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A B S T R A C T

Introduction: Over-activation of oxidative stress due to impaired antioxidant functions in nucleus pulpous (NP) has
been identified as a key factor contributing to intervertebral disc degeneration (IVDD). While Kartogenin (KGN)
has previously demonstrated antioxidant properties on articular cartilage against osteoarthritis, its effects on NP
degeneration have yet to be fully understood.
Objectives: This study aimed to investigate the protective effects of KGN on nucleus pulpous cells (NPCs) against an
inflammatory environment induced by interleukin (IL)-1β, as well as to explore the therapeutic potential of KGN-
enhanced dynamic hydrogel in preventing IVDD.
Methods: NPCs were isolated from rat caudal IVDs and subjected to treatment with KGN at varying concentrations
(ranging from 0.01 to 1 μM) in the presence of IL-1β. The expression of extracellular matrix (ECM) anabolism
markers was quantitatively assessed at both the mRNA and protein levels. Additionally, intracellular reactive
oxygen species and antioxidant enzyme expression were evaluated, along with the role of nuclear factor erythroid
2-related factor 2 (NRF2). Based on these findings, a dynamic self-healing hydrogel loaded with KGN was
developed through interconnecting networks. Subsequently, KGN-enhanced dynamic hydrogel was administered
into rat caudal IVDs that had undergone puncture injury, followed by radiographic analysis and immunohisto-
chemical staining to evaluate the therapeutic efficacy.
Results: In vitro treatments utilizing KGN were observed to maintain ECM synthesis and inhibit catabolic activities
in IL-1β-stimulated NPCs. The mechanism behind this protective effect of KGN on NPCs was found to involve the
asctivation of NRF2 and downstream antioxidant enzymes, including glutathione peroxidase 1 and heme oxy-
genase 1. This was further supported by the loss of both antioxidant and anabolic effects upon pharmacological
inhibition of NRF2. Furthermore, a self-healing hydrogel was developed and loaded with KGN to achieve localized
and sustained release of the compound. The injection of KGN-enhanced hydrogel effectively ameliorated the
degradation of NP ECM and mitigated inflammation in a rat model of puncture-induced IVDD.
Conclusions: Our results indicate that KGN exhibits potential as a therapeutic agent for NP degeneration, and that
KGN-enhanced dynamic hydrogel represents a novel approach for treating IVDD by restoring redox homeostasis
in NP.
The translational potential of this article: The dysregulation of oxidant and antioxidant balance has been shown to
impede the repair and regeneration of NP, thereby hastening the progression of IVDD following injury. The
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present investigation has demonstrated that the sustained release of KGN promotes the synthesis of ECM in vitro
and mitigates the progression of IVDD in vivo by restoring redox equilibrium, thereby presenting a novel ther-
apeutic candidate based on the antioxidant properties of KGN for the treatment of IVDD.
1. Introduction

Over the past three decades, low back pain (LBP) has emerged as the
primary cause of lived with disability years (YLDs) on a global scale [1].
Intervertebral disc degeneration (IVDD), a prevalent spinal condition
characterized by the deterioration of one or more discs, is frequently
associated with LBP, affecting nearly 50% of individuals [2]. Current
clinical interventions for IVDD involve conservative analgesia medica-
tion or intervertebral disc (IVD) fusion procedures, yet the effectiveness
of these strategies remains suboptimal [3]. Under physiological condi-
tions, the nucleus pulposus (NP) is characterized by a high concentration
of collagen, proteoglycan, and water, which collectively confer excep-
tional biological and mechanical properties to the IVD [4]. However,
pathological stimuli such as aging, infection, physical activity, or injury
can disrupt the extracellular matrix (ECM) metabolism in the NP tissue
[5], leading to an imbalance between matrix synthesis and degradation,
and an overactivation of catabolic enzymes [6].

The modified microenvironment subsequent to NP injury poses a
deleterious effect on cellular proliferation, migration, and differentia-
tion, attributable to the inflammatory cascade and cytokine storm [7].
Pro-inflammatory cytokines, such as interleukin-1β (IL-1β) and tumor
necrosis factor (TNF)-α, assume a crucial role in the progression of IVDD
[8]. These cytokines not only instigate the degradation of IVD matrix but
also trigger oxidative stress, culminating in the degeneration of IVD tis-
sues. The introduction of IL-1β into the lumbar IVD of rats elicited a rapid
inflammatory response and severe NP herniation [9]. Therefore, the
reconstruction of the ECM microenvironment in the IVD is a crucial step
in reversing the degeneration process and promoting NP regeneration.

The redox balance plays an indispensable role in cellular activity and
is of significant importance to NP metabolism. The degenerative NP
presents an overproduction of reactive oxygen species (ROS), including
superoxide, hydrogen peroxide (H2O2), hydroxyl radical, hydroxyl ion,
and nitric oxide (NO) [10], which subsequently induce matrix degrada-
tion and compromise the integrity of IVD matrix [11]. A noteworthy
association was detected between the levels of ROS and the severity of
LBP in patients with IVDD, as evidenced by the analysis of IVD samples
[12]. In a similar vein, ROS-targeted therapy has been shown to mitigate
IVDD by augmenting anabolism and suppressing pyroptosis mediated by
nod-like receptor family pyrin domain protein 3 (NLRP3) [13].
Conversely, a disrupted microenvironment in IVDD is accompanied by an
impaired intracellular antioxidant system, which comprises multiple
antioxidative enzymes [14]. Nanoparticles that mimic antioxidant en-
zymes have been shown to rescue IVDD by safeguarding superoxide
dismutase 1 (SOD1) from degradation mediated by
ubiquitination-proteasome [15]. Consequently, there is a pressing need
for biomimetic agents that can regulate redox functions and enhance
ECM simultaneously, in order to achieve superior IVDD repair.

The small heterocyclic molecule Kartogenin (KGN) was initially
identified as a promoter of chondrogenic differentiation in mesenchymal
stem cells (MSCs) by facilitating the nuclear localization of core-binding
factor beta subunit (CBF-β) [16]. KGN has been shown to activate the
family of small mother against decapentaplegic (SMAD) 4/5 that is
commonly associated with various cartilage or bone-related diseases
[17]. Shi et al. demonstrated that a rapid ultraviolet-crosslinked scaffold
containing KGN effectively recruited endogenous stem cells to facilitate
the regeneration of natural hyaline cartilage [18]. A study conducted in
our laboratory previously demonstrated that KGN effectively prevented
articular cartilage erosion in post-traumatic osteoarthritis (OA) mice by
inhibiting the expression of matrix degradation enzymes [19]. Given the
similarities in the ECM components of cartilage and NP, KGN has been
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increasingly utilized for the treatment of IVDD in recent years. The sus-
tained release of KGN from a conjugated chitosan-hyaluronic acid (HA)
hydrogel has been shown to enhance the differentiation of
adipose-derived stem cells (ADSC) towards NP cells (NPCs) [20]. In the
context of simulated degeneration induced by IL-1β or TNF-α, KGN has
been observed to induce ECM synthesis in both human NPCs and mice
IVD tissues [21]. Despite these findings, the precise role of KGN in
modulating NP regeneration and the underlying mechanism remain
unclear.

Biomimetic hydrogels have been developed to mimic the microen-
vironment necessary for cell differentiation, and hold promise for use in
tissue engineering [22]. Furthermore, hydrogel-based drug delivery
strategies offer a means of achieving localized and sustained release of
therapeutic agents [23]. Due to the unique mechanical properties of the
ECM in native tissue, conventional hydrogels are susceptible to frag-
mentation under compression, tensile, or shear forces upon in vivo im-
plantation. To overcome this challenge, dynamic hydrogels with an
intrinsic reversibly network have been developed, which possess excep-
tional self-healing capabilities to withstand external mechanical stimuli
[24]. In this regard, our recently developed receptor-ligand recognized
hydrogel has been designed to mimic the three-dimensional (3D) ECM
intelligently, regulating cellular behavior in a dynamic and remoldable
manner [25]. Chen et al. developed an injectable and self-healing
hydrogel composed of aldehyde hyaluronic acid (HA-CHO) and poly
(amidoamine) PAMAM, loaded with small interfering RNA (siRNA), to
delay the progression of IVDD by silencing endogenous stimulator of
interferon genes (STING) [26]. The hydrogel was characterized as pos-
sessing anabolic and antioxidant properties, which effectively prevented
damage or degeneration of the IVD ECM.

In this study, we intended to investigated the role of KGN in main-
taining ECM equilibrium during IVDD development, and explored the
involvement of redox balance in KGN-induced defense against IVDD and
the underlying molecular mechanisms. Inspired by the biomimetic
microenvironment of NP tissue, a KGN-loaded self-healing hydrogel
rendered with local oxidative modulation was prepared. Ultimately,
KGN-loaded hydrogel was injected in situ to delay the degenerative
progression and even promote NP regeneration in puncture-induced
IVDD model [27].

2. Material and methods

2.1. NPC isolation and cell culture

NP tissues were harvested from the caudal disc of 6-week-old male
Sprague–Dawley (SD) rats. NPCs were then isolated by incubation with
0.2% type II collagenase (Sigma–Aldrich, St. Louis, MO, USA) at 37 �C for
1 h, and the excess tissue fragments were subsequently filtered using a
sterile 70-μm cell filter. The NPCs were cultured in Dulbecco's modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 units/mL penicillin, and 100 mg/mL streptomycin (all from
Thermo Fisher Scientific, Waltham, MA, USA), with the culture medium
being replaced every three days. The NPCs at Passage One were utilized
for the subsequent experiments.
2.2. In vitro treatment with KGN or inhibitor

A stock solution of 20 mM KGN (Sigma–Aldrich) was prepared by
dissolving it in dimethyl sulfoxide (DMSO, Sigma–Aldrich) and subse-
quently diluted with PBS. The cells were exposed to varying concentra-
tions of KGN (0.01, 0.1, and 1 μM), while the control (CTRL) group
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received treatment with 0.005% DMSO. Additionally, NPCs were sub-
jected to treatment with 5 ng/mL recombinant human IL-1β (Thermo
Fisher Scientific), followed by KGN administration. To investigate the
impact of NRF2 on NP metabolism, cells were pre-treated with 5 μM
ML385, a chemical inhibitor of NRF2, and subsequently exposed to 5 ng/
mL IL-1β and 1 μM KGN.
2.3. Cell proliferation

Cell viability was assessed through the utilization of the cell counting
kit-8 (CCK-8, Beyotime, Haimen, China). Specifically, cells were seeded
into 96-well plates at a density of 1000 cells per well and subsequently
incubated with a 10% CCK-8 solution at 37 �C for 1 h on days 1, 3, 5, and
7. The optical density (OD) at 450 nm was then measured utilizing a
spectrophotometer (BioTek, Winooski, VT, USA).
2.4. Immunofluorescence staining

The cells were subjected to fixation in 4% formaldehyde at room
temperature for 30 min, followed by permeation with 0.3% Triton-X 100.
Subsequently, the cells were treated with a blocking solution consisting
of 5% bovine serum albumin (BSA, Beyotime) for 30 min, and then
incubated overnight at 4 �C with anti-COLII antibody (Abcam, Waltham,
MA, USA). On the following day, the cells were washed with phosphate
buffered saline (PBS) and incubated with a fluorescent secondary anti-
body for 2 h at room temperature. The resulting images were captured
and analyzed semi-quantitatively using Image J software (National In-
stitutes of Health, Bethesda, MD, USA).
2.5. Quantitative reverse transcription-polymerase chain reaction (RT-
PCR)

Total RNA was extracted from NPCs using TRIzol (Thermo Fisher
Scientific), followed by cDNA synthesis using the RevertAid First-strand
cDNA Synthesis Kit (Thermo Fisher Scientific) with 1 μg of RNA.
Amplification of cDNA was performed using the iTap Universal SYBR
Green Supermix kit (Bio-Rad, Hercules, CA, USA) and the CFX96 Real-
Time PCR system (Bio-RAD). The transcription levels of Col2a1, Acan,
Mmp13, Adamts5, Nrf2, heme oxygenase 1 (Hmox1), and glutathione
peroxidase 1 (Gpx1) were determined with glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) as the standard control. The primer sequences
are provided in Supplementary Table 1.
2.6. Western blot

Proteins were extracted from cells through employment of RIPA lysis
buffer (Beyotime), which was supplemented with protease inhibitors and
phosphatase inhibitors (Thermo Fisher Scientific). The protein concen-
tration was determined via utilization of the BCA protein quantification
kit (Beyotime). Subsequently, the proteins were separated through 10%
sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) electrophoresis
and transferred onto PVDFmembranes (Beyotime). Themembranes were
then blocked with QuickBlock blocking buffers (Beyotime) and incu-
bated overnight with primary antibodies, namely anti-COLII (ab188570,
Abcam), anti-ACAN (A11691, Abclonal, Wuhan, China), anti-SOX9
(A2479, Abclonal), anti-MMP13 (A11755, Abclonal), anti-ADAMTS5
(A23125, Abclonal), anti-NRF2 (A21176, Abclonal), anti–HO–1
(A1346, Abclonal), and anti-GPX1 (A11166, Abclonal) and α-tubulin
(AF0001, Beyotime). Following this, the membranes were incubated
with secondary antibody at room temperature. The visualization of
protein bands was accomplished through the utilization of a chemilu-
minescent solution (Thermo Fisher Scientific) and subsequent quantifi-
cation was conducted via Image J software.
17
2.7. Synthesis of Gel-SH

One gram of gelatin (Sigma–Aldrich) was dissolved in PBS (pH¼ 8.0),
and then mixed with 32 mg of Traut's Reagent (J&K Scientific, San Jose,
CA, USA) at room temperature for 4 h with magnetic stirring. Following
this, dialysis was performed using a dialysis bag (MW cutoff ¼ 3000 Da)
for 7 d, and the resulting product was freeze-dried for preservation.

2.8. Fabrication of Au-Gel-β-CD hydrogel

A solution of 200 mg Gel-SH in 1.3 mL of PBS was combined with 50
mg of S-β-CD (Macklin, Shanghai, China) with a magnetic stirrer. Sub-
sequently, 7 mg of HAuCl4 (J&K Scientific LLC., San Jose, CA, USA) in
350 μL of PBS was added dropwise to make mercaptocyclodextrin gelatin
(Gel-β-CD) hydrogel.

2.9. Encapsulation of KGN

A solution containing 15 mg of KGN in 50 μL DMSO was introduced
into the Gel-β-CD solution, followed by the gradual addition of HAuCl4
with stirring to achieve a final concentration of 0.75% KGN in the
hydrogel.

2.10. Characterization of KGN-enhanced dynamic hydrogel

2.10.1. Scanning electron microscope (SEM)
In order to examine the microstructure of the hydrogel, dynamic

hydrogel samples were subjected to freezing and lyophilization at�80 �C,
with and without KGN. These samples were then affixed to an aluminum
column, coated with gold via sputtering, and analyzed using a SEM (JSM-
7100F, JEOL, Tokyo, Japan) at an accelerated voltage of 15 kV.

2.10.2. Injectable and self-healing properties of dynamic hydrogel
To assess the hydrogel's injectable capacity, it was loaded into a sy-

ringe and dispensed through a 22 G needle (KDL, Shanghai, China). The
self-healing properties of the hydrogel were evaluated by placing it into
two square molds that had been dyed blue or orange, cutting and splicing
them together, and incubating the resulting structure in a 37 �C envi-
ronment for 10 min.

2.10.3. Rheological property of dynamic hydrogel
The rheological measurements of the hydrogel's mechanical proper-

ties were conducted using a rheometer AR2000Ex (TA Instruments) on a
parallel plate (40 mm Peltier plate Steel). The shear storage modulus (G0)
and shear loss modulus (G00) were determined under constant deforma-
tion (1%) and temperature (37 �C). The investigation of the hydrogel's
self-healing properties involved analyzing the changes in G0 and G00 under
alternating oscillating strains of 1% and 300% (low strain 1%, 60 s, high
strain 300%, 60 s). The injectability of the hydrogel was assessed through
the measurement of shear viscosity under a frequency sweep mode, with
shear rates spanning from 0.1 to 50 rad/s.

2.11. Release profile

To assess the in vitro sustained release of KGN, hydrogel specimens
were subjected to immersion in deionized water at 4 �C for 30 d. The
supernatant was subsequently substituted with PBS at predetermined
intervals, and the concentration of KGN released from the hydrogels was
quantified using a Nanodrop 2000 spectrometer (Thermo Fisher Scien-
tific) at a wavelength of 280 nm.

2.12. Cell viability assay

Cell viability was evaluated using a Live/Dead staining kit (Thermo
Fisher Scientific) following the manufacturer's instructions. NPCs were
seeded at a density of 12,000 cells per well in 24-well plates and cultured
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with hydrogel extracts for 5 d. Following incubation, the cells were
treated with staining working solution at room temperature for 30 min
and visualized under a fluorescence microscope (Zeiss).

2.13. Scratch assays

NPCs were cultured at a density of 24,000 cells per well in 12-well
plates until they reached full confluency. A sterile pipette tip with a
volume of 200 μL was utilized to create a straight wound in the cell layer,
followed by the replacement of the culture medium with the hydrogel
leachate. The migration of NPCs was evaluated by measuring the dis-
tance between the two scratched edges at 0, 4, 8, and 16 h after the
scratch using Image J software.

2.14. ROS detection

The intracellular levels of ROS were detected using the ROS detection
kit (Beyotime). Specifically, cells were incubated with 10 μM 20,70-
dichlorofluorescein diacetate (DCFH-DA), a fluorescent probe for ROS, at
37 �C for 15 min in the absence of light. Immunofluorescence images
were captured using fluorescence microscopy (Zeiss), and the fluores-
cence intensity was quantified using Image J software.

2.15. Establishment of a rat IVDD model

A total of thirty male SD rats, with an average body weight ranging
from 300 to 350 g, were procured from the Experimental Animal Center
of Soochow University. The Ethics Committee of Soochow University
granted approval for all animal experiments (SUDA20220105A02). After
administering anesthesia, a 20 G needle was percutaneously inserted
through segments 7–8 (Co7-8) and 8–9 (Co8-9) of the caudal vertebrae to
access the NP center. The needle was retained in situ for 1 min following
each puncture [28]. The rats undergone puncture-induced IVDD were
subsequently randomized into four groups, namely, Saline, Hydrogel,
KGN (25 mg/mL), and Hydrogel@KGN. Sham-operated rats served as a
control. Using a microsyringe (Hamilton, Reno, Nevada, USA), either two
microliters of KGN solution or Hydrogel@KGN were injected into NP
sites. Following a 4 and 8-week post-surgery period, IVD samples were
collected from each group for subsequent experimentation.

2.16. Radiology assessment

X-ray (RADspeed M, Shimadzu, Japan) and magnetic resonance im-
aging (MRI, GE Signa HDe 1.5T Equipment, General Electric Company,
Boston, MA, USA) were conducted on the rat caudal vertebrae, and
lateral radiographs were utilized to determine disc height. IVD height
index (DHI) was calculated using the following formula: DHI% ¼
Determination of DHI points at each time point in DHI/NC group �
100%. The water content of the IVD was calculated by analyzing the gray
value of sagittal T2W1 MRI disc, in accordance with the following pa-
rameters: TR ¼ 3500 ms, TE ¼ 102 ms and section thickness ¼ 1.4 mm.
The MRI images were categorized into grade I to V based on the
improved Thomson classification and Pfirrmann grade [29].

2.17. Histological and immunohistochemical analysis

Four and eight weeks after the surgery, IVD specimens were har-
vested, fixed in 10% formalin (Sigma–Aldrich) for 48 h, decalcified in
10% ethylene diamine tetraacetic acid (EDTA) for 60 d, and subsequently
embedded in paraffin. The specimens were sectioned into 6-μm slices and
subjected to staining with safranin O and fast green (S.O., Sigma-
–Aldrich) or hematoxylin and eosin (H&E, Sigma–Aldrich). Tissue im-
ages were captured using a bright field microscope (Zeiss) and
histological scores were calculated independently by two independent
observers (Y.L. and X.T.) [30].
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For immunohistochemical staining, the sections were hydrated with
xylene, deparaffinized using graded alcohol, and treated with 3% H2O2
(Sigma–Aldrich) for 15 min. Subsequently, the slides were subjected to
incubation with primary antibodies including anti-COLII (ab34712,
Abcam), anti-ACAN (A11691, Abclonal), anti-IL-1β (16806-1-AP, Pro-
teintech, Rosemont, IL, USA), and anti-NRF2 (A21176, Abclonal), fol-
lowed by treatment with biotin-labeled secondary antibody at 37 �C for
30 min. Subsequent to this, the slides were stained with 3,30-dia-
minobenzidine solution (DAB, Cell Signaling Technology, Danvers, MA,
USA) and nuclear counterstaining was performed using hematoxylin
(Sigma–Aldrich). The resultant staining images were captured using a
bright field microscope (Zeiss) and semi-quantitative analysis was car-
ried out using Image J software.

2.18. Statistical analysis

The data were presented as mean � standard deviation and analyzed
using Prism GraphPad 9.3 software (GraphPad Software, San Diego, CA,
USA). The unpaired two-tailed Student's t-test was employed to compare
the two groups, while differences between multiple groups were
analyzed employing one-way analysis of variance (ANOVA) with Tukey's
post hoc test. P values < 0.05 (* or #) or < 0.01 (** or ##) were
considered statistically significant.

3. Results

3.1. KGN promoted ECM anabolism in NPCs under normal culture
conditions

To investigate the impact of KGN on cell viability and ECM meta-
bolism, NPCs were exposed to varying concentrations of KGN, ranging
from 0.01 to 1 μM. Results from CCK-8 assays revealed that KGN did not
elicit any discernible effects on NPC proliferation under normal culture
conditions (Fig. 1A). The results of RT-PCR experiments revealed that
treatment with KGN led to a significant up-regulation of Col2a1 mRNA
levels, with increases of 2.1-fold at 0.1 μM and 2.6-fold at 1 μM. Addi-
tionally, treatment with 1 μM KGN resulted in a 1.5-fold increase in Acan
transcript levels and a 3.2-fold increase in Sox9 transcript levels in NPCs
(Fig. 1B). Immunofluorescence staining intensity did not show any sig-
nificant differences in COL II expression (Fig. 1C, Fig. S1B), but a 91.5%
increase in ACAN expression was observed in the KGN-treated group
compared to the control group (Fig. S1A&C). Furthermore, Western blot
analysis demonstrated that treatment with 1 μM KGN resulted in the
highest levels of ACAN and SOX9 protein expression, which were 89.8%
and 2.7-fold higher than the CTRL group, respectively (Fig. 1D and E).

3.2. KGN protected the ECM metabolic equilibrium in IL-1β-stimulated
NPCs

In order to investigate the protective function of KGN in an inflam-
matory environment, NPCs were subjected to varying concentrations of
KGN in the presence of IL-1β. RT-PCR analysis demonstrated that KGN
exhibited a dose-dependent effect on the ability of NPCs to produce ECM,
even when exposed to IL-1β (Fig. 2A). Additionally, KGN significantly
inhibited the expression of matrix-degrading enzymes in IL-1β-stimu-
lated NPCs. Specifically, treatment with 1 μM KGN significantly down-
regulated the gene expression of Mmp13 and Adamts5 by 70.7% and
72.5%, respectively, compared with the IL-1β group (Fig. 2B). The results
of immunofluorescence experiments demonstrated that KGN effectively
reversed the inhibitory effects of IL-1β on COL II secretion in NPCs, with a
significant increase of 67.2% at 0.01 μM, 1.9-fold at 0.1 μM, and 2.9-fold
at 1 μM (Fig. 2C, Fig. S2B). Moreover, the treatment with KGN led to an
improvement in the expression level of ACAN (Fig. S2A&C). Western blot
analysis further confirmed that KGN played a crucial role in regulating
the metabolic balance of the ECM by promoting the expression of



Fig. 1. The effects of KGN on the matrix synthesis of nucleus pulposus cells (NPCs) under normal culture conditions. NPCs were treated with KGN at concentrations of
0.01, 0.1, and 1 μM. (A) Cell proliferation was examined at 1, 3, 5 and 7 days using CCK-8 assay, n ¼ 6. (B) The mRNA expression levels of Col2a1, Acan, and Sox9 as
determined by RT-PCR, n ¼ 4. (C) Immunofluorescence staining images showed the expression of COL II proteins in KGN-treated cells. (D–E) The effects of KGN on the
protein levels of NP matrix components in NPCs were determined using Western blot, n ¼ 3. Data are shown as the mean � standard deviation. Statistically significant
differences are indicated by # where P < 0.05 or ## where P < 0.01 compared to the control (CTRL) group; * where P < 0.05 or ** where P < 0.01 between the
indicated groups.
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anabolic matrix proteins and suppressing the activities of catabolic en-
zymes (Fig. 2D–F).
3.3. KGN attenuated oxidative stress by enhancing intracellular
antioxidant functions in NPCs

In order to unravel the specific mechanisms that underlie the pro-
tective effects of KGN on NP matrix metabolism, we conducted an
assessment of the intracellular redox status and the integrity of the
antioxidant system in NPCs. Our findings indicate that treatment with
KGN significantly mitigated intracellular oxidative stress in IL-1β-stim-
ulated NPCs (Fig. 3A, Fig. S3A). Additionally, we observed a 3.8-fold
19
increase in the transcript level of the oxidative regulator Nrf2 following
treatment with 1 μMKGN (Fig. 3B). Furthermore, the mRNA levels of the
antioxidant enzymes Gpx1 (Fig. 3C) and Hmox1 (Fig. 3D) were increased
by 1.2-fold and 5.0-fold, respectively. Western blot assays confirmed the
beneficial effects of KGN on the protein expression of these intracellular
antioxidant enzymes (Fig. 3E and F).
3.4. Inhibition of NRF2 abrogated KGN-induced protection of ECM in NP

In order to elucidate the role of NRF2 in the regulation of KGN-
induced antioxidant functions, NPCs were administered an NRF2-
specific inhibitor, ML385, prior to KGN treatment. The



Fig. 2. The protective effects of KGN on ECM metabolism of NPCs in the presence of IL-1β. NPCs were exposed to 5 ng/mL IL-1β and treated with KGN at con-
centrations of 0.01, 0.1, and 1 μM. (A–B) The mRNA expression levels of Col2a1, Acan, Sox9, Mmp13, and Adamts5 in IL-1β-treated NPCs were evaluated to assess the
effect of KGN, n ¼ 4. (C) Immunofluorescence staining was performed to assess the expression of COL II in NPCs, n ¼ 3. (D–F) The effects of KGN on the protein levels
of anabolic or catabolic markers in IL-1β-stimulated NPCs were determined using Western blot, n ¼ 3. Data are presented as the mean � standard deviation. Sta-
tistically significant differences are indicated by # where P < 0.05 or ## where P < 0.01 compared to the control (CTRL) group; * where P < 0.05 or ** where P <

0.01 between the indicated groups.
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pharmacological inhibition of NRF2 resulted in the elimination of KGN-
mediated ROS scavenging effects in IL-1β-stimulated NPCs (Fig. 4A,
Fig. S3B). The expression levels of intracellular antioxidant enzymes in
KGN-treated NPCs were suppressed following exposure to ML385, both
20
at the transcript and protein levels (Fig. 4B&C). Additionally, the equi-
librium of ECM was found to be dysregulated in ML385-treated NPCs, as
evidenced by the down-regulation of Col2a1, Acan, and Sox9, and the up-
regulation of Mmp13 and Adamts5 mRNA expression levels (Fig. 4D&E).



Fig. 3. Impact of KGN on oxidative stress of IL-1β-stimulated NPCs. (A) Immunofluorescence staining indicated the effect of KGN on intracellular ROS in IL-1β-
stimulated cells. (B–D) The gene expression of Nrf2, Gpx1, and Hmox1 was quantified using RT-PCR, n ¼ 4. (E–F) The effects of KGN on the protein levels of anti-
oxidant enzymes in IL-1β-stimulated NPCs, n ¼ 3. Data are presented as the mean � standard deviation. Statistically significant differences are indicated by # where P
< 0.05 or ## where P < 0.01 compared to the control (CTRL) group; * where P < 0.05 or ** where P < 0.01 between the indicated groups.
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Western blot assays confirmed that inhibition of NRF2 impeded the
protective effects of KGN on the ECM metabolism of NPCs (Fig. 4F,
Figs. S4A–C).
3.5. Characterization and biocompatibility of self-healing hydrogel loaded
with KGN

The SEM images demonstrate that the Au-Gel hydrogel exhibited a
characteristic porous structure with interconnected networks (Fig. 5A),
facilitating a controlled and sustained release of KGN (Fig. S5A). Upon
the addition of gold ions, the two gelatin chains underwent crosslinking
via S–Au–S chemical bonding, resulting in the formation of a reticulated
hydrogel (Fig. 5B). The injectable hydrogel was easily administered via a
22 G needle and could be suspended in the air or molded into two
complete hydrogel letters (Fig. 5C&D). The hydrogel displayed self-
healing properties, as evidenced by its ability to fuse and heal
completely within 1 h following complete severance (Fig. 5E). The
rheology analysis provided additional evidence that the values of G0 and
G00 remained constant within the range of shear frequency from 1 to 50
rad/s (Fig. 5F) or strain range of 0.01–100% (Fig. 5G). Furthermore,
cyclic strain tests demonstrated that the values of G0 and G00 recovered
after multiple cycles, indicating a stable and dynamic phenomenon
21
(Fig. 5H). The hydrogel's shear viscosity was assessed across a range of
shear rates from 0.1 to 50 rad/s, revealing that the dynamic hydrogel
exhibited a shear-thinning behavior that could enhance its injectability
(Fig. 5I).

Under light microscopy, the morphology of NPCs remained unaltered
when cultured with hydrogel or hydrogel@KGN extracts (Fig. 6A).
Biocompatibility of the hydrogel was confirmed through Live/dead as-
says and cell proliferation tests (Fig. 6B–D). The scratch experiment
revealed a significantly narrowed scratch width in the hydrogel@KGN
group, indicating stronger migration ability during the early stages
(Fig. 6E&F).
3.6. In situ injection of Hydrogel@KGN mitigated IVDD progression

To evaluate the therapeutic effects on a puncture-induced rat IVDD
model, KGN-laden hydrogel was injected in situ for in vivo application.
The X-ray images demonstrated an improvement in the intervertebral
space subsequent to the injection of hydrogel@KGN, as evidenced by an
up-regulation of the DHI value by 33.3% and 65.6%, respectively, at 4
and 8 weeks post-surgery, compared to the Saline group (Fig. 7A&C).
Similarly, MRI images revealed a restoration of the hydration grade by
36.4% at 4 weeks post-surgery and by 34.8% at 8 weeks post-surgery in



Fig. 4. The role of NRF2 in KGN-modulated antioxidant functions in IL-1β-stimulated NPCs. Prior to exposure to 5 ng/mL IL-1β and 1 μM KGN, NPCs were pre-treated
with an NRF2-specific inhibitor, ML385. (A) Immunofluorescence staining revealed intracellular ROS in NPCs. (B) The gene expression of Nrf2, Gpx1, and Hmox1 was
quantified using RT-PCR, n ¼ 4. (C) The protein levels of NRF2, GPX1, and HO-1 were measured using Western blot, n ¼ 3. (D–E) The gene expression of Col2a1, Acan,
Sox9, Mmp13, and Adamts5 was quantified using RT-PCR, n ¼ 4. (C) The protein levels of COL II, ACAN, SOX9, MMP13, and ADAMTS5 were measured using Western
blot. Data are presented as the mean � standard deviation. Statistically significant differences are indicated by # where P < 0.05 or ## where P < 0.01 compared to
the control (CTRL) group; * where P < 0.05 or ** where P < 0.01 between the indicated groups.
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rats that received the hydrogel@KGN injection, compared to the Saline
group (Fig. 7B&D). Histological staining further confirmed the efficacy of
the hydrogel@KGN treatment, as evidenced by improved NP
morphology and glycosaminoglycans (GAGs) content (Fig. 8A&B).
Quantitative analysis demonstrated that the injection of hydrogel@KGN
significantly reduced the histological score and the modified Thompson
score by 31.0% (Figs. 8C) and 55.6% (Fig. 8D) at 8 weeks post-surgery,
respectively, compared to the Saline group.

The immunohistochemical analysis was conducted to further inves-
tigate the therapeutic efficacy of hydrogel@KGN on NP degeneration.
The Saline group exhibited a significant reduction in COL II (Fig. 9A) and
ACAN (Fig. 9B), which was in line with the findings obtained from S.O.
staining. Treatment with KGN alone provided minimal protection to the
22
NP ECM. However, treatment with hydrogel@KGN effectively preserved
the deposition of COL II and ACAN, resulting in an 84.4% (Fig. S6A) and
2.4-fold (Fig. S6B) increase, respectively, compared to the Saline group at
8 weeks post-surgery. Furthermore, the hydrogel@KGN group exhibited
a robust and extensive NRF2 expression in the NP space (Fig. 9C,
Fig. S6C), surpassing that of the Saline group by 108.8% (4 weeks post-
surgery) and 101.4% (8 weeks post-surgery). Additionally, the admin-
istration of hydrogel@KGN significantly decreased the expression of IL-
1β, which was 75.8% (4 weeks post-surgery) and 88.6% (8 weeks post-
surgery) lower than that of the Saline group (Fig. 9C, Fig. S6C). These
findings suggest that the use of hydrogel@KGN not only preserved the
deposition of NP extracellular matrix components, such as COL II and
ACAN, but also mitigated inflammation in the degenerative IVD.



Fig. 5. Characterization of Au-Gel dynamic hydrogel loaded with KGN. (A) Representative SEM images of Au-Gel, Au-Gel@β-CD, and Au-Gel@KGN hydrogels. (B) The
gelling process of hydrogel was determined by the inverting experiment. (C–D) The self-healing hydrogel exhibited injectability that can form letter patterns (Soochow
university, SU). (E) The self-healing capacity of hydrogel after fragmentation. (F–I) The dynamic oscillatory frequency sweeps (strain ¼ 1%), the strain amplitude
sweeps (frequency ¼ 1 rad/s), and the step-strain sweeps (strain ¼ 1 or 300%, frequency ¼ 1 rad/s), the shear viscosity (shear rates ranging from 0.1 to 50 rad/s) of
the hydrogel (G0, storage modulus; G00, loss modulus).
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Fig. 6. The biocompatibility of the self-healing Hydrogel@KGN. (A) The cell morphology of NPCs cultured with hydrogel leachate. (B) Cell proliferation of NPCs
treated with hydrogel leachate was determined using CCK-8 assays, n ¼ 6. (C) Representative images of Live/dead staining of NPCs treated with hydrogel leachate. (D)
Quantification of live and dead cells, n ¼ 3. (E–F) Cell migration at 0, 4, 8, 16 h after cultured with hydrogel leachate, n ¼ 3. Data are presented as the mean �
standard deviation. Statistically significant differences are indicated by # where P < 0.05 or ## where P < 0.01 compared to the control (CTRL) group; * where P <

0.05 or ** where P < 0.01 between the indicated groups.
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4. Discussion

Given that IVD injury and age-related NP degeneration are irrevers-
ible processes, it is imperative to investigate the efficacy of KGN in pre-
venting ECM loss under both normal and degenerative conditions. Our
findings indicate that KGN promotes the deposition of anabolic proteins
in NPCs cultured under normal conditions, and restores balanced ECM
metabolism by re-establishing the equilibrium between anabolism and
catabolism in a pro-inflammatory cytokine-induced degenerative envi-
ronment. The beneficial effects of KGN on ECM components, such as COL
I and COL II, have been demonstrated in the context of meniscus
24
degeneration [31] and rotator cuff injury [32]. Li et al. utilized a 3D
printing approach to fabricate a poly (ε-caprolactone) (PCL) scaffold that
was modified with KGN-loaded poly(lactic-co-glycolic) acid (PLGA)
microsphere to augment the secretion of collagen and proteoglycan [33].
However, the precise mechanisms underlying the effects of KGN on
cartilaginous matrix homeostasis and its protective role against IVDD
remain to be elucidated. It has been proposed that KGN-mediated
dissociation of filamin A and CBF-β can enhance chondrogenesis by
regulating the transcriptional program of CBF-β-RUNX family transcrip-
tion factor 1 (RUNX1). The current investigation has demonstrated that
the antioxidant properties of KGN, in conjunction with its inherent



Fig. 7. Diagnostic imaging analyses were conducted to evaluate the impact of Hydrogel@KGN on puncture-induced NP degeneration. A) Representative X-ray images
of treated sites in rats' caudal IVDs at 4 and 8 weeks post-surgery. (B) Representative MRI images of treated sites in rats' caudal IVDs 4 and 8 weeks after surgery. (C)
The disc height index (DHI) was calculated from the radiograph images, n ¼ 6. (D) The optical density values of IVD based on MRI signals were utilized to indicate the
degeneration of rats' caudal IVDs, n ¼ 6. Statistically significant differences are indicated by # where P < 0.05 or ## where P < 0.01 compared to the Sham group; *
where P < 0.05 or ** where P < 0.01 between the indicated groups.
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pro-chondrogenic capacity, exhibit exceptional reparative potential for
IVDD. In line with these findings, Yu et al. have encapsulated KGN and
apocynin within an injectable esterase-responsive micelle to mitigate
cellular apoptosis and enhance autophagy in ADSCs. The in vivo appli-
cation of this cell-encapsulatedmicelle has been shown to ameliorate disc
degeneration [34]. KGN has the potential to function as a molecule that is
sensitive to non-coding RNAs, such as miR-146a-5p, miR-145-5p, and
miR-381-3p, which can lead to an impact on chondrogenic differentia-
tion or matrix degradation [35,36]. The most commonly observed
changes in human degenerated IVDs include a significant reduction in
GAGs and the GAG-to-collagen ratio. Yang et al. created a nano-material
scaffold to imitate the ECM of native NP. This was achieved through
chemical modification of collagen and hyaluronic acid (HA), followed by
co-precipitation with GAGs in a controllable manner, resulting in a high
GAG/collagen ratio of up to 39.1:1. The biomimetic scaffold was found to
enhance cell survival and phenotypic expression of bovine NPCs [37].
Future research will explore the impact of KGN on the matrix metabolism
of NPCs with regards to the GAG/collagen ratio.

The potential therapeutic strategy for treating IVDD involves target-
ing oxidative stress and NRF2-mediated antioxidant functions.
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Quercetin, an antioxidant and senolytic agent, was found to attenuate
cellular senescence in IL-1β-treated NPCs and effectively ameliorate
puncture-induced IVDD by activating the NRF2 pathway [38]. Zhou et al.
utilized Prussian blue nanoparticles (PBNPs) to stabilize SOD1 from
ubiquitination-proteasome degradation, thereby improving the mito-
chondrial function of H2O2-treated NPCs and rescuing ROS-induced NP
degeneration [15]. The present study focused on the impact of KGN on
NRF2, a crucial regulator of the cellular defense system and essential for
IVD growth. Prior research has demonstrated a noteworthy reduction in
NRF2 expression in degenerated NPCs, and the knockout ofNrf2 has been
observed to cause more severe disc injury in aging-associated IVDD
models compared to wild-type mice [39]. A prior investigation con-
ducted by our laboratory demonstrated that KGN amplifies the osteo-
genic potential of BMMSCs by stimulating the adenosine
50-monophosphate-activated protein kinase (AMPK) and silent informa-
tion regulator type 1 (SIRT1) pathways, which are primarily associated
with energy metabolism [40]. Notably, NRF2 activated by sulforaphane
safeguards against advanced glycation end-products (AGE)-induced fer-
roptosis in engineered cardiac tissues or diabetic cardiomyopathy in an
AMPK-dependent manner [41]. Consequently, it is imperative to explore



Fig. 8. Histological analysis was conducted to investigate the effect of Hydrogel@KGN on protecting NP matrix in rats' caudal intervertebral discs (IVDs) with
puncture injury. (A) Representative images of hematoxylin and eosin (H&E) of IVDs at 4 and 8 weeks post-surgery. Scale bar: 1 mm.(B) Representative images of
Safranin O (S.O.) staining of IVDs at 4 and 8 weeks post-surgery. Scale bar: 1 mm. (C–D) Histological scores and the modified Thompson score of the untreated and
treated IVDs at 4 and 8 weeks post-surgery, n ¼ 6. Statistically significant differences are indicated by # where P < 0.05 or ## where P < 0.01 compared to the Sham
group; * where P < 0.05 or ** where P < 0.01 between the indicated groups.
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the role of AMPK-SIRT1 in KGN-triggered NRF2 activation in future
studies.

The modulation of the local microenvironment involves the inhibi-
tion of inflammation, reduction of oxidative stress, and clearance of
senescence-associated secretory phenotype, which collectively enhance
cell survival and promote tissue regeneration [42]. In this study, we
evaluated the redox status by measuring the levels of two critical anti-
oxidant enzymes, GPX1 and HO-1. Our results demonstrate that KGN
treatment effectively upregulates the expression of GPX1 and HO-1,
thereby mitigating oxidative stress. Mitochondria are known to be a
significant source of free radicals generated through oxidative phos-
phorylation reactions. Recent studies have demonstrated that the use of
MSC-derived exosomes for the removal of mitochondrial ROS can
effectively mitigate the progression of IVDD [43]. GPX1, a mitochon-
drion protein, plays a crucial role in reducing mitochondrial ROS by
catalyzing the reduction of organic hydroperoxides or H2O2 [44]. The
knockdown of Gpx1 in chondrogenic cell line ATDC5 has been shown to
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impair cartilage matrix synthesis, as evidenced by a decrease in the
expression of COL II, aggrecan, and SOX9 [45]. Chen et al. have docu-
mented that Ginsenoside Rg3, a form of tetracyclic triterpenoid saponin,
can prevent NPCs from TNF-α-induced apoptosis and oxidative damage
by enhancing the activity of SOD and GPX1 [46]. Conversely, ROS
accumulation associated with endoplasmic reticulum (ER) stress has
been linked to disc degeneration. A positive correlation has been
observed between ER stress and the severity of IVD degeneration in pa-
tients with IVDD [47]. HO-1, anchored to the ER, catalyzes the oxidative
degradation of cellular heme, resulting in the release of free iron, carbon
monoxide (CO), and biliverdin. As a downstream target of NRF2, it plays
a crucial role in maintaining redox balance in the ER to mitigate injury to
NPCs. The over-expression of HO-1 has been found to protect NPCs ho-
meostasis by alleviating senescence or activating autophagy [48]. Based
on these findings, it is possible that KGN induces dual antioxidant effects
on both mitochondria and ER, indicating its potential to modulate local
redox balance.



Fig. 9. Immunohistochemical (IHC) analysis was conducted to investigate the NP matrix preservation in rats' caudal intervertebral discs (IVDs) with puncture injury.
(A–D) Representative images of IHC staining for collagen II (COL II), aggrecan (ACAN), NRF2, and IL-1β in the NP site at 4 and 8 weeks post-surgery. Scale bar: 1 mm.
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The NP tissue is primarily comprised of water and proteoglycan,
enabling it to react to diverse biomechanical stimuli, including swelling
pressure, compression modulus, permeability, and shear modulus [49].
Hydrogels derived from natural products, such as gelatin [50], alginate
[51], and hyaluronic acid [52] are biocompatible, as they do not produce
deleterious degradation products or elicit immunological rejection. In the
present investigation, a hydrogel composed of gelatin was developed,
exhibiting favorable biocompatibility due to its origin as a catabolite
from denatured collagen. The gelatin-based hydrogel was designed to
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mimic the ECM of the IVD [53]. Xu et al. previously reported on the
fabrication of a methacrylic acid-modified gelatin (GelMA) hydrogel,
which was loaded with growth factors and adipose-derived MSCs for the
purpose of maintaining NP tissue integrity and treating IVDD [54].
However, the harsh microenvironment present at the site of injury led to
the destruction of the hydrogel structure, resulting in fragmentation. In
this study, we have demonstrated that the incorporation of mental
coordination-modified hydrogel can confer self-healing properties
through dynamic electrovalent interaction. The reversible nature of the
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Au–S coordination bond enables the hydrogels to coordinatively self-heal
after repeated rupture. Given the high levels of stress experienced by
degenerative discs, hydrogels equipped with self-healing capabilities are
well-suited for the regeneration of NP. Jia and colleagues synthesized a
glycerol cross-linked polyvinyl alcohol (GPG) hydrogel through the for-
mation of multiple hydrogen bonds between glycerol molecules and poly
(vinyl alcohol) (PVA) chains. The injectable hydrogel demonstrated
viscoelastic properties akin to native NP tissue and exhibited therapeutic
effects in models of IVDD involving needle puncture and NP discectomy
[28]. Consequently, the design of ECM-mimicking hydrogels for IVDD
treatment and NP reconstruction must consider tissue-matched biome-
chanical properties.

KGN was incorporated into the hydrogel with cyclodextrin encap-
suled to achieve a prolonged drug release. The KGN-enhanced dynamic
hydrogel demonstrated a reduction in local inflammation at the puncture
Fig. 10. Kartogenin-enhanced dynamic hydrogel ameliorates IVDD progression. M
preventing ECM degradation in NPCs. To achieve localized and sustained release, a s
KGN-enhanced hydrogel mitigates NP degeneration in a rat IVDD model induced by
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injury site of the IVD, as indicated by the decreased expression of IL-1β. In
an osteoarthritis rat model, the intra-articular administration of KGN
effectively mitigated joint pain severity and enhanced articular cartilage
repair by elevating the expression of the anti-inflammatory cytokine IL-
10 in chondrocytes [55]. Zhang and colleagues have reported that the
combination of KGN and platelet-rich plasma (PRP) has a significant
impact on reducing the expression of IL-6, TNF-α, and cyclooxygenase-2
(COX-2) in the tendon-bone injury interface by inhibiting the nuclear
factor-kappa B (NF-κB) signaling pathway [56]. Nevertheless, additional
research is necessary to explore the suppressive effect of KGN on the
inflammatory response in degenerated IVD.

A limitation of the present study pertains to the use of rat NPCs rather
than human-derived cells. Kamatani et al. have shown that implantation
of cartilaginous tissue derived from human induced pluripotent stem
cells (iPSCs) effectively restored the structure of NP tissue, thus
echanistically, NRF2 plays an important role in reducing oxidative stress and
elf-healing hydrogel loaded with Kartogenin was developed. In situ injection of
puncture.
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indicating its potential as an implant for NP tissue engineering. To
facilitate future translation, it is necessary to assess the impact of KGN-
enhanced dynamic hydrogel on human primary NPCs or iPSCs [57].
Another limitation was the absence of biomechanical and behavioral
analysis. The annulus fibrosus (AF) tissue, in addition to the NP, provides
adequate mechanical support to sustain the physiological functions of the
IVD [58]. Wei et al. conducted a study in which they incorporated
transforming growth factor-β1 (TGF-β1) into polyethylene glycol dia-
crylate (PEGDA) mixed with decellularized AF matrix. Their findings
revealed that the composite hydrogel effectively restored the biome-
chanical properties of injured IVD by integrating with adjacent AF tissue
[59]. Although the antioxidant effects of KGN on AF regeneration remain
unclear, the use of ceria-loaded mesoporous silica nanoparticles to
mitigate excessive oxidative stress shows potential as a strategy for AF
regeneration [60]. Consequently, forthcoming investigations will
concentrate on the comprehensive restoration of both NP and AF tissues,
ultimately leading to the functional recovery of lumbar IVDs that have
undergone herniation.

5. Conclusions

In conclusion, we examined the restorative potential of KGN in NPCs
with imbalanced ECM metabolism caused by IL-1β impairment. As
illustrated in Fig. 10, the study elucidated the critical role of NRF2 in
reducing oxidative stress and preventing ECM degradation in NPCs, as
evidenced by the loss of antioxidant and anabolic effects upon pharma-
cological inhibition of NRF2. Additionally, a self-healing hydrogel loaded
with KGNwas developed to achieve localized and sustained release of the
compound. In vivo experiments demonstrated the ability of the KGN-
laden hydrogel to mitigate NP degeneration in a rat IVDD model
induced by puncture. Collectively, the results of this study indicate that
KGN possesses the ability to function as an agent for the regeneration of
NP, and that the use of KGN-enhanced dynamic hydrogel may serve as a
promising therapeutic intervention for the treatment of IVDD.
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