence is 585 bp. The encoded protein has two
dimers. Subsequent studies confirmed that BNIP3 is
a pro-apoptotic protein of the Bcl-2 family [29]. The
C-terminus can bind to the mitochondrial membrane,
which increases the permeability and reduces the po-
tential of the mitochondrial membrane, thereby pro-
moting apoptosis [30]. The biological role of BNIP3
under hypoxic conditions mainly depends on the
regulation of HIF-1a, which can bind to the hypoxia
response element of the BNIP3 promoter, thereby
regulating the transcription of BNIP3. Accordingly,
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the hypoxic environment can cause a significant in-
duction of the expression of BNIP3; moderate expres-
sion of BNIP3 can activate autophagy and maintain
the survival of cells, while excessive autophagy causes
apoptosis [13-15]. Current research has shown that
the positive expression rate of BNIP3 gradually in-
creases with the severity of IDD, and that the expres-
sion of BNIP3 was closely related to the apoptosis of
intervertebral disk cells during IDD development [16].

In this study, BNIP3 overexpression and RNAi
were employed to explore the role and mechanisms
of BNIP3 in IDD. First, the success of transfection was
verified by qPCR. Second, the CCK-8 method was
used to the assess the cell viability of the rat interverte-
bral disk cells after transfection with different vectors,
demonstrating that BNIP3 overexpression resulted in
a remarkable decrease in cell viability, and BNIP3 in-
terference produced an increase in cell viability. These
findings were consistent with the evidence that BNIP3
was closely related to the apoptosis of the interverte-
bral disk cells in IDD development [31], suggesting
that BNIP3 expression affected the viability of the rat
intervertebral disk cells. Subsequently, the apoptosis
and autophagy of the rat intervertebral disk cells de-
tected by acridine orange staining and MDC stain-
ing, respectively, showed that BNIP3 overexpression
increased apoptosis and autophagy and that BNIP3
interference decreased the apoptosis and autophagy
of the rat intervertebral disk cells. Detection of the
cell membrane potential by flow cytometry revealed
that BNIP3 overexpression significantly decreased
the membrane potential, while BNIP3 interference
substantially increased the membrane potential of the
rat intervertebral disk cells, suggesting that BNIP3 ac-
tivated the autophagy and apoptosis, and induced a
decrease in the number of intervertebral disk cells,
which might eventually result in IDD.

Cell apoptosis and autophagy are closely associ-
ated with the apoptosis- and autophagy-related pro-
teins and pathways. Bcl-2 is one of the most important
anti-apoptotic proteins that can form a dimer with
the pro-apoptotic protein Bax, inhibiting apoptosis
signaling and promoting cell survival [32]. Beclin-1
is an autophagy-related gene that is homologous with
yeast autophagy gene 6. Beclin-1 can recruit other
autophagy-related proteins to localize on the mem-
brane of the autophagosome, which plays a positive
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regulatory role in the formation of autophagosomes
[33]. Furthermore, Beclin-1 interacts with Bcl-2
through its BH3 domain to maintain the dynamic
equilibrium of cell autophagy and apoptosis [34].
LC3 is the homolog of mammalian autophagy-related
gene 8 that contains two forms (LC3-I and LC3-II).
BNIP3 can competitively bind to Bcl-2 with Beclin-1
because both proteins contain the BH3 domain. The
overexpression of BNIP3 causes the release of Beclin-1
from the Beclin-1/Bcl-2 complex. The free Beclin-1
then forms a complex with phosphoinositide 3-ki-
nase (PI3K) and further regulates the expression of
different autophagy-related genes downstream of the
PI3K/AKT pathway, eventually promoting the occur-
rence of mitochondrial autophagy [35,36]. In addi-
tion, BNIP3 overexpression increases mitochondrial
membrane permeability and affects the membrane
potential, leading to the release of cytochrome C. The
binding of cytochrome C with APAF-1 can activate
the caspase pathway, induce a series of cascades and
trigger apoptosis. In this study, QPCR and Western
blotting were employed to study the differences in the
expression profiles of the autophagy- and apoptosis-
related proteins of the rat intervertebral disk cells after
transfection with BNIP3 overexpression or interfer-
ence vectors. Our findings showed that the expression
of pro-apoptotic or autophagy- proteins, such as HIF-
la, APAF-1, cleaved caspase 3, LC3 and Beclin-1, were
significantly increased in cells overexpressing BNIP3,
while the expression of anti-apoptotic protein, such as
Bcl-2, was significantly decreased. The expression of
pro-apoptotic proteins or autophagy-related proteins,
such as HIF-1a, APAF-1, cleaved caspase 3, LC3 and
Beclin-1, were significantly decreased after transfec-
tion of these cells with the BNIP3 interference vector.
Meanwhile, the expression of anti-apoptotic protein,
such as Bcl-2, was significantly increased. These find-
ings suggested that BNIP3 overexpression increased
the autophagy and apoptosis of the intervertebral disk
cells by regulating the expression of the autophagy-
and apoptosis-related proteins.

CONCLUSION

Primary rat intervertebral disk cells were prepared
and used to study the effect of BNIP3 overexpression
on their autophagy and apoptosis. BNIP3 overexpres-
sion in the rat intervertebral disk cells significantly
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upregulated the expression of the autophagy-related
and pro-apoptotic proteins, augmented the autophagy
and apoptosis of the rat intervertebral disk cells and
decreased the cell viability. Meanwhile, the effects of
BNIP3 overexpression could be significantly reversed
by BNIP3 interference. These findings indicated that
BNIP3 enhanced the autophagy and apoptosis of the
intervertebral disk cells and decreased the cell viability
of the intervertebral disk cells, which may eventually
result in IDD development. The findings of this study
revealed the effect of BNIP3 on the autophagy and
apoptosis of the intervertebral disk cells in vitro. In
subsequent studies, we will explore the role of BNIP3
in the animal models of IDD for the evidence in vivo.
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