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Abstract
Purpose  This study aimed to investigate the potential mechanism and value of lupeol in inhibiting high-glucose-induced 
apoptosis in rabbit nucleus pulposus cells (NPCs).
Methods  NPCs were divided into four groups: control (CON), high glucose (HG), LUP, and HG + LUP. Viability, reactive 
oxygen species (ROS) levels, and apoptosis were examined in NPCs. The protein expression levels of Bax, Bcl-2, cytochrome 
C, and caspase 9/3 were measured using reverse transcription–polymerase chain reaction and Western blot assay.
Results  The apoptotic rate and total ROS level of the HG group significantly increased compared with the CON group 
(P < 0.01). The total ROS level in the HG + LUP group significantly decreased compared with the HG group(P < 0.05). The 
mRNA expression of Bcl-2 was significantly upregulated, whereas the expression of Bax, cytochrome C, and caspase 9/3 
was downregulated in the HG + LUP group compared with those in the HG group(P < 0.05).The Western blot assay showed 
that the expression of Bcl-2 was upregulated, but the expression of Bax, cytochrome C, and caspase 9/3 was significantly 
downregulated in the HG + LUP group compared with the HG group (P < 0.05).
Conclusions  Lupeol inhibited high-glucose-induced apoptosis in NPCs by enhancing the anti-oxidative stress in the mito-
chondria. This study suggested lupeol as a potential therapeutic drug for treating intervertebral disc degeneration under 
hyperglycaemic conditions.

Graphical abstract  These slides can be retrieved under Electronic Supplementary Material.
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Take Home Messages

1. Lupeol inhibited high-glucose-induced apoptosis in NPCs by 
enhancing the anti-oxidative stress in the mitochondria. 

2. Lupeol has the potential to treat intervertebral disc degeneration 
under hyperglycemic conditions.
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Introduction

Intervertebral disc degeneration (IDD)-induced secondary 
spinal instability and spinal stenosis are the main causes 
of low back pain. The reduction in the number and func-
tions of nucleus pulposus cells (NPCs) is the main cause of 
IDD. The structure and composition of extracellular matrix 
begin to change with the reduction in NPCs, accompanied 
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by the synthetic and catabolic imbalance of extracellular 
matrix. Meanwhile, the changes in collagen fibre com-
positions reduce their compressive capacity. Hence, the 
combined actions of these two contribute to the weakening 
or loss of mechanical functions of intervertebral discs [1]. 
The degeneration mechanism of intervertebral disc is not 
clear yet. Presently, it has been found that the occurrence 
and development of IDD may be related to genetic suscep-
tibility, senescence, mechanical load, nutritional supply 
disorder, oxidative stress, diabetes, or other factors [2–4]. 
Investigating the relationships between these factors and 
IDD is important for preventing and treating IDD [5, 6].

The pathogenesis of diabetes mellitus-related chronic 
complications is extremely complex. Some studies have 
shown that hyperglycaemia is one of the factors inducing 
apoptosis of intervertebral disc cells [7]. Kong et al. [8] 
reported that the proliferation of NPCs was significantly 
inhibited in a high-glucose environment; however, no 
significant changes were found in a low-glucose environ-
ment. The study further demonstrated that excessive pro-
duction of reactive oxygen species (ROS) was one of the 
main factors causing the apoptosis of NPCs in hypergly-
caemia. Further, hyperglycaemia can induce the produc-
tion of many advanced glycolic end products, promoting 
the formation of oxygen free radicals and resulting in the 
apoptosis of mitochondria through oxidative stress dam-
age [9, 10]. ROS is a class of free radicals related to the 
oxidative stress, mainly including the superoxide anion 
(O–), hydroxyl radical (–OH), H2O2, and NO, which can 
be produced by the mitochondria and catalase in human 
cells or induced by certain special physicochemical envi-
ronment [11, 12]. Under normal circumstances, the pro-
duction and clearance system of reactive oxygen in vivo 
is in a dynamic equilibrium state [13]. Increased reactive 
oxygen or decreased clearance ability of reactive oxygen 
causes oxidative stress [14]. The oxidative stress state 
can cause DNA oxidative damage and protein expression 
abnormalities, as well as secondary damages to the body 
[15]. Therefore, the oxidative stress is not only related to 
the occurrence and development of many diseases but also 
closely related to apoptosis.

Lupeol is a triterpenoid compound widely distributed 
in fruits, vegetables, or Chinese herbal medicines. A large 
number of animal experiments have demonstrated the anti-
oxidative, anti-inflammatory, antibacterial, anti-malarial, 
anti-apoptosis, anti-malignant tumour proliferation, and 
anti-neovascularization effects of lupeol [16–18]. Studies 
have shown that food-derived antioxidants can inhibit the 
production of ROS, maintain the redox balance, and exert 
cytoprotective effects to reduce mitochondrial-mediated cell 
death [18].

The present study hypothesized that lupeol possibly 
affected the production of ROS and inhibited the apoptosis 

of NPCs in a high-glucose environment by antagonizing the 
oxidative stress.

Materials and methods

Isolation and in vitro culture of NPCs

Rabbits were anesthetized with an intraperitoneal injection 
of 10% chloral hydrate solution (10 mL/kg) and killed by 
injecting 20 mL of air into the ear vein. The lower thoracic 
spine and whole lumbar spine were harvested using the asep-
tic technique. The gel-like NPCs were then scraped using 
a sterile curette and digested with 0.25% trypsin–EDTA 
(Sigma-Aldrich, MO, USA) for 30 min at 37 °C on a shaker. 
The digestion mixture was centrifuged at 1000  rpm for 
5 min, and the supernatant was discarded. The tissue pel-
let was further digested in 0.2% (w/v) collagenase type II 
(Sigma-Aldrich, MO, USA) at 37 °C for 4 h before filtered 
through an 80-μm sterile nylon mesh filter. The mixture 
was centrifuged at 1500 rpm for 5 min, and the cell pel-
lets were resuspended in HAM/F − 12 + 10% fatal bovine 
serum (FBS) culture medium. The cell concentration was 
adjusted to (3–5) × 108/mL and then seeded into 25-cm2 cell 
culture flasks with Dulbecco’s modified Eagle’s medium 
(DMEM)/F-12 culture medium (HyClone Company, UT, 
USA) containing 10% FBS (Biological Industries Company, 
Israel), penicillin (100 IU/ml), and streptomycin (100 mg/
ml) in a humid 5% CO2 incubator. The culture medium was 
changed twice a week.

Identification of NPCs

When the cells converged about 80%, the coverslip was 
washed with phosphate-buffered saline (PBS) solution, fixed 
in 4% paraformaldehyde solution, and stained with haema-
toxylin solution and 1% toluidine blue. Haematoxylin–eosin 
staining and toluidine blue staining were used to observe cel-
lular morphology under an inverted microscope (Olympus, 
Japan). The type II collagen was detected with immunohisto-
chemical staining and immunofluorescence detection follow-
ing standard protocols. The sections were mounted and pho-
tographed under an inverted microscope (Olympus, Japan). 
The immunofluorescence-stained NPCs were observed and 
photographed under a fluorescence microscope.

Cytotoxicity assay

Lupeol-containing (L5632, Sigma, Germany) medium was 
divided into five groups according to different concentra-
tion gradients (30, 40, 50, 60, and 70 µg/mL) [19]. The 
cells (density 1.0 × 105/mL) were inoculated into 96-well 
plates (with 8 wells for each group and 100 μL in each 
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well). The cells of all five groups were cultured in a CO2 
incubator for 24 h. Then, 10 μL of cell counting kit 8 
(CCK-8) solution was added into each well for another 2-h 
incubation in the dark. The optical density (OD) value of 
each well was detected at 450 nm using a multifunctional 
orifice plate to determine the cell vitality of each group.

Experimental design

The third-generation NPCs were randomly divided as 
follows: (1) CON group: cultured in normal culture 
medium; (2) HG group: cultured in 100 mM glucose-
containing medium; (3) LUP group: cultured in a medium 
containing an appropriate concentration of lupeol; and 
(4) HG + LUP group: cultured in a medium containing 
lupeol and 100 mM glucose. The cell vitality, ROS level, 
apoptosis rate, and expression of caspase 9/3, Bax, Bcl-2, 
and cytochrome C proteins and genes of the groups were 
detected under the same experimental conditions.

Detection of cell proliferation activity

The cells (density 1.0 × 105/mL) were inoculated into 
96-well plates (8 wells for each group and 100 μL in each 
well) in a CO2 incubator. When the cells converged 80%, 
different media were replaced according to the experimen-
tal design. The OD value of each well was detected at 
450 nm using a spectrophotometer.

Detection of total intracellular ROS

2′, 7′-Dichlorofluorescein diacetate (DCFH-DA) was 
diluted with serum-free DMEM/F-12 medium in the 
ratio 1:1000 to reach the final concentration of 10 µM. 
After a 6-h intervention with different media, the cells 
were rinsed with PBS (37 °C) two times and digested with 
trypsin–EDTA for 30–40 s. DMEM/F-12 medium (con-
taining 10% FBS) was added to terminate digestion. The 
cell suspension was centrifuged (1000 rpm × 5 min), and 
the supernatant was discarded. The collected cells were 
resuspended in diluted DCFH-DA (serum-free) and incu-
bated in a CO2 incubator (37 °C and 5% CO2) for 20 min. 
The cell suspension was centrifuged (1000 rpm × 5 min), 
and the supernatant was discarded. DMEM/F-12 culture 
medium was added to resuspend the cells, and the cell 
count plate was used to calculate the cell concentration. 
After adjusted the cell density to 1.0 × 105/mL, the cells 
were inoculated into black 96-well microtiter plates (5 
wells for each group and 100 µL in each well) to detect 
the fluorescence intensity of each group.

Detection of apoptotic rate

After 6-h intervention with different media, the culture 
medium in each group was discarded, and the cells were 
cultured in serum-free DMEM/F-12 for 12 h to terminate 
the cell proliferation. The digested cells were collected, 
centrifuged at room temperature at 1000 rpm for 5 min, 
resuspended in pre-cooled PBS at 4 °C, and centrifuged at 
1000 rpm for 5 min. The supernatant was then discarded, 
and 300 µL of 1× binding buffer was added to suspend the 
cells. After mixing with 5 µL of Annexin V–fluorescein iso-
thiocyanate (Annexin V), the cells were incubated (serum-
free) in the dark at room temperature for 15 min. Then, 5 µL 
of propidium iodide (PI) was added for 5 min before testing, 
and 200 µL of 1× binding buffer was also supplemented. 
In the early apoptotic phase, the membrane of NPCs has 
phosphatidylserine (PS) eversion phenomenon. Annexin V 
has the characteristic of specifically binding to PS, while 
PI is membrane impermeant and generally excluded from 
NPCs with intact membrane. In the late apoptotic phase, the 
integrity of NPCs membrane was destroyed, leading to the 
entrance of PI which could combine with nucleic acids and 
exhibit positive fluorescence expression. The apoptotic rate 
was measured using flow cytometry technique [20].

mRNA expression analysis using reverse 
transcription–polymerase chain reaction

The cells in each group were incubated for 6 h with dif-
ferent treatments (presence of serum). The total RNA 
was extracted with TRIzol reagent (Invitrogen, CA, USA) 
according to the manufacturer’s protocol. The total RNA 
was reverse-transcribed using M-MLV reverse transcriptase 
(Fermentas China Co, Ltd, Shanghai, China). Real-time 
polymerase chain reaction (PCR) was performed using the 
SYBR Green PCR Master Mix (Applied Biosystems, CA, 
USA) and GeneAmp 5700 Sequence Detection System to 
detect the mRNA expression of caspase 9/3, Bax, Bcl-2, 
and cytochrome C.

Western blot assay

The cells in each group were lysed in extraction buffer 
with ultrasound on ice, centrifuged, and dialyzed. The 
extraction buffer was composed of 50  mM Tris HCl 
(pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% 
sodium deoxycholate, 0.1% SDS, 1 mM phenylmethylsul-
fonyl fluoride, and proteinase inhibitors (1 mg/mL apro-
tinin, 1 mg/mL pepstatin, and 1 mg/mL leupeptin). The 
protein concentration of the supernatant was determined. 
The supernatant samples in the sample buffer were loaded 
and separated by sodium dodecyl sulphate–polyacryla-
mide gel electrophoresis, transferred on to polyvinylidene 
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fluoride membranes, and blocked with 4% nonfat milk at 
4 °C overnight. The polyvinylidene fluoride membranes 
were incubated with rabbit polyclonal caspase 9 p10 anti-
body (Bioss Inc, Boston, MA, USA, 1:1000), rabbit poly-
clonal active caspase 3 (Abcam, Cambridge, MA, USA, 
1:1000), rabbit polyclonal Bax antibody (Bioss Inc, Bos-
ton, MA, USA, 1:1000), rabbit polyclonal Bcl-2 antibody 
(Bioss Inc, Boston, MA, USA, 1:1000), and rabbit poly-
clonal cytochrome C antibody (Bioss Inc, Boston, MA, 
USA, 1:1000) for 24 h. The blots were also probed with 
an anti-β-actin monoclonal antibody (Sigma, St Louis, 
MO, USA, 1:10,000) as a loading control. The mem-
branes were immersed in PBS with secondary antibodies 
for 1 h. Cross-reactivity was visualized using enhanced 
chemiluminescence Western blotting detection reagents 
(Amersham Pharmacia Biotech, Buckinghamshire, UK) 
and analysed by scanning densitometry using the Tanon 
Image System (Tanon, Shanghai, China). The protein 
expression of caspase 9/3, Bax, Bcl-2, and cytochrome 
C was analysed.

Experiments were independently conducted three 
times. Data were reported as mean ± SD. Statistical analy-
sis was performed using two-tailed Student t test, and a 
P value < 0.05 was considered statistically significant.

Results

Growth characteristics of the NPCs

The primary NPCs were spherical shaped after seeding and 
began to adhere to the culture surface after 3–4 days with 
a round shape and larger size (Fig. 1a). After the pseudo-
pod was formed, the cells appeared triangular, polygonal, 
or short spindle in shape with a larger nucleus or two nuclei 
sometimes. The karyosome was obvious, and the secretory 
particles could be seen in the cytoplasm. One week later, 
the pseudopods of the cells connected and formed a network 
(Fig. 1b). After 15 days of culture, most of the cells were 
confluent, and matrix-like substances could be seen around 
the cells (Fig. 1c). About 3 weeks of culture, the primary 
NPCs fused up to 85% or more (Fig. 1d).

Different staining assessment of NPCs

The haematoxylin–eosin staining results showed that the 
NPCs were of polygonal, short spindle, or other irregular 
shapes (Fig. 2a). After staining with toluidine blue, the 
accumulated proteoglycans were stained sky blue (Fig. 2b). 
The nucleus was in the centre of the cell or leaned to one 
side. The immunofluorescence staining showed the extensive 

Fig. 1   Growth characteristics of the NPCs. a Cell morphology of primary NPCs after inoculation (×40). b Primary NPCs were cultured for 
8 days (×40). c Shape of NPCs after 14 days (×40). d Morphology of NPCs after 21 days of culture (×40)
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expression of fluorescence of type II collagen, most of which 
was located in the cytoplasm. The fluorescence intensity was 
stronger when closer to the nucleus (Fig. 2c). The nucleus 
exhibited blue fluorescence. The immunohistochemical 
staining showed that the type II collagen was stained tan 
(Fig. 2d).

Cytotoxicity assay

The results of CCK-8 method (Fig. 3a) showed that when 
the concentration of lupeol was more than 60 µg/mL, the cell 
viability was seriously affected (P < 0.01) and lupeol had 
the minimal and similar cytotoxicity when its concentration 
was below 60 μg/mL. Therefore, the lupeol concentration of 
60 µg/mL was used for further experiments.

Cell proliferation activity

The results of CCK-8 assay showed that the cell prolifera-
tion activity in the LUP group was not significantly dif-
ferent from that in the CON group, but the values in the 
HG group significantly decreased compared with the CON 
and LUP groups (P < 0.01). The HG + LUP group showed 
increased cell proliferation activity compared with the HG 

group (P < 0.05). The differences among different groups 
were statistically significant (Fig. 3b).

ROS detection

The results of ROS detection in each group are shown 
in Fig. 3c. The ROS level in the LUP group was not sig-
nificantly different from that in the CON group. The ROS 
level in the HG group was significantly higher than that 
in the CON and HG groups (P < 0.01). The ROS values 
significantly reduced in the HG + LUP group compared 
with the HG group (P < 0.05).

Cell apoptosis assay

The results of flow cytometry showed that the apoptotic 
rate of NPCs significantly increased in a high-glucose 
environment, and the apoptotic rate in the HG + LUP 
group was significantly different from that in the HG 
group. Lupeol-treated NPCs exhibited a significantly 
reduced apoptotic rate. Additionally, no significant dif-
ference was found in the apoptotic rates between the LUP 
and CON groups (Fig. 4).

Fig. 2   Staining assessment of NPCs. a Haematoxylin–eosin staining: 
NPCs were spindle shaped and polygonal, and the nucleus was round 
or oval (×200). b Toluidine blue staining: NPCs stained strongly pos-
itive with toluidine blue (×200). c Immunofluorescence staining: the 

cytoplasm showed green fluorescence, and the nucleus showed blue 
fluorescence (×200). d Immunohistochemical staining: type II colla-
gen in cytoplasm stained yellowish brown (×400)
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mRNA expression assay

The results showed that the expression of caspase 9/3, Bax, 
and cytochrome C increased significantly, whereas the 
expression of Bcl-2 was inhibited in the HG group com-
pared with the control group. The expression of Bcl-2 obvi-
ously increased, and the expression of caspase 9/3, Bax, and 
cytochrome significantly declined in the HG + LUP group 
compared with the HG group (Fig. 5).

Western blot assay

The expression of Bax, Bcl-2, cytochrome C, and caspase 
3/9 was detected by Western blot assay to analyse the pro-
tective effect of lupeol on the apoptosis of high-glucose-
induced DNPCs. The expression of Bax, cytochrome C, 

and caspase 9/3 was significantly upregulated, and the 
expression of Bcl-2 was downregulated in the HG group 
compared with the CON group. In HG + LUP group, the 
expression of Bcl-2 was upregulated and the expression of 
Bax, cytochrome C, and caspase 9/3 was significantly down-
regulated in the HG + LUP group compared with the HG 
group (P < 0.05) (Fig. 6).

Discussion

It has been confirmed that lupeol has a wide range of medici-
nal values, including strong anti-oxidation, anti-mutation, 
anti-inflammation, anti-rheumatism, and anti-tumour effects. 
However, reports on the role of lupeol in the apoptosis of 
NPCs are rare. The present study found that the apoptotic 

Fig. 3   Lupeol (LUP) protected NPCs from high-glucose-induced 
cytotoxicity. a Effect of LUP on the activity of NPCs. b NP cell 
viability significantly reduced in the HG group compared with other 
groups (P < 0.01). The activity of NPCs increased significantly in 
the HG + LUP group than in the HG group (P < 0.05). c Total ROS 

level was detected using fluorophotometry. The generation of ROS 
significantly increased in the glucose group compared with the con-
trol group (P < 0.01). The ROS level reduced significantly in the 
HG + LUP group than in the HG group (P < 0.01). (**P < 0.01; 
*P < 0.05)
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rate of NPCs was significantly higher in the HG group com-
pared with the CON group. Additionally, the apoptosis of 
NPCs was inhibited in the HG + LUP group compared with 
the HG group. Therefore, it was suggested that lupeol might 
inhibit the apoptosis of NPCs in high-glucose environment.

This study explored in details the quantitative alterna-
tions of ROS levels and apoptosis-related factors in NPCs 
under hyperglycaemic conditions with or without lupeol. 
The results might contribute to a better understanding of the 
effects of lupeol on increased oxidative stress and apoptosis 
in a hyperglycaemic environment in NPCs. A previous study 
showed that the apoptosis rate of NPCs increased in rats with 
diabetes, so did the subsequent occurrence rate of IDD [21]. 
In the present study, the HG group exhibited significantly 
decreased proliferation activity, increased ROS levels, and 
higher apoptosis rate of NPCs in the early and late stages 
compared with the CON group. Therefore, it was concluded 
that hyperglycaemia could significantly inhibit the growth 

of NPCs and lead to IDD [22]. The results of the present 
study were consistent with the findings of previous studies.

Oxidative stress refers to the serious imbalance between 
the production of free radicals and anti-oxidation defence 
when the body is exposed to harmful stimuli, resulting in 
in vivo or intracellular accumulation of ROS, followed by 
cytotoxicity and tissue injury. Under physiological condi-
tions, free radicals are the necessary materials for cell sig-
nalling conduction, but their high reactivity, instability, and 
roles of mediating cell ageing also cause damage to tissues 
[23, 24]. It has been found that oxidative stress can lead to 
the activation of apoptotic signalling pathways, including 
the activation of caspase 9/3 [25]. An abnormal increase 
in ROS level can adversely affect cell biochemical events, 
including DNA damage, lipid oxidation, cell cycle arrest, 
or mitochondrion-mediated cell death [26, 27]. The current 
study revealed that the expression of caspase 9/3 in NPCs 
significantly enhanced under high-glucose conditions, and 

Fig. 4   Apoptosis was determined by flow cytometry. Early apoptosis 
(Q3) was demonstrated. Apoptosis significantly increased in the glu-
cose group (*P < 0.05, compared with the control group). However, 
apoptosis significantly reduced in the HG + LUP group compared 

with the HG group (*P < 0.05). In late apoptosis (Q2), the apoptosis 
rate was remarkably higher in the HG group than in the CON group 
(**P < 0.01). Obviously, the apoptosis rate in the HG + LUP group 
was lower than that in the HG group (*P < 0.05)
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the apoptotic rate of NPCs in the HG group also increased. 
The mRNA and protein expression of caspase 9/3 in high-
glucose-cultured NPCs was significantly downregulated 
after the treatment with lupeol, indicating that the oxidative 
stress injury was inhibited and the cell viability was sig-
nificantly enhanced. Therefore, it was concluded that lupeol 

may conduct some roles by alternating the expression of 
genes involved in antioxidant protection.

Increased cell apoptosis is an important risk factor for 
IDD [28]. The present study found significantly increased 
apoptosis of NPCs in the HG group than in the CON group. 
Additionally, the HG + LUP group exhibited dramatically 

Fig. 5   The mRNA expres-
sion of cytochrome C, caspase 
9/3, and Bax significantly 
increased, but the expression of 
Bcl-2 significantly reduced in 
the HG group compared with 
other groups. The HG + LUP 
group showed significantly 
decreased mRNA expression of 
cytochrome C, caspase 9/3, and 
Bax, but remarkably increased 
expression of Bcl-2, compared 
with the HG group (**P < 0.01; 
*P < 0.05)
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reduced apoptosis of NPCs compared with the HG group. 
The intrinsic mechanism underlying the effects of lupeol 
on apoptosis of NPCs in hyperglycaemic environment was 
further investigated in the present study.

Bcl-2 family proteins are important regulators of apopto-
sis involved in regulating the changes in the mitochondrial 
membrane permeability. Bcl-2 family proteins are divided 
into anti-apoptotic proteins (such as Bcl-2) and pro-apoptotic 
proteins (such as Bax). When the mitochondrial membrane 
depolarizes, the membrane permeability changes, and the 
Bcl-2/Bax ratio also changes. The Bcl-2/Bax ratio deter-
mines the fate of cells [29]. Apoptotic protein Bcl-2 can 
inhibit the occurrence of apoptosis, but Bax promotes the 
pathogenesis of apoptosis. Bcl-2 is located mainly in the 
mitochondrial outer membrane and can block the changes 

in membrane permeability. However, Bax is transported 
from the cytoplasm to the mitochondria and can promote 
the mitochondrial membrane permeability and release of 
cytochrome C [30]. Downregulating Bcl-2 while upregulat-
ing Bax can cause changes in mitochondrial permeability, 
collapse of mitochondrial membrane potential, and sustained 
oxidative stress, thus resulting in the significant increase in 
ROS level and further damages to the mitochondria, eventu-
ally leading to the release of cytochrome C and expression of 
caspase 9/3, and triggering apoptosis. The Bcl-2/Bax ratio 
and the expression of caspase 3 have been demonstrated to 
be important indicators for evaluating cell apoptosis [31]. 
The reverse transcription–PCR results of this study revealed 
the increased expression of Bax gene and decreased expres-
sion of Bcl-2 gene in the HG group than in the HG + LUP 

Fig. 6   Western blot assay for Bcl-2, Bax, caspase 9/3, and 
cytochrome C. In the HG group, the grey scales for Bax, cytochrome 
C, and caspase 9/3 were significantly higher than other groups. How-
ever, the grey scale for Bcl-2 was remarkably lower in the HG group 
than in other groups. In the HG + LUP group, the grey scales of Bax, 

cytochrome C, and caspase 9/3 were significantly descended, but the 
value of Bcl-2 was significantly increased, when compared with those 
in the HG group. No significant differences were found in the expres-
sion of all proteins between the LUP and CON groups (*P < 0.05; 
**P < 0.01)
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group. The mRNA expression of cytochrome C and caspases 
9/3 also significantly decreased in the HG group. The results 
of mRNA expression were confirmed by the quantitative 
protein analysis.

One of the important markers of mitochondrial dysfunc-
tion is the excessive production of ROS, and it can affect 
the death process of many cells [32]. In a high-glucose 
environment, NPCs produce excessive ROS and experi-
ence oxidative stress injury, leading to the depolarization 
of mitochondrial membrane, change in the Bcl-2/Bax ratio, 
and overexpression of cytochrome C and caspase 9/3. The 
following activation of mitochondrion-mediated apoptosis 
pathway eventually results in apoptosis. In this study, the 
increased expression of Bcl-2 and decreased expression of 
Bax in the NPCs were observed in the HG + LUP group 
compared with the HG group, inhibiting oxidative stress 
injury and maintaining cell viability. In addition, the lupeol 
significantly inhibited the expression of cytochrome C and 
caspases 9/3 in NPCs cultured under hyperglycaemic condi-
tions, thereby preventing DNA damage and cell death.

In addition to the intrinsic effects on the apoptosis and 
oxidative stress in NPCs, high glucose was demonstrated 
to create a hyperosmotic environment in the culture media, 
which could diversely affect matrix gene expression, cell 
proliferation, and biosynthesis activity of NPCs. Wuertz 
et al. [33] demonstrated that disc cells responded strongly 
to changes in the osmotic environment by altering mRNA 
expression. Under increasing osmolarity, human cells 
increased mRNA expression of aggrecan and collagen II 
in both nucleus and annulus cells. Collagen I expression 
was inhibited at high osmolality. Neidlinger-Wilke C et al. 
[34] also observed increased mRNA expression of aggre-
can and diminished mRNA expression of MMP-3 with the 
increase in osmolality in culture media. Ishihara et al. [35] 
reported that proteoglycan synthesis rate in bovine NP tis-
sue was upregulated by 200% when the medium osmolarity 
was raised from 280 to 430 mOsm/kg. However, Chen et al. 
[36] demonstrated that gene expression of small proteo-
glycans was downregulated in hypo-osmotic (255 mOsm/
kg) or hyperosmotic (450 mOsm/kg) conditions compared 
to iso-osmotic conditions (293 mOsm/kg). In the studies 
by Mavrogonatou et al. [37, 38], hyperosmotic stress pro-
voked DNA damage to NPCs which subsequently triggers 
an enhanced DNA repair response. NPCs’ proliferation 
declined in a dose-dependent manner after medium osmo-
lality was increased. The inhibition of cell proliferation was 
through the activation of p38 MAPK and p53.

According to these studies, intervertebral disc cells 
exhibited different alternations in mRNA expression, DNA 
response, cell proliferation, and matrix protein expres-
sion in hyperosmotic environment. Despite of the diverse 
effects of high-glucose-induced hyperosmolarity on disc 
cells, the alternation of osmolarity is always accompanied 

with high glucose either in the cell research in vitro or 
in the animal and human study in vivo. In patients with 
diabetes, the osmotic pressure of blood and extracellu-
lar matrix is higher than that of healthy people. In our 
study, the action environment of lupeol was not with nor-
mal osmotic pressure, but with hyperosmotic pressure 
induced by high glucose, which was consistent with the 
inner environment of diabetics. The in situ NP osmotic 
pressure cycles between approximate 450 and 550 mOsm 
throughout the day [39]. In our future study, the effects of 
different glucose additions on the final osmolality would 
be further evaluated and investigated.

This study had certain limitations. Lupeol inhibited 
high-glucose-induced apoptosis of NPCs, but the study 
could not determine whether other anti-apoptotic pathways 
were involved in the process. Further studies are needed to 
investigate the other effects of lupeol. Moreover, changes in 
osmotic pressure caused by high glucose may also lead to 
the expression of apoptotic proteins. The relation between 
high-glucose-induced hyperosmolarity and oxidative stress, 
as well as the molecular effects of lupeol on NPCs under 
hyperosmotic stress, merits deep research. Additionally, 
rodents (rats and mice) and lagomorphs (e.g. rabbits) main-
tain a percentage of notochordal cells in their intervertebral 
discs throughout their lifetime, whereas in human and other 
animals such as bovine, goat, and sheep, these cells disap-
pear early in lifetime [40, 41]. Further investigations using 
more appropriate animal models are needed both in vitro and 
in vivo, before the actual transition.

Conclusions

The results suggested that lupeol could inhibit ROS-induced 
cell death in high-glucose environment and maintain the 
redox balance. Lupeol mitigated the mitochondrial-mediated 
endogenous apoptotic pathways, promoted the expression 
of Bcl-2, inhibited the expression of Bax, and prevented 
the release of cytochrome C into the cytoplasm and activa-
tion of caspase 9/3. Lupeol had the potential to inhibit the 
high-glucose-induced apoptosis in NPCs by enhancing the 
anti-oxidative stress in the mitochondria, thereby providing 
new ideas for future treatment of IDD under hyperglycaemia 
conditions.
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