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Abstract: The intervertebral disc is the largest avascular organ in the human body. However, with the progress of 
intervertebral disc degeneration (IDD), the disc tends to be vascularized increasingly via angiogenesis. It is well 
established that both human nucleus pulposus (NP) cells and vascular endothelial cells express FasL and Fas. 
However, the issue remains open as to whether there are certain active mechanisms preventing angiogenesis in 
the disc via the FasL-Fas machinery. Here, we established a co-culture system of human NP cells and vascular en-
dothelial (HMEC-1) cells. We found that normal NP cells were more capable of inducing apoptosis in HMEC-1 cells 
(14.2±3.4%) than degenerate NP cells (6.7±1.9%), p<0.05. By up-regulating the FasL expression in degenerate NP 
cells, we found that FasL played an essential role in the mediation of HMEC-1 cell apoptosis with the activation of 
downstream FADD and caspase-3. Furthermore, we found an increased Fas expression in HMEC-1 cells following co-
cultured with NP cells, which might be closely linked with FasL produced by NP cells and enhance their interaction. 
Collectively, this is the first study showing FasL-Fas network might plays an important role in the molecular mecha-
nisms of angiogenesis avoidance of human disc. Consequently, our findings might shed light on the pathogenesis 
in human IDD and provide a novel target for the treatment strategies for IDD.
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Introduction

Intervertebral disc degeneration (IDD) is an 
important cause of low back pain, which affects 
about 80% of the population at least at one 
time during their lives [1]. The underlying mech-
anisms of IDD have been ascribed to various 
factors including abnormal mechanical forces 
[2], increased cell death [3], gene polymor-
phisms [4], immune privilege unbalance [5], 
and aberrant miRNAs expression [6]. Despite 
intensive basic and clinical pieces of studies 
aiming for addressing the issues, the pathologi-
cal mechanisms of IDD remain yet defined.

Anatomically, normal human intervertebral disc 
consists of three parts: the nucleus pulposus 
(NP), the anulus fibrosus (AF) and the adjacent 
cartilaginous endplates. The dense fibrous of 
AF and extracellular matrix components of car-
tilaginous endplates have formed a unique 
structure and prevent blood vessels growing 

into the central NP. Actually, the disc is the larg-
est avascular organ in the human body [7]. 
However, with the progress of IDD, the disc 
tends to be more vascularized. Subsequently, 
abnormal nerve fibers penetrate into the NP 
along with blood vessels and cause hyperpath-
ia [8]. Meanwhile, various infiltrating immuno-
cytes destruct the immune balance of the disc 
and induce inflammation. Therefore, vascular-
ization plays an important role in IDD.

Accumulating evidence indicates various mech-
anisms of angiogenesis exist in IDD. Gross 
matrix alterations, including increased lamellar 
disorganization and fissures, are thought to 
destroy the physical barriers that suppress 
blood vessel ingrowth [9]. As well, degenerate 
NP cells express increased basic fibroblast 
growth factor (bFGF), vascular endothelial 
growth factor (VEGF) [10, 11] and platelet-
derived growth factor (PDGF) [12], as well as 
related pro-inflammatory cytokines including 
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IL-1β [13] and TNF-α [14]. Moreover, aberrant 
extracellular matrix changes act as an inducer 
in vessel ingrowth [15]. The available evidence 
indicates the interaction between degenerate 
NP tissue and endothelial cells with particular 
reference to the stimulation of endothelial cells 
ingrowth. Traditional structural hallmark of the 
disc is noted as a significant factor contributing 
to its avascular maintenance. However, wheth-
er there are active mechanisms preventing disc 
vascularization is still unknown.

It has been reported that FasL exists on normal 
NP cells and its expression is decreased with 

IDD [16, 17]. As a Type II transmembrane pro-
tein of the tumor necrosis factor (TNF) family, 
FasL can mediate activation of cell death once 
it binds on Fas-bearing target cells [18]. In our 
previous studies, we showed that FasL from NP 
cells could induce apoptosis in immunocytes 
and play an important role in the immune privi-
lege of human disc [19, 20]. Given that Fas is 
expressed on a variety of cell types including 
endothelial cells, we assumed that FasL exp- 
ressed by NP cells might be able to cause apop-
tosis in vascular endothelial cells and subse-
quently inhibit blood vessel infiltrating. To date, 
no studies have demonstrated apoptosis of 
vascular endothelial cells caused by FasL-exp- 
ressing NP cells. Accordingly, the aim of this 
study was to address the role of FasL between 
NP cells and vascular endothelial cells inter- 
action.

Materials and methods

Sample collection

The NP samples for experimental application 
were approved by the institutional Ethics 
Review Board of Xijing Hospital (No. 20090611-
3, No. 20111103-7). Moreover, we obtained 
written informed consents from each patient or 
his/her relatives. The study groups consisted of 
NP from cadavers and patients as below: nor-
mal cadaveric donors as control (n=8; average 
age 41.8±3.6 (range 37-47)) and patients with 
IDD undergoing discectomy as degenerative NP 
samples (n=20; average age 43.4±5.4 (range 
35-52)) (Table 1). The individuals included in 
control and experimental groups are matched 
for age, with no smoking, diabetes, hyperten-
sion and radicular symptoms, etc. The IDD 
degree of patients was graded by magnetic 
resonance imaging (MRI) according to the 
Pfirrmann grading system. As for the cadavers, 
MRI data in records were collected.

Human NP cells isolation and culture

All specimens were obtained within 1 hour 
either after autopsy or surgery. Subsequently, 
the NP was separated from the AF using a ste-
reotaxic microscope carefully and washed with 
Hank balance salt solution to eliminate con-
tamination and blood. Specimens were digest-
ed for 40 minutes in 0.2% pronase, then 
washed with Hank balance salt solution and 

Table 1. Demographic data of cadaveric 
donors and patients
NO. Age Gender Level Degree*

Normal control 
1 44 M L4/5 I
2 38 M L4/5 I
3 37 F L4/5 I
4 45 M L4/5 I
5 47 M L4/5 I
6 39 F L4/5 I
7 45 M L4/5 I
8 39 M L4/5 I
IDD Group
9 47 F L4/5 IV
10 52 M L4/5 IV
11 43 F L4/5 V
12 36 F L4/5 IV
13 42 M L4/5 V
14 50 F L5/S1 IV
15 45 F L5/S1 IV
16 41 M L4/5 IV
17 38 M L4/5 IV
18 35 F L5/S1 V
19 39 M L4/5 IV
20 42 F L5/S1 IV
21 52 M L4/5 IV
22 42 M L4/5 IV
23 46 M L4/5 IV
24 38 F L4/5 IV
25 49 F L4/5 IV
26 36 M L5/S1 IV
27 43 F L4/5 IV
28 51 M L4/5 IV
*Pfirrmann grading system.
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incubated in 0.25% type II collagenase at 37°C 
under gentle agitation. After 4 hours, remaining 
tissue debris was removed through a 40 µm 
cell strainer. Cells were centrifuged at 200 g for 
8 min and seeded in culture flasks cultured 
with DMEM/F12-based culture medium, con-
taining 15% fetal bovine serum (FBS; Gibco-
BRL) and 1% penicillin/streptomycin (Invitrogen) 
in 5% CO2 and 20% oxygen incubator. 

HMEC-1 cell cultures 

HMEC-1 is an immortalized cell line of human 
microvascular endothelia cells. It retains the 
characteristic of normal human microvascular 
endothelial cells in morphology, phenotype and 
function [21]. In this study, HMEC-1 cells were 
seeded in culture flasks cultured with DMEM 
(containing 10% FBS, 1% penicillin/strept- 
omycin) in 5% CO2 and 20% oxygen incubator. 
The culture medium was changed every three 
days. 

Up-regulation of FasL in NP cells with lentiviral 
vector

The lentiviral vector (Genechem, Shanghai, 
China) encoding FasL labeled with green fluo-
rescent protein (GFP) was used for FasL up-
regulation. Scrambled sequence was used as 
control. Human NP cells were plated at a den-
sity of 1.5×105 cells/well in a 24-well plate in a 
final volume of 250 µl complete medium. Viral 
solutions at a multiplicity of infection (MOI) of 
10 were added to NP cells. After incubation for 
10 h at 37°C, the cells were allowed to recover 
over the ensuing 96 h in culture medium. To 
verify cell transfection, culture flasks were 
detected by fluorescent microscopy. 

Quantification of FasL in the supernatant of 
NP cells

According to the manufacturer’s instructions, 
enzyme-linked immunosorbent assay (ELISA) 

Figure 1. Flow cytometry apoptosis analysis of HMEC-
1 cells after co-cultures with degenerate and normal 
NP cells. A. Contour diagram of Annexin V-FITC/PI FCM 
of HMEC-1 cells. The graphs stand for typical results of 
cell apoptosis; values represent the means for three 
experiments. B. Comparison of apoptotic cells in vari-
ous groups. Data are representative of three experi-
ments. Error bars represent SEM. *p<0.05. C. Sche-
matic drawing of the co-culture system with the two 
types of cells.
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kits with an antibody that recognizes human 
FasL (Rand D Systems, Minneapolis, USA) was 
used to determine the expression of FasL in the 
supernatant of cultured NP cells (1×106 cells/
well). Natural human FasL provided by the sup-
plier was used to construct a standard curve 
and to obtain absolute values for calibration. 
The concentration was determined in triplicate 
in each sample and the average measurement 
was considered to be the final concentration.

Indirect co-cultures of NP cells and HMEC-1 
cells

The indirect co-culture system was established 
with Transwell inserts (0.4 μm pore-size) plac-
ing in six-well plates. The co-culture ratio is 
50:50, consisted of NP cells plated into Tran- 
swell inserts (1.5×106 per well) and HMEC-1 
cells in six-well plate (1.5×106 per well) with 
10% DMEM/F12 culture medium mentioned 
above. HMEC-1 cells cultured without NP cells 
at the same condition were used as controls. 
After 2 days of culture, HMEC-1 cells were 
harvested.

Flow cytometry (FCM) analysis

To address apoptosis in HMEC-1 cells after co-
cultures, we performed FCM with Annexin 

V-FITC/PI (BD Biosciences, San Diego, CA, USA) 
staining upon the aforementioned treated cells. 
In brief, 1×106 cells were re-suspended in bind-
ing buffer following washing twice with PBS. 
Then the cells were incubated in Annexin V-FITC 
and PI at room temperature for 15 min. The 
samples were then analyzed by FCM. Each 
experiment was repeated for at least three 
times. 

Western blotting

To determine the Fas expression level of HMEC-
1 cells following co-cultured with NP cells, the 
cultured HMEC-1 cells were trypsinized. Prepare 
total cell lysates by solubilizing cells in 2X SDS 
sample buffer. Following electrophoresed in 
10% gel, proteins were transferred to PVDF 
membrane. The membranes were incubated 
for 1 h at room temperature with rabbit poly-
clonal antibodies against Fas (Abcam), FADD 
(Abcam) and caspase-3 (Abcam), and mouse 
monoclonal antibody specific to β-actin (Sigma). 
Antibody labeling was identified using IRDye 
800 anti-rabbit or anti-mouse IgG antibody 
(LI-COR Biosciences, Nebraska, USA). Expre- 
ssion levels were analyzed by LI-COR Odyssey 
Imaging System. 

Statistical analysis

Student’s t-test was used in the analysis of two-
group parameters. ANOVA test was used in 
comparisons of multiple group data. The SPSS 
statistical package (SPSS, Chicago, IL, USA) for 
statistical analysis was used. A p value <0.05 
was considered significant.

Results

NP cells can induce apoptosis of HMEC-1 cells

The apoptosis rate of HMEC-1 cells was 
increased following co-cultures with NP cells 
(both degenerate and normal group) compared 
with the controls. In addition, HMEC-1 cells 
showed more apoptosis percentage in the nor-
mal NP cells co-cultures (14.2±3.4%) than that 
in the degenerate NP cells co-cultures (6.7± 
1.9%) (Figure 1A, 1B). Schematic drawing of 
the co-culture system with the two types of 
cells was shown (Figure 1C).

Expression of FasL in NP cells supernatant

Studies have demonstrated that FasL express-
es on NP cells. FasL produced by NP cells can 

Figure 2. Levels of FasL in NP cells culture superna-
tants. FasL expression in normal NP cells superna-
tant is higher than that in the degenerate NP cells 
supernatant. After transfection of lentiviral vector 
encoding FasL, the FasL production of NP cells in-
creases. Transfection with lentiviral vector encoded 
scrambled sequence shows low FasL expression. 
Data are representative of three experiments; error 
bars represent SEM. *p<0.05.
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act as an apoptosis inducer in immunocytes in 
our previous study [19]. As expected, we found 
an increased FasL expression in normal NP 
cells supernatant (67.4±5.2 pg/ml) than that in 
the degenerate NP cells supernatant (40.2±4.3 
pg/ml). Meanwhile, after transfection of lentivi-
ral vector encoding FasL, NP cells showed an 
increased FasL production (81.3±5.6 pg/ml). 
Transfection with lentiviral vector encoded scr- 
ambled sequence showed low FasL expression 
(45.1±3.9 pg/ml) (Figure 2).

Up-regulated FasL of NP cells results in 
increased HMEC-1 cell apoptosis after co-
cultures

The GFP-expressing lentiviral vector transfec-
tion at a MOI of 10 encoding FasL resulted in 
high-level GFP expression in NP cells (Figure 3). 
FCM detection revealed the apoptosis of HME-1 
cells in different groups (Figure 4A). As for 
HMEC-1 cells without co-cultures, the apopto-
sis rate was 3.7±1.0%. Approximately 6.4±1.1% 
HMEC-1 cells were apoptotic when cultured 
with degenerate NP cells. It was noteworthy 
that NP cells with up-regulated FasL resulted in 
about 21.3±3.2% apoptosis rate of HMEC-1 
cells (p<0.05). In the lentiviral-control group 
with scrambled sequence, the apoptosis rate of 
HMEC-1 was 5.8±.9% (Figure 4B). 

Exposure to NP cells increased the expression 
of Fas in HMEC-1 cell 

Western blot analysis demonstrated the 
expression of Fas in the HMEC-1 cells. The 
expression of Fas-associated death domain-

containing protein (FADD) and caspase-3 in 
HMEC-1 cells was increased after co-cultured 
with normal NP cells or up-regulated FasL 
degenerate NP cells. Moreover, Fas expression 
was increased following co-cultured with NP 
cells. Notably, NP cells with up-regulated FasL 
resulted in an increased Fas expression in 
HMEC-1 cell, which indicated FasL might be a 
key factor in the regulation of Fas expression 
(Figure 5).

Discussion

Many pieces of evidence identify the expres-
sion of FasL on NP cells [17, 22, 23]. As one of 
the most important pathways of apoptosis, 
Fas-FasL caspases signaling pathway could 
result in the recruitment and activation of sev-
eral key proteins and caspases, the chief of 
which are Fas-associated death domain-con-
taining protein (FADD) and caspase-3 [24]. In 
immune privilege organs such as the eye and 
brain, as well as the intervertebral disc, FasL 
has been shown an immune cell death inducer 
and play an essential role in immune balance 
[19, 25]. On the other hand, normal human 
intervertebral disc is characterized by avascu-
larity with restricted blood vessels present in 
the outer few millimeters of the AF. With the 
degeneration of the disc, the blood vessels 
penetrate into NP tissue and cause down-
stream pathological alternations [9]. In this 
aspect, endothelial cells migration is the first 
important step of angiogenesis [26]. Available 
evidence has only shown an inducing function 
of degenerate NP to attract angiogenesis of 
blood vessel endothelial cells ingrowth. 

Figure 3. Up-regulation of FasL in NP cells. Bright-field (left) and fluorescent (right) microscopy of human NP cells 96 
h following transfection with lentivirus encoding FasL labelled with GFP. Bar=30 μm. 
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However, how normal NP prevents angiogene-
sis with molecular mechanisms remains largely 
unknown.

In this study, we established a co-culture sys-
tem of NP cells and HMEC-1 cells. We found 
normal NP cells could induce more HMEC-1 
cells apoptosis than degenerate NP cells. By 
up-regulating FasL expression in degenerate 
NP cells, we noted FasL as an essential factor 
in the mediation of HMEC-1 cell apoptosis. 
Furthermore, we found an increased Fas 
expression in HMEC-1 cells following co-cul-
tured with NP cells, which might be closely 
related with FasL produced by NP cells.

Accumulating evidence has indicated that FasL 
is a key factor in the maintenance of the 
immune privilege of the disc by inducing apop-
tosis of immune cells [16, 19]. As well, studies 
have shown Fas-mediated apoptosis plays 
essential roles in angiogenesis prevention in 
other tissues [27, 28]. In addition, the studies 
of Park and colleagues showed disc cells could 
mediate Fas-bearing cancer cells undergo 
apoptosis by the production of FasL [29, 30]. 
However, the relationship between FasL and 
blood vessel as one important channel of these 
types of cells infiltration has been ignored. 
Normal human NP is well encapsulated by the 
dense fibrous tissue of the AF and sandwiched 

by the cartilaginous endplates with restricted 
blood vessels. In the early stage of disc forma-
tion, FasL expression develops to a high degree 
with the blood vessels in the disc receding [31, 
32]. However, as the disc degenerates, FasL 
expression decreases along with angiogenesis 
and other pathological process in the disc [33].

To the best of our knowledge, this is the first 
study indicating that the avascular status of NP 
is not only due to the simple physiological bar-
rier, but Fas-FasL network as active molecular 
mechanisms. It has been noted that focal pro-
teoglycan loss of AF results in a matrix alterna-
tion that is conducive to nerve and blood vessel 
ingrowth [34]. Moreover, increased blood ves-
sel ingrowth is associated with proteoglycan 
depletion AF lesion [35]. AF injury has the 
potential to initiate angiogenesis/nerve ingro- 
wth and an inflammatory reaction through the 
interactions of AF and neural tissues [36]. 
Meanwhile, disc aggrecan is inhibitory to endo-
thelial cell migration [37]. Moreover, mechani-
cal stimulation influences the capacity of the 
disc to stimulate endothelial migration [38]. 
Nevertheless, these studies demonstrated an 
important role of passive physical barrier in 
preventing disc angiogenesis. Supplementary 
to previous studies, our findings indicate that 
besides the traditional barrier, FasL might be a 
molecular monitor in the status of disc avascu-

Figure 4. Flow cytometry apoptosis analysis of HMEC-1 cells after co-cultures with up-regulated FasL NP cells. A. 
Contour diagram of Annexin V-FITC/PI FCM of HMEC-1 cells. The graphs stand for typical results of cell apoptosis; 
values represent the means for three experiments. B. Comparison of apoptotic cells in various groups. Data are 
representative of three experiments. Error bars represent SEM. *p<0.05.
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lar maintenance by inducing vascular endothe-
lial cell apoptosis. 

Consistent with previous studies that Fas is 
most conserved in HMEC-1 cell lines [39], our 

study noted the positive Fas expression in 
HMEC-1 cells. In addition, FasL could elevate 
the Fas expression of vascular endothelial 
cells, which might strengthen its impact on 
apoptosis by increasing FasL-Fas interaction. At 

Figure 5. Western blotting analyses. A. Fas positive expression in HMEC-1 cells. The degree of Fas expression in 
HMEC-1 cells (lanes 3 and 4) is up-regulated following co-cultures with normal NP cells or degenerate FasL trans-
fection NP cells. β-actin expression is almost the same in all samples. B. The degree of FADD and caspase-3 in 
HMEC-1 cells is up-regulated following co-cultures with normal NP cells or degenerate FasL transfection NP cells. 
β-actin expression is almost the same in all samples. C-E. Quantitative examination confirms the results. Error bars 
represent SEM. *p<0.05.
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this point, our findings are consistent with Han 
and colleagues, who noted an up-regulated Fas 
expression on NP cells following treatment of 
FasL and indicated a double role of FasL in the 
apoptosis of NP cells [40]. Therefore, FasL 
might play a more complex role in disc vascular-
ization pathology. Further studies are needed 
to address this issue.

Notwithstanding our study deepen our under-
standings of vascular endothelial cells and 
FasL interaction in the disc; we acknowledge 
that there are several limitations in the study. 
For one, the in vitro co-culture environment is 
different from that in vivo with the feature of 
hypoxia, mechanical forces and diverse biologi-
cal factors. For another, the co-culture condi-
tion of NP cells and HMEC-1 cells might be dif-
ferent from local vascular endothelial cells. 
However, as an immortalized human vascular 
endothelial cell line, HMEC-1 retains the mor-
phologic, phenotypic, and functional character-
istics of normal human vascular endothelial 
cells.

In conclusion, this study is the first successfully 
establishing an in vitro model addressing the 
interaction of human NP cells and vascular 
endothelial cells. Our findings show FasL-Fas 
network might play an important role in the 
molecular mechanisms of angiogenesis pre-
vention of human disc. Consequently, our find-
ings might shed light on the pathogenesis in 
human disc degeneration and provide a novel 
target for the treatment strategies for IDD.
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