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Purpose: To explore the molecular mechanism by which andrographolide (ADR) inhibits static mechanical pressure-induced
apoptosis in nucleus pulposus cells (NPCs) and to assess the role of ADR in inhibiting IDD.

Methods: Hematoxylin-eosin (HE), toluidine blue, and immunofluorescence staining were used to identify NPCs. An NPC apoptosis
model was constructed using a homemade cell pressurization device. The proliferation activity, reactive oxygen species (ROS) content,
and apoptosis rate were detected using kits. The expression of related proteins was detected using Western blot. A rat tailbone IDD
model was constructed using a homemade tailbone stress device. HE staining and safranine O-fast green FCF cartilage staining were
used to observe the degeneration degree of the intervertebral disk.

Results: ADR inhibits static mechanical pressure-induced apoptosis and ROS accumulation in NPCs and improves cell viability. ADR
can promote the expression of Heme oxygenase-1 (HO-1), p-Nrf2, p-p38, p-Erk1/2, p-JNK, and other proteins, and its effects can be
blocked by inhibitors of the above proteins.

Conclusion: ADR can inhibit IDD by activating the MAPK/Nrf2/HO-1 signaling pathway and suppressing static mechanical
pressure-induced ROS accumulation in the NPCs.
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Introduction

Low back pain (LBP) is a major health and social problem and the leading cause of disability in most older adults.
Studies have shown that approximately 80% of adults will experience LPB at some point in their lives.! Although LBP
has little impact on mortality, it is associated with considerable medical and non-medical related costs to patients, their
families, and healthcare institutions.> As societies age globally, these costs are likely to continue to rise, imposing further
pressure on healthcare delivery, particularly in poor and developing countries.® The load-bearing structures that make up
the lumbar spine (eg, intervertebral disk [IVD], articular tuberosity, anterior and posterior longitudinal ligaments, spinous
process, interspinous ligaments, and paravertebral muscles) are susceptible to different mechanical stresses. Stress injury
to each of these structures, individually or in combination, can lead to LBP, and mechanical stress-induced IDD is
a major factor in LBP.* Previous studies have shown that although numerous factors contribute to IDD, such as
mechanical loading, genetic factors, nutritional deficiencies, occupational exposure, lack of exercise, alcohol and tobacco
consumption, and aging,” an increasing number of studies have reported the important effect of mechanical stress on
IDD.® Therefore, studying the molecular mechanism of IDD caused by mechanical stress and identifying corresponding
therapeutic targets is a current research hot spot for LBP; success in this area will provide a new theoretical basis and
therapeutic methods for the clinical treatment of LBP and has important practical significance.
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As a load-bearing and cushioning unit of the spine, the main function of the IVD is to maintain normal spine height
and physiological curvature, and disperse and evenly transfer mechanical stress.” Rotation, bending, weight bearing, and
stretching activities of the spine induce various deformations in the IVD, which causes the nucleus pulposus (NP) to be in
a constant state of high pressure and deformation. Even when the IVD is not under any pressure, the pressure inside the
IVD is not zero.® From birth, changes in mechanical stress affect the function and behavior of IVD cells, including their
differentiation, metabolism, proliferation, and survival.”

Under the influence of mechanical stress and other factors, notochordal cells gradually disappear from the IVD and
transform into nucleus pulposus cells (NPCs), which have the ability to produce and maintain the extracellular matrix
(ECM). Although certain mechanical stresses can promote NPC division and proliferation, excessive mechanical stress
can also inhibit NPC proliferation and even induce apoptosis.'® Eventually, this leads to fibrosis of the nucleus pulposus
tissue, which changes from a translucent gel to stronger cartilage tissue, coupled with loss of normal function.

The main role of NPCs is to generate and maintain ECM, and the progression of IDD is initiated and accelerated by
NPC depletion and ECM degradation.!' Although many factors contribute to NPC apoptosis, the effect of external undue
mechanical stress is the main factor.'”> Indeed, AS mechanical stress can increase reactive oxygen species (ROS)
production to induce NPC apoptosis, inhibition of ROS production may be an important target to inhibit mechanical
stress-induced IDD.

Andrographolide (ADR) is a diterpenoid containing a y-lactone ring that is isolated from the herb Andrographis
paniculata. Clinical studies have shown that ADR has antioxidant, anti-inflammatory, and anti-cancer bioactivities and
can be used to treat various diseases, including osteoarthritis,'® upper respiratory disease, epidermal chloasma,'
hyperlipidemia,15 hand, foot, and mouth disease,”’ and multiple sclerosis.!” However, researchers are most interested
in the powerful antioxidant activity of ADR. ADR acts directly by neutralizing free radicals and indirectly by protecting
mitochondrial integrity, inhibiting pro-oxidant enzymes, and/or activating antioxidant enzymes.

Whether ADR can inhibit IDD by suppressing mechanical pressure-induced ROS accumulation has not yet been
reported. In this study, we creatively link ADR with mechanical pressure degeneration of IVD, with the aim to explore
the role and molecular mechanism of ADR in static mechanical pressure-induced IDD, and provide a theoretical basis
and new targets for the prevention and treatment of IDD.

Materials and Methods

Ethics Statement

All the animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of
the National Institutes of Health. All animal experiments were approved by the Institutional Review Board (or Ethics
Committee) of Jining No.l People’s Hospital (JNRM-2022-DW-023).

Cell Culture

Four eight-week-old Sprague—Dawley (SD) rats were euthanized using the cervical dislocation method and the NP
tissues of the thoracic and lumbar spine were obtained aseptically. Trypsin 0.25% (Upsilon, Beijing, China) was added
and the supernatant was removed via centrifugation after digestion at 37°C for 20 min. Subsequently, 0.2% type II
collagenase (Solarbio, Beijing, China) was added and digested for 1 h at 37°C, and the supernatant was removed via
centrifugation. Subsequently, DMEM/F12 medium (Gibco, Grand Island, NY, USA) (containing 10% FBS, 1% peni-
cillin-streptomycin) was added to resuspend the cell pellet. The cell density was adjusted to 3—5 x 10°/mL and inoculated
into 25 cm? cell culture flasks, before placing in an incubator at 37°C and 5% CO?.

Cell Identification

Hematoxylin-eosin (HE) staining and toluidine blue staining were used to observe the cell morphology. For immuno-
fluorescence staining, cells were fixed with 4% paraformaldehyde for 20 min, infiltrated with 0.5% Triton X-100 solution
(Solarbio, China) for 30 min, and incubated with 5% goat serum (Solarbio, China) for 30 min at room temperature. Next,
collagen II and aggrecan (Affinity Biosciences, Nanjing, China) were added and incubated overnight at 4°C. Following
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incubation, a fluorescent secondary antibody (EARTHOX, San Francisco, CA, USA) was added and incubated for 60
min at 37°C protected from light, before adding DAPI staining solution (Beyotime, Nanjing, China) for 5 min at room
temperature protected from light. Finally, the cells were washed five times with phosphate buffered saline (PBS) solution,
an anti-fluorescence quenching sealer (Solarbio, China) was used to seal the slices, and the slices were observed and
photographed using an inverted fluorescence microscope (Olympus, Japan).

Cell Viability Assay

The cell viability was measured using a CCK-8 kit (Dojindo, Japan). After treatment, the cells were collected via
digestion, re-suspended, and adjusted to a cell density of 1.0 x 10°/mL; then, 100 pL cells were inoculated into 96-well
cell culture plates (6 wells per group). Subsequently, 10 pL of CCK-8 solution was added to each well and incubated in
an incubator for 1-4 h. After incubation, the absorbance was measured at 450 nm by an enzyme marker (Bio Tek
Instruments, USA).

Flow Cytometry Analysis

The Annexin V-FITC/PI Apoptosis Detection kit (Vazyme Biotech, Nanjing, China) was used to detect the rates of
apoptosis. Set three samples for each group. After treatment, the cells were digested and collected before adding to 1 x
binding buffer 100 pL and gently blown well to a single-cell suspension. For the control and experimental groups, 5 uL
Annexin V-FITC and 5 uL PI staining solution were added and gently blown; for the Annexin-V group, 5 uL. Annexin
V-FITC was added; and for the PI group, 5 puL PI staining solution was added and incubated for 10 min at room
temperature, protected from light. Finally, 400 pL of 1 X binding buffer was added, mixed gently, and assayed using flow
cytometry (Beckman, USA).

Apoptosis Model Construction

The apoptosis rate was detected after applying a pressure of 1.0 MPa to NPCs for 12 h, 24 h, and 48 h using a homemade
cell pressurization device (Figure 1). The NPCs were incubated in an air-free environment to exclude the effect of
increased CO, solubility on the pH of the medium due to increased air pressure.

Measurement of ROS

ROS were detected using a ROS assay kit (Beyotime, Nanjing, China). Briefly, 2’,7’-dichlorofluorescin diacetate
(DCFH-DA) was diluted with serum-free medium at 1:1000 to a final concentration of 10 uM. After digestion, the
cells were collected and suspended in diluted DCFH-DA and incubated at 37°C for 20 min. The cells were washed thrice

Figure | Homemade cell static pressurization device. The composition structure is showing the following: (D Air Filter, @ High pressure pump, ® Pressure Gauges, and ()
Pressure bin.
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with serum-free medium. Rosup was added to the positive control wells as a positive control. After adjusting the density
of cells to 1.0 x 10%/mL, they were inoculated into a 96-well fluorescent enzyme labeling plate (100 uL per well, 6 wells
per group). Various fluorescence intensities were detected using a fluorescent enzyme-linked immunosorbent assay
(ELISA) (BioTek Instruments, USA) (ELISA parameters: 488 nm excitation wavelength, 525 nm emission wavelength).

TUNEL Fluorescent Staining

One-step TUNEL Apoptosis Detection Kit (Beyotime, Nanjing, China) was used for TUNEL fluorescence staining.
Briefly, the cells were fixed in 4% paraformaldehyde for 30 min after treatment and 0.3% Triton X-100 PBS was added
and incubated at 25°C for 5 min. The cells were washed twice with PBS and the appropriate amount of TUNEL assay
solution was added and incubated for 60 min at 37°C protected from light. Following a further three washes with PBS,
the slices were observed using a fluorescence microscope (Olympus, Japan). The excitation wavelength of Cy3 was 550
nm and the emission wavelength was 570 nm.

Western Blot

Cells or tissues were added to RIPA lysate (Beyotime, Nanjing, China) and homogenized on a homogenizer
(Jingxin, China) adjusted to 60 Hz for 45s. Cells or tissues were centrifuged at 14,000 g for 5 min and the
supernatant was removed. A BCA Protein Quantification Kit (Vazyme Biotech, Nanjing, China) was used to detect
the protein sample concentration. After electrophoresis using SDS-PAGE gel and membrane transfer, protein-free
fast blocking solution (Epizyme, China) was used for blocking. Subsequently, the blocking solution was aspirated
and primary antibody was added and incubated overnight at 4°C. After washing three times, the secondary
antibody was added and incubated at room temperature for 1 h. The ECL developer (Vazyme Biotech, Nanjing,
China) was added and then developed using a fully automated chemiluminescent image analysis system (Tanon,
China). The grayscale values of each group of bands were analyzed using Imagel] software. The following
antibodies were used: aggrecan antibody, collagen II antibody, Nrf2 antibody, phosphorylated Nrf2 antibody,
beta actin antibody (all Affinity Biosciences, China); anti-heme oxygenase 1 antibody (Abcam, Cambridge, UK);
and the phospho-MAPK family antibody sampler kit and MAPK family antibody sampler kit (Cell Signaling
Technology, Danvers, MA, USA).

IDD Model

30 eight-week-old SD rats were used in animal experiment. The rats were randomly divided into four groups (n=6
for each group). As shown in Figure 2A-D, after fixation of SD rats, the middle of Co5 and Co7 vertebrae were
X-rayed and positioned as puncture points. Next, 75% alcohol was used to disinfect the caudal vertebrae of the
rats, and 5% lidocaine injection was used for local anesthesia. After one disc was snapped into the root of the
caudal vertebra, an 0.8-mm kerf needle was used to punch perpendicular to the puncture point of the Co5
vertebra, and an 0.8-mm kerf needle was used to punch perpendicular to the puncture point of the Co7 vertebra
and snapped into one disc. Three nuts were threaded into the disc from the proximal end to the distal end, and
three springs were installed at the end of the nut followed by a disc. A metal spacer was installed at the end of
each nut and screwed onto the nut. The disks were rotated appropriately so that the kerf pins fell into the slots in
the disks. The kerf pins were cut off beyond the disk and the nut was rotated to compress the spring to the
appropriate length (x) according to the spring’s elasticity coefficient (k = 4000 N/m), the diameter of the rat’s
tailbone (d = 5 mm), and the pressure to which the IVD was subjected (P = 1.0 MPa). The spring compression
length was calculated using the following formula: x = Pm/k where P is the pressure, m is the transverse area of
the vertebral body, and k is the spring elasticity coefficient. For 3 days after surgery, SD rats were given daily
intramuscular injections of penicillin to prevent infection and were disinfected caudally with iodophor. If the rats
showed signs of infection, they were removed from the experiment. The spring length was checked daily and
adjusted promptly in the event of any change.
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Figure 2 Self-made rat tailbone compression device. (A) Components of the compression device: |, screw; 2, spacer; 3, kerf needle; 4, spring; 5, screw; and 6, aluminum
alloy disc. (B) Assembly diagram of the compression device. (C) X-ray positioning. (D) Complete installation of the compression device.

Safranine O-Fast Green FCF Cartilage Stain

For staining with the Modified Safranine O-Fast Green FCF Cartilage Stain Kit (Solarbio, China), the IVD paraffin sections
were first dewaxed in xylene for 5-10 min, before replacing with fresh xylene and dewaxing again for 5-10 min, anhydrous
ethanol for 5 min, 90% ethanol for 2 min, 80% ethanol for 2 min, 70% ethanol for 2 min, and distilled water for 2 min.
Finally, the sections were placed in freshly prepared Weigert staining solution for 3—5 min before washing with water. The
sections were quickly washed with a weak acid solution for 10—15 s to remove the residual solid green and then dried. The
sections were then immersed in red staining solution for 5 min, before dehydrating in 95% ethanol for 2-3 s, anhydrous
ethanol for 2-3 s, and anhydrous ethanol for 1 min. Xylene was used to make the slices transparent, and neutral gum was
used to seal the film after.

Medicines Involved

Andrographolide, N-acetylcysteine (ROS inhibitor), Zinc protoporphyrin (ZnPP) (Competitive HO-1 inhibitor), tert-
butylhydroquinone (TBHQ) (A widely used Nrf2 activator), retinoic acid (RA) (Inhibition of transcription factor Nrf2 by
activation of retinoic acid receptor), ASTX029 (An effective dual ERK1/2 inhibitor), SP600125 (ATP-competitive JNK
inhibitor), and TAK-715 (An effective inhibitor of p38 MAPK) were purchased from MedChemExpress (Monmouth
Junction, NJ, USA). Details of the medicines are in the Supplementary Material.

Statistical Analysis

All experimental results were analyzed using SPSS 27.0 statistical software for data analysis, and GraphPad Prism
6 software was applied for statistical plotting. A Shapiro—Wilk test combined with a normal Q-Q plot was used to
test the distribution of the data. For quantitative data, a one-way analysis of variance (ANOVA) was used,
followed by a post-hoc test using either the Bonferroni test or the Tamheiny test. When the sample size is less
than 5, the Permutation tests in the non-parametric test were used. The measurement data are expressed as the
mean + standard deviation. Differences were considered statistically significant at P < 0.05.
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Results
NPC Phenotype

Under microscopy, NPCs were short rod-shaped, triangular, polygonal, short pike shaped, and connected into sheets. The
nucleus was blue and the cytoplasm was pink after HE staining. After toluidine blue staining, the acidic aggrecan in the
cytoplasm was colored blue, with darker coloration observed closer to the nucleus. In immunofluorescence staining,
collagen II and aggrecan showed red and green fluorescence, respectively, with stronger fluorescence intensity observed
closer to the nucleus, while the nucleus showed blue fluorescence (Figure 3).

NPC Apoptosis Model

To exclude the effect of increased CO, solubility on the pH of the medium due to increased air pressure, no significant
changes in cell viability were observed after NPCs were incubated in an air-free environment for 24 h and 48 h (P > 0.05)
(Figure 4A, Table S1). The apoptosis rates were detected after applying a pressure of 1.0 MPa to NPCs for 12 h, 24 h, and 48
h using a homemade cell pressurization device. When the pressurization time was < 24 h, there was no significant increase
in the apoptosis rate (P > 0.05). When the pressurization time was > 24 h, the apoptosis rate increased significantly (P <
0.05), and increased continuously with the increase in pressurization time (Figure 4B and C, Figure S1, Table S2).

A pressure treatment of 1.0 MPa for 24 h was selected as the condition for constructing the NPC apoptosis model.

A BRI Qe o= k- LA

Collagen II J}

Aggrecan J§l

Figure 3 NPC phenotype. (A) Morphological observation of NPCs. (B) NPCs stained with H&E; the nuclei are blue and the cytoplasm is pink. (C) After toluidine blue
staining, the acidic aggrecan in the cytoplasm was visualized by blue staining, with the darker color observed closer to the nucleus. (D-1) Immunofluorescence staining:
collagen Il and aggrecan showed red and green fluorescence, respectively, with stronger fluorescence intensity observed closer to the nucleus; the nucleus showed blue
fluorescence. Scale bars: 50 um in (A—C), 100 um in (D-I).

Abbreviation: NPC, nucleus pulposus cell.
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Figure 4 NPC apoptosis model. (A) To exclude the effect of increased CO, solubility on the pH of the medium due to increased air pressure, NPCs were incubated in an
air-free environment for 0 h, 24 h, and 48 h, and cell viability was detected using a CCK-8 kit. The results are expressed as the mean # standard deviation, n=5 for each
group. The data showed no significant change in cell proliferation viability in the 24 h and 48 h groups compared to the CTR group (P > 0.05). (B and C) Flow cytometric
detection of the NPC apoptosis rate; NPCs were placed in a pressure chamber and cultured in a pressure environment of 1.0 MPa for 0 h, 12 h, 24 h, and 48 h, before
detecting the apoptosis rate using an Annexin V-FITC/Pl Apoptosis Detection Kit. The results are expressed as the mean * standard deviation, n=5 for each group. The
apoptosis increased significantly when the pressurization time was 2 to 24 h (P < 0.05, compared to the CTR group), and increased continuously with the increase in
pressurization time. *P < 0.05.

Abbreviations: NPC, nucleus pulposus cell; CTR, control; NS, non-significant.

ADR Protects NPCs from the Damage Caused by Static Mechanical Pressure

The CCK-8 kit was used to detect the effect of ADR on the viability of NPCs induced by static mechanical pressure.
Considering that cell viability was not affected when the ADR concentration was < 15 pM, 10 uM was used as the
optimal concentration to detect the protective effect of ADR (Figure 5A, Table S3). Cell viability decreased to 74.14% (P
< 0.01) following the culture of NPCs in a 1.0 MPa environment for 24 h. When pretreated with ADR or
N-acetylcysteine (NAC) for 8 h, the cell viability decreased to 84.09% and 87.24% respectively. Cell viability was
significantly increased in the ADR and NAC groups compared to the PRE group (P < 0.01) (Figure 5B, Table S4). The
ROS content and apoptosis rate were significantly increased in the PRE group (P < 0.01). Although cell viability was still
significantly increased after pretreatment with ADR or NAC for 8 h compared to the CTR group (P < 0.01), it was
significantly decreased in the ADR and NAC groups compared to the PRE group (P < 0.01) (Figure 5C-E, Figure S2,
Table S5 and S6). Similar results were observed during TUNEL fluorescence staining (Figure SF).

ADR Induced the Expression of Heme Oxygenase-1 (HO-1) in NPCs to Resist Static

Mechanical Pressure-Induced Damage

ADR induced the expression of HO-1 and p-Nrf2 time-dependent (P < 0.05) and had no significant effect on the
expression of total Nrf2 (P > 0.05). (Figure 6A-D, Table S7). Although static mechanical pressure could promote the
expression of HO-1, the difference was not statistically significant (P > 0.05), and the promotion of HO-1 expression by
ADR could be reversed using ZnPP (Figure 6E and F, Table S8). Static mechanical pressure can lead to the accumulation
of ROS in NPCs, and when NPCs were pretreated with ADR to promote HO-1 expression, the accumulation of ROS was
significantly inhibited; this protective effect could be reversed by the HO-1 inhibitor (Figure 6G, Table S9).

ADR Upregulates HO-1 Expression via the MAPK/Nrf2 Signaling Pathway

NPCs were treated with tert-butylhydroquinone (TBHQ) (Nrf2 agonist) or retinoic acid (RA) (Nrf2 inhibitor) for 6
h followed by ADR for 8 h. The results of Western blot assay showed that both ADR and TBHQ promoted the expression
of p-Nrf2 and HO-1 (P < 0.05). Treatment with RA reversed the effect of ADR and significantly inhibited the expression
of p-Nrf2 and HO-1 (P < 0.05) (Figure 7A-D, Table S10). According to the experimental grouping, NPCs were treated
with ASTX029 (Erk1/2 inhibitor), SP600125 (JNK inhibitor), and TAK-715 (p38 inhibitor) for 6 h followed by ADR for
8 h. Western blot assay showed that although ADR could promote the expression of p-p38, p-Erk1/2, p-JNK, p-Nrf2, and
HO-1 (P < 0.05), the expression of p-Nrf2 and HO-1 was significantly increased after activation of the p38 signaling
pathway alone compared to that following the activation of the Erk1/2 or JNK signaling pathway alone (P < 0.05).
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Figure 5 ADR protects NPC from static mechanical pressure-induced damage. (A) Effect of ADR on NPC viability. NPCs were cultured in medium with ADR concentrations
ranging from 0 pM to 30 pM for 24 h, and cell viability was measured using the CCK-8 kit; the results are expressed as the mean * standard deviation, n=6 for each group.
A significant decrease in cell viability was observed at ADR concentrations > |0 pM (P < 0.05). NPCs were pretreated with or without ADR or NAC for 8 h and then incubated
ina 1.0 MPa environment for 24 h. (B) Cell viability was assayed using the CCK-8 kit. The results are expressed as the mean * standard deviation, n=6 for each group. The cell
viability was significantly inhibited by static mechanical pressure (P < 0.01), but significantly improved after pretreatment with ADR or NAC (P < 0.01). (C) ROS content was
measured using ROS assay kit. The results are expressed as the mean * standard deviation, n=6 for each group. The ROS content was significantly increased by static mechanical
pressure (P < 0.01), but significantly decreased after pretreatment with ADR or NAC (P < 0.01). (D and E) Detection of apoptosis using the Annexin V-FITC/PI Apoptosis
Detection Kit. The results are expressed as the mean * standard deviation, n=3 for each group.The apoptosis rate was significantly increased by static mechanical pressure (P <
0.01), but significantly decreased after pretreatment with ADR or NAC (P < 0.05). (F) Apoptosis was detected again using TUNEL fluorescent staining. Sporadic nuclear fixation
was observed in the control group, which showed red fluorescent highlights along with TUNEL assay solution. The number of red fluorescent bright spots increased significantly
increased in the pressure group, but significantly decreased after pretreatment with ADR or NAC. *P < 0.05, **P < 0.01.

Abbreviations: ADR, andrographolide; NPC, nucleus pulposus cell; ROS, reactive oxygen species; NAC, N-acetylcysteine.

Moreover, ADR could still upregulate the expression of p-Nrf2 and HO-1 (P < 0.05) when p38, Erkl1/2, and JNK
signaling pathways were simultaneously inhibited (Figure 7E-J, Table S11).

ADR Effectively Inhibits Static Mechanical Pressure-Induced IDD

HE and safranine O-fast green FCF cartilage stain showed good morphology of the IVD in the CTR and SOL groups,
with a normal intervertebral space height, a neat arrangement of the annulus fibrosus in an annular hierarchy, and no
signs of fibrous ring fracture or disorder. The central part of the NP was oval in shape, full in volume, rich in ECM, and
its internal collagen II and aggrecan were filled in lattice-like intracellular compartments. NPCs were abundant in the
intracellular compartments. The thickness of the upper and lower cartilage endplate was high, and transparent chambers
of varying sizes were visible within, which were filled with abundant collagen and cartilage endplate cells. The IVD
height was significantly lower in the PRE and EXP groups compared to that in the CTR and SOL groups, and the
cartilage endplate was significantly thinner. The size of the hyaline compartment within the cartilage endplate was
significantly reduced and the collagen content was significantly decreased, with inflammatory cell infiltration observed
inside. In the PRE group, the fibrous rings were disorganized, with fissures and fractures inside the rings. Furthermore,
the NP was heavily resorbed, leaving only a small portion of the volume, with no internal cellular structure, a transparent
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Figure 6 ADR induced the expression of HO-1 in NPC to resist static mechanical pressure-induced damage. (A—-D) Western blot was used to detect the effect of ADR on
the expression of HO-1 and Nrf2. Total proteins were extracted from NPCs after various culture periods (0 h, 2 h, 4 h, and 8 h) using an ADR concentration of 10 uM and
B-Actin as a reference. ADR induced the expression of HO-I and p-Nrf2 in a time-dependent manner (P < 0.05) and had no significant effect on the expression of total Nrf2
(P > 0.05). Values measured are presented as the mean * standard deviation, n=3 for each group. (E-G) To clarify whether the cytoprotective effect of ADR was achieved by
inducing the expression of HO-1, we used ADR or ZnPP to treat NPC for 8 h, followed by the application, or not, of 1.0 MPa static pressure for 24 h. The ROS content was
significantly increased in the PRE group compared to the CTR group (P < 0.05). Data are expressed as the mean * standard deviation, n=6 for each group. ADR promoted
HO-1 expression and inhibited ROS accumulation in the ADR + PRE group compared to the PRE group (P < 0.05). The upregulation of HO-I expression by ADR was
reversed by ZnPP in the ADR + ZnPP + PRE group compared to the ADR + PRE group (P < 0.05), resulting in a significant increase in ROS (P < 0.05). Values measured are
presented as the mean * standard deviation, n=3 for each group. *P < 0.05, **P < 0.01.

Abbreviations: ADR, andrographolide; NPC, nucleus pulposus cell; ROS, reactive oxygen species; ZnPP, Zinc protoporphyrin (HO-I inhibitor); CTR, control; PRE,
pressure; HO-1, heme oxygenase-1; Nrf2, NF-E2-related factor 2; NS, non-significant.

appearance, and no ECM coloring, such as collagen II and aggrecan. In the EXP group, although the fibrous rings were
also disorganized, fissured, and broken, the volume of myeloid tissue was significantly larger than that of the pressure
group, suggesting that the degeneration of myeloid tissue in the EXP group was less than that in the PRE group
(Figure 8A—H). The results of Western blot showed that static mechanical pressure could significantly inhibit the
expression of collagen II and aggrecan, and when treated with ADR, it could significantly promote the expression of
HO-1, p-Nrf2, collagen II, and aggrecan (Figure 8I-N, Table S12).

Discussion

In this study, we explored the molecular mechanisms by which ADR inhibits static mechanical stress-induced IDD. Our
results suggest that ADR inhibits the accumulation of ROS through the MAPK/Nrf2/HO-1 signaling pathway and
upregulates the expression of the antioxidant enzyme HO-1 to suppress IDD.

ROS are by-products of eukaryotic mitochondrial energy metabolism and can be broken down by intracellular
reducing agents or antioxidant enzymes (eg, superoxide dismutase, catalase, glutathione peroxidase, and thioredoxin
reductase) to maintain low levels in the body. Studies have shown that excess ROS can damage DNA and organelle
membranes, and cause protein misfolding, leading to various diseases.'® Our results showed that treatment of NPCs with
a static mechanical pressure of 1.0 MPa for 24 h not only significantly inhibited the viability of NPCs (Figure 3B), but
also significantly increased apoptosis and ROS accumulation (Figure 3C—F). Therefore, we speculate that static
mechanical pressure may affect NPC energy metabolism, leading to ROS accumulation, which in turn leads to increased
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Figure 7 ADR upregulates HO-1 expression via the MAPK/Nrf2 signaling pathway. (A-D) To clarify whether ADR upregulated HO-| expression by activating Nrf2, we
treated NPCs with TBHQ (Nrf2 agonist) or RA (Nrf2 inhibitor) for 6 h followed by ADR for 8 h. Total proteins were extracted for Western blot assay, and 3-Actin was used
as an internal reference. The results showed that ADR and TBHQ had similar effects, both promoting the expression of p-Nrf2 and HO-| (P < 0.05). RA treatment reversed
the effect of ADR and significantly inhibited the expression of p-Nrf2 and HO-1. (E-J) To clarify whether MAPK (p38, Erkl/2, and JNK) are upstream signaling pathways of
Nrf2, NPCs were treated with ASTX029, SP600125, or TAK-715, followed by ADR for 6 h. Western blot showed that ADR could activate the p38, Erk|/2, and JNK signaling
pathways and upregulate the expression of p-Nrf2 and HO-I (P < 0.05). Following simultaneous inhibition of the p38, Erkl/2, and JNK signaling pathways, ADR still
upregulated the expression of p-Nrf2 and HO-1 (P < 0.05). Values measured are presented as the mean % standard deviation, n=3 for each group. *P < 0.05.
Abbreviations: ADR, andrographolide; TBHQ, Nrf2 agonist; RA, Nrf2 inhibitor; ASTX029, Erk1/2 inhibitor; SP600125, JNK inhibitor; TAK-715, p38 inhibitor; HO-1, heme
oxygenase- |; Nrf2, NF-E2-related factor 2; MAPK, mitogen-activated protein kinase; NS, non-significant differences.

apoptosis and decreased viability of NPCs. The reason for this may be related to the activation of mechanically gated
Piezol ion channels by static mechanical pressure.'” Indeed, it has been shown that mechanical pressure can induce
a change in the conformation of mechanically gated Piezol ion channels from a closed to an open state. The large inward
flow of extracellular calcium ions decreases the potential difference between the inner and outer mitochondrial
membranes in the cell and causes damage to the mitochondrial membrane. Mitochondrial energy metabolism is disturbed
and excessive ROSs are produced, exceeding the working capacity of the intracellular redox system, which eventually
leads to DNA damage, organelle membrane destruction, and impaired protein synthesis, causing apoptosis or cell death.?
Cao et al also showed that stress can induce senescence and apoptosis in human NPCs by activating Piezol channels to
increase intracellular calcium levels, leading to increased ROS and activation of mitochondrial and endoplasmic
reticulum apoptotic pathways. Inhibition of Piezol activity attenuates oxidative stress induced by increased stress and
inhibits NPC senescence and apoptosis.”’ Given the above findings, the most fundamental measure to inhibit IDD is to
remove the effects of external mechanical stress on the disc. However, activities such as rotation, bending, weight
bearing, and stretching of the spine cause various deformations to occur in the IVD, which causes the NP to be in
a constant state of high pressure and deformation. Even when the IVD is not under any pressure, the pressure within the
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Figure 8 ADR effectively inhibits static mechanical pressure-induced IDD. H&E staining of sagittal sections of the IVD showed that the disks in the CTR group (A) and SOL group (B)
had good morphology, with a normal intervertebral space height. Additionally, the fibrous rings were pinkish in color and neatly arranged in an annular stratification without fibrous ring
fracture or disorder. The central part of the nucleus pulposus was blue-purple and oval in shape, full in volume, and rich in extracellular matrix, and its internal type Il collagen and
aggregated proteoglycans were filled in lattice-like intracellular chambers. The nucleus was stained blue and the cell pulp was stained pink. The thickness of the upper and lower cartilage
endplate was higher, and transparent chambers of different sizes were visible within the cartilage endplate and filled with abundant collagen and cartilage endplate cells. The disc height
was significantly lower in the PRE group (C) and the EXP group (D) compared to the control and solvent groups, and the cartilage endplate was significantly thinner. The volume of the
hyaline compartment within the cartilage endplate was significantly reduced, and the collagen content was significantly decreased, with inflammatory cell infiltration observed within it.
In the PRE group, the fibrous rings were disorganized, with fissures and fractures inside the rings, and the nucleus pulposus was heavily resorbed, leaving only a small portion of the
volume, with no internal cellular structure and a transparent appearance. In the EXP group, the volume of the nucleus pulposus tissue was significantly larger than that in the pressure
group, although the fibrous rings were also disorganized, fissured, and fractured. The sagittal sections of intervertebral discs stained with safranine O-fast green FCF cartilage (E-H), (E)
CTR group, (F) SOL group, (G) PRE group, (H) EXP group) showed similar results to those of H&E staining. (I-N) The expression of HO- 1 and p-Nrf2 was significantly increased (P <
0.05) and the expression of collagen Il and aggrecan was significantly decreased (P < 0.05) in the PRE and EXP groups compared to those in the CTR and SOL groups. HO-1, p-Nrf2,
collagen II, and aggrecan expression were significantly increased in the EXP group compared to the PRE group (P < 0.05). Values measured are presented as the mean * standard
deviation, n=3 for each group. *P < 0.05.

Abbreviations: ADR, andrographolide; IDD, intervertebral disc degeneration; IVD, intervertebral disc; CTR, control; PRE, pressure; SOL, solvent; EXP, experimental; HO-
I, heme oxygenase-|; Nrf2, NF-E2-related factor 2.

IVD is not zero;® therefore, one can only re-treat to inhibit Piezol activation.”! To date, the only identified inhibitor or
antagonist of Piezol is Dookul, which functions as a selective, endogenous Piezol channel antagonist; however, there
are currently no studies or evidence of its application in the clinic.?* Therefore, the feasible solution is to suppress IDD
by reducing the accumulation of ROS due to static mechanical pressure.
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ADR has powerful antioxidant activity, which is mediated by directly neutralizing free radicals or indirectly, by
protecting mitochondrial integrity, inhibiting pro-oxidant enzymes, and/or activating antioxidant enzymes.> Our results
showed that when NPCs were pretreated with ADR or NAC, the ROS content and rates of apoptosis were significantly
reduced, and the cell viability was improved (Figure 3B—F). These results suggest that the use of ADR to inhibit ROS
accumulation in NPC is an effective method to suppress static mechanical stress leading to IDD.

HO-1 is the rate-limiting enzyme for heme degradation and can be induced to be expressed by various stimuli, such as
oxidative stress, heat shock, UV irradiation, ischemia-reperfusion, heavy metals, bacterial lipopolysaccharides, cytokines,
NO, and hemoglobin.>* HO-1 has antioxidant, anti-inflammatory, and anti-apoptotic activities, as well as the ability to
modulate signal transduction, perform immune regulation, and inhibit of adhesion molecule expression. The powerful
adaptive response of HO-11 to various stimulators reveals that it may play an important role in preventing inflammatory
processes and oxidative tissue damage.>> %’ Indeed, the results of our previous study showed that the upregulation of
HO-1 expression using CDDO-EA activation of the Nrf2/HO-1 signaling pathway significantly inhibited oxidative stress
injury in NPCs caused by high glucose concentrations.”® In this study, we found that ADR could upregulate HO-1
expression in a time-dependent manner (Figure 4A-D). To clarify whether ADR exerts antioxidant effects through
upregulation of HO-1, we treated NPCs with ADR and/or ZnPP followed by imposing a static mechanical pressure of 1.0
MPa. The results showed that static mechanical stress induced ROS accumulation in NPCs, while pretreatment with
ADR significantly up-regulated HO-1 expression and inhibited ROS accumulation. When NPCs were pretreated with
both ADR and ZnPP, not only the upregulation of HO-1 expression by ADR was reversed, but also the intracellular ROS
accumulation was significantly increased. These findings suggest that ADR can inhibit ROS accumulation by regulating
HO-1 expression in addition to directly neutralizing free radicals.

External stimuli and endogenous free radicals can both damage cellular components; to counteract these negative
effects, the body develops a complex oxidative stress response system to mitigate cell damage.”’ NF-E2-related factor 2
(Nrf2), a key transcription factor that regulates resistance to oxidative stress, plays an important role in the antioxidant
response of the body; therefore, Keapl-Nrf2 has become an important therapeutic target in cancer, neurodegenerative
disease, autoimmune diseases, and inflammation.>°

NRF2 belongs to the Cap’n’collar (CNC) transcription factor family, consisting of multiple Neh domains (Nehl,
Neh2, Neh3, Neh4, NehS, and Neh6), where the Neh2 structural domain mediates the interaction with Keapl through
DLG and ETGE motifs.*' Keapl is a Cullin3 (Cul3)-dependent substrate-bridging protein of the E3 ubiquitin ligase
complex that assembles with Cul3 and Rbx1 to form a functional E3 ubiquitin ligase complex (Keap1-Cul3-E3), which
in turn regulates Nrf2.3? Keapl contains three functional domains, including BTB, IVR, and Kelch/DGR. Under normal
physiological conditions, the Keapl-Cul3-E3 ubiquitin ligase targets multiple lysine residues bound to the Neh2
structural domain at the N-terminal end of Nrf2 (located between the DLG and ETGE motifs) and promotes ubiquitina-
tion. The ubiquitinated Nrf2 is delivered to the 26S proteasome for degradation.33 In contrast, exposure to ROS induces
modification of specific cysteine residues in Keapl, causing a conformational change in the Keapl-Cul3-E3 ubiquitin
ligase and inhibiting Nrf2 ubiquitination. Phosphorylated Nrf2 translocates to the nucleus and induces the expression of
a series of cytoprotective genes, including HO-1, superoxide dismutase (SOD), cadherin, and cadherin dismutase,
through heterodimerization with small Maf (sMAF) proteins bound to the ARE/EpRE (antioxidant response element/
electrophilic response element) of target genes, including SOD, catalase, thioredoxin, peroxiredoxin, glutathione perox-
idase, glutathione reductase, glutamine cysteine ligase and glutamine cysteine synthetase, and NAD(P)H quinine
oxidoreductase.>*~*

To reveal whether ADR upregulates HO-1 through the Nrf2 pathway, we used ADR and/or TBHQ or RA to treat
NPC for 8 h. The results of Western blot showed that ADR and TBHQ had similar effects in that they both upregulated
HO-1 expression by promoting the phosphorylation of Nrf2. When the phosphorylation of Nrf2 was inhibited by RA, the
upregulation of HO-1 by ADR was reversed (Figure SA-D). The above experimental results reveal that ADR exerts
antioxidant effects by promoting the phosphorylation of Nrf2 and translocation to the nucleus, activating ARE/EpRE, and
thus promoting HO-1 expression.

Mitogen-activated protein kinase (MAPK) is expressed in all eukaryotic cells and its pathway consists of a conserved
three-tier kinase pattern, including MAPK kinase (MKK), MAPK kinase (MAP kinase, MKK), and MAPK, ie, the
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MAP3K-MAP2K-MAPK chain.®® The three kinases can be activated sequentially to transmit upstream signals to
downstream response molecules through sequential phosphorylation, before participating in numerous important cellular
physiopathological processes, such as stress adaptation to the environment and inflammatory responses. As isoforms of
MAPK, extracellular regulatory protein kinase (ERK1/2), p38 protein kinase (p38 MAPK), and stress-activated protein
kinase (JNK) signaling pathways can regulate cell proliferation and apoptosis by mediating the cellular oxidative stress
response, inflammatory response, and cellular metabolism. Several studies have shown that MAPK is an upstream
signaling molecule of Nrf2 and promotes the activation of the downstream antioxidant enzyme system by promoting
Nrf2 phosphorylation and nuclear translocation.’” >* We used ASTX029 (ERK1/2 inhibitor), SP600125 (JNK inhibitor),
and TAK-715 (p38 inhibitor) according to different groupings to treat NPCs for 6 h followed by ADR for 8 h. The results
of Western blot showed that ADR could activate the p38, Erkl1/2, and JNK signaling pathways to upregulate the
expression of p-Nrf2 and HO-1. However, the expression of HO-1 was significantly higher after activation of the p38
signaling pathway alone compared to that after activation of the Erk1/2 or JNK signaling pathway alone, suggesting that
ADR upregulates HO-1 expression mainly through activating the p38 signaling pathway. Moreover, blocking the p38,
Erkl/2, and JNK signaling pathways increased p-Nrf2 expression, although not significantly (P > 0.05), while HO-1
expression was still significantly increased (P < 0.05) (Figure SE-J). One reason for this is that although the expression
trend of HO-1 is consistent with the phosphorylation trend of Nrf2, a small amount of p-Nrf2 can promote a large amount
of HO-1 expression. Additionally, we only blocked the MAPK signaling pathway-mediated Keapl-Nrf2 classical
activation pathway, when the cellular autophagy-lysosome pathway also plays a key role in mediating oxidative stress.
Autophagy is a tightly regulated cellular degradation pathway responsible for the removal of damaged proteins and
organelles, including oxidatively damaged proteins and abnormally functioning mitochondria. Dysfunctional autophagy
leads to accumulation of the autophagic bridging protein p62; because p62 contains structural domains that interact with
other proteins, its accumulation leads to the isolation and loss of function of many binding proteins, including Keapl.

Mechanical
Stress

Piezo

Ubiquitination

IDD

Figure 9 Schematic representation of ADR inhibition of static mechanical pressure-induced apoptosis in NPCs. Mechanical stress can induce a change in the conformation
of mechanically gated Piezol ion channels from a closed to an open state. The large inward flow of extracellular calcium ions decreases the potential difference between the
inner and outer mitochondrial membranes in the NPCs and causes damage to the mitochondrial membrane. Mitochondrial energy metabolism is disturbed and excessive
ROSs are produced, exceeding the working capacity of the intracellular redox system, which eventually leads to apoptosis or cell death. ADR can activate the MAPK signaling
pathway and inhibit the ubiquitination of Nrf2 by Keap| to promote Nrf2 phosphorylation and translocation to the nucleus and binding to ARE/EpRE. Ultimately, this induces
the expression of antioxidant enzyme systems such as HO-1, inhibits intracellular ROS accumulation, improves NPC viability and inhibits apoptosis.

Abbreviations: ADR, andrographolide; NPC, nucleus pulposus cell; ROS, reactive oxygen species; MAPK, mitogen-activated protein kinase; Nrf2, NF-E2-related factor 2;
HO-1, heme oxygenase-1.
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Moreover, p62 competes with Nrf2 for binding Keapl, and this interaction allows p62 to sequester Keapl into the
autophagosome, thereby preventing Keapl-mediated degradation of Nrf2 and leading to Nrf2 pathway activation.**!
Therefore, ADR may also promote HO-1 expression by regulating the autophagic function of NPCs through the
activation of Nrf2 via a non-classical pathway. Taken together, our results demonstrate that ADR can inhibit static
mechanical pressure-induced NPC apoptosis by activating the MAPK/Nrf2/HO-1 signaling pathway and upregulating
HO-1 expression.

To verify whether ADR can also work in vivo, we injected ADR into the caudal disks of rats with or without ADR
and then applied a static mechanical pressure of 1.0 MPa for 1 month. HE and safranine O-fast green FCF cartilage
staining showed that the disc height, annulus fibrosus integrity, and alignment were better in the ADR-treated group than
in the pressure-only group, and the volume of the NP tissue was significantly larger than that in the pressure group.
Additionally, the results of Western blot showed that the expression of p-Nrf2, HO-1, collagen II, and aggrecan were
significantly increased after ADR treatment compared to the pressure-only group, suggesting that IDD was significantly
reduced after ADR treatment. Moreover, the results of in vivo experiments showed that ADR can indeed inhibit static
mechanical pressure-induced IDD through upregulation of HO-1 expression.

Conclusion

Overall, our results suggest that ADR can inhibit static mechanical pressure-induced NPC apoptosis and IDD by
activating the MAPK signaling pathway (mainly the p38 signaling pathway), inhibiting the ubiquitination of Nrf2 by
Keapl to promote Nrf2 phosphorylation and translocation to the nucleus and binding to ARE/EpRE. Ultimately, this
induces the expression of antioxidant enzyme systems such as HO-1, inhibits intracellular ROS accumulation, improves
NPC viability and inhibits apoptosis (Figure 9).

Our study also has some limitations that warrant attention. First, we did not examine the expression and protein
conformational changes of Piezol under the influence of static mechanical stress, and we cannot definitively state that the
accumulation of ROS in NPCs due to static mechanical stress results from the opening of Piezol ion channels through
mechanical gating. Second, we did not test whether ADR affects the autophagic function of NPCs, which would impact
the Nrf2 non-classical activation pathway. Third, we did not use PCR or immunofluorescence to further validate the

reliability of the Western-blot results.

Abbreviations

IDD, intervertebral disc degeneration; LBP, low back pain; ADR, andrographolide; NPCs, nucleus pulposus cells; HE,
Hematoxylin-eosin; ROS, reactive oxygen species; HO-1, heme oxygenase-1; IVD, intervertebral disk; NP, nucleus
pulposus; ECM, extracellular matrix; ZnPP, Zinc protoporphyrin; Nrf2, NF-E2-related factor 2; MAPK, mitogen-
activated protein kinase; TBHQ, tert-butylhydroquinone; RA, retinoic acid; SOD, superoxide dismutase; sMAF, mall
Maf.
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