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ARTICLE INFO ABSTRACT

Keywords: Background: The incidence of intervertebral disc degeneration (IVDD) is a common degenerative disease with
Interve.rtebral disc degeneration inflammation, decreased autophagy, and progression of fibrosis as its possible pathogenesis. Physalin A (PA) is a
Physalin A widely studied anti-inflammatory drug. However, its therapeutic effects on IVDD remain unexplored. Therefore,
Inflammation . . . . .

Autopha we aimed to explore the therapeutic potential of PA in IVDD progression.

Fibroiis &Y Materials and methods: In vivo, we investigated PA bioactivity using a puncture-induced IVDD rat model. IVDD

signals and height changes were detected using X-ray, micro-CT, and MRI, and structural and molecular lesions
using histological staining and immunohistochemistry of intervertebral disc sections. In vivo, interleukin-1 beta
(IL-1p) and TGF-p1 were employed to establish inflammation fibrotic nucleus pulposus (NP) cells. The PA effect
duration, concentration, influence pathways, and pathological changes in IVDD treatment were elucidated using
western blotting, real-time PCR, and immunofluorescence.

Results: PA exerted significant effects on IVDD remission due to anti-inflammation, fibrosis reduction, and
autophagy enhancement. In vitro, PA improved inflammation by blocking the NF-kB and MAPK pathways,
whereas it promoted autophagy via the PI3K/AKT/mTOR pathway and affected fibrotic progression by regulating
the SMAD2/3 pathway. Moreover, PA improved the disc degeneration process in IVDD model.

Conclusions: PA exhibited significant anti-inflammatory and anti-fibrotic effects and improved autophagy in vivo
and in vitro IVDD models, thus effectively relieving IVDD progression, indicating it is a promising agent for IVDD
treatment.

The translational potential of this article: This study successfully reveals that PA, a natural bioactive withanolide,
effectively relieved IVDD progression via inflammation inhibition, fibrosis reduction, and autophagy enhance-
ment, indicating it is a promising agent for IVDD treatment.

1. Introduction

The intervertebral disc (IVD) comprises the nucleus pulposus (NP),
annulus fibrosus, and endplate cartilage, which exert several physiolog-
ical functions, including absorbing shock, transmitting and buffering
load, and maintaining spinal movement. Intervertebral disc degeneration
(IVDD) is a gradual process that is mainly responsible for the develop-
ment of that is mainly responsible for IVD herniation and other spinal

diseases. IVDD is the most common cause of neck and lower back pain
[1]1, also accompanied by pain, numbness, and sensory and motor ab-
normalities in the upper or lower extremities [2]. IVDD affects approxi-
mately 60-80% of the global population, thereby causing a heavy social
and economic burden [3]. However, the specific pathogenic mechanisms
of IVDD have not been comprehensively elucidated yet.

Various factors such as the inflammatory environment [4,5], auto-
immunity [6,7], autophagy [8], fibrosis [9], and mechanical load [10]
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affect and mediate IVDD progression. Under the persistent influence of
pathological mechanisms, NP cell extracellular matrix (ECM) causes
degenerative phenotypic changes, including secretion of matrix metal-
loproteinases (MMPs) [11], various inflammatory mediators [12], and
degeneration of aggrecan (Acan) and type II collagen (Col2al) [13].
Modulating the associated pathogenesis to reverse the degenerative
phenotype contributes to IVDD alleviation [14]. Inflammation is a crucial
initiator that regulates IVDD pathophysiology, weakens anabolism, and
enhances catabolism in NP cells [15]. The pathogenesis of inflammation
in IVDD includes recruitment of inflammatory cells, secretion of in-
flammatory mediators and activation of inflammatory signaling path-
ways, which contribute to the NP cells degeneration [16,17]. Moreover,
inflammation is associated with attenuated autophagy and enhanced
fibrosis in process of degeneration [18,19]. According to previous
studies, a variety of inflammatory cytokines such as IL-1p and TNF-a,
stimulate the NP cells and lead to an impaired autophagy process [20].
Moreover, IL-1p as a key signal for leading to fibrogenesis, and related to
regulating TGF-p generation [21]. Responsive to the stimulation of
TGF-f1, NP cell fibrosis progression not only up-regulates fibrotic protein
[a-smooth muscle actin (a-SMA) and type I collagen (Collal)] expres-
sion, leading to NP sclerosis and loss of elasticity, but also further pro-
motes inflammation and accelerates IVDD deterioration [22]. Therefore,
to break this vicious cycle, anti-inflammatory [23] and anti-fibrosis
strategies [24] are pivotal during IVDD progression [23]. Thus,
exploring new drugs to treat IVDD is imperative.

Physalin A (PA) is a natural bioactive withanolide extracted from
Physalis alkekengi var. Franchetii that possesses several biological char-
acteristics, such as anti-inflammatory [25,26], anti-oxidant [27], and
anti-tumor [28,29] activities. In our previous study, PA had shown
excellent chondroprotective effect by inhibiting MAPK and NF-kB
signaling pathways, such as reducing inflammatory responses and
recovering ECM degeneration [26]. These signaling pathways are
thought to play crucial roles in IVDD onset and development. Further-
more, based on extensive researches, physalis-base drugs exert ideal
anti-fibrotic abilities in diseases of other systems [30]. Therefore, PA may
be an optimal and potential drug against the pathogenesis of disc
degeneration and may improve IVDD progression. However, the thera-
peutic potential of PA in IVDD remains unclear.

Therefore, we hypothesized that PA treatment may reduce inflam-
mation and fibrosis and promote autophagy to prevent IVDD progression.
In herein, a puncture-induced IVDD model was used to evaluate the anti-
degenerative effect of PA treatment on the disc. To elucidate the un-
derlying mechanisms, we explored the effects of PA on inflammatory and
fibrotic degeneration in an NP cell model via a series of in vitro experi-
ments. In this study, we sought to demonstrate the anti-inflammatory,
anti-fibrotic, and promote autophagy effects, which provide a theoret-
ical basis for the clinical application of PA.

2. Methods
2.1. Experimental materials and reagents

PA (HY-N9942), dimethyl sulfoxide (DMSO, HY-Y0320) and TGF
beta 1 (TGF-pl, HY-P70648) were purchased from MedChemExpress
(Monmouth Junction, NJ, USA). Recombinant rat interleukin-1 beta (IL-
1pB) protein was purchased from R&D Systems (Minneapolis, USA).

2.2. Animals

Male Sprague-Dawley rats (6-8 weeks old, 220 + 20 g) were obtained
from Vital River Laboratories (Beijing, China). The rats were fed and
tested under specific pathogen-free conditions. The in vivo experiments
were conducted following the guidelines of the International Guiding
Principles for Animal Research and approved by the Ethics Committee of
Huazhong University of Science and Technology.
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2.3. Cell harvest and culture

NP cells were harvested from the inner tissue of tail disc of Sprague-
Dawley rats. After cutting and disinfecting, tail epidermis and tendons
were separated and discs were exposed under sterile condition. NP tis-
sues were collected and digested by 0.25% trypsin (37 °C, 30 min) and
type II collagenase (37 °C, 3 h). The NP cells were cultured in DMEM/F12
medium (Hyclone, USA) supplemented with 10% fetal bovine serum
(Gibco, USA) and 1% penicillin/streptomycin (Gibco, USA) in an incu-
bator with 5% CO, at 37 °C.

2.4. Cell viability assay

To detect cell viability after treated with reagents (PA, IL-1p, and TGF-
B1), the NP cells were seeded into 96-well plates (5 x 108 cells per well),
three replicate wells were set up in each group. The NP cells were
administrated with different IL-1f concentrations (0, 1, 2.5, 5, 10, and 20
ng/ml) for 48 h or time durations (5 ng/ml for 0, 3, 6, 12, 24, and 48 h) or
5ng/mlIL-1p +/— 20 pM PA for 48 h or 10 ng/ml TGF-1 +/— 20 pM PA
for 48 h. Then Cell Counting Kit-8 (Vazyme Biotech, USA) was used to
detect cell viability, and absorbance (wavelength of 450 nm) was eval-
uated using a microplate reader (BioTek, USA).

2.5. Western blot analysis

NP cell proteins were extracted and homogenized using RIPA buffer
(Boster, China) containing 1% phosphatase and protease inhibitors
(Boster, China). The BCA Protein Assay Kit (Boster, China) was used to
determine the protein concentration. The protein samples (20 pg) were
separated using SDS-PAGE and electrotransferred to a 0.45-um PVDF
membrane (Millipore, USA). Membranes were blocked with 5% bovine
serum albumin (BSA; BioFroxx, Germany) for 1 h and incubated with the
primary antibodies listed in Table 1 overnight at 4 °C. The next day, the
membranes were immunoblotted with the corresponding secondary an-
tibodies (Boster, China) at room temperature for 1 h and visualized using
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific,
USA). The signal from the blots was detected and analyzed using the
ChemiDoc Xrs Imaging System (BIO-RAD, USA).

2.6. RT-qPCR analysis

Total NP cell RNA was extracted using TRIzol (Takara Bio Inc, Japan)
and reverse transcribed to cDNA using the PrimeScript 1st Strand cDNA
Synthesis Kit (Toyobo, Japan). The cDNA was amplified using SYBR
Premix Ex Tap (Toyobo, Japan), and specific primers (Table 2). Gene
expression levels were revealed from fluorescence signals detected by the
RT-PCR detection system (Bio-Rad Laboratories, USA). The mRNA
expression levels of target genes were normalized to GAPDH expression
levels and analyzed using the 2742 method.

2.7. Immunofluorescence (IF) analysis

NP cells were seeded into 24 well-plates (1 x 10* cells per well) and
received different treatments after cell adhesion. At the endpoint, the
cells were fixed with 4% paraformaldehyde (PFA; Servicebio, China) and
permeabilized with 0.1% Triton X-100 (BioFroxx, Germany). After
blocking with BSA for 1 h, the cells were incubated overnight at 4 °C with
the primary antibodies listed in Table 3. The following day, the cells were
incubated with the corresponding fluorescent secondary antibodies
(Boster, China) at room temperature in the dark for 1 h and stained with
DAPI (Boster, China) for 10 min. Immunofluorescence images were
captured using a microscope (EVOS fl auto, Thermo Fisher Scientific,
USA) and analyzed using ImageJ software (National Institutes of Health,
USA).
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Table 1
Primary antibodies for western bolt.

Primary Antibody Catalog Number Dilution Ratio Source
GAPDH 60004-1-Ig 1:50,000 Proteintech Group, Wuhan, Hubei, China
Acan 13880-1-AP 1:1000 Proteintech Group, Wuhan, Hubei, China
Col2al 28459-1-AP 1:1000 Proteintech Group, Wuhan, Hubei, China
MMP3 17873-1-AP 1:500 Proteintech Group, Wuhan, Hubei, China
MMP9 10375-2-AP 1:500 Proteintech Group, Wuhan, Hubei, China
MMP13 18165-1-AP 1:1000 Proteintech Group, Wuhan, Hubei, China
TGF-p1 21898-1-AP 1:1000 Proteintech Group, Wuhan, Hubei, China
1L-6 A14687 1:500 ABclonal, Wuhan, Hubei, China
COX-2 # 12,282 1:1000 Cell Signaling Technology, Beverly, MA, USA
Collal # 84,336 1:1000 Cell Signaling Technology, Beverly, MA, USA
IL-1p #12242 1:1000 Cell Signaling Technology, Beverly, MA, USA
iNOS #13120 1:1000 Cell Signaling Technology, Beverly, MA, USA
p-SMAD2/3 #8828 1:1000 Cell Signaling Technology, Beverly, MA, USA
SMAD2/3 #8685 1:1000 Cell Signaling Technology, Beverly, MA, USA
a-SMA #19245 1:1000 Cell Signaling Technology, Beverly, MA, USA
p-PI3K #4228 1:1000 Cell Signaling Technology, Beverly, MA, USA
PI3K #4229 1:1000 Cell Signaling Technology, Beverly, MA, USA
p-AKT 66444-1-Ig 1:2000 Proteintech Group, Wuhan, Hubei, China
AKT 60203-2-Ig 1:5000 Proteintech Group, Wuhan, Hubei, China
p-mTOR 67778-1-1g 1:2000 Proteintech Group, Wuhan, Hubei, China
mTOR 66888-1-Ig 1:5000 Proteintech Group, Wuhan, Hubei, China
Atg3 #3415 1:1000 Cell Signaling Technology, Beverly, MA, USA
Atg7 #8558 1:1000 Cell Signaling Technology, Beverly, MA, USA
P62 18420-1-AP 1:1000 Proteintech Group, Wuhan, Hubei, China
Beclin-1 #3495 1:1000 Cell Signaling Technology, Beverly, MA, USA
LC3 I/1T #12741 1:1000 Cell Signaling Technology, Beverly, MA, USA
p-P38 #4511 1:1000 Cell Signaling Technology, Beverly, MA, USA
P38 #8690 1:1000 Cell Signaling Technology, Beverly, MA, USA
p-ERK #4377 1:1000 Cell Signaling Technology, Beverly, MA, USA
ERK #4695 1:1000 Cell Signaling Technology, Beverly, MA, USA
p-JNK #4668 1:1000 Cell Signaling Technology, Beverly, MA, USA
JNK #9252 1:1000 Cell Signaling Technology, Beverly, MA, USA
p-IKKo/p #2697 1:1000 Cell Signaling Technology, Beverly, MA, USA
IKKa #61294 1:1000 Cell Signaling Technology, Beverly, MA, USA
IKKB #8943 1:1000 Cell Signaling Technology, Beverly, MA, USA
p-IxkBa #2859 1:1000 Cell Signaling Technology, Beverly, MA, USA
IkBa #4814 1:1000 Cell Signaling Technology, Beverly, MA, USA
p-P65 #3033 1:1000 Cell Signaling Technology, Beverly, MA, USA
P65 #8242 1:1000 Cell Signaling Technology, Beverly, MA, USA
Table 2 Table 3
Primer sequence used in the RT-qPCR experiment. Primary antibodies for IF cell staining.

Gene RNA sequence Primary Catalog Dilution Source

B B Antibody Number Ratio

Rat-Acan-F 5'-CTTCCCAACTATCCAGCCAT-3

Rat-Acan-R 5'-TCACACCGATAGATCCCAGA-3' Acan 13880-1-AP 1:100 Proteintech Group, Wuhan,

Rat-Collal-F 5-CGTGGAAACCTGATGTATGC-3' Hubei, China

Rat-Collal-R 5-GGTTGGGACAGTCCAAGTCT-3’ MMP13 18165-1-AP 1:50 Proteintech Group, Wuhan,

Rat-Col2al-F 5-CGAGGCAGACAGTACCTTG-3' Hubei, China

Rat-Col2al-R 5-TGCTCTCGATCTGGTTGTTC-3' Collal # 84,336 1:200 Cell Signaling Technology,

Rat-MMP3-F 5'-GCTCATCCTACCCATTGCAT-3' Beverly, MA, USA

Rat-MMP3-R 5-GCTTCCCTGTCATCTTCAGC-3' a-SMA #19245 1:200 Cell Signaling Technology,

Rat-MMP9-F 5-TCCTTGCAATGTGGATGTTT-3' Beverly, MA, USA

Rat-MMP9-R 5-CGTCCTTGAAGAAATGCAGA-3' p-P65 #3033 1:200 Cell Signaling Technology,

Rat-MMP13-F 5'-CAAGCAGCTCCAAAGGCTAC-3 Beverly, MA, USA

Rat-MMP13-R 5-TGGCTTTTGCCAGTGTAGGT-3'

Rat-COX-2-F 5'-CTCAGCCATGCAGCAAATCC-3'

Rat-COX-2-R 5'-GGGTGGGCTTCAGCAGTAAT-3' experiments. Hematoxylin-eosin (Servicebio, China) and safranin O/fast

Rat-IL-14-F 5'-CAGCTTTCGACAGTGAGGAGA-3' green staining (Servicebio, China) were performed according to the

Rat-IL-1p-R 5'-TTGTCGAGATGCTGCTGTGA-3' | . . . .

RAt-IL-6-F 5 TCTCCGCAAGAGACTTCCAG-3' manufacturer's protocols. The primary antibodies used in IHC assays are

Rat-IL-6-R 5'.AGCCTCCGACTTGTGAAGTG-3' listed in Table 4. All bright-field images were captured using a micro-

Rat-a-SMA-F 5'-GCTGGTGATGATGCTCCCAG-3' scope (EVOS fl auto, Thermo Fisher Scientific, USA) and analyzed using

Rat-a-SMA-R 5'-TCAGGGTCAGGATCCCTCTC-3' ImageJ software.

Rat-GAPDH-F 5-GGTGAAGGTCGGTGTGAACG-3'

Rat-GAPDH-R 5-CTCGCTCCTGGAAGATGGTG-3'

F: Forward; R: Reverse

2.8. Immunohistochemistry (IHC) and staining assay

Freshly dissected spinal tissues were fixed with 4% PFA, decal-
cificated, embedded in paraffin wax, and transferred to a slice for further
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2.9. Animal model generation and treatment

For in vivo experiments, thirty-six rat IVDD model establishment and
IVD local injection had been detailed according our previous study [31].
In this study, different intervention methods were used for consecutive
IVDs in rat coccygeal (Co; Co6/7 — C09/10) of the same individual to
reduce errors caused by individual differences. The NP tissues in Co6/7 —
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Table 4
Primary antibodies for IHC staining.
Primary Catalog Dilution Source
Antibody Number Ratio
Collal # 84,336 1:100 Cell Signaling Technology,
Beverly, MA, USA
Acan 13880-1-AP 1:200 Proteintech Group, Wuhan,
Hubei, China
MMP13 18165-1-AP 1:100 Proteintech Group, Wuhan,
Hubei, China
MMP9 10375-2-AP 1:100 Proteintech Group, Wuhan,
Hubei, China

C09/10 of each rats were divided into four groups as follows: (1) The
SHAM group received sham operation and injected with 2 pl vehicle in
the NP tissues of Co6/7. (2) The SHAM + PA group received sham
operation and injected with 2 pl 20 pM PA in the NP tissues of Co7/8. (3)
The IVDD group was punctured and injected 2 pl vehicle in the NP tissues
of Co8/9. (4) The IVDD + PA group was punctured and injected with 2 pl
20 pM PA in the NP tissues of C09/10. X-ray, micro-CT, MRI, and IHC of
the model IVD were performed at 2, 4, 6, and 8 weeks after surgery.

2.10. Magnetic resonance imaging (MRI)

MRI was performed using a UNITED IMAGING 3.0-TMR scanner
(Shanghai, China). During imaging, the rats were anesthetized with a 2%
isoflurane/oxygen mixture and placed in the prone position with the tail
straight. Twenty consecutive sagittal and coronal T2-weighted images
were obtained via scanning the surgical region of the rats with a double-
tuned-volume radiofrequency coil. Finally, the MRI images were
analyzed using the Pfirrmann score [32].

2.11. Micro-CT

After anesthesia and positioning as mentioned above, rat's disc micro-
CT scanning was performed using microcomputed tomography (Scanco
Medical, Switzerland). The CT scanning parameters were set as follows:
voltage = 100 kV, current = 98 pA, and voxel size = 10 pm. Three-
dimensional CT (CT-3D) images and X-ray images were obtained from
the evaluation system built-in the microcomputed tomography system.

2.12. Statistical analysis

One-way analysis of variance was performed to analyze data between
multiple experimental group comparisons, whereas the Kruskal-Wallis H
test was chosen to analyze ordinal variable comparisons, such as histo-
logical staining score and Pfirrmann score (data are presented as medians
with interquartile ranges). All statistical graph generation and analysis of
related-data were performed using GraphPad Prism 8 and presented as
mean =+ standard deviation (SD). Statistical significance was considered
as *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results
3.1. Cytotoxicity of PA, IL-1p, and TGF-1 on NP cell

We first performed cytotoxicity assays for the reagents used in the in
vitro experiments. After different concentrations (0-20 ng/ml) or
different durations (0-48 h) of IL-1p stimulation, NP cells showed no
apparent cytotoxicity (Fig. 1A and B). Similarly, PA (20 pM) and TGF-p1
(10 ng/ml) administered at experimental concentrations either alone or
in combination for 48 h showed no evident side effects on cell viability
(Fig. 1C and D).
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3.2. Effect of IL-15 on the ECM metabolism of NP cells

To mimic the inflammatory degeneration cell model, IL-1, a key pro-
inflammatory cytokine, is often used to induce inflammatory and
degenerative NP cells. Among different IL-1f concentration or duration
treatments (Fig. 1E-H), ECM metabolism phenotypes changed signifi-
cantly after treatment with 5 ng/ml IL-1f for 48 h. Under these inflam-
matory conditions, anabolic protein levels (Acan and Col2al) were
significantly down-regulated, whereas those of catabolic (MMP3 and
MMP13) and inflammatory marker (iNOS) were up-regulated, which
represents the inflammatory degeneration process of NP cells. Therefore,
5 ng/ml of IL-1p was applied to stimulate NP cells for 48 h in the sub-
sequent experiments.

3.3. PA improves inflammation and reverses degenerative phenotypes in
NP cells

To investigate the effect of PA on ECM metabolism and the inflam-
matory environment during IVDD progression, the differences in the
expression of major ECM synthesis and degrading genes and secreted
inflammatory factors were investigated via inflammatory factor (IL-1p)
and PA treatment. At the protein level, the expression of MMP3, MMP9,
and MMP13 and inflammatory factors, such as IL-1p, IL-6 and COX-2,
increased significantly after IL-1§ exposure, whereas Acan and Col2al
levels were downregulated. However, these degenerative and inflam-
matory phenotypes were reversed when the NP cells were treated with
20 pM PA (Fig. 2A and B). Similar trends were detected in mRNA
expression under the same intervention conditions (Fig. 2G). The IF
images showed decreased Acan expression and increased MMP13
expression after IL-1p stimulation, and PA treatment attenuated this ECM
degeneration (Fig. 2C-F). Therefore, PA has the potential to improve NP
cell degeneration and metabolic function and alleviate inflammation.
Moreover, TGF-f1 and Collal were associated with the process of NP
fibrosis, and their elevated expression level was also regulated by IL-1p
and inhibited by PA (Fig. 2A and B).

3.4. PA reduces inflammation by inhibiting the NF-xB and MAPK signaling
pathways

The NF-xB and MAPK signaling pathways play crucial roles in cellular
activities, including maintaining various physiological activities of cells
and transmitting signals. The activation of the MAPK and NF-kB signaling
pathways triggers an inflammatory response and promotes NP degener-
ation, whereas inhibition of these pathways contributes to alleviation of
IVDD progression [33]. In NP cells, the NF-xB (p-P65) and MAPK path-
ways (p-P38, p-JNK, p-ERK) were significantly activated 15 min after
IL-1p stimulation and gradually weakened (Fig. 3A and B). Thus, we
subsequently administered PA 15 min after IL-1f intervention to explore
the effect of PA on these inflammatory pathways. As shown in Fig. 3C and
D, p-IKKo/f was activated, leading to IkBa depolymerization and phos-
phorylation, as well as subsequent P65 phosphorylation, after IL-1p
treatment. Moreover, p-P65, which is an activated nuclear factor, was
preferentially distributed in the nucleus rather than the cytoplasm after
inflammatory irritation (Fig. 3E and F). This series of NF-kB-related in-
flammatory pathway activation processes can be inhibited by PA treat-
ment (Fig. 3C-F). The MAPK pathway showed similar inflammatory
factor-induced activation and PA blockade effects (Fig. 3G and H). These
results suggest that PA can reduce inflammation by blocking the NF-xB
and MAPK signaling pathways.

3.5. PA enhanced the autophagy process via blocking the PI3K/AKT/
mTOR signaling pathway

Autophagy is a host defense mechanism in mammalian cells that is
not only closely related to cell metabolism, proliferation, and apoptosis,
but also participates in the pathological process of various degenerative
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Figure 2. PA improves ECM degeneration and inflammation (A) The representative western blot of ECM components, inflammation and fibrosis markers, and (B)
their quantification after receiving 5 ng/ml IL-1f and 20 pM PA alone or in combination for 48 h. The IF images of (C) Acan and (D) MMP13, and their (E, F)
fluorescence intensity quantification (G) mRNA level of ECM degrading genes and inflammatory factors determined using RT-qPCR.

diseases [34,35]. However, proper activation of autophagy can prevent
apoptosis and aging and may play a protective role in degenerative dis-
eases [36]. The PI3K/AKT/mTOR signaling pathway regulates auto-
phagy, and its inhibition enhances enhanced autophagy [37]. The
PISK/AKT/mTOR signaling pathway was activated after short-term
stimulation with IL-1p in NP cells (Fig. 4A and B) and inhibited by PA
(Fig. 4C and D). Furthermore, as shown in Fig. 4E and F, PA rescued the
autophagy process that was impaired by inflammation which decreased
Atg3, Atg7, LC3 I/I1, Beclin-1, and increased P62. These results suggest
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that PA may enhance autophagy in degenerated NP cells by blocking the
PI3K/AKT/mTOR pathway.

3.6. PA inhibits TGF-f1-induced fibrosis in NP cells

TGF-f1 is an important factor that drives tissue fibrosis and can
directly activate SMAD signal transduction, thereby triggering the
overexpression of fibrotic proteins. As mentioned above (Fig. 2A and B),
NP cells increased TGF-p1 secretion and induced fibrosis under IL-1§
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Figure 4. PA enhances autophagy by inhibiting the PI3K/AKT/mTOR pathway (A) The representative western blot of PI3K/AKT/mTOR pathway proteins after
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alone or in combination for 48 h, the representative western blot of (C) PI3K/AKT/mTOR pathway proteins and (E) autophagy-related proteins, and (D, F) its

quantification, respectively.

prolonged stimulation (48 h; Fig. 5A-D). Subsequently, 10 ng/ml TGF-p1
was used to stimulate NP cells to establish a cellular model of fibrosis.
TGF-B1 not only activated SMAD2/3 phosphorylation, but also upregu-
lated fibrotic proteins (Collal and a-SMA) and promoted NP matrix
degeneration (Acan and Col2al) (Fig. 5E-H). Moreover, PA treatment
alleviated this fibrotic process and ECM degeneration. Similar trends
were also confirmed by the IF images; upregulated fibrotic protein levels
were inhibited by PA administration (Fig. 5I-L). The anti-fibrotic effect of
PA was verified via RT-qPCR (Fig. 5M). Additionally, inflammation ac-
celerates NP cell fibrosis, which, in turn, further induces the secretion of
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inflammatory cytokines (IL-1f and IL-6). Therefore, inflammation and
fibrosis interact during IVDD progression, and PA has the potential to
disrupt this vicious cycle.

3.7. PA alleviates disc degradation in rat IVDD model

To investigate the therapeutic efficacy of PA in vivo, a rat IVDD model
continuous disc was induced. At 2, 4, 6, and 8 weeks after the operation,
X-ray, micro-CT, and MRI were performed on the surgical area of the
caudal vertebra in the rat model. The IVDD disc images revealed
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Figure 5. PA inhibits NP cell fibrosis by inhibiting the SMAD2/3 pathway. The representative western blot of fibrosis marker after receiving (A) different
concentrations (0, 1, 2.5, 5, 10, and 20 ng/ml) or (C) different durations (0, 3, 6, 12, 24, and 48 h) of IL-1f stimulation, and (B, D) its quantification, respectively. After
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respectively (M) mRNA level of ECM components, inflammation, and fibrosis markers gene determined using RT-qPCR.

degenerative changes, intervertebral space stenosis, and altered struc-
tures of the coccygeal intervertebral discs after surgery, whereas the disc
treated with PA regressed to a noticeable improvement (Fig. 6). More-
over, H&E staining and Safranin O/Fast Green staining of the rat IVDD
model showed ECM reduction and fibrosis aggravation after acupuncture
compared to the discs concurrently receiving PA therapy (Fig. 7A-C).
Additionally, MMP9, MMP13, and Collal expressions were significantly
upregulated, and Acan synthesis was reduced in IVDD-disc, whereas
degenerative discs that received PA treatment suppressed this deterio-
ration trend (Fig. 7D and E). These in vivo results suggest that PA treat-
ment was beneficial in reducing inflammation and fibrosis, thus,
improving IVDD progression.

4. Discussion

IVDD progression can cause a series of chronic and progressive pain
and neurological symptoms, thus, reducing the patient's ability to
perform daily activities [38]. At present, although various traditional
therapies are being used in partial IVDD cases, patients still do not to
benefit from long-term treatment, as it is attributed to the risk of recur-
rent attacks, surgery, and drug side effects [39,40]. To treat IVDD
fundamentally, rather than to relieve symptoms, treatments focusing on
IVDD-related pathogenesis are the emerging trends in the field. Patho-
genic mechanisms, such as inflammation, autophagy, and fibrosis, may
act as potential therapeutic targets for IVDD [24,41]. As an effective

82



R. Luetal Journal of Orthopaedic Translation 39 (2023) 74-87
20 ,—|—|L| ';‘ - 2W g 6 *k * - 2W
Co6/7 B ns T ——
SHAM — ? ns :
T o —
 — =
SHAM+PA Co7/8 454 \ S 4
IVDD Coslg I o / Ny
10 = 2- / .
c 4
IVDD+PA Co 9/10 E =
5 T T T T E 0 T T T T
Q,V'é X v 400 X i Q‘§ x v \\\00 x o
TS v &8 &
& S 23 N

C

SHAM

SHAM+PA

IVDD

IVDD+PA

Co 6/7

Co 7/8

Co 8/9

Co 9/10

MRI (Cor)

SHAM

SHAM+PA

IVDD

IVDD+PA

CT-3D Cor CT-3D Cor

SHAM

SHAM+PA

IVDD

IVDD+PA

Co6/7

Co7/8

Co 8/9

Co 9/10

Co6/7

Co7/8

Co 8/9

Co 9/10

Cor CT-3D Cor

Figure 6. Imaging analysis of PA effects in rat IVDD model (A) The representative X-ray images of rat models, and (B) its DHI measurement (C) The representative
MRI images of rat models, and (D) its Pfirrmann score evaluation (E) The representative Mirco-CT images of rat models.

strategy to prevent and treat IVDD pathogenesis, this study is the first to
report that PA not only reduces inflammation and fibrosis, but also
promotes autophagy, thereby improving IVDD progression.

IVDD pathogenesis can be attributed to various mechanisms, such as
inflammation [42], apoptosis [43], autophagy [44,45], fibrosis [46,471,
and metabolic disorders [40,48,49]. The inflammatory landscape is
composed of the activation of multiple inflammatory pathways and the
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secretion of multiple inflammatory factors as the main facilitator to
accelerate IVDD progression [50]. Based on extensive research, NF-xB
and MAPK pathways are crucial inflammatory pathways involved in
progression of degeneration diseases, such as IVDD and osteoarthritis,
and its activation may lead to secretion of inflammatory cytokines and
dysfunction of ECM synthesis [51-53]. In this study, IL-1p was used to
stimulate NP cells to mimic inflammatory and degenerative disc
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environments in vitro. Although inflammatory stimulation enables the
rapid activation of inflammatory pathways (NF-kB and MAPK pathways)
and subsequent degeneration of NP cells [54,55], PA treatment can
improve these adverse effects and cell degeneration. Moreover, IL-1f is a
risk factor for cellular homeostasis disruption, leading to autophagy
disorders [56]. Our results showed that PA treatment could recover the
autophagy of NP cells, which interferes with IL-1f, by blocking the
PIBK/AKT/mTOR pathway. Thus, PA exerted a protective effect in
restoring IVD tissues against IL-1f irritation.

Fibrosis of NP tissues is one of the late pathological changes in IVDD
progression that may lead to increased hardness, elasticity loss, or nerve
compression [57]. TGF-f1 is closely associated with the fibrotic process
and mechanisms of various diseases [58-60]. Although TGF-p1 may
contribute to IVD development and growth, excessive TGF-f signaling
activation exacerbates IVDD through promoting fibrotic progression, cell
senescence, and apoptosis [61]. Our experimental results showed that NP
cells had significantly increased TGF-f§1 secretion after IL-1 stimulation,
consistent with the Wataru Morita result tendency in the torn tendon
study [62]. After TGF-p1 treatment, the SMAD2/3 pathway is activated
and phosphorylated, which upregulates the expression levels of down-
stream fibrotic proteins (a-SMA and Collal) and inflammatory media-
tors (IL-1p and IL-6), thereby leading to IVD fibrosis and worsening of
inflammation. Recent research reported that the overexpression of
TGF-B1 could aggravate the upregulation of detrimental factors, such as
IL-6, TNF-q, collagen I, and collagen III in NP cells, this also confirms our
research results [63]. Therefore, fibrosis and inflammation of the IVD
forms a vicious cycle that results in persistent IVDD aggravation. PA
treatment also effectively improved IVD fibrosis by inhibiting the
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SMAD2/3 pathway and can, therefore, be expected to break this vicious
cycle.

Furthermore, PA application to acupuncture discs can effectively
alleviate IVDD progression in rat models. Although PA has shown
excellent anti-inflammatory, anti-fibrotic, and autophagy-promoting ef-
fects in vivo and in vitro experiments, further clinical applications still has
some limitations to. First, the direct and noninvasive intervention in the
IVD is difficult, and drug delivery systems targeting the IVD remain un-
explored. Second, we only revealed the effect of PA on IVDD-related
classical signaling pathways in this study, whereas its effects on other
targets or diseases remain to be explored. Despite these limitations, our
research undeniably provides the possibility of a potential theoretical
basis for PA applications against [IVDD.

5. Conclusion

In summary, through a series of in vivo and in vitro experiments, we
found that PA treatment exhibited significant anti-inflammatory, anti-
fibrotic, and autophagic effects during IVDD progression. Further
investigation of these effects revealed that PA not only regulated the NF-
kB and MAPK pathways, leading to reduced inflammation, but also
improved autophagy by blocking the PI3K/AKT/mTOR pathway. Addi-
tionally, PA exerted anti-fibrotic effects by downregulating the SMAD2/3
pathway and its downstream proteins (Fig. 8). In animal experiments, PA
showed an anti-degenerative effect in a rat IVDD model with no addi-
tional side effects. These encouraging results suggest that PA may be an
effective and potential drug for clinical treatment of IVDD pathogenesis.
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