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PDE4B promotes JNK/NLRP3
activation in the nucleus pulposus
and mediates intervertebral disc
degeneration

Weixing Xul*, Rana Dhar?3#, Kaiyue Li**, Danyang Zheng?, Minxin He2, Weiguo Ding?,
Long Xin?, Bin Xu?, Yuqing He?, Qi Peng? & Huifang Tang%3**

Intervertebral disc degeneration disease (IDD) is one of the leading causes of disability, and current
therapies are ineffective. Phosphodiesterase 4B (PDE4B) plays essential roles in regulating the
activation of the NLRP3 inflammasome. However, whether PDE4B or NLRP3 is involved in the
development of IDD is unclear. This study sought to explore the role of PDE4B in IDD pathogenesis
by in vivo and in vitro experiments. This results showed that PDE4B and NLRP3 were significantly
upregulated in nucleus pulposus (NP) tissues from IDD-related human patients. Deletion of PDE4B
in the NP resulted in downregulated JNK and NLRP3. Aberrant PDE4B expression enhanced

the phosphorylation of JNK and NLRP3 expression. Furthermore, genetic ablation of the pde4b
gene delayed IDD pathogenesis, and PDE4 inhibitor also can reverse the IDD pathogenesis. Our
study showed that aberrant PDE4B activation in NP tissues induces pathological changes in IDD,
phosphorylation of JNK and NLRP3 are involved in this process, and inhibition of aberrant PDE4B
activity is a potential therapeutic strategy for IDD.
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Low back pain (LBP) is one of the most common diseases, it not only impacts patients’ lives but also causes
them to become incapacitated and impose a heavy financial burden on their families and society'. Intervertebral
disc degeneration (IDD) is one of the most common causes of low back and leg pain, and studies have shown
that many factors, such as age, genetics, nutrition, metabolism, infection, and biomechanics, are associated
with the incidence of IDD**. Current therapies for IDD include conservative, interventional, biological, and
surgical treatments; although they can achieve good clinical efficacy, they can cause various complications,
such as adjacent spondylosis and fusion disease*. Moreover, these treatments neither delay the degeneration of
intervertebral discs nor regenerate and repair degenerative intervertebral discs. Therefore, an in-depth study of
the pathogenesis of IDD is highly important for delaying and preventing IDD.

Several studies have shown that the caspase-1-mediated pyroptosis pathway plays a crucial role in IDD>~.
Chen et al. first reported that the expression of NLRP3, Caspase-1, and IL-1B was significantly increased in the
intervertebral disc tissue of IDD patients, indicating a positive correlation between NLRP3 activation and the
severity of IDD. They also found that IL-1 promotes the expression of NLRP3 through the NF-«xB pathway via a
positive feedback regulatory loop’. Sun Y et al. reported that stress can activate NLRP3 through the Ca?*/NF-xB
pathway and subsequently promote IL-1P generation, suggesting that stress may also promote the onset of IDD
by activating NLRP38. In addition, a recent study showed that propionibacterium acnes may be a pathogenic factor
for IDD. In nucleus pulposus(NP) tissues infected with propionibacterium acnes, the number of NLRP3 positive
cells increased sharply®!°. These studies suggested that the NLRP3 inflammasome-mediated pyroptosis pathway
is an important feature of nucleus pulposus degeneration. However, the underlying molecular mechanism has
not been fully elucidated.
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Phosphodiesterase-4 (PDE4) hydrolyzes the second messenger cyclic adenosine monophosphate (cAMP) in
the cell, thereby terminating the biochemical effects of cAMP. PDE4 four subtypes (A, B, C, and D) are encoded
by four genes'!. PDE4B is a subtype of PDE4 expressed mainly in immune cells and the central nervous system
and plays an important role in inflammation, the immune response, and tumors'2. Previous studies suggested
that PDE4B is involved in the pathological process of inflammatory and fibrotic damage'>!%. High expression of
PDE4B was found in mouse models of spinal cord injury'®. Meanwhile, circPDE4B is reportedly downregulated
in osteoarthritis (OA) tissues and regulates chondrocyte cell viability and extracellular matrix metabolism?®.
PDEA4B is the parental gene of circPDE4B, PDE4B inhibition may be also involved in the chondrocytes of NP
tissue, but at present, there are no reports on the correlation between PDE4B and IDD.

The c-Jun N-terminal kinase (JNK) signaling pathway is closely related to the regulation of pyroptosis. Das’s
studies have shown that in disc degeneration, an imbalance between proinflammatory and anti-inflammatory
molecules activates the JNK pathway and induces apoptosis in NPCs, while JNK-specific inhibitors can
significantly inhibit the expression of MMP-3 mediated by TNF-a and IL-1p, thereby alleviating the degradation
of the extra-NPC matrix!”. However, the mechanism through which the JNK/NLRP3 signaling pathway affects
the pathogenesis of IDD has still been poorly studied.

In this study, we comprehensively analyzed the changes in and correlations between PDE4B, JNK, NLRP3 and
IDD through the use of clinical nucleus pulposus tissue samples, human NP cells, and PDE4B knockout mice
and revealed that PDE4B induces pyroptosis in NP cells and promotes the occurrence and progression of IDD.
Finally, we validated the efficacy of treatments targeting PDE4 via the PDE4 inhibitor roflumilast in a needle
puncture-induced IDD rat model, identifying a new therapeutic strategy for IDD.

Methods

Patient nucleus pulposus (NP) samples

Human NP samples were obtained from 12 male patients (mean age 47.9 + 16.3 years) who were diagnosed with
lumbar disc herniation and underwent nucleus pulposus resection. The MRI-based Pfirrmann grading system
was used to assess the degenerative grade of the NP specimens. Grade II (n=3), Grade III (n=3), Grade IV
(n=3), and Grade V (n=3) NP samples were subjected to WB and ELISA.

Human NP cells culture and treatment
Primary human NP cells were obtained from Procell (Wuhan, China). The cells were cultured at 1x 10° cells/
ml in an atmosphere of 5% CO2 and 95% humidity at 37 °C with complete human disc nucleus pulposus cell
medium (CM-H097, Procell, Wuhan, China). The cells were passaged using trypsin/ethylene diamine tetraacetic
acid (EDTA) after they reached 90% confluence. After digestion, the cells were seeded at a density of 10* cells/
cm?. Cells were continuously passaged for 8 generations, and cells from 3 to 8 generations were used for the
experiments.

For cell transfection, NP cells were seeded at a density of 2x 10° cells/well in 6-well plates. Later, the cells
were transfected and co-transfected with the vector control pIRES2-EGFP, the pIRES2-EGFP-PDE4B plasmid,
or PDE4B siRNA for 24 h. After 24 h, LPS (10 ng/ml) for 1 h and 10 pM nigericin were added for another 1 h.

Animals
The pde4b*’~ B6 mice (B6 129P2-Pde4b <tm1Dgen>/H, no: EM: 02364) were purchased from the European
Mouse Mutant Archive (EMMA). PDE4B knockout mice (pde4b™'") and their wild-type littermates (pde4b*'*)
were generated by mating heterozygous mice aged between 8 and 12 weeks. Mice were housed in the Experimental
Animal Center of Zhejiang University under standard conditions (23+2 °C, 55+ 5% humidity, and 12-12 h
light/dark cycle). Twelve-week-old male pde4b~'~ mice and pde4b*/* mice were used in those experiments.

Sprague-Dawley rats (8 weeks old, male) were purchased from the Experimental Animal Center of Zhejiang
University (Hangzhou, China) and housed at the Experimental Animal Center of Zhejiang University under
standard conditions (23 £2 °C, 55+ 5% humidity, and 12 -12 h light/dark cycle). The rats were randomly divided
into 3 groups: the normal group, the IDD model group, and the roflumilast (5 mg/kg, NB1739-1, Meilun, Dalian,
China) + IDD model group (n=5 per group).

The study is in accordance with ARRIVE guidelines (https://arriveguidelines.org). All animal procedures
were approved by the Animal Ethics Committee of Zhejiang University.

IDD animal model preparation

A mouse IDD model was established in the coccygeal vertebra through a needle puncture. Briefly, after general
anesthesia with 2.5% Avertine (20 ml/kg, ip), coccygeal discs were punctured in the areas between the 4th and
7th coccygeal vertebrae (Co4-Co7), using a 26-gauge sterile syringe needle from the dorsal side for 30 s. To
ensure degeneration, the needle was passed through the nucleus pulposus (NP) tissue and the bilateral annulus
fibrosus (AF), and the needle was rotated in the axial direction by 180° and held for 10 s. To fix the position of
the puncture point, an X-ray system (Philips Allura Xper FD20, Amsterdam, Netherlands) was used to observe
the process. At 6 weeks after surgery, the extent of disc degeneration was measured using a magnetic resonance
imaging (MRI) system (MAGNETOM Verio 3.0T, Siemens AG, Erlangen, Germany). Four blinded investigators
used the Pfirrmann classification system to classify disc images into 5 grades!®.

A rat IDD model was established as described above. The difference was in needle size, and a 20-gauge sterile
syringe needle was used. MRI was performed to confirm that the degeneration model had been successfully
established before and 4 weeks after surgery.

Then, animals were euthanized by 2.5% Avertine (50 ml/kg, ip), and tail samples were harvested. The proximal
and distal adjacent intervertebral discs were used as blank controls.
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H&E staining and safranin O-fast green (SO&FG) staining

Human nucleus pulposus (NP) tissue slices were obtained from Tongde Hospital, and hematoxylin and eosin
(H&E) staining was performed. The histologic degeneration score (HDS) was assessed according to the clinically
modified parameters of disc degeneration'®.

Mouse and rat Co4-7 coccygeal discs were fixed in 4% paraformaldehyde for 48 h, decalcified in fast
decalcifying solution (Preserve, Zhuo Ding, Beijing) for 72 h, embedded in paraffin and cut into 5 pm sections.
Then, the sections were deparaffinized and dehydrated for histological analysis, and hematoxylin and eosin
(H&E), and safranin O-fast green (SO&FG) staining were performed separately on consecutive tissue sections.
Finally, the slices were dehydrated, cleared, and sealed. Images were obtained using a SLIDEVIEW VS200
workstation (Olympus, China). HDS was determined according to the histological characteristics of the nucleus
pulposus following the standardized histopathology scoring system ranging from 0 for no degeneration to 2 for
severe degeneration?’, based on morphology and cellularity of NP and AF, NP-AF border, and endplate.

Immunohistochemistry (IHC) assays

The sections were deparaffinized and dehydrated as described for H&E staining. After that, endogenous
peroxidase activity was quenched by treating the paraffin sections with 0.3% H,O, for 10 min; antigen retrieval
was performed with 10 mM citrate buffer (pH 6.0) for efficient epitope exposure; and nonspecific binding of
antibodies was eliminated using blocking buffer (5% BSA in PBS) for 10 min. Afterward, the sections were
incubated with primary antibodies, phospho-SAPK/JNK (Thr183/Tyr185) (G9) mouse mAb (CST, #9255,
1:50) or anti-NLRP3/NALP3 mAb (cryo-2) (Adipogen, AG-20B-0014.1:200) at 4 °C overnight, followed by
incubation with biotinylated IgG and streptavidin-horseradish peroxidase for 30 min at room temperature, after
which DAB (2 mg/ml) was used to visualize the immunoreactivity. Finally, the sections were counterstained with
hematoxylin and mounted. Images were obtained using a SLIDEVIEW VS200 workstation (Olympus, China).
Analyzing THC images using Image]J, particularly with the Fuji plugin, selecting 5 views from one slide, and
quantifying every view.

Enzyme-linked immunosorbent assay (ELISA)

Human serum from the patients, the cell culture supernatant, and homogenized human NP tissue supernatant
were used to determine the levels of inflammatory cytokines. An enzyme-linked immunosorbent assay (ELISA)
kit for interleukin-1b (IL-1pB, DY401, interleukin-6 (IL-6, DY406), and tumor necrosis factor-a (TNF-a, DY410)
was purchased from R&D Systems (Minneapolis, USA). An IL-18 ELISA kit (SEK50073) was purchased from
Sino Biological (Beijing, China). All procedures were carried out according to the manufacturer’s instructions.
The samples were prepared and analyzed in technical duplicates.

Western blot

Proteins were extracted from the cells and tissue samples by using cold radioimmunoprecipitation assay (RIPA)
lysis buffer (including 1% protease inhibitor cocktail (Roche Diagnostics, USA), 2% PMSF (Millipore Sigma)
and 1x PhosSTOP (Roche Diagnostics, USA), and the samples were incubated for 10 min at 12,000 rpm and
4 °C. Later, the supernatant was collected, and the protein concentration was evaluated using the Bradford assay
(Thermo Fisher Scientific, USA). Approximately 50 pg of protein was prepared for western blot analysis. 5x
loading buffer (Beyotime, Beijing, China) was added to the protein sample, which was subsequently denatured
for 5 min at 100 °C. Briefly, 10% sodium dodecyl sulfate polyacrylamide (SDS) gel electrophoresis was used
to separate the proteins, which were subsequently transferred to a nitrocellulose membrane (PALL BioTrace,
# 66485, USA) for 70 to 90 min at 300 mA (Mini-protein II System, Bio-Rad, USA). The membrane was
blocked with Tris-buffered saline supplemented with 5% BSA for 1 h at room temperature. The membranes
were incubated with primary antibodies diluted 1:1000 or 1:5000 in primary antibody diluent solution at 4 °C
overnight. Primary antibodies included anti-NLRP3 (AG-20B-0014, Adipogen, South Korea, 1:1000), anti-
phospho-SAPK/JNK (#9255, CST, USA, 1:1000), anti-PDE4B (PD4-201AP, FabGennix, USA, 1:1000) and anti-
GAPDH (db106, Daigbio, China, 1:5000). After five washes with 1x TBST, the membranes were incubated with
fluorescent conjugated secondary antibodies (IRDye 800CW goat anti-rabbit; IRDye 680CW goat anti-mouse;
LI-COR Biosciences, 1:5000) for 1.5 h at room temperature. Immunoblots were scanned and quantified with an
Odyssey imaging analysis system (Image Studio Ver 5.2, LI-COR Biosciences). GAPDH was used as the protein
loading control.

Quantification and statistical analysis

The data are presented as the means + SEMs. All the experiments were performed as at least three independent
experiments. The data were analyzed with One-way or Two-way ANOVA and Student’s t test where appropriate.
All the statistical analyses were performed with GraphPad Prism 9.0 software. p <0.05 was considered to indicate
statistical significance.

Results

PDE4B/NLRP3 expression increases in the NP tissues of IDD patients, accompanied by JNK
activation

To further validate the expression of PDE4B and NLRP3 in the process of IDD, we collected human NPs with
different Pfirrmann grades from the MR images (Fig. 1A). H&E staining suggested that more chondrocyte
proliferation occurred in patients with higher grades (Fig. 1B). To further confirm the relationship between
IDD and JNK activation, we collected a total of 12 samples from patients with different Pfirrmann grades from
the MR images. Immunohistochemical staining revealed a greater proportion of p-Jun N-terminal kinase
(p-JNK) positive cells and NLRP3 positive cells in sections from the Grade IV/V group than that in sections
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Fig. 1. PDE4B/NLRP3 expression increases in the NP tissues of IDD patients accompanied by JNK activation.
(A) Typical MRI schematic diagram of IDD patients with different degrees of lesion. (B) Representative

images of HE staining of IDD patients with different degrees of lesion. (C) Representative IHC staining of
phosphorylated JNK and NLRP3 in nucleus pulposus tissue from Grade II/III and Grade IV/V IDD patients.
The magnifications are 1x, 20%, and 40x. (D) Quantification of p-JNK-positive cells and NLRP3-positive

cells in human NP tissues from Grade II/IIT and Grade IV/V patients. (E) Representative western blot images
of PDE4B, NLRP3, and phosphorylated JNK detected in NP tissues from IDD patients and quantitative
analysis. Statistical differences between groups were analyzed by one-way ANOVA. The data shown are the
means + SEMs. The biological replicates are 3. * p <0.05, ** p<0.01, ***p <0.001.
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from the Grade II/III group (Fig. 1C&D), indicating a negative relationship between JNK activation and IDD
severity. To investigate the effects of PDE4B, NLRP3 and JNK activation in the process of IDD, the protein levels
were measured by western blot in human samples from patients with different degrees of IDD. Western blot
analysis revealed that the PDE4B, NLRP3 and p-JNK protein levels increased as the NP lesion size increased
(Fig. 1E). These results demonstrated that the levels of pJNK and NLRP3 in human NP tissues were increased
following PDE4B signaling during IDD progression.

Additionally, according to the results of ELISA analysis, the cytokine levels of IL-13, TNF-a, IL-6 and IL-18
in the serum of IDD patients with different degrees did not significantly change according to the degree of IDD
(Fig. 2A). However, the cytokine levels of IL-1p and IL-18 in the nucleus pulposus significantly changed in a
manner dependent on the degree of IDD (Fig. 2B), while IL-1p and IL-18 are related to NLRP3. These findings
indicate that the inflammatory factor level in the serum of patients with intervertebral disc degeneration (IDD)
is not strongly correlated with the severity of IDD. In contrast, the inflammatory factor in the NP is strongly
associated with IDD severity.

PDE4B upregulates the activation of JNK/NLRP3 and the release of inflammatory cytokines
in primary human NP cells

To determine whether PDE4B plays a role in activating NLRP3 and p-JNK in NP cells, NP cells were transfected
with the vector control EGFP or EGFP-PDE4B plasmid, and the protein levels of PDE4B, NLRP3 and p-JNK
were measured. As expected, the PDE4B overexpression plasmid increased PDE4B, NLRP3 and p-JNK
expression (Fig. 3A&B) and increased the production of the inflammatory cytokines IL-1f3, TNF-a, IL-6 and IL-
18 (Fig. 3C). Taken together, these data suggested that overexpression of PDE4B enhanced the protein expression
of NLRP3 and p-JNK and cytokine levels in NP cells. Additionally, to evaluate the expression of PDE4B, NLRP3
and p-JNK in NP cells, NP cells were treated with LPS (10 ng/ml) plus nigericin (10 uM). The results suggested
that the expression of PDE4B and NLRP3 and the phosphorylation of JNK can be induced by LPS plus nigericin.
After the transfection of PDE4B-Si in NP cells, the expression of NLRP3 and p-JNK was suppressed compared
with that in the LPS plus nigericin group (Fig. 3D & E). ELISA analysis revealed significant decreases in the
extracellular IL-1p, TNF-a, IL-6 and IL-18 levels in NP cells after transfection with PDE4B-Si (Fig. 3F). These
data collectively suggested that PDE4B regulate NLRP3 expression, IL-1P production and JNK signaling.

PDE4B deleted mice are more resistant to the degeneration of intervertebral disc

To further validate the effect of PDE4B on NP tissue in vivo, we induced puncture-induced IDD or performed
sham surgery on wild-type (WT) mice or PDE4B KO mice (the WT sham group, KO sham group, WT IDD
group, and KO IDD group). After 6 weeks, MRI was performed to evaluate the degree of disc degeneration.
The results revealed that the degree of NP degeneration in the KO IDD group was significantly lower than that
in the control group, suggesting that PDE4B deletion could reduce the degeneration of nucleus pulposus cells
in intervertebral disc tissue (Fig. 4A). To further investigate the changes in IDD, mouse intervertebral discs
were histologically stained. All groups were subjected to safranin O-fast green staining and histological grading
(Fig. 4B). The AF arrangement in the WT puncture group was disrupted, the structure of the semi annular
concentric circle was disrupted, and the extent of nucleus pulposus fibrosis was more severe. The AF in the
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Fig. 2. The expression of inflammatory cytokines in the serum and nucleus pulposus tissue of IDD patients.
(A) Inflammatory cytokines such as IL-B, TNF-a, IL-6, and IL-18 in the peripheral blood serum of patients
with different degrees of lesions. (B) Inflammatory cytokines such as IL-p, TNF-a, IL-6, and IL-18 in the NP
tissue of patients with different degrees of lesions. Statistical differences between groups were analyzed by
one-way ANOVA. The data shown are the means + SEMs.The biological replicates are 3. * p <0.05, ** p<0.01,
**p<0.001.
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Fig. 3. PDE4B regulates the expression of JNK/NLRP3 and the release of inflammatory cytokines in primary
human NP cells. (A-C) Overexpression of PDE4B in primary NP cells can induce NLRP3 activation and JNK
phosphorylation. (A) Representative WB diagram. (B) Quantitative analysis of the WB results. (C) Changes
in the inflammatory cytokines ILP, TNF-a, IL-6, and IL-18 in the cell culture supernatant of primary NP cells
overexpressing PDE4B. (D-F) Transfection of PDE4B siRNA into primary NP cells can completely reverse the
activation of NLRP3 and JNK phosphorylation induced by lipopolysaccharide (LPS) combined with nigericin
(Nig) (a NLRP3 activator). (D) Representative WB; (E) Quantitative analysis of the WB data; (F) Changes in
the inflammatory cytokines IL-B, TNF-a, IL-6, and IL-18 in the cell culture supernatant of PDE4B siRNA-
transfected primary NP cells. Statistical differences between groups were analyzed by two-way ANOVA. The
data shown are the means+ SEMs. The biological replicates are 3. * p<0.05, ** p<0.01, ***p <0.001.

PDE4B KO puncture group was still neat, vacuolar cells appeared in the NP, and fibrosis also occurred, however,
the degree of degeneration was lesser in the PDE4B KO mice than that in the WT mice. These results also
indicated that PDE4B deficiency could relieve the degeneration of NP in intervertebral disc tissue.

To further investigate JNK activation in the IDD model, IHC staining of phosphorylated JNK in mouse
intervertebral discs was performed. Consistent with the MRI and histological data, the phosphorylation of JNK
was also more severe in the WT IDD mice than that in the PDE4B KO mice (Fig. 4C). These results demonstrated
that JNK was associated with PDE4B-mediated nucleus pulposus degeneration.

PDE#4 inhibitor effectively alleviates the degenerative phenotype in a puncture-induced IDD
rat model

To determine whether our findings have potential translational significance, we generated a rat tail puncture
model or performed sham surgery followed by intraperitoneal injection of roflumilast. These results suggested
that the PDE4 inhibitor could restore NP tissues. MRI showed that 4 weeks after puncture, the degree of
degeneration of the rat IVDs significantly increased, while treatment with roflumilast partially restored the
Pfirrmann grade induced by needle puncture (Fig. 5A&C). H&E and SO&FG staining revealed that needle
puncture led to a reduced number of NP cells, accompanied by disorganized AF lamellae and collapsed cartilage
endplates. Unsurprisingly, roflumilast treatment successfully ameliorated the histological damage induced
by needle puncture (Fig. 5B&D). Taken together, our results further demonstrated the role of the PDE4B in
regulating IVD homeostasis and confirmed the therapeutic effects of PDE4B inhibition on IDD in vivo.
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and WT mice stained with safranin and fast green and immunohistochemically detected phosphorylated JNK.
(C) Typical MRI schematic diagram, histological degeneration score and quantification of p-JNK positive cells
in NP tissues. Statistical differences between groups were analyzed by two-way ANOVA. The data shown are
the means + SEMs. The biological replicates are 3-5. * p<0.05, ** p<0.01, ***p <0.001.
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Discussion

In this study, we firstly explored the involvement of PDE4B in the development of IDD and identified PDE4B
as a target in the nucleus pulposus. The expression of PDE4B in the lung was reported to increase in pulmonary
diseases such as COPD, asthma, lung fibrosis, and acute lung injury”. Furthermore, in an animal model, PDE4B
knockout resulted in stronger anti-inflammatory phenotypes than did wild-type control PDE4B in acute lung
injury, indicating the potential beneficial effect of PDE4B in inflammatory disorders*!. However, no study has
comprehensively investigated the role of PDE4B in the development of IDD. Our study is the first to show that
the expression of PDE4B is correlated with IDD severity and that PDE4B inhibition can protect NP cells.

PDE4B is a main subtype of PDE4 expressed in immune cells and the central nervous system and plays an
important role in inflammation, the immune response, and tumor regulation'?. Studies on the pathological
mechanism of IDD have revealed many different cell death modes, such as apoptosis, autophagy, pyroptosis,
and ferroptosis, in the process of IDD. Pyroptosis is closely related to the inflammatory response. Many studies
have shown that the caspase-1-mediated pyrosis pathway plays a crucial role in IDD, and significant activation
of the NLRP3 inflammasome has been observed in NP tissues collected from patients with disc degeneration
compared to those collected from patients with idiopathic scoliosis®”. These studies suggested that pyroptosis
pathway mediated by the NLRP3 inflammasome is an important feature of nucleus pulposus degeneration.
In our studies, we further confirmed that PDE4B can regulate NLRP3 in NP degeneration. These results are
consistent with our previous work in alveolar macrophages showing that PDE4B can activate NLRP32!,

The stress response pathway involving the JNK signaling pathway is also closely related to the regulation
of pyroptosis. The JNK/NLRP3 signaling pathway has been reported to be involved in Listeria monocytogenes-
induced sepsis?? and the cognitive impairment induced by surgical stress?>. Many studies have suggested that
JNK activation is involved in the apoptosis of NP cells'”. However, whether the JNK/NLRP3 signaling pathway
is involved in the pathogenesis of IDD has still been poorly studied. Therefore, in this study, we firstly provided
evidence that JNK/NLRP3 mediates IDD progression. In the human degenerated nucleus pulposus, activated
JNK was highly consistent with NLRP3. Moreover, PDE4B induced JNK and NLRP3 activation, while the
deletion of PDE4B decreased JNK and NLRP3 activation.

In addition, our study demonstrated that overexpression of PDE4B can effectively promote pyroptosis in NP
cells. We also validated the therapeutic effect of a PDE4B inhibitor on IDD in a rat tail needle puncture model.
The above-mentioned in vitro and in vivo data all indicated that the inhibition of PDE4B could be a promising
therapeutic target for IDD. For a long time, members of the PDE4 family have attracted much attention in the
field of neurodegeneration®*. Few studies focused on IDD. Our study showed that PDE4B plays a key role in
IDD progression and that promoting the expression of PDE4B can significantly induce JNK/NLRP3 activation
in NP cells, ultimately accelerating the occurrence and progression of IDD. Since PDE4B is the known cAMP-
degrading enzyme and located primarily in immune cells, the crucial role of PDE4B in maintaining the nucleus
pulposus should be furtherly investigated. Inhibition of PDE4B can rescue against inflammatory disease in lung
and other organs, so therapeutically targeting PDE4B is of interest.

PDE4 is also crucial in the hormonal regulation of bone metabolism, chronic PDE4 inhibition may influence
bone remodeling processes. For example, rolipram doses of 0.1-0.6 mg/kg prevented ovariectomy-induced bone
loss, while 1 mg/kg restored lost bone in the tibia, femur, and lumbar vertebrae. The beneficial effects were
attributed to maintained elevated bone formation at the trabecular surface and increased formation at the cortical
periosteal surface. Rolipram also reduced bone turnover at the trabecular and endocortical surfaces. In addition,
rolipram treatment increased body and muscle weights compared to the vehicle-treated ovariectomy rats?>, and
enhanced the bone-inducing effects of BMP-2 in mesenchymal cells, increasing responsiveness to BMP-2, which
indicate a potential use for PDE4 inhibitors in promoting rhBMP-dependent bone repair®®. Cilomilast, a second-
generation PDE4 inhibitor, could enhance the osteoblastic differentiation of mesenchymal stem cells, equally
well as rolipram in primary cultured MSCs?. It suggested that a selective PDE4 inhibitor may be used for the
treatment of established osteoporosis. Autosomal Dominant Osteopetrosis type II (ADO2), which is missense
mutations in the chloride channel 7, leading to impaired osteoclastic bone resorption?®. Recent study suggested
that rolipram and roflumilast rescues cAMP levels and osteoclast dysfunction in ADO2, suggested the potential
of PDE4 inhibitor for ADO2?°. Another clinical trial to study the efficacy and safety of an oral phosphodiesterase
4 inhibitor, apremilast in ankylosing spondylitis, the results suggested that apremilast was associated with
numerically greater improvement from baseline for all clinical assessments compared with placebo, and serum
RANKL and RANKL: osteoprotegrin ratio and plasma sclerostin were statistically significant decreases *. So, all
those data suggested that PDE4 inhibition could be benefit for bone formation and repair.

This study has several limitations. First, due to the limitation of mouse volume, it was almost impossible to
obtain the nucleus pulposus from the vertebral bodies of the mice to perform protein and PCR analyses. Additional
studies using large animals, such as dogs’!, goats*2, monkeys*, and baboons** could provide further insights.
Second, in contrast to conditional knockout mice, pde4b global knockout mice cannot rule out the influence of
complex phenotypes, and may introduce systemic effects unrelated to NP-specific pathology. Third, we cannot
rule out that intraperitoneal injection of the PDE4 inhibitor roflumilast may affect the function of NP tissue by
altering the secretome or through other unknown mechanisms. Fourth, we didn’t evaluate the potential side
effects or off-target effects of PDE4 inhibition, particularly in the context of long-term systemic administration,
there are many known side effects of rofumilast, such as nausea, diarrhea are common side effects. So, further
studies are needed to explore the detailed mechanism of action of roflumilast in vivo. Moreover, PDE4B also
regulate other pathway, such as NF-«B, a classical NLRP3 activation pathway. In fact, we have checked it in lung
or macrophage, we found that PDE4B knockout can significantly decrease the phosphorylation of p65, so we
proposed that p65 also involve in the NLRP3 activation of NP cells. So, the molecular mechanism of PDE4B-
induced JNK/NLRP3 activation in NP cells is worthy of further investigation.
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In summary, our study reveals a novel target and molecular mechanism of disc degeneration. Our results

first demonstrated that PDE4B increases JNK/NLRP3 activation in NP cells, contributing to the subsequent
occurrence of IDD. Finally, we evaluated the effectiveness of pde4b deletion and PDE4 inhibition. Overall, our
study provides new insights into the occurrence and development of IDD and offers promising therapeutic
approaches for treating IDD.

Data availability
The data used and analyzed in the current study are available from the corresponding author upon reasonable
request.
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