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Abstract. The nucleus pulposus (NP) is an avascular, hydrated 
tissue that permits the intervertebral disc to resist compressive 
loads to the spine. To determine the mechanisms by which 
intervertebral disc degeneration is caused by the nucleus pulp-
osus, the expression and regulation of nuclear factor (NF)‑κB 
and acid sensing ion channel 3 (ASIC3) were examined. For 
the intervertebral disc degeneration model, NP was harvested 
from the tail of rats and applied to the L5 dorsal root ganglion 
(DRG). The mechanical pain withdrawal threshold (PWT) in 
NP model rats was assessed. Reverse transcription‑quantitative 
polymerase chain reaction and western blotting were used to 
examine NF‑κB and ASIC3 expression levels in DRG. Finally, 
the effect of the NF‑κB inhibitor pyrrolidine dithiocarbamate 
(PDTC) and the ASIC3 signaling pathway blocker amiloride 
were examined. Rats exposed to NP exhibited decreased PWT 
for 12 days, and NF‑κB and ASIC3 was upregulated in DRG 
induced by NP 14 days after surgery. After administration of 
amiloride and PDTC to DRG affected by NP, the levels of nitric 
oxide (NO), tumor necrosis factor‑α (TNF‑α), interleukin‑6 
(IL‑6), NF‑κB and ASIC3 were downregulated, and the levels 
of aquaporin (AQP) 1 and AQP3 were significantly increased 
for 14 days. In conclusion, these results suggested that NF‑κB 
and ASIC3 may serve an important role in intervertebral disc 
degeneration caused by NP.

Introduction

Degeneration of the intervertebral disc is a part of the normal 
aging process, with the typical characteristic of disc extracel-
lular matrix loss. Patients with intervertebral disc degeneration 

are often symptom free, despite large changes observed in the 
structure of discs; therefore, individuals with intervertebral 
disc degeneration who experience pain are categorized as 
having intervertebral disc disease (1). The mechanism of radic-
ular pain due to disc herniation is associated with mechanical 
dorsal root ganglion (DRG) compression and inflammation, 
or autoimmune processes induced by application of nucleus 
pulposus (NP) onto the nerve root. Mechanical DRG compres-
sion induces long periods of repetitive firing (2), decrease in 
blood flow (3) and an increase in pain‑associated behavior (4), 
as well as structural changes in the spinal cord (5). On the 
other hand, it has been reported that contact of NP with the 
nerve root causes a decrease in intraneural blood flow, as well 
as morphological and functional changes in the nerve root and 
DRG (6). It is not known, however, whether this sensitizing 
effect of NP on responses of nerve root reflects a central 
sensitization, is secondary to a peripheral sensitization, or a 
combination of both.

Previous research has provided evidence that intervertebral 
disc disease is associated with increased levels of pro‑inflam-
matory cytokines in disc tissue produced by NP after injury, 
including tumor necrosis factor α (TNF‑α), interleukin  6 
(IL‑6), IL‑1β and IL‑8 (7‑9). Furthermore, immunoglobulins, 
hydrogen, nitric oxide (NO) and enzymes including phos-
pholipase 2 are also responsible for the pathophysiological 
reactions in intervertebral disc disease (10). In summary, the 
inflammatory effects induced by the contact of the NP with 
nerve root are a complex event where numerous mediators and 
mechanisms serve a role at various levels.

Nuclear factor (NF)‑κB is a central component in the 
cellular response to damage, stress and inflammation, which 
have been implicated in the pathogenesis of many diseases, 
including musculoskeletal diseases such as osteoarthritis (11), 
osteoporosis  (12), rheumatoid arthritis  (13), and muscular 
dystrophy (14), but limited information of its role in interverte-
bral disc disease has been generated so far. Symptomatic discs 
are characterized by increases in level of TNF‑α, IL‑1β, IL‑6 
and IL‑8, which are NF‑κB target genes (15,16), suggesting 
the involvement of NF‑κB in intervertebral disc disease. 
Furthermore, activation of NF‑κB signaling occurs in inter-
vertebral disc degeneration, especially in the NP tissue, and 
was demonstrated to be associated with accumulated oxidative 
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stress and matrix loss (17,18). However, further investigation is 
needed to confirm if NF‑κB is also involved in the develop-
ment of a painful disc.

Acid sensing ion channel (ASIC) proteins are members of 
the amiloride‑sensitive Na+‑channel/degenerin family which 
form both homomeric and heteromeric functional membrane 
channels (19), of which ASIC3 has been implicated in pain 
transduction associated with ischemic or inflamed tissue 
acidosis (20), and is responsible for adaptation of the NP to the 
acidic and hyperosmotic microenvironment of the interverte-
bral disc (19).

To determine the mechanisms by which NF‑κB and ASIC3 
are involved in NP‑induced intervertebral disc inflammatory 
process, the NF‑κB inhibitor pyrrolidine dithiocarbamate 
(PDTC) and the ASIC3 signaling pathway blocker amiloride 
were introduced, and the expression levels of inflammatory 
cytokines were also examined in an NP model.

Materials and methods

Animals. Male Sprague‑Dawley rats (age, 6‑8 weeks; weight, 
220‑240 g; n=80) were obtained from Shanghai Laboratory 
Animal Company (Shanghai, China). The animals were 
housed in temperature‑controlled rooms (22‑25˚C) with an 
alternating 12‑h light/dark cycle. Water and food were avail-
able ad libitum. The experimental procedures were approved 
by the Guide for the Care and Use of Laboratory Animals 
of the National Institutes of Health (9th edition, 2010). The 
animal use protocol was approved by the Institutional Animal 
Care and Use Committee of Hangzhou Ding Qiao Hospital 
(Hangzhou, China).

Surgery. In all surgical procedures, the animals were anes-
thetized with an intraperitoneal injection of chloral hydrate 
(100 g/l; Shanghai Gushen Biological Technology Co., Ltd., 
Shanghai, China). The experimental model used in this study 
reproduced intervertebral disc degeneration caused by the 
implantation of autologous nucleus pulposus (NP) over the 
right L5‑DRG. Briefly, a midline incision in the top of crista 
iliaca was bilaterally exposed, and the L5 inferior and L6 
superior articular facet were removed. This procedure allowed 
for visualization of most of the dorsal side of the left L5 DRG. 
The NP (0.4 mg) was removed through a transverse incision 
in the annulus fibrosus of the coccygeal disc and was placed 
over the L5‑DRG. After this procedure, the surgical wound 
was sutured on a single plane with muscle fascia and skin. 
Animals were allocated to the following treatment groups: 
i) control group without treatment (n=16); ii) NP model group 
(n=16); iii)  intraperitoneal injection of 20 µg/kg amiloride 
(n=16); iv)  intraperitoneal injection of 20  µg/kg NF‑κB 
inhibitor PDTC (n=16); and v)  intraperitoneal injection of 
both amiloride and PDTC (n=16). The interventions described 
above were performed after the surgical procedures every day 
for 2 weeks. On completion of the experiment, the animal was 
sacrificed by anesthetized with CO2 and then a cervical dislo-
cation was performed, and the DRG was collected.

Behavioral tests. Behavioral tests were performed to eval-
uate the decrease in the mechanical thresholds in the rats' 
hind paws. Briefly, mechanical hyperalgesia was measured 

by the electronic von Frey method. A total of 30 min before 
the beginning of the tests, the rats were placed in acrylic 
cages with wire grid floors. The stimulus was automatically 
discontinued and its intensity recorded when the paw was 
withdrawn. The stimulus was repeated 3  times at 5‑min 
intervals until the animal presented similar measurements. 
The animals were tested 2, 4, 6, 8, 10 and 12 days after the 
surgical procedures.

RNA extraction and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was extracted 
using TRIzol reagent (Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) according to manufacturer's protocol. 
RNA (1 µg) was reverse transcribed to cDNA using a cDNA 
synthesis kit (Thermo Fisher Scientific, Inc.). qPCR was 
performed to measure the mRNA expression levels and 
the data was analyzed using an ABI‑7300 system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). Maxima SYBR 
Green/ROX qPCR Master Mix (cat. no. K0223; Finnzymes; 
Thermo Fisher Scientific, Inc.) was used, according to the 
manufacturer's protocol. The gene expression was calculated 
using the 2‑ΔΔCq method  (21). Primers were as follows: 
NF‑κBp65, forward, 5'‑TTT​AGC​CTG​CTG​GCG​GTT​CC‑3' 
and reverse, 5'‑ACC​GAG​TGC​AGC​CGT​GAT​TG‑3'; ASIC3, 
forward, 5'‑CGC​TAT​GTG​GCT​CGG​AAG​TG‑3' and reverse, 
5'‑TGT​AGG​ACT​CGC​TGC​GGT​TG‑3'; aquaporin (AQP) 1, 
forward, 5'‑AGA​GCC​TGG​ACA​ATC​TGA​AG‑3' and reverse, 
5'‑TTA​ACG​GCA​CAG​TGG​TAG​AG‑3'; AQP3, forward, 
5'‑CTT​CTT​GGG​TGC​TGG​GAT​TG‑3' and reverse, 5'‑GCT​
GCT​GTG​CCT​ATG​AAC​TG‑3'; TNF‑α, forward, 5'‑CTG​
AGG​TCA​ACC​TGC​CCA​AG‑3' and reverse, 5'‑GGC​TGG​
GTA​GAG​AAC​GGA​TG‑3'; IL‑6, forward, 5'‑CAC​CAG​GAA​
CG​AAG​TCA​AC‑3' and reverse, 5'‑GGC​TGT​CAA​CAA​CAT​
CAG​TC‑3'; GAPDH, forward, 5'‑GTC​GGT​GTG​AAC​GGA​
TTT​G‑3' and reverse, 5'‑TCCCATTCTCAGCCTTGAC‑3'. 
The PCR cycling conditions were as follows: 95˚C for 10 min, 
followed by 40 cycles at 95˚C for 15 sec and 60˚C for 45 sec, 
and a final extension step of 95˚C for 15 sec, 60˚C for 1 min, 
95˚C for 15 sec and 60˚C for 15 sec.

Protein extraction and western blotting. Protein was extracted 
from the DRG and an intervertebral disc using radioim-
muno precipitation buffer (JRDUN Biotechnology Co., Ltd., 
Shanghai, China). Protein lysates (30 µg) were separated by 
10‑15% SDS‑PAGE (Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) electrophoresis using a Bio‑Rad miniature slab gel 
apparatus (Bio‑Rad Laboratories, Inc., Hercules, CA, USA) 
and proteins were electrophoretically transferred onto a nitro-
cellulose membrane (EMD Millipore, Billerica, MA, USA). 
The membrane was first incubated with rabbit monoclonal 
primary antibodies against NF‑κBp65 (cat. no. 6956; 1:1,000; 
Cell Signaling Technology, Inc., Danvers, MA, USA), ASIC3 
(cat. no. ab49333; 1:400; Abcam, Cambridge, MA, USA), AQP1 
(cat. no. ab65837; 1:500; Abcam), AQP3 (cat. no. sc‑20811; 
1:500; Santa Cruz Biotechnology, Dallas, TX, USA), TNF‑α 
(cat. no. ab6671; 1:1,000; Abcam) and a mouse polyclonal anti-
body against IL‑6 (cat. no. ab9324; 1:1,000; Abcam) overnight 
at 4˚C, followed by an anti‑GAPDH (cat. no. 5174; 1:1,500; 
Cell Signaling Technology, Inc.) antibody as a loading control. 
Subsequently, the membrane was incubated with a horseradish 
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peroxidase‑conjugated secondary antibody (Beyotime Institute 
of Biotechnology, Haimen, China; cat. nos. A0208 and A0216; 
1:1,000) for 1 h at 37˚C, prior to being washed three times 
with Tris‑buffered saline with 20% Tween‑20 (Amresco, LLC, 
Solon, OH, USA). The blots were visualized using enhanced 
chemiluminescence (EMD Millipore) and the signal intensity 
was determined using Image J software version 1.46 (National 
Institutes of Health, Bethesda, MD, USA).

ELISA. TNF‑α and IL‑6 concentrations present in periph-
eral blood and DRG were determined 1, 3, 7 and 14 days 
after the surgical procedures using commercially available 
murine‑specific sandwich ELISA kits (cat. nos. RTA00 and 
R6000B, respectively; R&D Systems, Inc., Minneapolis, MN, 
USA), following the manufacturer's protocol.

Measurement of nitric oxide (NO). Peripheral blood and 
DRG were centrifuged at 1,000 x g for 10 min at 4˚C, and 
the supernatant was collected to determine the concentration 
of NO 1, 3, 7 and 14 days after the surgical procedures using 
an NO assay kit (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China).

Statistical analysis. The data are presented as the 
mean  ±  standard deviation. Statistical analyses were 
performed using GraphPad Prism software, version  5 
(GraphPad Software, Inc., La Jolla, CA, USA). Data were 
analysed by one‑way analysis of variance followed by Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Expression of NF‑κB and ASIC3 in rat DRG. A total of 
14 days after surgery, the mRNA and protein expression 
levels of NF‑κB and ASIC3 were measured in the DRG by 
RT‑qPCR and western blotting, respectively. The mRNA 
and protein expression levels of NF‑κBp65 and ASIC3 were 
significantly increased compared with the control groups 
(Fig. 1A and B, respectively). However, a significant decrease 
in the mRNA and protein expression levels of NF‑κBp65 
and ASIC3 was observed in amiloride or/and PDTC group 
compared with the NP model group (Fig. 1A and B). These 
data indicated that amiloride and PDTC could inhibit the 

activation of NF‑κBp65 and ASIC3 in DRG induced by NP 
treatment.

Behavioral testing. A significant difference in mechanical pain 
withdrawal threshold (PWT) between the NP model and the 
control groups were observed from days 2 to 12 after surgery 
(Fig. 2, P<0.001). The mechanical PWT decreased for 8 days 
after surgery and then gradually increased in the amiloride 
and PDTC groups. Furthermore, a significant increase in PWT 
in the amiloride and PDTC groups compared with the NP 
model groups were observed at days 10 and 12 after surgery, 
respectively (Fig. 2, P<0.001). In the amiloride plus PDTC 
groups, a significant increase was observed from day 8 to 12 
after surgery compared with the amiloride or PDTC treatment 
alone group (P<0.05 and P<0.01, respectively). These results 
suggested that amiloride and PDTC could reduce mechanical 
hyperalgesia induced by NP treatment.

Expression of NO, TNF‑α and IL‑6 in the peripheral blood 
and DRG. At 1, 3, 7 and 14 days after surgery, the concentra-
tion of NO in the peripheral blood and DRG was measured 
using ELISA and biochemical assays. As presented in Fig. 3A 
and B (P<0.001), the concentrations of NO were significantly 
increased from days 1 to 14 in peripheral blood and DRG of 
the rats with NP treatment compared with the control groups. 
However, amiloride or/and PDTC treatment significantly 
inhibited the increases in NO concentration induced by NP 
treatment from days 3 to 14 (Fig. 3A and B, P<0.01, P<0.001 
vs. NP model).

Subsequently, concentrations of the inflammatory factors 
TNF‑α and IL‑6 in peripheral blood and DRG were also 
examined 1, 3, 7 and 14 days after surgery by ELISA. ELISA 
assay demonstrated that the concentration of TNF‑α and IL‑6 
was significantly increased by NP treatment compared with 
the control groups (Fig. 3C‑F, P<0.001). However, amiloride 
or/and PDTC treatment significantly inhibited the increases 
in TNF‑α and IL‑6 concentration induced by NP treatment 
from days 3 to 14 (Fig. 3C‑F, P<0.01, P<0.001 vs. NP model). 
Similar results were also observed 14 days after surgery in 
the peripheral blood and DRG, as assessed by RT‑qPCR and 
western blotting (Fig. 3G and H, respectively). These data 
indicated that amiloride and PDTC could inhibit the secretion 
of NO, TNF‑α and IL‑6 in peripheral blood and DRG induced 
by NP treatment.

Figure 1. Determination of NF‑κB and ASIC3 expression levels in the DRG of rats. At 14 days after surgery, NF‑κBp65 and ASIC3 expression was measured 
by (A) reverse transcription‑quantitative polymerase chain reaction and (B) western blotting. Data are presented as the mean ± standard deviation. ***P<0.001 
vs. control. #P<0.05, ##P<0.01, ###P<0.001 vs. NP model. NP, nucleus pulposus; PDTC, pyrrolidine dithiocarbamate; NF‑κB, nuclear factor‑κB; ASIC3, acid 
sensing ion channel 3.
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Figure 2. Changes in mechanical PWT in rats. Mechanical PWT was measured by the electronic von Frey method. Data are presented as the mean ± standard 
deviation. ***P<0.001 vs. control. ###P<0.001 vs. NP model. rP<0.05, rrP<0.01 vs. amiloride. ssP<0.05, sP<0.01 vs. PDTC. PWT, pain withdrawal threshold; 
NP, nucleus pulposus; PDTC, pyrrolidine dithiocarbamate.

Figure 3. Determination of NO, TNF‑α and IL‑6 levels in the peripheral blood and DRG of rats. At 1, 3, 7 and 14 days after surgery, NO concentration in 
peripheral blood and DRG was measured by (A) ELISA and (B) biochemical assay. ELISA measurements of TNF‑α concentration in (C) peripheral blood and 
(D) DRG; and IL‑6 concentration in (E) peripheral blood and (F) DRG. At 14 days after surgery, TNF‑α and IL‑6 expression in the DRG was measured by 
(G) reverse transcription‑quantitative polymerase chain reaction and (H) western blotting. Data are presented as the mean ± standard deviation. ***P<0.001 vs. 
control. #P<0.05, ##P<0.01, ###P<0.001 vs. NP model. rP<0.05, rrP<0.01, rrrP<0.001 vs. amiloride. sP<0.05, ssP<0.01, sssP<0.001 vs. PDTC. NO, nitric 
oxide; DRG, dorsal root ganglion; TNF‑α, tumor necrosis factor‑α; IL‑6, interleukin‑6.
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Expression of AQP1 and AQP3 in the intervertebral disc. A 
total of 14 days after surgery, the expression of AQP1 and 
AQP3 in the intervertebral disc was measured by RT‑qPCR 
and western blotting. It was observed that the mRNA 
(Fig. 4A) and protein (Fig. 4B) expression levels of AQP1 
and AQP3 significantly decreased in the NP model group 
compared with the control groups. However, a significant 
increase in the mRNA and protein expression levels of AQP1 
and AQP3 was observed in amiloride or/and PDTC groups 
compared with the NP model group. These data indicated 
that amiloride and PDTC could ameliorate the expression 
levels of AQP1 and AQP3 in the intervertebral disc induced 
by NP treatment.

Discussion

The intervertebral disc is a specialized biomechanical structure 
containing NP that secretes matrix macromolecules, which by 
elevating the osmotic pressure, serves to accommodate applied 
mechanical forces. Many recent studies have shifted the focus 
toward potential involvement of inflammatory processes initi-
ated by contact of NP with the nerve root and surrounding 
tissues (10,22). As the NP can be regarded as a closed tissue 
compartment with a limited vascular supply, the present study 
explored the possibility that ASIC3 expression is increased 
by NP application on the DRG compared with control DRG 
without NP treatment, suggesting that NP could simulate the 
expression of ASIC3 in DRG. The present study demonstrated 
that the level of NF‑κB was enhanced after 14 days in an 
NP‑induced intervertebral disc degeneration rat model, in line 
with previous studies (17,18). However, intraperitoneal injec-
tion of 20 µg/kg amiloride or/and PDTC markedly inhibited 
the increases of ASIC3 and NF‑κB expression in DRG induced 
by the contact of NP with the nerve root.

Hyperalgesia is a common denominator of all inflam-
matory processes and is characterized by a decrease in the 
nociceptive threshold, and increased activity in response 
to thermal and mechanical stimulation (23). In the present 
study, reduction in the mechanical PWT by NP induction 
was marked in the 12 days after surgery, with a significant 
fall starting on day 10. This was consistent with our previous 
study, in which disc herniation experimental model rats, in 
which NP is deposited over the DRG, demonstrated increased 
mechanical hyperalgesia that lasted >7 weeks (10). However, 
in the present study the hyperalgesia induced by NP was 
significantly improved in rats following amiloride and PDTC 
treatment, with a significant rise starting on day 8 after 
surgery, indicating that ASIC3 and NF‑κB may be involved in 
NP‑induced nerve root injury.

Numerous cytokines such as TNF‑α and IL‑6 are associ-
ated with increased neuropeptides, and the results observed 
with cytokine inhibition in previous studies suggested that 
blocking induction upstream of several cytokines is desirable 
for blocking the sensation of pain both in the peripheral and 
central nervous systems (24,25). In the present study, NO, 
TNF‑α and IL‑6 levels were increased both in peripheral 
blood and DRG 14 days after NP treatment. Furthermore, the 
protein expression levels of NO, TNF‑α and IL‑6 in DRG were 
measured by western blotting, and the results were consistent 
with those mentioned above. However, amiloride or/and PDTC 
markedly reduced the increases in NO, TNF‑α and IL‑6 
concentration in peripheral blood and DRG from days 3 to 14 
after NP treatment.

It has been hypothesized that loss of AQPs may be the 
cause of degeneration of the intervertebral disc. In the 
present study, the expression of AQP1 and AQP3 was signifi
cantly decreased in NP‑simulated intervertebral discs, while 
amiloride or/and PDTC corrected the effects of NP on AQP1 

Figure 4. Determination of AQP1 and AQP3 expression levels in the intervertebral disc of rats. At 14 days after surgery, AQP1 and AQP3 mRNA and protein 
expression levels were measured by (A) reverse transcription‑quantitative polymerase chain reaction and (B) western blotting, respectively. Data are presented 
as the mean ± standard deviation. ***P<0.001 vs. control. ##P<0.01, ###P<0.001 vs. NP model. AQP, aquaporin; NP, nucleus pulposus; PDTC, pyrrolidine 
dithiocarbamate.
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and AQP3 expression. AQP1 and AQP3 have previously been 
demonstrated to have important roles in degeneration of the 
intervertebral disc (26,27). Xie et al (28) demonstrated that 
AQP3 protects against lumbar intervertebral disc degen-
eration via the Wnt/β‑catenin signaling pathway. Although 
previous studies have indicated the altered expression pattern 
of AQP1 and AQP3 in human intervertebral disc, to the 
best of our knowledge, this study is the first to compare the 
expression of AQP1 and AQP3 in NP‑simulated interverte-
bral discs of rats.

In the present study, the expression of ASIC3 and NF‑κB 
was examined in NP‑simulated DRG of rats. Further func-
tional studies demonstrated that inhibition of ASIC3 and 
NF‑κB could suppress the effects of NP on DRG injury, 
evidenced by decreases in NO and inflammatory cytokine 
(TNF‑α and IL‑6) concentration, as well as increases in AQP1 
and AQP3 expression. These data suggested that ASIC3 and 
NF‑κB might have significant roles for the development of 
intervertebral disc degeneration, and may represent novel 
therapeutic targets.
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