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Abstract

While it is known that the degenerated intervertebral disc (IVD) is one of the primary reasons for low-back 
pain and subsequent need for medical care, there are currently no established effective methods for direct 
treatment. Nuclear factor-κB (NF-κB) is a transcription factor that regulates various genes’ expression, among 
which are inflammatory cytokines, in many tissues including the IVD. NF-κB decoy is an oligodeoxynucleotide 
containing the NF-κB binding site that entraps NF-κB subunits, resulting in suppression of NF-κB activity. 
In the present preclinical study, NF-κB decoy was injected into degenerated IVDs using the rabbit anular-
puncture model. In terms of distribution, NF-κB decoy persisted in the IVDs up to at least 4 weeks after 
injection. The remaining amount of NF-κB decoy indicated that it fit a double-exponential-decay equation. 
Investigation of puncture-caused degeneration of IVDs showed that NF-κB decoy injection recovered, dose-
dependently, the reduced disc height that was associated with reparative cell cloning and morphological 
changes, as assessed through histology. Gene expression, by quantitative real-time polymerase chain reaction 
(qRT-PCR), showed that NF-κB decoy attenuated inflammatory gene expression, such as that of interleukin-1 
and tumor necrosis factor-α, in rabbit degenerated IVDs. NF-κB decoy also reduced the pain response  as 
seen using the “pain sensor” nude rat xenograft-radiculopathy model. This is the first report demonstrating 
that NF-κB decoy suppresses the inflammatory response in degenerated IVDs and restores IVD disc height 
loss. Therefore, the intradiscal injection of NF-κB decoy may have the potential as an effective therapeutic 
strategy for discogenic pain associated with degenerated IVDs.
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AF			  annulus fibrosus
ACAN		  aggrecan

ANOVA	 analysis of variance
COL2A1	 collagen type II alpha 1 chain
DHI		  disc height index
DRG		  dorsal root ganglion
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and rheumatoid arthritis, is also reported to be 
involved in the IL-17-mediated NF-κB pathway in 
inflammation and degeneration of IVDs (Liu et al., 
2019). NF-κB activation by IL-1β increases gene and 
protein expression of MMPs in NP cells (Zhongyi et 
al., 2015).
	 NF-κB is first activated by pro-inflammatory 
cytokines, including IL-1β and TNF-α, and then 
translocates into the cell nucleus where it binds 
to the enhancer elements of genes to increase 
pro-inflammatory transcripts. NF-κB decoy is an 
oligodeoxynucleotide containing NF-κB binding 
site (GGGATTTCCC) that entrap NF-κB subunits 
(De Stefano, 2011; Morishita et al., 1997). Thus, 
activated NF-κB would bind to NF-κB decoy instead 
of DNA enhancer elements, resulting in inhibition 
of NF-κB-activated gene expression (Fig. 1). NF-κB 
decoy is already known as a promising drug in some 
inflammatory diseases, such as atopic dermatitis, 
respiratory disease, and cardiovascular disease 
(Matsuda et al., 2005; Morishita et al., 1997; Nakamura 
et al., 2002). Therefore, because IVD degeneration 
is related to inflammatory changes, the study 
hypothesis was that NF-κB decoy would improve 
the homeostasis of the degenerated IVD and, thus, 
be a promising candidate for IVD disease treatment.
	 When the structure of the IVD and its blood 
supply from the systemic circulation are considered, 
the local administration of therapeutic molecules to 
degenerated IVDs has significant advantages. Local 
administration as an intradiscal injection can achieve 
a high concentration of molecules in the IVD as a 
minimally invasive approach without the necessity 
of delivering large amounts of a molecule. Intradiscal 
injection of various drugs or biologics have been 
reported to have promising effects on treating low-
back pain (Chujo et al., 2006; Masuda et al., 2006; 
Mwale et al., 2003; Obata et al., 2012). Recently, an 
intradiscal injection of cytokine inhibitors has been 
reported to treat patients suffering from back pain 
(Sainoh et al., 2016a; 2016b). In addition, several drugs 
and biologics are at the clinical trial stage (Akeda et al., 
2017; Nguyen et al., 2017; Peng et al., 2010). However, 
the exact mechanism of elimination and distribution 
of injected molecules is not well known.
	 Importantly, because of the unique environment 
of the IVD, such as its hypoxic condition, low cell 
density, and limited diffusion, careful consideration 
should be given when introducing a new reagent 
to clinical therapy or even to apply reagents that 
are already clinically used to treat a disease: the 
safety and mode of action should be thoroughly 
investigated prior to the use of any reagent in 
the clinic. To examine the efficacy of a treatment 
for degenerated IVD diseases, such as relieving 
pain, inhibiting degeneration, or even reversing 
degeneration, appropriate preclinical animal models 
should be used. It is also not yet clear how often 
reagent injection should be performed; in other 
words, it must be understood how long injected 
reagents stay within the injected IVD. Therefore, to 

FAM		  fluorescein amidite
GDF6		  growth differentiation factor 6
IL			   interleukin
IVD		  intervertebral disc
LC/MS/MS	 liquid chromatography/tandem-
			   mass spectrometry
LSD		  least significant difference
MMP		  matrix metalloproteinase
MRI		  magnetic resonance imaging
NF-κB		  nuclear factor-κB
NGF		  nerve growth factor
NP		  nucleus pulposus
PBS		  phosphate-buffered saline
PTGS2		  prostaglandin-endoperoxide 
			   synthase 2
qRT-PCR	 quantitative real-time polymerase
			   chain reaction
TNF		  tumor necrosis factor
VEGF		  vascular endothelial growth factor

Introduction

Low-back pain is one of the most frequent medical 
symptoms causing physical limitation and even sick 
leave for the working population of many countries 
(Garcia et al., 2014; Meucci et al., 2015; Raciborski et 
al., 2016). A worldwide analysis has reported that 
low-back pain is the leading cause of years lived with 
disability (Murray et al., 2018). There are various risk 
factors for low-back pain, including obesity, smoking, 
age, and economic status. The degenerated IVD is one 
of the main reasons for low-back pain and, thus, there 
have been many efforts to evaluate the correlation 
between low-back pain and degenerated IVDs (Ito 
and Creemers, 2013; Samartzis et al., 2015). To date, 
if the goal is only to reduce pain, then physical 
therapy, medication, and surgical treatments, such 
as fixation, are considered. However, there are 
currently no established effective methods to treat 
the degenerated IVD.
	 The inflammatory response plays an important 
role in IVD degeneration (Fontana et al., 2015; Molinos 
et al., 2015). Inflammatory cytokines, such as ILs and 
TNF-α, have been observed in degenerated IVDs. 
These cytokines enhance aggrecanases, resulting 
in aggrecan degradation. IL-1β stimulates VEGF 
expression and promotes neovascularization, thus 
allowing the infiltration of macrophages, which 
trigger inflammation. NF-κB is a transcription factor 
that regulates gene expression, including that of 
inflammatory cytokines, in many cell types (Ling and 
Kumar, 2012; Mantamadiotis, 2017; Manthiram et al., 
2017). NF-κB is also reported to be involved in IVD 
degeneration (Huang et al., 2017; Wang et al., 2017). 
For example, TNF-α is reported to require the NF-κB 
pathway in NP cells to mediate IVD degeneration and 
the expression of the matrix catabolism-controlling 
MMP-3 or MMP-13 (Liacini et al., 2003; Liu et al., 2017; 
Wang et al., 2014). Peroxisome proliferator-activated 
receptor γ, which is associated with osteoarthritis 
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develop therapeutic drugs with appropriate injection 
dosage and frequency, in addition to the efficacy 
study, the investigation of distribution and half-life 
of injected agents in the IVD is essential.
	 The rabbit anular-puncture model is an established 
method to investigate IVD degeneration (Masuda et 
al., 2005) and has been used to evaluate new reagents 
in the treatment of disc degeneration as a preclinical 
animal model (Chujo et al., 2006; Masuda et al., 2006). 
While there are several choices to evaluate pain in 
animal models, the von Frey test is commonly used 
for rodents in nerve injury models, osteoarthritis, 
and discogenic pain (Fukui et al., 2018; Khasabov et 
al., 2017; Philpott et al., 2017; Srebro et al., 2016). To 
demonstrate that degenerated IVDs could indeed 
produce pain, Kawakami et al. (2000) first reported 
a rat radiculopathy model with transplantation 
of degenerated discs. The present study, using 
the rabbit anular-puncture model and the rat 
xenograft-radiculopathy model (Miyazaki et al., 
2018), showed that injected NF-κB decoy attenuated 
the inflammatory response in degenerated IVDs, 
restored disc height, and reduced the pain response 
in rats.

Materials and Methods

NF-κB decoy
NF-κB decoy is an oligodeoxynucleotide containing 
NF-κB binding site (GGGATTTCCC) (Fig. 1b). 
The sequence of phosphorothioate double-
stranded decoy against NF-κB binding site have 
been previously reported (consensus sequence 
5’-CCTTGAAGGGATTTCCCTCC-3’) (Morishita et 
al., 1997). In the present study, several forms of NF-
κB decoy were prepared. FAM-labeled NF-κB decoy 
(FAM decoy) and radiolabeled NF-κB decoy (3H-NF-
κB decoy) were used in the distribution study. The 
specific activity of 3H-NF-κB decoy was 1190  µCi/
mg and it was administered at a mean dose level 
of 470 µCi/animal. All types of NF-κB decoy were 
provided by AnGes, Inc. (Tokyo, Japan).

Rabbit anular-puncture disc degeneration model 
and injection of NF-κB decoy
All surgical procedures were performed with the 
approval of the Institutional Animal Care and Use 
Committee at University of California San Diego, 
Rush University and Covance Inc. New Zealand 
white rabbits, weighing approximately 3.5-4.0  kg 
(5-6 months-old), were used. A scheme of animal 
experiments is presented in Fig. 2. Two series of 
animal studies for evaluating radiographic disc 
height were performed to determine the duration 
of NF-κB decoy (Fig. 2a, experiment 1) and the 
dose-effect after the injection (Fig. 2b, experiment 
2). Anular puncture and decoy injection were 
performed as previously described (Masuda et al., 
2005; 2006). Under general anesthesia, the rabbits 
were placed into a lateral prone position, and a 

posterolateral retroperitoneal approach was used to 
expose the anterior surfaces of lumbar IVDs. After 
palpation to determine the disc levels, the areas to 
be punctured (1-2  mm diameter) or injected were 
carefully exposed with retraction of the nerve lying 
on the surface of the IVD (especially at the L4/5 
level). To confirm the IVD level, a titanium clip was 
placed, and radiographs were taken before anular 
puncture or injection. After puncture or injection, 
layered sutures were administered, and rabbits were 
recovered. To induce disc degeneration, the initial 
puncture with an 18-Gauge needle at a 5 mm depth 
of puncture was performed on two noncontiguous 
discs (L2/3 and L4/5), with the disc (L3/4) between the 
punctured discs left intact as a control. 4 weeks after 
the initial puncture, the discs were exposed again 
from the contralateral side, and either the vehicle 
(PBS; 10 µL per disc) or the NF-κB decoy (0.1, 1, 10, 
30, or 100 μg in 10 μL PBS per disc) was injected into 
the center of the NP using a tapered 26-Gauge needle 
(XX*MS16, Ito Corporation, Shizuoka, Japan). Rabbits 
were euthanized at 8, 16, or 28 weeks after the initial 
anular puncture (4, 12, or 24 weeks after the injection, 
respectively). In experiment 1, all rabbits with anular 
puncture were included and randomly assigned to 
experimental groups. In experiment 2, radiographs at 
the 2-week time point were used to exclude discs that 
did not respond to puncture. The exclusion criteria 
for all outcome measures were that the DHI of the 
punctured disc remained higher than 90 % of that of 
non-punctured internal control disc. Then, rabbits 
were randomly assigned to experimental groups.

Distribution studies
Under general anesthesia, naïve rabbits received a 
single injection of FAM decoy (30 µg in 10 µL PBS 
per disc) into L2/3, L3/4, L4/5 and L5/6 IVDs (10 
rabbits), 3H-NF-κB decoy into L3/4 IVDs (10 rabbits) 
or native NF-κB decoy into L3/4 IVDs (30 rabbits). 
Naïve animals were injected without inducing disc 
degeneration. Injected IVDs were collected at various 
time points for up to 4 weeks. The distribution of FAM 
decoy was visualized by confocal microscopy (Leica 
SP5); the remaining amount of injected agents in IVDs 
was quantified following papain digestion. For the 
measurement of 3H-NF-κB decoy and native NF-κB 
decoy, the amount of NF-κB decoy was quantified 
using whole-body autoradiography and a liquid 
scintillation counter, and LC/MS/MS, respectively.

Fluorescence analysis of FAM decoy
IVDs were dissected at indicated time points after 
FAM decoy injection. L4/5 and L5/6 IVDs were 
dissected as a block and immediately visualized by 
confocal microscopy on the day of euthanasia. The 
images were processed using the Leica Application 
Suite. After dissection, NP and AF of L2/3 and L3/4 
IVDs were separated and frozen at − 80 °C for future 
quantification. Once all samples were collected for 
quantification, they were digested individually in 
1 mol/L KOH (0.5 mL for NP and 1 mL for AF) at 
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56  °C overnight according to the previous report 
by Nemeth et al. (2015), with some modifications  
(digestion only overnight instead of 1 week). This 
procedure completely solubilized the tissues and the 
KOH was then neutralized using glacial acetic acid. 
The fluorescence in each sample was measured to 
determine the amount of remaining FAM decoy in 
IVDs using a plate reader (BioTek).

Whole-body autography
Following euthanasia, whole rabbit bodies injected 
with 3H-NF-κB decoy were immediately prepared 
for cryo-sectioning to visualize the mid-sagittal 

plane. Sections were exposed to imaging plates 
(Fujifilm), plates were scanned, and radioactivity 
of 3H-NF-κB decoy was quantified. Standard curve 
calibrators were embedded in the same blocks of the 
animals to construct a calibration curve to quantify 
concentration. Two distinct half-lives were calculated 
using the double-exponential-decay formula with the 
amount of 3H-NF-κB decoy remaining (SigmaPlot, 
Systat Software Inc., San Jose, CA, USA) (Mok et al., 
1994). The equation was formulated as follows: 

This explains the two-compartment model of 

Fig. 1. Schematic of NF-κB decoy effect. (a) NF-κB is first activated by pro-inflammatory cytokines 
and then translocates into the cell nucleus where it binds to the enhancer elements of genes to increase 
pro-inflammatory transcripts. NF-κB decoy is an oligodeoxynucleotide containing NF-κB binding site 
(GGGATTTCCC), which entraps NF-κB subunits. Thus, activated NF-κB would bind to NF-κB decoy 
instead of DNA enhancer elements, resulting in inhibition of NF-κB-activating gene expression. (b) The 
structure of NF-κB decoy. 
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pharmacokinetics (a, b, c, d: constants characterizing 
a multi-exponential decay; a: distribution phase 
original amount; b: distribution declining rate; c: 
elimination phase original amount; d: elimination 
declining rate; x: time (hour). According to this 
equation, the distribution half-life was calculated by 

and elimination half-life was defined by

LC/MS/MS analysis
LC/MS/MS analysis was performed to quantify the 
amount of native NF-κB decoy. Control and standard 
samples were generated from normal rabbit IVDs 
that were obtained from carcasses of animals utilized 

for other studies by adding a known amount of 
NF-κB decoy. Dissected IVDs were digested by 10× 
wet weight of KOH at 56  °C overnight. KOH was 
neutralized by glacial acetic acid. The IVD-KOH 
solution containing NF-κB decoy was analyzed by a 
LC/MS/MS system and the amount of NF-κB decoy 
was determined.

Radiographic analysis of disc height
Radiographs were taken at 2-week intervals up to 
16 weeks and, subsequently, at 4-week intervals 
up to 28 weeks after the initial puncture. Extreme 
care was taken to maintain a consistent level of 
anesthesia during radiography of each animal at 
each time point to obtain a similar degree of muscle 
relaxation, which may affect the disc height. The 
pre-operative radiograph was always used as a 

Fig. 2. Schematic of the disc anular-puncture model and the two-step disc xenograft radiculopathy 
model using rabbits and nude rats. (a) Experiment 1. Long term study. Rabbits received the disc anular 
puncture followed by intradiscal injection of NF-κB (10 µg/disc) or PBS. X-ray (DHI) and histology were 
assessed 24 weeks after injection. (b) Experiment 2. Dose study. Rabbits received anular puncture followed 
by intradiscal injection of NF-κB (0.1, 1, 10, 30 or 100 µg/disc) or PBS. X-ray (DHI), MRI (T2 value), histology 
and gene expression were assessed 1, 4 or 12 weeks after injection. The NP tissue of rabbits 4 weeks after 
injection were transplanted on nude rat discs. The von Frey test was assessed for pain outcome.
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baseline measurement. Radiographs were digitally 
scanned and digitally stored using an image-capture 
software program. IVD height was expressed as 
DHI, which was calculated as previously described 
(Mwale et al., 2011). The average percent change 
in DHI of injected discs (both L2/3 and L4/5) was 
calculated for each postoperative disc as a ratio to 
its preoperative DHI [%DHI = (postoperative DHI/
preoperative DHI)  ×  100] and further normalized 
to the DHI of the non-punctured disc (L3/4) 
[normalized %DHI  =  (punctured %DHI/non-
punctured %DHI)  ×  100]. All radiographs were 
assessed by observers blinded to the experiments.

MRI analyses
In the second experiment, the dose finding study 
following sacrifice (Fig. 2b), MRI examinations 
on isolated spine segments were performed 
using a 7-Tesla BioSpec 70/30 (Bruker). The MRI 
degeneration grade of IVDs was classified according 
to the Pfirrmann grade (Pfirrmann et al., 2001) 
using T2 weighted sagittal images. The evaluations 
were performed by two observers blinded to the 
experimental groups. The average degeneration 
grade of injected discs (L2/3 and L4/5) and L3/4 discs 
as control was calculated.

Histological analyses
Midsagittal sections (5 μm) of each experimental IVD 
from rabbits after sacrifice were stained with either 
hematoxylin and eosin or safranin-O/fast green. 
An observer blinded to this experiment analyzed 
the histological sections and graded them using an 
established protocol (Table 1) (Chujo et al., 2006). 
Because the score of the outer AF was not different 
among groups, the reparative score defined in Table 
2 was also assessed. The score was analyzed in the 
inner AF and in the NP. For each disc, the total disc 
score was calculated by the sum of cell cloning and 
morphology of both the NP and inner AF.

Immunohistochemical analysis of type II collagen
Randomly selected samples injected with PBS 
or decoy (100 μ g) of 8 rabbits at 8 weeks after 
initial puncture were representatively used for 
immunohistochemical analysis. Samples were fixed, 
decalcified, and embedded in paraffin-wax for serial 
5 μ m sectioning used for immunohistochemical 
analysis. Following hyaluronidase treatment (2 mg/
mL, H3506, Sigma-Aldrich) for 2 h and endogenous 
peroxidase inactivation, the sections were stained 
with 1 : 500 dilution monoclonal anti-human type II 
collagen antibody (II-4C11: Kyowa Pharma Chemical, 

Table 1. Definition of histological grading scale. Histological grading scale based on 4 categories of 
degenerative changes, with scores ranging from a normal disc with 4 points (1 point in each category) 
to a severely degenerated disc with 12 points (3 points in each category).

Features Grade Description

I. AF
1

Normal, pattern of fibrocartilage lamellae (U-shaped in the posterior 
aspect and slightly convex in the anterior aspect) without ruptured 

fibers and without a serpentine appearance anywhere within the AF
2 Ruptured or serpentine patterned fibers in less than 30 % of the AF
3 Ruptured or serpentine patterned fibers in more than 30 % of the AF

II. Border between 
the AF and NP

1 Normal
2 Minimally interrupted
3 Moderate/severe interruption

III. Cellularity of 
the NP

1 Normal cellularity with large vacuoles in the gelatinous structure
of the matrix

2 Slight decrease in the number of cells and fewer vacuoles

3 Moderate/severe decrease (50 %) in the number of cells and no 
vacuoles

IV. Matrix of the 
NP

1 Normal gelatinous appearance
2 Slight condensation of the extracellular matrix
3 Moderate/severe condensation of the extracellular matrix

Table 2. Reparative score.

Features Score Description

Cell cloning
0 No cell clones
1 Mild/moderate cell cloning
2 Extensive cell cloning

Cell morphology
0 No large, rounded cells with intense matrix staining
1 Few large, rounded cells with intense pericellular matrix staining
2 Many large, rounded cells with intense pericellular matrix staining
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Toyama, Japan) for immunohistochemical analyses. 
Mouse IgG (DakoCytomation, Glostrup, Denmark) 
was used as the isotype or negative control. Sections 
were visualized using the universal immuno-enzyme 
polymer method [Histofine Simple Stain MAX-
PO (M); Nichirei Biosciences, Tokyo, Japan] and 
3,3’-diaminobenzidine tetrahydrochloride (Dojindo, 
Tokyo, Japan), followed by counterstaining with 
Mayer’s hematoxylin.

Nude rat disc xenograft-radiculopathy model
To study the effect of NF-κB decoy on pain induction, 
two stepwise experiments were performed.
	 The first experiment was conducted to reveal the 
specificity of allodynia induction by tissues from 
degenerated and treated disc tissues (Fig. 10a). 
Rabbits were euthanized 8 weeks after the initial 
anular puncture (4 weeks after the PBS injection). 
Tissues from the non-AF area (original NP area) of 
the non-punctured discs, tissues from discs with PBS 
injection or NF-κB decoy (10 µg) injection, and fat 
tissues near spines from rabbits, as described above, 
were collected and used as the source of xenograft. 
Because the border between the AF and NP became 
unclear 4 weeks after puncture, the next adjacent 
level was used as the reference to collect tissues from 
the non-AF area (original NP area). These tissues 
were explanted onto nude rat DRGs to test allodynia 
induction in the rat radiculopathy model as described 
by Kawakami et al. (2000) with modification as a 
xenograft transplantation model (Miyazaki et al., 
2018). Female NIH-Foxn1rnu nude rats (n = 32 for the 
first study and n = 40 for the second study, 150-200 g, 8 
weeks-old) were used. Under general anesthesia, the 
right L5-DRG was exposed by partial laminectomy 
and facetectomy. Degenerated NP-area tissues (either 
L2/3 or L4/5) from anular-punctured and injected 
discs (either PBS or NF-κB decoy), non-punctured, 

non-injected discs (L3/4), or fat tissues were placed 
as xenografts.
	 The aim of the second study (Fig. 10b) was to 
identify the dose-dependency of NF-κB decoy 
injection into the rabbit discs. The same protocol was 
applied for 40 nude rats using anular-puncture and 
injection of discs with PBS or NF-κB decoy (0.1, 1, 10, 
and 100 µg).
	 In these xenograft studies, the use of analgesia 
was avoided with careful consideration of the 3Rs 
strategy (Replacement, Reduction, Refinement). Body 
weight changes, movement of animals in the cage, 
and gait behavior were monitored daily to identify 
the severity of pain. No apparent changes in these 
parameters were observed during the study.

Mechanical allodynia test: the von Frey test
The von Frey test was performed at indicated 
days to investigate allodynia of nude rats for up 
to 3 weeks (Chaplan et al., 1994; Dixon, 1980). As 
described by Chaplan et al. (1994), von Frey testing 
was performed during the day portion of the 
circadian cycle only. Mid-plantar hind paws were 
stimulated to test hyperalgesia. The von Frey hair 
(Muromachi Kikai, Tokyo, Japan) was presented 
perpendicular to the plantar surface with sufficient 
force to cause slight buckling against the paw and 
held for approximately 7 s. Withdrawal of the paw 
and flinching were considered positive responses. 
The value was evaluated as the 50  % withdrawal 
threshold according to the up-down method. When 
rats expressed pain or allodynia, they responded to 
smaller filaments and the score value decreased.

Gene expression analyses of degenerated/treated 
rabbit disc tissues after injection
Total RNA in NP and AF tissues was extracted using 
bead disruption and Qiazol (Qiagen) with further 

Table 3. Primer information.

Company Target gene Assay/catalog ID
Biorad 18S qOcuCED0018100

Biorad IL1B qOcuCED0009632

Biorad TNFΑ qOcuCED0015500

Biorad PTGS2 qOcuCED0018228

Biorad MMP3 qOcuCED0011940

Biorad IL6 qOcuCID0006289

Company Target gene Primer sequence (from 5’to 3’)

IDT ACAN Forward: GTC TAC CAC CAG CTA CGA AAT AG
Reverse: CCA GAT AGG TCT CCA CTG ACT

IDT COL2A1 Forward: GTC TGG CAG GAA GAC AAT AAA
Reverse: CTC TCC AAG AGA CCT GAA CT

IDT VEGF Forward: TGG CAG AAG AAG GAG ACA ATA AA
Reverse: GAA GAT GTC CAC CAA GGT CTC

IDT NGF Forward: AGT GGG TTC CAC GCT TAT TC
Reverse: CGT CTC AGT GTT GCA GTG T
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purification with Qiazol (Qiagen), followed by 
chloroform separation using the MinElute Cleanup 
kit (Qiagen). Whole transcriptome cDNA libraries 
were synthesized using the QuantiTect Whole 
Transcriptome kit (Qiagen). After preamplification 
using SsoAdvanced™ PreAmp Supermix (Biorad), 
qRT-PCR using a SYBR Green kit (Qiagen) was carried 
out on a Rotor-Gene Q (Qiagen) for quantification of 
the mRNA. Gene expression for IL1B, IL6, TNF-Α, 
ACAN, COL2A1, VEGF, PTGS2, NGF, and MMP3 
in both NP and AF tissues was analyzed with 
standards using pre-designed primers (Table 3). 
Gene expression was calculated as the number 
of copies of each gene relative to that of 18S and 
further normalized to relative gene expression in 
non-punctured discs (L3/4): the average of the non-
punctured control value is presented as 1. Data are 
presented on a Log scale.

Statistical analysis
Data are shown as mean ±  standard error of the 
mean. Two-way repeated-measures ANOVA with 
LSD as a post-hoc test was used to assess DHI and 
mechanical allodynia. One or two-way ANOVA with 
LSD test was used for gene expression analyses. The 
Kruskal-Wallis non-parametric test with a Bonferroni 
correction was used to assess histological reparative 
scores. Statistical analyses were performed using 

SPSS (IBM). Statistical significance was established 
as p < 0.05.
	 Power calculations have been made to determine 
the number of samples (n) needed per experimental 
group sufficient to detect the desired primary 
difference between group means with significance 
a = 0.05 and power ß = 0.8, based on a previous study 
(Miyazaki et al., 2018).

Results

NF-κB decoy injected into rabbit IVDs remained 
in the discs for at least up to 4 weeks
The pharmacokinetics of NF-κB decoy injected into 
rabbit IVDs was studied to reveal the fate of injected 
decoys. Various forms of NF-κB decoy, such as FAM 
decoy, 3H-NF-κB decoy and native NF-κB decoy 
were used. FAM decoy enabled to track in detail the 
localization of NF-κB decoy after injection using a 
confocal microscope. 3H-NF-κB decoy was visualized 
by whole-body autoradiography to evaluate its 
distribution. These labeled decoys were quantified 
after tissue solubilization. Finally, the absolute 
amount of native NF-κB decoy remaining in the discs 
was quantified by LC/MS/MS.
	 All forms of NF-κB decoy were injected into rabbit 
IVDs in the same fashion. They were injected from 

Fig. 3. Fluorescence analysis of FAM decoy. (a) Schematic showing the direction of injection. The black 
line represents the outline of the IVD. The injection was performed from the right anterior to the left side. 
(b) A macro-picture at day 1. NF-κB decoy (yellow part) was clearly detected at the left side, which was 
compatible with the direction of injection. (c) Fluorescent microscopic image at day 1. The green signal is 
FAM decoy. The yellow dotted line represents the outline of the IVD. The distribution is the same as in 
the macro-image. (d) Macro-image at week 1. (e) Macro-image at week 2. (f) Macro-image at week 4. (g) 
Fluorescent microscopic image at week 1. FAM decoy was seen at the left side, but the signal was low. (h) 
IVDs were papain digested. Fluorescent intensity of FAM decoy at each time point was quantified and 
plotted. (i) Detailed distribution of FAM decoy at high magnification. (j) Marked border of the 2 cells in i. 
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the right anterior side to the center of the disc. Fig. 3a 
is a schematic showing the direction of the injection 
(arrow). 24 h after injection, NF-κB decoy was clearly 
detected at the left side, which is compatible with 
the direction of injection (3b,c). Observation of FAM 
decoy continued at 1, 2, and 4 weeks after injection 
(Fig. 3d-f). FAM decoy was detected up to 4 weeks 
after injection. Both decoys were detected in the 
area where they were observed at the 24  h time 
point. However, as the macro-pictures show, the 
later the time points were, the less FAM decoy was 
observed. At the 1-week time point, FAM decoy was 
slightly detected by fluorescent microscopy (Fig. 3g). 
However, the same conditions for fluorescence used 
24 h after injection were not sufficient to visualize FAM 
decoy, suggesting that the amount of FAM decoy had 
decreased (compare Fig. 3c,g). To confirm the amount 
of FAM decoy that remained in the IVDs, the IVDs 
were digested by papain enzyme and quantified by 
fluorescent intensity (Fig. 3h). The absolute intensity 
of FAM decoy at the 4-week time point decreased to 
less than 5 % of injected FAM decoy at 1 week. As 
the graph shows, the fluorescent intensity of FAM 
decoy followed a typical distribution and elimination 
pattern with a double exponential decay equation, 
as described in the Whole-body autography section. 
FAM decoy localization was further investigated at 
the cellular level using a higher magnification (Fig. 
3i): FAM decoy was distributed throughout the entire 
cell and strongly in the nucleus.
	 How NF-κB decoy moved throughout the entire 
rabbit body was tested by using 3H-NF-κB decoy (Fig. 
4). At the 24 h after injection into rabbit IVDs time 
point, 3H-NF-κB decoy was detected at the injection 
site and the surrounding area, which indicated that 

injected NF-κB decoy leaked out through the injection 
holes (Fig. 4a,b). 3H-NF-κB decoy was also detected 
in the bladder, suggesting that NF-κB decoy was 
eliminated through urine. 7 d after injection, 3H-NF-
κB decoy was detected only at the injection site (Fig. 
4c). Interestingly, 3H-NF-κB decoy was detected up 
to 28 d after injection (Fig. 4d) and was quantified 
by radioisotope count. The quantification of 3H-NF-
κB decoy also followed an elimination/distribution 
pattern that is similar to the FAM decoy pattern 
(Fig. 3h and Fig. 5, red line). Finally, to investigate 
the remaining amount of NF-κB decoy in IVDs, the 
amount of native NF-κB decoy was quantified by LC/
MS/MS. As observed by FAM decoy and 3H-NF-κB 
decoy experiments, the remaining amount of native 
NF-κB decoy fit a double-exponential-decay equation 
(Fig. 5, blue line). The half-life was calculated by the 
amount of 3H-NF-κB decoy remaining in IVDs. The 
corresponding elimination/distribution half-lives 
were 11.9 h and 618 h, respectively.

NF-κB-decoy recovered disc degeneration 
induced by anular puncture in the rabbit animal 
model
A needle puncture into rabbit IVDs induces 
degeneration of IVDs and results in decreased IVD 
height (Masuda et al., 2005). The present study 
investigated whether NF-κB decoy could change 
the course of IVD degeneration using the rabbit 
anular-puncture model. First, the long-term effect 
of NF-κB decoy was tested up to 24 weeks after 
injection (Fig. 6a). As previously reported, 4 weeks 
after an initial puncture, DHI decreased to around 
20 % of the original DHI. At this time point, there 
were no differences among groups. However, the 

Fig. 4. Whole rabbit body autography. (a) Whole body autoradiography 24 h after injection of 3H-NF-κB 
decoy into rabbit IVDs. (b) Schematic representation of a. 3H-NF-κB decoy was clearly seen at the injection 
site as well as in the bladder. 3H-NF-κB decoy was seen only at the injection site at (c) day 7 and (d) day 28. 
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Fig. 5. The amount of remaining NF-κB decoy after injection into rabbit IVDs. The amount of remaining 
decoy in the IVD post-injection obtained by a liquid scintillation counter analysis of radiolabeled decoy 
(3H-NF-κB decoy) (red line) and LC/MS/MS measurements of native NF-κB decoy (blue line). 

disc height in the NF-κB-injected (decoy 1: 1 μ g) 
group was significantly higher than that in the PBS-
injected group 2 (p  <  0.05) and 8 weeks (p  <  0.01) 
post-injection, although the effect of this injection 
diminished 10 weeks post-injection. The strongest 
effect was observed with the 10 μg NF-κB injection 
(decoy 10: 10 μ g), which achieved significance 4 
weeks post-injection (p < 0.05) and was maintained 
throughout the study (24 weeks post-injection). 
Next, dose-effect was tested up to 100 μg of NF-κB 
decoy per disc (Fig. 6b). At the 16-week time point, 
compared to PBS injection, 10 μ g of NF-κB decoy 
did not modify decreased DHI by anular puncture. 
However, 30 μ g of NF-κB decoy significantly 
recovered DHI. The recovery rate of disc height 
was + 11.8 %. Interestingly, 100 μg of NF-κB decoy 
recovered DHI at the 10-week time point and the 
recovery continued for at least up to the 16-week time 
point. The recovery rate of disc height was + 16.2 % at 
the 16-week time point. Fig. 6c shows representative 
lumbar radiographs of each group.

MRI assessment of disc degeneration grade
12 weeks after PBS or NF-κB decoy injection, 
L3/4 control discs in all groups exhibited no disc 
degeneration (Fig. 7). Anular puncture induced 
disc degeneration, but NF-κB decoy injection did 
not significantly reduce the degeneration grade 
compared to PBS. Although MRI of rabbits after 4 
and 20 weeks were also examined following NF-κB 
decoy injection, there was no significant improvement 
in MRI grading by NF-κB decoy injection compared 
to PBS injection (data not shown).

Histological grading of disc degeneration
Anular puncture induced significant disc 
degeneration. The injection of NF-κB decoy did not 
show any significant effect on the overall histological 
grade of disc degeneration (Fig. 8a-c). On the other 
hand, for the reparative score, there were significant 
increases in cell cloning and morphological changes 

following NF-κB decoy injection. 4 weeks after 
NF-κB decoy injection, 100 μ g of NF-κB decoy 
injection significantly increased the reparative score 
of all elements of cell cloning and cell morphology 
scores both in the NP and the inner AF. The total 
reparative score was also significantly increased 
(Fig. 8d). Other doses at the 12-week time point 
showed a similar trend, but the differences were not 
statistically significant (Fig. 8e). While the histological 
grade after 24 weeks of NF-κB injection did not 
show significant differences, 1 μg of NF-κB decoy 
injection significantly increased the reparative score 
of cell cloning in the NP and inner AF (Fig. 8f). Fig. 
8g shows representative sections of rabbit IVDs 4 
weeks after injection. PBS injection did not increase 
rounded cloned cells and fibrous tissue was observed. 
However, 100 μ g of NF-κB decoy increased cell 
cloning and matrix staining around rounded cells.
	 Because these cloned cells appeared chondrocytic 
or fibrochondrocytic, surrounded by dense matrix 
rich with proteoglycan, type II collagen was stained 
to identify cell characteristics (Fig. 9). Type II collagen 
was not strongly stained in the non-punctured discs 
(not shown) but was observed in degenerated IVDs. 
In the PBS-injected IVDs, type II collagen was less 
observed in the NP area than in the AF area (Fig. 9a). 
On the other hand, in NF-κB decoy (100 μg)-injected 
IVDs, type II collagen was clearly stained in the NP 
(Fig. 9b). This result suggested that cloned cells 
shared the characteristics of chondrocytic cells.

NF-κB decoy reduced pain response in the “pain 
sensor” nude rat xenograft-radiculopathy model
NF-κB decoy was hypothesized to attenuate 
inflammatory responses in rabbit IVDs and reduce 
the pain response in the nude rat xenograft-
radiculopathy model compared to PBS-injected 
controls. The mechanical allodynia in nude rats was 
evaluated by the von Frey test. First, the specificity 
of allodynia induction by xenograft and the effect 
of NF-κB decoy injection in the rabbits was studied. 
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Fig. 6. Radiographic analyses of the effect of NF-κB injection on lumbar disc height in the rabbit 
anular-puncture model. (a) Change in DHI after anular puncture and injections of either PBS or NF-κB 
(long-term study up to 28 weeks after initial puncture). Decoy 10: 10 µg/disc of NF-κB decoy. Decoy 1: 
1 µg/disc. *p < 0.05, **p < 0.01, ***p < 0.001 decoy 10 vs. PBS, #p < 0.05, #p < 0.01: decoy 1 vs. PBS. (b) Change 
in DHI after anular puncture and injection of either PBS or NF-κB (dose study up to 16 weeks after initial 
puncture). *p < 0.05, **p < 0.01, ***p < 0.001 vs. PBS. (c) Representative lateral radiogram of a rabbit lumbar 
spine before (pre-operative), 4 weeks after anular puncture with an 18-Gauge needle, and 16 weeks after 
puncture [12 weeks after injections of PBS or NF-κB decoy (10, 30, or 100 µg/disc)]. 

Fig. 7. The effect of NF-κB injection on MRI degeneration grade of the lumbar disc in the rabbit anular-
puncture model. (a) MRI T2 weight sections in the sagittal plane 16 weeks after anular puncture [12 weeks 
after injections of PBS or NF-κB (10, 30, or 100 μg/disc)]. (b) Pfirrmann MRI grade scores of discs after PBS 
or NF-κB injections. Data are expressed as the mean ± standard error of the mean. 
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Before transplantation of rabbit tissues onto rat 
DRGs, no rats showed allodynia (Fig. 10a). 6  d 
after transplantation, rats in all groups showed 
significant allodynia. On day 9 and 13, punctured 
rabbit NP tissues with PBS injection developed 
significant and persistent allodynia, while the fat 
and non-punctured NP tissue group showed reduced 
allodynia. Importantly, allodynia in the punctured 
rabbit NP tissues in the NF-κB decoy injection group 
was significantly reduced compared to that in the 
PBS group as high as to the level of fat and non-
punctured NP tissues. Next, the dose-effect of NF-κB 

decoy was tested (Fig. 10b). 7 d after transplantation, 
rats in all groups showed significant allodynia. PBS-
injected NPs induced the most severe allodynia, 
while there was a significant attenuation with the 10 
and 100 μg NF-κB decoy-injected NPs. On day 10, 
all doses of NF-κB-decoy-injected NPs significantly 
improved rat allodynia compared to PBS-injected 
NPs (0.1 μg, p < 0.05; all others, p < 0.01). On day 14, 
NF-κB decoy injection attenuated degenerated-NP-
induced allodynia to almost the pre-transplant level, 
while rats transplanted with PBS-injected NP still 
showed allodynia. On day 21, all rats recovered from 

Fig. 8. The effect of NF-κB decoy injection on morphological changes of the lumbar disc in the rabbit 
anular-puncture model. Overall histological grading score (a) 4, (b) 12, and (c) 24 weeks after NF-κB decoy 
injection. Histological reparative score (cell cloning, cell morphology and total disc, presented in Table 2) 
(d) 4, (e) 12 and (f) 24 weeks after NF-κB decoy injection. *p < 0.05, **p < 0.01 compared to PBS injection. 
Data are expressed as mean ± standard error of the mean (n = 8). (g) Representative safranin-O-stained 
sections of PBS-, and NF-κB 100 μg-treated discs. Scale bar: 3 mm. Boxed highlighted area was enlarged in 
right pictures. (1) Inner AF of PBS injection, (2) NP of PBS injection, and (3) inner AF of decoy 100 injection, 
(4) NP of decoy 100 injection. Scale bar: 200 μm. 
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allodynia, and there were no significant differences 
among groups. Two-way repeated-measures ANOVA 
revealed that NF-κB decoy (1, 10, and 100 μg/disc) 
injection into rabbit IVDs significantly reduced rat 
allodynia in the nude rat xenograft-radiculopathy 
model (p < 0.01).

NF-κB decoy attenuated inflammatory gene 
expression levels in degenerated rabbit IVDs
NF-κB decoy binds to activated NF-κB and blocks 
subsequent activation of gene translation. Therefore, 

whether NF-κB decoy truly attenuated inflammatory 
gene expression levels was investigated. This is 
considered a plausible mechanism for recovering 
disc height in rabbits and reducing the pain response 
in the rat xenograft-radiculopathy model. Rabbits 
underwent IVD anular puncture and, 4weeks later, 
received various dosages of NF-κB decoy into 
punctured discs. Non-punctured and non-injected 
discs were used as internal controls to compare 
objectives. Gene expression levels were investigated 
at different time points, including 1-, 4-, and 12-

Fig. 9. The effect of NF-κB decoy injection on type II collagen in the rabbit anular-puncture model. Type 
II collagen was stained on paraffin-wax sections. Representative sections of (a) PBS- and (b) NF-κB 100 μg-
treated discs. Scale bar is indicated in each panel.
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week time points after NF-κB decoy injection. Upon 
euthanization of rabbits, discs were collected, and 
RNA was extracted. In the NP of anular-punctured 
IVDs at the 1-week after injection time point, mRNA 
levels of inflammatory cytokines, IL-1 and TNF-α, 
were significantly increased in the PBS group (Fig. 
11a). Interestingly, although NF-κB decoy (100 μg) 
reduced the expression levels of IL-1 and TNF-α from 
those of the PBS group (difference not statistically 
significant), lower doses of NF-κB decoy (10 μg and 
30 μg) significantly reduced IL-1 level compared to 
the PBS group. The mRNA level of MMP3 was also 
slightly lower in NF-κB decoy (10 μ g and 30 μ g) 
groups than in the PBS group (p = 0.06 and p = 0.07, 
respectively). There was no significant difference in 
NGF expression between the PBS group and the NF-
κB decoy groups in the NP. However, in the AF, the 
level of NGF mRNA was significantly lower in the 
NF-κB decoy (10 μg) group than in the PBS group 
(Fig. 11b). NF-κB decoy (30 μg) injection tended to 
reduce NGF mRNA expression levels (p  =  0.07). 4 
weeks following injection, in the NP, mRNA levels 
of most inflammatory cytokines were increased by 
anular puncture (Fig. 11c, PBS group). IL-1 mRNA 
level, which was significantly increased by puncture 
at the 1-week time point, was still significantly higher 
in the PBS group than in the non-punctured control 
at the 4-week time point. The increased level of 
IL-1 was significantly suppressed by NF-κB decoy 
injection. Additionally, the mRNA level of TNF-α was 
significantly reduced by NF-κB decoy injection. This 
result was also observed in PTGS2 mRNA expression. 
There was a tendency for suppression of MMP3 
mRNA expression by NF-κB decoy injection at the 

1-week time point; however, at the 4-week time point, 
MMP3 mRNA level was significantly attenuated by 
NF-κB decoy (1 μg). In the AF (Fig. 11d), there were 
no significant differences in gene expression levels. 
At the 12-week time point after injection, there was a 
significant difference only in VEGF expression level 
in the NP (Fig. 11e). VEGF level was significantly 
increased in the PBS group, but NF-κB decoy reduced 
VEGF expression level. In the AF (Fig. 11f), while 
there was no significant difference for all genes of 
interest, ACAN (p = 0.098) and COL2A1 (p = 0.060) 
expression levels tended to be increased by NF-κB 
decoy injection (30 μ g) compared to PBS control, 
which was not increased at all in the NP.

Discussion

The goal of the present study was to evaluate 
the efficacy of NF-κB decoy for degenerated IVD 
treatment at the clinical level. Because blood 
circulation to IVDs is extremely poor (Fontana 
et al., 2015), systemic administration may not be 
an appropriate candidate for degenerated-IVD 
treatment. Therefore, the intradiscal injection of NF-
κB decoy as a drug delivery system was tested. To 
test NF-κB decoy as a possible therapeutic agent, first, 
how long NF-κB decoy remained within the IVDs 
was examined. Then, it was tested whether NF-κB 
decoy affected rabbit IVD degeneration induced by 
an anular puncture. Next, the ability of NF-κB decoy 
to reduce pain response was tested using the “pain 
sensor” nude rat xenograft-radiculopathy model, 
as previously published (Miyazaki et al., 2018). 

Fig. 10. von Frey analysis in the nude rat xenograft-radiculopathy model. (a) PBS- or NF-κB decoy 
10 μg-injected degenerated rabbit NP tissues, non-punctured rabbit NP tissues and rabbit fat tissues were 
transplanted on nude rat DRGs. (b) PBS- and various doses of NF-κB decoy-injected degenerated rabbit NP 
tissues were transplanted on nude rat DRGs. The paw withdrawal threshold of nude rats was measured 
using von Frey filaments to assess mechanical allodynia for up to 3 weeks after xenograft surgery. Data 
are expressed as the mean ± standard error of the mean (n = 8). 
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Finally, it was investigated whether NF-κB decoy 
truly modified puncture-induced gene expression 
levels in the rabbit degenerated IVDs. The present 
study reported that oligodeoxynucleotide NF-κB 
decoy persisted for at least up to 4 weeks in IVDs 
after injection and reduced clinical inflammatory 
responses, including recovering disc height, reducing 
pain response in the rat xenograft model and 
inflammatory gene expression levels.
	 To date, it has not been reported how long injected 
oligodeoxynucleotide or even other molecules remain 
within IVDs after a single intradiscal injection. In a 
series of experiments in rabbits, the present study 
showed that NF-κB decoy was present up to 4 
weeks after injection (Fig. 3-5). Results may suggest 
that a single injection could be effective for at least 
up to 4 weeks. However, whether NF-κB decoy is 
biologically effective for extended periods and the 
maximum time that NF-κB decoy remains within 
the IVDs is still unknown. Further investigation is 
needed to determine long-term biological activity.

	 The distribution study using the FAM-labeled 
decoy indicated that NF-κB decoy distributed 
throughout cells but was predominantly found within 
the nucleus. NF-κB decoy that binds to activated NF-
κB in the cytoplasm (non-functional), free NF-κB 
decoy, and activated NF-κB, all translocate to the 
nucleus. Within the nucleus, free NF-κB decoys can 
bind activated NF-κB. Therefore, the NF-κB decoy 
blocks NF-κB binding to the DNA in the nucleus, 
resulting in the blocking of gene transcription (Fig. 
1). The spatial distribution of the injected NF-κB 
decoy in IVD 4 weeks after injection showed that 
the labeled NF-κB decoy was located in the NP area 
from the center to the opposite side of the injected 
point. Although this could be seen immediately 
after injection of the contrast materials in clinical 
discograms, the diffuse distribution of the contrast 
was usually observed after 1 d. It is important to note 
that this distribution study was performed using 
the naïve rabbit IVD, thus the exact distribution 
of injected molecules may differ in the human 

Fig. 11. Gene expression analysis of the IVD after injection of either PBS or various doses of NF-κB 
decoy by qRT-PCR. 1-week data in the (a) NP and (b) AF. 4-week data in the (c) NP and (d) AF. 12-week 
data in the NP (e) and AF (f). Gene expressions were calculated as the number of copies of each gene 
relative to those for 18S. Normalized gene expressions are represented on a Log scale. Data are expressed 
as mean ± standard error of the mean. One-way analysis of variance with LSD as a post-hoc test was used.
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degenerated IVD. If rabbits with disc degeneration 
were used, the diffusion of NF-κB decoy to the entire 
NP area might occur, as seen in the human discogram. 
In addition, the volume of injection and speed may 
affect the distribution pattern. The careful selection 
of these parameters is critical for human application.
	 Experiments to investigate the amount of NF-κB 
decoy remaining showed that all 3 types of NF-κB 
decoy fit a double exponential decay equation. In 
the first distribution phase, NF-κB decoy spread 
throughout the IVD; some could either be rapidly 
distributed to the circulation through the endplate, 
while some might leak out of the IVD through the 
injection puncture. In the second phase, the NF-
κB decoy was gradually eliminated. NF-κB decoy 
was also detected in the bladder, suggesting that 
it was eliminated through the kidney to the urine. 
There are some concerns about side effects that are 
generally independent of sequence-related effects. 
For example, prolongation of activated partial 
thromboplastin time, hepatocellular degeneration, 
and renal dysfunction due to oligonucleotides have 
been reported (Levin, 1999). Most of these effects 
are reported as dose-dependent in the systemic 
circulation. Interestingly, 1 week after injection, NF-
κB decoy was only detected in the injected IVDs. 
This suggested that NF-κB decoy might continue 
to be effective in IVDs but would not affect other 
regions for an extended period; that is, side effects 
in other body parts, if any, would be limited. The 
concentration of NF-κB decoy in the blood after 
injection was below sensitivity of the assay (data 
not shown). These results supported the contention 
that intradiscal injection of NF-κB decoy is expected 
to be effective locally and with few systemic effects. 
Some injected liquid does leak from the injection 
holes due to the high pressure within the normal 
NP. Therefore, it was expected that radiolabeled 
NF-κB decoy would be detected not only inside 
IVDs but also around injection sites (Fig. 4). Another 
mechanism for oligodeoxy nucleotides disappearance 
is degradation/translocation into the nucleus (Levin, 
1999). In the present study, double strands bound by 
hydrogen bonds and phosphorothioate nucleic acid 
analogs were used to protect nuclease degradation. 
The use of modified oligodeoxy nucleotides may have 
contributed to the long half-life of NF-κB decoy.
	 To test the efficacy to treat degenerated IVDs, the 
DHI was measured to observe how puncture and 
subsequent NF-κB decoy affected IVDs using X-ray 
images. As previously shown (Masuda et al., 2005), 
puncture alone caused the narrowing of IVD height. 
While the first long-term study showed that a 10 μg/
disc injection recovered disc height, in the second 
dose study, a 10 μg injection of NF-κB decoy was 
not sufficient. In the dose study, 100 μg/disc NF-κB 
decoy injection recovered disc height and 10 μ g/
disc of NF-κB decoy suppressed further disc height 
loss (Fig. 6). The dose response of NF-κB decoy dose 
between the long-term study and the dose study 
in the disc height analysis was not consistent. The 

results of each experiment indicated that NF-κB 
decoy injection was effective for disc height recovery 
in a dose-dependent manner, but lower doses were 
not consistently effective, suggesting that the lower 
dose had a marginal effect. Although experiments 
were conducted very carefully, this could be due to 
possible batch differences in NF-κB decoy, animal 
sources, and housing conditions given the multiple 
institution sites involved, which is a limitation 
of the study. The MRI analysis did not show 
significant improvement by NF-κB decoy injection 
compared to PBS injection. Previously, by MRI 
assessment, a single injection of GDF6 was shown 
to protect against degenerative changes after anular 
puncture (Miyazaki et al., 2018). MRI Pfirrmann 
grading is defined by disc height and the signal 
intensity that primarily represents water content and 
proteoglycans. GDF6 may improve water content 
during the regenerative process. Although DHI was 
improved by NF-κB decoy injection, results indicated 
that there might be a different recovery mechanism 
from GDF6. Histological grading suggested that NF-
κB decoy injection accelerated cell morphological 
reparative changes, especially in the inner AF; this 
may support the recovery of disc height after NF-κB 
decoy injection. Cell morphological reparative change 
results showed some inconsistency. In Fig. 8d, the 
NF-κB decoy 100 group had the highest reparative 
score after 4 weeks of injection, but no difference was 
observed after 12 weeks (Fig. 8e), while the decoy 1 
group showed the highest score (Fig. 8f). First, due to 
the limited housing capacity, the experiments were 
divided into several series. Second, it is possible that 
the histological examination at the midsagittal center 
may have missed histological changes due to possible 
off-center distribution of injected decoys. However, 
overall results suggested that NF-κB decoy affected 
cell morphology compared to PBS control.
	 In the intact IVD, chondrocytes originate and 
migrate from the cartilage endplate with aging 
(Kim et al., 2003). In growth factor studies using the 
anular-puncture model, the migration of cells from 
the inner AF and cartilage endplates is often found 
(Chujo et al., 2006; Miyazaki et al., 2018). The present 
study shared the same pattern with increased type II 
collagen deposition in the NP area (Fig. 9). Although 
stem cells or progenitor cells have been reported to 
originate from endplates (Lyu et al., 2019) it is not clear 
whether cloning cells originate from stem/progenitor 
cells; this was beyond the scope of the study. In the 
present study, the gene expression analysis did not 
show a significant increase in ACAN and COL2A1, 
but there was a tendency towards an increase only 
in the AF 12 weeks after injection (ACAN, p = 0.098; 
COL2A1, p  =  0.060). Histological findings warrant 
further biochemical quantification of protein levels 
of aggrecan and type II collagen in future studies. 
The most important outcome in the treatment of 
degenerated IVD disease is pain reduction. In a 
clinical situation, X-ray or even MRI images do not 
correlate with the patient’s pain. Thus, to evaluate 
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NF-κB decoy efficacy for clinical use, it is essential to 
investigate its effect on pain. However, there are no 
standardized animal models to evaluate discogenic 
pain. Rabbits, in particular, are not an optimal animal 
species to evaluate pain reduction because they 
tend to hide the pain response. Rats might prove to 
be an appropriate animal model as they have been 
used to evaluate pain with the von Frey test. In the 
present study, the nude rat xenograft-radiculopathy 
model was used to detect test tissue-induced pain 
response (Kawakami et al., 2000; Miyazaki et al., 2018). 
Kawakami et al. (2000) discussed that allodynia was 
caused by chemical factors released from the ectopic 
NP tissue. Even non-punctured NP tissues induced 
allodynia in the study. Recent studies have shown 
that punctured degenerated IVDs are considered 
to be inflammatory-rich tissues (Rider et al., 2019). 
To overcome the shortcomings of the rabbit disc 
degeneration model for pain assessment, rabbit 
tissues from the NP area, which are inflammatory-
rich, are transplanted onto rat DRGs; thus, exposing 
DRGs to an inflammatory environment that causes 
pain (Fontana et al., 2015; Huang et al., 2017; Wang 
et al., 2017). The present study hypothesized that 
inflammation-rich disc tissue would cause pain in 
the rat xenograft-radiculopathy model, and if the 
inflammation was reduced by NF-κB decoy, the rats 
would feel less pain as seen in the GDF6-treated disc 
(Miyazaki et al., 2018). In the study’s model, puncture-
induced degenerated rabbit IVDs caused allodynia 
in all rats around 7 d. However, rats in which PBS-
injected degenerated rabbit discs were transplanted 
showed stronger allodynia than those rats in which 
NF-κB-decoy-injected degenerated rabbit discs were 
transplanted (Fig. 10). Among NF-κB decoy-injected 
IVDs, 0.1 μg NF-κB decoy had the least effect, and 
100 μ g NF-κB decoy showed the maximum effect 
on pain relief, suggesting that the effect of NF-κB 
decoy was dose-dependent. Because rabbit IVDs 
are larger than rat IVDs, molecular changes and 
morphological changes are more easily investigated 
and more accurately investigated in rabbit IVDs than 
in rat IVDs. However, because rabbits do not express 
pain to a great degree, this two-step disc xenograft-
radiculopathy model could be effective in providing 
a novel assessment method for the administration 
of new reagents for IVD disease by linking the 
inflammatory status of tissues with pain induction 
in the rat.
	 NF-κB is a transcription factor that regulates 
various genes’ expression, including inflammatory 
genes. The main pathway of NF-κB decoy is to 
block NF-κB from activating inflammatory genes’ 
expression. In the present study, NF-κB decoy 
attenuated inflammatory genes’ expression in vivo 
(Fig. 11). TNF-α and IL-1 are activated in many 
inflammatory diseases, such as rheumatoid arthritis, 
as well as in degenerated IVDs. These two genes were 
activated in IVDs by anular puncture and NF-κB 
decoy injection reduced their expression levels. Thus, 
NF-κB decoy was effective in blocking inflammatory 

gene expression in vivo. The suppression of an 
inflammatory gene is a reasonable explanation for the 
recovery of disc height in the rabbit anular-puncture 
model and for a reduction in pain response in the rat 
xenograft-radiculopathy model.
	 The interim results of the Phase 1b clinical 
trial of an intradiscal injection of NF-κB decoy 
(ClinicalTrials.gov Identifier: NCT03263611) indicate 
that the intradiscal injection of NF-κB decoy is well-
tolerated, with no serious adverse events during 
the 12-month follow-up. The efficacy data on pain 
(VAS scale) shows 97.5  % reduction in the high-
dose group (10  mg/disc) compared to the placebo 
group, which shows 14  % reduction (Web ref. 
1). Patients injected with NF-κB decoy into IVDs 
show safety of the treatment and a dose-dependent 
improvement compared to patients injected with 
placebo. Interestingly, the disc height of the high dose 
group increased significantly compared to that of the 
control group, mirroring the present study preclinical 
result. Animal results in the distribution and efficacy 
studies shared similar characteristics with the clinical 
study. The results in the preclinical and clinical study 
suggest that the rabbit anular-puncture model and 
the two-step xenograft model are valid animal models 
to predict the outcome for the human clinical trial. 
Further clinical studies may reveal the correlation 
between the rabbit structural changes, such as MRI, 
and those in human patients.
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Discussion with Reviewer

Li Jin: How could this oligodeoxynucleotide apply 
to humans? Would intradiscal injection work in 
humans? Does it apply to all stages of degenerated 
discs or only for the early stage of degeneration? 
Clinically, how long would you expect to restore disc 
height? Which would be a difficult task, especially for 
the moderate to severe ones.
Authors: The phase 1b study has been conducted 
using a single intradiscal injection of NF-κB decoy. 
The detailed clinical protocol is on ClinicalTrial.Gov 
and we refrain from a detailed discussion because this 
is beyond the scope of the present study. According 
to the trial protocol, one of the included criteria is a 
Pfirrmann score of 3 or 4 on MRI in just a single disc 
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between L1 and S1. This means that degenerated 
discs should not be at the most severe stage of 
degeneration. The reference to the media release 
from the sponsor of the clinical study was included. 
As presented, a single injection of NF-κB decoy 
improved low-back pain with a considered minimal 
disc height maintenance/recovery at the 1-year time 
point. As the Reviewer indicated, the disc height 
recovery in the disc height of severely degenerated 
disc may be difficult to obtain, a further clinical trial 
for pain relief may be warranted.

Li Jin: How does the decoy oligodeoxynucleotide 
interfere with other immune cells?
Authors: It could interfere through systematic 
circulation. However, injected NF-κB decoy was 
rapidly excreted through urine, the effect on other 
immune cells is considered as a minimum.

Editor’s note: The Scientific Editor responsible for 
this paper was Sibylle Grad.


