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A B S T R A C T

Intervertebral disc degeneration (IVDD) is the main cause of low back pain, pyroptosis is a major contributor to 
various diseases, including IVDD; however, there is currently no effective drugs targeting pyroptosis for therapy. 
In this study, we established pyroptosis model in nucleus pulposus cells (NPCs) in vitro and searched pyroptosis 
inhibitors in FDA Medicine Library. High throughput screening study revealed that Pirfenidone (PFD) was the 
most effective pyroptosis inhibitor among 1500+ FDA drugs, which was confirmed by further experiments. As 
administering PFD alone may lead to poor efficacy due to short action time and low bioavailability, we designed 
a smart delivery system for PFD. A pH-responsive metal-organic framework (MOF), poly-His6-zinc (PHZ) as
sembly, loaded with PFD (PFD@PHZ) was designed for IVDD therapy. PHZ was shown to have excellent lyso
somal escape properties and bioavailability of PFD. In addition, the release of PDF from PFD@PHZ could be 
triggered by the acidic microenvironment of degenerated intervertebral discs. PFD@PHZ was also shown to 
effectively inhibit pyroptosis, senescence, and extracellular matrix (ECM) degradation in NPCs, both in vitro and 
in vivo, thereby mitigating the progression of IVDD in rats. Thus, the current study shows PFD as a novel inhibitor 
for pyroptosis, and PFD@PHZ as a potential nanomaterial for efficient IVDD therapy.

1. Introduction

Intervertebral disc degeneration (IVDD) is the main cause of low 
back pain, causing significant economic burden worldwide [1,2]. In 
anatomy, the intervertebral disc is composed of the nucleus pulposus, 
annulus fibrosus and cartilaginous endplate, which located between 
adjacent vertebral bodies [3]. Among the components of the interver
tebral disc, the nucleus pulposus stands as the most essential part, 

primarily composed of nucleus pulposus cells (NPCs). These cells play an 
important role in balancing the synthesis and degradation of extracel
lular matrix (ECM) and maintaining the normal structure and physi
ology of intervertebral discs [4]. Damage and subsequent death of NPCs 
significantly accelerates the progression of IVDD [5,6].

Among the various forms of cell death, pyroptosis is one of the 
principal mechanisms contributing to the death of NPCs [7]. Pyroptosis 
is a lytic form of programmed cell death triggered by the activation of 
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inflammasomes and caspases [8]. Unlike other forms of cell death, 
pyroptosis is characterized by plasma membrane rupture and the release 
of inflammatory mediators, which accelerate the degradation of the 
ECM [9]. In addition, pyroptosis is closely associated with senescence. 
Studies have demonstrated that the deletion of the NLRP3 inflamma
some can prevent various aging-driven phenotypes [10]. In macrophage 
research, the activation of the pyroptosis pathway has been shown to 
increase with age [11]. Recent studies have revealed that NLRP3 
inflammasome-mediated pyroptosis is activated in NPCs during the 
progression of IVDD, highlighting the significant role of pyroptosis in 
the IVDD procession [12]. Additionally, pyroptosis-induced senescence 
in NPCs can further exacerbate the progression of IVDD, creating a 
detrimental cycle that accelerates disc degeneration [13]. This high
lights the significance of targeting pyroptosis-related pathways as a 
potential therapeutic strategy for mitigating IVDD.

Exploring drugs that inhibit pyroptosis in NPCs can help mitigate the 
progression of IVDD, which is the main purpose of our study. In previous 
experiments conducted by our research group, the establishment of in 
vitro cell death models, combined with high-throughput screening of 
drug libraries, has been validated as an efficient and precise method for 
identifying drugs that inhibit specific forms of cell death [14,15]. The 
FDA Medicine Library includes drugs that have currently passed clinical 
trials. These drugs have advantages such as good bioactivity and high 
safety. Previous studies have demonstrated that some of the FDA drugs 
can alleviate the progression of various diseases by inhibiting pyroptosis 
[16–19]. However, no studies have systematically screened for 
pyroptosis-inhibiting drugs within the FDA Medicine Library, and the 
potential of the FDA Medicine Library remains largely untapped.

We first established an in vitro model of pyroptosis in NPCs to 
conduct the screening. The combined application of lipopolysaccharide 
(LPS) and nigericin has been demonstrated in multiple studies to induce 
cellular pyroptosis [20–22]. Therefore, we selected concentrations of 
LPS and nigericin that resulted in a 50 % reduction in CCK8 assay out
comes compared to the control group as the stimulatory conditions to 
establish a model of pyroptosis in NPCs. On the basis of the successful 
establishment of the model in vitro, we introduced over 1500+ FDA 
drugs to attempt to rescue NPCs from pyroptosis, thereby constructing a 
high-throughput screening system. Finally, the rescue rate for each drug 
was calculated using the appropriate formula, and the drugs were 
ranked from highest to lowest based on their rescue rates [14]. The re
sults indicated that pirfenidone (PFD) is the most effective drug for 
inhibiting pyroptosis in NPCs. PFD is a drug primarily used in the 
treatment of idiopathic pulmonary fibrosis, possessing 
anti-inflammatory, antioxidant and anti-fibrotic properties [23]. Studies 
have demonstrated that PFD can inhibit pyroptosis in various diseases, 
thereby mitigating disease progression [24,25]. However, its 
anti-pyroptotic effects have yet to be reported. Therefore, we selected 
PFD as the therapeutic agent for our study.

The delivery method of drugs is also a focus of our research. 
Compared to systemic administration, direct intradiscal injection of 
drugs helps reduce the side effects caused by systemic drug exposure and 
improves the efficacy of drugs [26]. However, the half-life of drugs 
administered within intervertebral discs is limited and requires repeated 
local injections, which increases the risk of secondary injury and 
dose-dependent side effects. Therefore, the combination of drugs and 
delivery platforms involving biomaterials is receiving increasing atten
tion, as it can avoid the side effects of systemic and intradiscal admin
istration, while enhancing the therapeutic effects of the drugs [27–29].

Nanobiomaterials have found extensive applications in biomedical 
domains, including biosensing, regenerative medicine, and targeted 
drug delivery, providing new avenues for disease treatment [30–33]. 
Among them, metal organic frameworks (MOFs) generated by the co
ordination binding of metal ions and organic ligands serve as a new type 
of targeted delivery biomaterial with high loading capacity and lyso
somal escape characteristics, and have been widely used for drug tar
geted delivery and disease treatment [34,35].

In addition to traditional MOFs, certain new MOFs that can release 
on demand (under conditions such as pH, temperature, reactive oxygen 
species, etc.) have attracted great interest [36,37]. The pH value of 
degenerated intervertebral disc tissue decreases from 7.0 to 7.2 to 
5.5–6.5, showing weak acidity [38,39]. Therefore, a pH-responsive 
metal-organic framework (MOF), poly-His6-zinc (PHZ) assembly, 
loaded with PFD (PFD@PHZ) was designed for IVDD therapy. Our study 
showed that the PFD@PHZ delivery system can protect NPCs from 
pyroptosis, senescence, and ECM degradation in vitro and in vivo, while 
promoting the functional recovery of IVDD. Therefore, PFD@PHZ is a 
new drug-loaded nanobiomaterial for treating pyroptosis, senescence, 
and ECM degradation of NPCs and alleviating the progression of IVDD.

2. Materials and methods

2.1. Reagents and antibodies

Pirfenidone (PFD) was acquired from MedChemExpress (Shanghai, 
China), type II collagenase was acquired from Sigma-Aldrich (St. Louis, 
Missouri, USA). Primary antibodies for β-actin, ADAMST5 and p53 were 
obtained from ABclonal (Wuhan, China). Primary antibodies for 
Collagen II, MMP13, P16, P21, ASC and NLRP3 were obtained from 
ABcam (Cambridge, UK). Primary antibodies for Gasdermin D and 
Caspase-1 were obtained from HUABIO (Hangzhou, China). Horseradish 
peroxidase labeled secondary antibodies, Alexa Fluor ®488 labeled 
sheep anti-mouse immunoglobulin (HABL) secondary antibodies was 
obtained from ABcam (Cambridge, UK). Reagents for cell culture were 
obtained from Gibco (Grand Island, NY, US).

2.2. NPCs isolation and culture

Euthanasia was performed on healthy Sprague Dawley rats (SD rats) 
aged 6 weeks under analgesia, and NPCs were extracted from the nu
cleus pulposus under sterile conditions. Collect and centrifuge, place the 
cell pellet in DMEM solution containing 0.025 % type II collagenase, and 
incubate in a humidified culture room at 37 ◦C and 5 % CO2 for 6 h. 
Subsequently, the cells were collected again and transferred to DMEM 
supplemented with 10 % fetal bovine serum (FBS), 1 % penicillin, and 
streptomycin, and incubated in a humidified culture room at 37 ◦C and 
5 % CO2.

2.3. Drug-screening

LPS and nigericin were selected as inducers to establish an in vitro 
pyroptosis model. NPCs were seeded in 96-well plates at a density of 
8000–10000 cells per well and cultured for 24 h. After washing with 
PBS, the cells were further cultured for an additional 24 h in either basal 
medium or basal medium supplemented with varying concentrations of 
LPS and nigericin. Following this incubation, the medium was replaced 
with 100 μL of fresh culture medium containing 10 % CCK-8. After a 2-h 
incubation, absorbance was measured at 450 nm using a microplate 
reader. The CCK-8 results were recorded, and the concentrations of LPS 
and nigericin were selected based on the half-maximal CCK-8 result 
relative to the control group treated with only basal medium. Our 
findings indicated that the optimal inducing concentration was 100 ng/ 
mL of LPS and 10 μM of nigericin. Subsequently, to minimize experi
mental error, 100 μL of PBS was added around the perimeter of the 96- 
well plate. NPCs were seeded at a density of 8000–10000 cells per well 
and cultured for 24 h. After washing with PBS, the cells were divided 
into three groups: the Control group (treated with 100 μL of basal me
dium), the Stimulated group (treated with basal medium containing 100 
ng/mL of LPS and 10 μM of nigericin), and the Drug-treated group 
(treated with basal medium containing 100 ng/mL of LPS, 10 μM of 
nigericin, and 10 μM of the drug). The cells were then incubated for an 
additional 24 h.CCK-8 assay was then performed to assess cell viability, 
and the results were recorded. The rescue rate for each drug was 
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calculated using the following formula: Rescue Rate = (Ac-Ab)/(Aa-Ab) 
* 100 %. Here Aa represents the CCK-8 test result of untreated NPCs, Ab 
represents the CCK-8 test result of NPCs treated with LPS and nigericin 
for 24 h, and Ac represents the CCK-8 result of NPCs treated with LPS, 
nigericin and the FDA drugs for 24 h. Finally, the rescue rates were 
ranked in order.

2.4. Calcein/PI staining

Inoculate NPCs at a density of 1 × 105 onto a 24 well plate, incubate 
for 24 h, and wash three times with PBS. Then, add PBS (control group), 
LPS (100 ng/ml) and nigericin (10 μM), PFD (20 μM) and PFD@PHZ (20 
μM) according to different groups. After incubation for 24 h, follow the 
instructions and use Calcein/PI staining dye (Beyotime, Shanghai, 
China) to stain at 500 μL per well for 30 min, and observe under a 
fluorescence microscope. Viable cells exhibit green fluorescence under a 
fluorescence microscope, while non-viable cells exhibit red 
fluorescence.

2.5. Synthesis of PFD@PHZ

Poly His6 zinc assembly (PHZ) particles can be synthesized by 
introducing zinc ions into a His6 solution at pH 8 and subjecting it to 
ultrasonic treatment. Then dissolve 2 mg His6 and 2 mg PFD in 500 μL 
HEPES-Na buffer at pH 8.5. After 1 min of ultrasonic treatment, 24 μL of 
0.1M ZnNO3 solution was introduced, followed by 15 min of ultrasonic 
treatment. The obtained mixture was centrifuged at 8000 rpm for 15 
min, the precipitate was collected, and the particles were resuspended in 
500 μL of ultrapure water. The purification process can be repeated 
three times to obtain PFD@PHZ.

2.6. Characterization of PHZ and PFD@PHZ

The Average size, PDI and Zeta potential of PZA and PFD@PHZ so
lution were determined by laser particle size analyzer (Malven Zetasizer 
Nano ZS90, UK). The group difference between PFD, PFD@PHZ and 
PHZ was detected by UV–vis spectrophotometry and ATR-FTIR spec
trum. Both PHZ and PFD@PHZ solutions were deposited on copper 
mesh, and their respective morphologies were observed under trans
mission electron microscope (JEM-F200, JEOL, Japan).

2.7. Endocytosis process and mechanism of PHZ and PFD@PHZ

The NPCs were seeded at a density of 1 × 105 cells per well on a 24 
well plate, incubated for 24 h, and washed three times with PBS. Sub
sequently, the cells were incubated in a medium containing LPS and 
nigericin for 24 h, followed by the addition of FITC labeled PHZ and 
PFD@PHZ And incubate for 2 h and 4 h respectively. After incubation, 
fix the cells with paraformaldehyde and perform nuclear staining with 
DAPI staining. Imaging was performed using a Zeiss laser scanning 
confocal microscope (LSM800) from Germany. Meanwhile, Lysotracker 
has been used for lysosome localization, providing insights into the 
intracellular transport of nanoparticles.

2.8. Drug release experiment of PFD@PHZ

The NPCs were seeded on a 24 well plate at a density of 1 × 105 cells 
per well. After incubation for 24 h, wash three times with PBS. Subse
quently, the cells were treated with a medium containing LPS and 
nigericin and incubated for 24 h to maintain a pH of 5.5–6.5 in the 
medium. For drug release experiments, it will contain 1 mL PFD@PHZ 
Immerse the solution in 50 mL of PBS. Under the conditions of pH 6 and 
pH 7.2, oscillate continuously at a speed of 100 rpm for 12 h, 24 h, 2 
days, 4 days, 6 days, and 8 days. Collect 1 mL of supernatant at each 
designated time interval and supplement with an equal amount of PBS. 
Use UV visible standard curve to evaluate the cumulative drug release 

rate at different time points.

2.9. Western blot analysis

NPCs were subjected to lysis using RIPA lysis buffer (Beyotime, 
China), which was supplemented with 1 mM of PMSF. The lysate was 
collected and then centrifuged at 12000g for 30 min at 4 ◦C to collect the 
supernatant. Subsequently, measure the protein concentration using the 
BCA Protein Assay Kit (Beyotime, China). Then dilute the protein to an 
equal concentration and volume. The same amount of protein was 
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), and then transferred to polyvinylidene fluoride (PVDF) 
membrane (Bio Rad, USA). After blocking the protein bands with 5 % 
skim milk at room temperature for 2 h, the membranes were washed 
three times with TBST for 10 min, and incubated with primary anti
bodies (1:1000): NLRP3, GSDMD, CASP-1, ASC, β-actin, Collagen II, 
MMP13, ADAMTS5, P16, P21, P53 overnight. Then, the membranes 
underwent three washes with TBST and were incubated with the 
appropriate secondary antibodies for a duration of 2 h. Finally, the 
bands were visualized using the ChemiDoc XRS + imaging system (Bio- 
Rad, Carlsbad, California, USA), and quantitative analysis was con
ducted utilizing Image Lab 3.0 software (Bio-Rad).

2.10. Molecular docking

The molecular structure of PFD can be downloaded from the Pub
Chem database (https://pubchem.ncbi.nlm.nih.gov/). The three- 
dimensional structure of the large molecule NLRP3 can be down
loaded from the protein database (https://www.rcsb.org/). Stable 
dominant conformations and molecular docking simulations can be 
performed using Open Babel, PyMOL, and AutoDock Tools. The results 
of the molecular docking simulation can be visualized using PyMOL 
software.

2.11. SA-β-gal staining

According to the instructions, the senescence related β-galactosidase 
(SA-β-gal) staining kit (Beyotime, Shanghai, China) was used to stain the 
NPCs, and observed under an optical microscope. The senescent NPCs 
appeared blue.

2.12. Immunofluorescence

Plant NPCs at a density of 1 × 105 cells per well into a 24 well plate 
and culture for 24 h. After group pretreatment, fix with 4 % para
formaldehyde for 15 min, wash three times with PBS, and then permeate 
with 0.1 % Triton X-100. Subsequently, the primary antibody (diluted 
1:100) was mixed with 10 % FBS and incubated with cells for 24 h. 
Subsequently the cells were incubated with Alexa Flour 488 conjugated 
secondary antibody (Jackson ImmunoResearch, West Grove, USA) in the 
dark for 2 h, followed by incubation with DAPI for 5 min, washing, and 
then observing and collecting images using a laser scanning confocal 
microscope (Zeiss) to quantify fluorescence intensity and analyze the 
results.

2.13. Animal models

Select 8-week-old SD rats and randomly divide them into five groups, 
with five animals in each group: Sham surgery group, IVDD group, 
IVDD + PHZ group, IVDD + PFD group, and IVDD + PFD@PHZ group. 
Animals are kept in clean rooms at 24–26 ◦C, under a 12 h cycle of 
darkness/light, and provided with water and food at will. For the 
experimental group that requires modeling, a needle (21G) is used to 
completely penetrate the fibrous ring from the tail skin. Then rotate the 
needle 360◦and let it sit for 1 min. In IVDD + PHZ group, IVDD + PFD 
and IVDD + PFD@PHZ group, the drug was administered via 
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intervertebral disc injection at a concentration of 20 μM, with a volume 
of 5 μL injected weekly. Both Sham group and IVDD group were injected 
with the same volume of physiological saline. After four and eight 
weeks, all rats were euthanized.

2.14. X-ray imaging and magnetic resonance imaging (MRI)

At 4 and 8 weeks after the establishment of the IVDD model, all rats 
were anesthetized and X-ray imaging (KUB Technologies Inc.) was 
performed. The heights of the intervertebral discs for each group were 
then quantified using the Disc Height Index (DHI) [40]. MRI was per
formed utilizing a Bruker BioSpec 94/20 USR MRI system (Bruker, 
Germany) to evaluate the degrees of IVDD in accordance with the 
Pfirrmann classification system.

2.15. Histology and immunohistochemistry

After euthanasia of rats, intervertebral disc tissue was separated and 
fixed in 4 % paraformaldehyde for 48 h, then decalcified in EDTA so
lution and embedded in paraffin. Cut the tissue slices into 3 μm sections 
and stain them with safranin O-fast green (SO). Observe histopatho
logical images of tissues under a microscope (Nikon, Japan) and eval
uate them by independent researchers who are not familiar with 
treatment conditions. In addition, immunohistochemical staining was 
performed on rat intervertebral disc slices to detect the presence of the 
aforementioned proteins and observe their changes, and corresponding 
quantification was performed using Image J software.

2.16. Immunohistochemical (IHC) analysis

Remove the prepared tissue slices by dewaxing in xylene. Subse
quently, immerse it in 3 % H2O2 for 10 min. Then use citrate buffer for 
antigen repair. Seal the sections with 10 % goat serum for 1–2 h and 
incubate overnight at 4 ◦C with primary antibody diluted according to 
their characteristics. Subsequently, the slices were incubated with the 
corresponding secondary antibody at 37 ◦C for 2 h. After incubating with 
SABC working solution at room temperature for 1 h, perform DAB 
staining and counterstain with hematoxylin. Capture images using an 
Olympus fluorescence microscope (Olympus, Tokyo, Japan) and analyze 
them using Image J software 2.1 (Bethesda, Maryland, USA).

2.17. Immunofluorescence (IF) analysis

The tissue slices were deparaffinized in xylene and hydrated in 
ethanol. Subsequently, immerse it in 3 % hydrogen peroxide for 10 min. 
Then use citrate buffer for antigen repair. Seal the sections with 10 % 
goat serum for 1–2 h and incubate overnight at 4 ◦C with primary 
antibody diluted according to its characteristics. After washing three 
times with PBS, the cells were incubated with Alexa Fluor488 secondary 
antibody (diluted 1:100) at room temperature for 2 h, and then washed 
three times with PBS. Finally, the cells were stained with DAPI for 10 
min. Fluorescence images were acquired using a fluorescence micro
scope (Olympus, Tokyo, Japan), and Image J software 2.1 (Bethesda, 
MD, USA) was used for fluorescence result analysis.

2.18. Statistical analysis

SPSS 19.0 (SPSS, Chicago, IL) was used for all statistical analyses. 
The mean and Standard Error of Mean (SEM) for all data are displayed. 
One-way ANOVA or the t-test were used to determine whether there 
were any differences between the groups. Statistical significance was 
defined as P < 0.05.

3. Results

3.1. Screening for the FDA Medicine Library of pyroptosis inhibitor

Fig. 1A shows the drug screening process in the FDA Medicine Li
brary. We established a model of pyroptosis in NPCs in vitro induced by 
LPS (100 ng/ml) and nigericin (10 μM). Subsequently, we added 
different drugs (10 μM) from the FDA Medicine Library to select drugs 
that could inhibit pyroptosis in NPCs. Then, we used the CCK8 assay to 
evaluate the survival rate of the cells and ranked them based on their 
rescue rate (RR). Fig. 1B shows the RR of various drugs in NPCs under 
the action of pyroptosis inducers. Among them, PFD has the highest RR, 
so we choose PFD as the drug to inhibit pyroptosis in NPCs. Fig. 1C 
shows the structural formula of PFD.

Subsequently, we evaluated the cytotoxicity of PFD. The results 
showed that PFD had no cytotoxicity at concentrations of 5, 10, and 20 
μM, but had significant cytotoxicity at a concentration of 40 μM 
(Fig. 1D). Meanwhile, in order to further evaluate the therapeutic po
tential of PFD, we studied the therapeutic effect of different concen
trations of PFD under the action of pyroptosis inducing agents. The 
results, as shown in Fig. 1E, demonstrated that the therapeutic effect of 
PFD was optimal at a drug concentration of 20 μM. Subsequently, we 
further validated the therapeutic effect of PFD using Calcein/PI staining, 
and the results showed that PFD could effectively inhibit pyroptosis in 
NPCs (Fig. 1F and G).

Subsequently, we performed western blot to verify the changes in 
pyroptosis-related proteins. NLRP3 is a key protein involved in the 
formation of the inflammasome during pyroptosis. Upon stimulation 
with LPS and nigericin, NLRP3 is activated, recruiting the adaptor 
protein ASC and the protease pro-caspase-1 to form a macromolecular 
complex. This complex cleaves pro-caspase-1 (Pro-CASP-1) into its 
active form, cleaved-caspase-1 (C-CASP-1). Activated caspase-1 subse
quently cleaves gasdermin D (GSDMD), generating GSDMD-N, which 
forms pores in the host cell membrane to regulate the release of cyto
plasmic contents, ultimately leading to cell pyroptosis. The results are 
shown in Fig. 1H–I. The protein amounts of NLRP3, GSDMD-N, C-CASP- 
1 and ASC in NPCs were significantly increased by LPS + Nigericin 
stimulation, but decreased significantly after treatment with PFD, indi
cating that PFD can well inhibit pyroptosis of NPCs.

In summary, through drug screening in FDA Medicine Library, it is 
found that PFD can effectively inhibit LPS- and migericin-induced 
pyroptosis of NPCs.

3.2. Synthesis and characterization of PFD@PHZ

In order to enhance the therapeutic effect of PFD, we synthesized the 
nano material PHZ, which is a novel metal organic material, and 
encapsulated PFD into PHZ to form a new nano drug named PFD@PHZ.

In an environment of pH-8.5, the coordination interaction between 
poly-His6 molecules and Zn2+ produces PHZ, and then PFD is encap
sulated in PHZ to form PFD@PHZ (Fig. 2A). The size distribution and 
zeta potential of PFD@PHZ were tested by dynamic light scattering 
(DLS). The average size of PFD@PHZ is slightly lower than that of PHZ. 
The Polydispersity index (PDI) is the dimensionless constant that reflects 
the particle size distribution width. The smaller the value, the more 
uniform the particle size and the more concentrated the distribution. 
The PDI of PFD@PHZ is slightly smaller than PFD, indicating the particle 
size of PFD@PHZ is relatively concentrated. At the same time, the zeta 
potential of the PFD@PHZ is 30.6 mV, which has good stability. 
(Fig. 2B).

Subsequently, as shown in Fig. 2C, we found through UV–visible 
spectrum analysis that a strong absorption peak with a wavelength of 
298 nm in the UV spectrum of PFD, which is the characteristic absorp
tion peak of the benzene ring in PFD. And in PFD@PHZ, the charac
teristic peak of the benzene ring significantly weakened and shifted, 
appearing at 308 nm, indicating successful encapsulation of PFD by 
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PHZ. Also, the infrared spectra of PFD, PHZ, and PFD@PHZ can be seen 
from the infrared spectra (Fig. 2D). Among them, 3340 cm− 1 is the 
stretching vibration absorption peak of N-H on PHZ, 1673 cm− 1 is the 
stretching vibration absorption peak of C=C double bond and (amide I 
band) C=O on PFD, 1610-1453 cm− 1 is the skeleton vibration absorp
tion peak of benzene ring on PFD, and 825-699 cm− 1 is the out of plane 
bending vibration absorption peak of C-H on PFD. The results showed 
that PHZ successfully encapsulated PFD. Meanwhile, as shown in 

Fig. 2E, under SEM, the nanoparticles of PHZ and PFD@PHZ exhibit an 
irregular but uniformly distributed morphology.

In summary, the above experimental results clarify the PFD@PHZ is 
successfully synthesized and supported its functionality in subsequent 
applications.

Fig. 1. Screening for the FDA Medicine Library of pyroptosis inhibitor (A) Drug screening process in the FDA Medicine Library. (B) Screening results from the FDA 
Medicine Library. Rescue Rate = (Ac-Ab)/(Aa-Ab) * 100 %. Here Aa represents the CCK-8 test result of untreated NPCs, Ab represents the CCK-8 test result of NPCs 
treated with LPS and nigericin for 24 h, and Ac represents the CCK-8 result of NPCs treated with LPS, nigericin and the FDA drugs for 24 h (n = 3). (C) The chemical 
molecular formula of PFD. (D) NPCs treated with different doses of PFD for 24 h (n = 3). (E) Pyroptosis-induced NPCs treated with different doses of PFD (n = 3). 
(F–G) Calcein/PI detection in the above-mentioned treated NPCs (scale bar: 100 μm; n = 3). (H–I) Protein expression of NLRP3, ASC, C-CASP-1 and GSDMD-N was 
analyzed by western blot in NPCs treated with LPS and nigericin in the presence or absence of 20 μM PFD (n = 3). Data are shown as the mean value (n = 3) ± S.D. 
Statistical significance is denoted by **p < 0.01,*p < 0.05.
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3.3. In vitro cytotoxicity assessment, cellular uptake and drug release 
studies of PFD@PHZ

The aforementioned experiments successfully confirmed the syn
thesis of PFD@PHZ. Next, further investigations will be conducted to 
assess its toxicity, cellular uptake, and biocompatibility in NPCs.

We use different concentrations of PFD@PHZ to stimulate the NPCs 
and detect cellular activity using CCK8. As shown in Fig. 3A, at a con
centration of 5, 10, 20 μM, PFD@PHZ does not cause toxicity to cells, but 
when the concentration is increased to 40 μM, cellular activity signifi
cantly decreases. Therefore, we chose concentrations of 5, 10 and 20 μM 
PFD@PHZ to explore its ability to rescue NPCs under pyroptosis in
ducers. As shown in Fig. 3B, a concentration of 20 μM PFD@PHZ was 
most effective in rescuing NPCs from pyroptosis. Additionally, we 
divided the NPCs into three groups: “PBS”, “LPS + Nigericin”, and “LPS 
+ Nigericin + PFD@PHZ”. Equal amounts of the respective reagents 
were added to each group, with PFD@PHZ at a concentration of 20 μM, 
followed by calcein/PI staining. As shown in Figs. 3C and 20 μM 
PFD@PHZ will not cause the death of NPCs and can effectively rescue 
NPCs stimulated by pyroptosis inducers. The above results demonstrated 
that PFD@PHZ has good biocompatibility and pyroptosis rescue ability 
at a concentration of 20 μM.

At the same time, in order to verify the drug delivery capability of 
PHZ, we have developed the PFD-FITC@PHZ and PFD-FITC. Equal 

concentrations of reagents have been added to two groups of cells and 
the fluorescence images were captured after 4 h. The stronger the green 
fluorescence, the more drug enters the cell. As shown in Fig. 3D, the 
amount of drugs entering the cells in the PFD-FITC@PHZ group was 
significantly higher than that in the PFD-FITC group, indicating the 
PFD@PHZ can promote the entry of drugs into cells.

To verify the cellular uptake of PHZ and PFD@PHZ, equal amount of 
PHZ-FITC and PFD@PHZ-FITC was added to two groups of cells sepa
rately. Fluorescence imaging was performed after 2 and 4 h, and the 
results were shown in Fig. 3E. PHZ and PFD@PHZ entered the cells in 
the form of relatively dense clumps and then gradually dispersed in the 
cells. In order to further clarify the intracellular localization of drug 
delivery, we treated two groups of cells with PHZ-FITC and PFD@PHZ- 
FITC respectively, and used Lysotracker to stain lysosomes. The results 
are presented in Fig. 3F, which showed only a small overlap between the 
two fluorescent colors, indicating that PHZ and PFD@PHZ can effec
tively escape lysosomal phagocytosis and exert their effects within cells.

Next, we assess the controlled drug release of PHZ in acidic envi
ronments. Fig. 3G shows the percentage change of drug release from 
PFD@PHZ over time under different pH environments. The results 
demonstrated that the drug release is rapid within 1 day, and then the 
drug release rate slows down. It can also be demonstrated that lower pH 
values can lead to faster drug release and higher cumulative release (22 
% release at pH = 7.2 and 84.7 % release at pH = 6.0). At the same time, 

Fig. 2. Synthesis and characterization of PFD@PHZ (A) Synthesis of PFD@PHZ. (B)Average sige, PDI and Zeta potential of PHZ and PFD@PHZ (n = 3). (C) The 
UV–visible spectrum analysis of PFD and PFD@PHZ. Blue represents PFD, and red represents PFD@PHZ. (D) The infrared spectra of PFD, PHZ and PFD@PHZ. Blue 
represents PFD, red represents PFD@PHZ and black represents PHZ. (E) SEM of PHZ and PFD@PHZ (n = 3).
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as shown in Fig. 3H, in an environment of pH = 6.0, the concentration of 
PFD is within the therapeutic window and can exert an effective ther
apeutic effect within 7 days.

The above results verify that PFD@PHZ had no biological toxicity 
and possess multiple capabilities such as lysosomal escape, rapid intra
cellular drug delivery, and controlled drug release.

3.4. PFD@PHZ inhibits pyroptosis in NPCs

As shown in Fig. 4A, exogenous stimuli, including LPS and nigericin, 
can induce inflammatory responses and degenerative phenotypes of 
NPCs by increasing reactive oxygen species (ROS) production and acti
vating NLRP3. Simultaneously, the generated ROS can also activate 
NLRP3, further promoting pyroptosis in NPCs.

To verify the therapeutic effect of PFD@PHZ, we used DCFH-DA 
reactive oxygen species ROS probe to detect the content of ROS in 
NPCs. It was found that LPS and nigericin stimulation can significantly 
increase the content of ROS, while treatment with PFD can reduce the 
content of ROS. Compared with the therapeutic effect of PFD, treatment 
with PFD@PHZ can further reduce the content of ROS (Fig. 4B). Sub
sequently, changes in pyroptosis-related proteins were detected by 
western blot. Fig. 4C–D showed that NLRP3, GSDMD-N, C-CASP-1 and 
ASC were significantly increased under the stimulation of LPS and 
melanocortin, and both PFD and PFD@PHZ treatments could reduce the 
above-mentioned protein content, it is worth noting that PFD@PHZ has 

a more significant effect on reducing the above-mentioned protein 
content. Subsequently, we supplemented the cell fluorescence of NLRP3, 
and as shown in Fig. 4E–F, PFD@PHZ had a better therapeutic effect in 
reducing the NLRP3 content than PFD. At the same time, it has been 
documented that PFD can inhibit the activation of NLRP3 inflammatory 
factors [41]. To verify the interaction between PFD and NLRP3, docking 
analysis was performed using the AutoDock tool. The docking results 
showed that PFD and NLRP3 formed a stable hydrogen bond on TYR-381 
(Fig. 4G). This suggests that PFD may interact with NLRP3 under specific 
conditions.

In summary, stimulation with LPS and nigericin induces pyroptosis 
in NPCs, while both PFD and PFD@PHZ exhibit the ability to inhibit this 
process, with PFD@PHZ demonstrating a more pronounced therapeutic 
effect.

3.5. PFD@PHZ inhibits senescence in NPCs

Pyroptosis may also lead to cellular senescence. Thus, subsequent 
experiments were further carried out to investigate the anti-senescence 
effects of PFD@PHZ.

First, changes in senescence-related indicators were detected by 
western blot, and it was found that the levels of senescence-related 
proteins such as p16, p21 and p53 increased significantly under the 
stimulation of LPS and nigericin. Under PFD treatment, the above- 
mentioned related indicators decreased, and the treatment effect of 

Fig. 3. In vitro cytotoxicity assessment, cellular uptake and drug release studies of PFD@PHZ (A) NPCs treated with different doses of PFD@PHZ for 24 h (n = 3). (B) 
Pyroptosis-induced NPCs treated with different doses of PFD (n = 3). (C) Calcein/PI detection in the above-mentioned treated NPCs (scale bar: 100 μm; n = 3). (D) 
Fluorescence images of NPCs after 4 h of PFD-FITC@PHZ and PFD-FITC treatment, respectively (scale bar: 100 μm; n = 3). (E) Fluorescence images of NPCs after 2 h 
and 4 h treatment with PHZ-FITC and PFD@PHZ-FITC, respectively (scale bar: 10 μm; n = 3). (F) Fluorescence images of NPCs after treatment with PHZ-FITC, 
PFD@PHZ-FITC, and Lysotracker, respectively (scale bar: 10 μm; n = 3). (G) The percentage change of drug release from PFD@PHZ over time under different 
pH environments. Red represents at pH = 6 and green at pH = 7.2 (n = 3). (H) The percentage change of drug release from PFD@PHZ over time at pH = 6. Red 
represents PFD@PHZ. Data are shown as the mean value (n = 3) ± S.D. Statistical significance is denoted by**p < 0.01, *p < 0.05.
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PFD@PHZ was more significant (Fig. 5A–B). Cell fluorescence results 
were consistent with western blot (Fig. 5C–D). Then senescence-related 
β-galactosidase staining was used to detect the senescence of NPCs. The 
results showed that blue precipitates appeared in the NPCs under the 
stimulation of LPS and nigericin. Both PFD and PFD@PHZ treatments 
can reduce the number of senescent cells, and the treatment effect of 
PFD@PHZ is more significant (Fig. 5E–F).

In summary, LPS and nigericin stimulation can cause the senescence 
of NPCs, while PFD and PFD@PHZ can inhibit the senescence of NPCs. 
At the same time, PFD@PHZ has a more significant inhibitory effect on 
senescence.

3.6. PFD@PHZ inhibits ECM degradation in NPCs

The most noticeable change in IVDD is the degradation of the ECM. 
In order to verify the therapeutic effect of PFD@PHZ in NPCs, we tested 
its function of alleviating ECM degradation.

As shown in Fig. 6A–B, the results of western blot showed that under 
the stimulation of LPS and nigericin, collagen II was significantly 

reduced, and MMP13 and ADAMST5 were significantly increased. The 
use of PFD inhibited this trend, and the inhibitory effect of PFD@PHZ 
was more obvious. As shown in Fig. 6C–D, the trend of cell immuno
fluorescence was consistent with that of western blot. In addition, in 
order to show the content of proteoglycan in NPCs, we performed to
luidine blue staining. As shown in Fig. 6E–F, under the induction of LPS 
and nigericin, the ECM of NPCs was degraded, and the degradation of 
ECM was inhibited after treatment with PFD, and the effect was more 
significant after treatment with PFD@PHZ.

In conclusion, PFD can suppress ECM degradation of NPCs, while 
PFD@PHZ is more effective to decrease ECM degradation of NPCs.

3.7. PFD@PHZ inhibits the progression of IVDD in rats

To evaluate the therapeutic effects of PFD and PFD@PHZ in vivo, we 
utilized the rat disc puncture model, which is a commonly used animal 
model in IVDD research [40]. The results showed that PFD and 
PFD@PHZ could effectively alleviate IVDD without toxicity to other 
organs of rats (Fig. S1).

Fig. 4. PFD@PHZ inhibits pyroptosis in NPCs (A) LPS and nigericin induce ROS production and pyroptosis. (B) Measurement of ROS content in NPCs (scale bar: 100 
μm; n = 3). (C–D) Western blot of NLRP3, ASC, C-CASP-1 and GSDMD-N of NPCs in different treatment groups (n = 3). (E–F) Immunofluorescence images of NLRP3 
of NPCs in different treatment groups (scale bar: 20 μm; n = 3). (G) The binding site for NDGA and Nrf2. All data are presented as the mean ± SD. Data are shown as 
the mean value (n = 3) ± S.D. Statistical significance is denoted by**p < 0.01, *p < 0.05.
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According to the X-ray results, compared with the sham group, the 
intervertebral disc height index (DHI) of the IVDD group and IVDD +
PHZ group was significantly lower. At the same time, it can be seen that 
the tissue DHI after 8 weeks of modeling was lower than that after 4 
weeks of modeling. In the IVDD + PFD group at 4w and 8w, it can be 
seen that DHI recovered, while in the IVDD + PFD@PHZ group, DHI 
recovered further. This showed that PFD@PHZ can further alleviate the 
progression of IVDD by exerting the release and delivery function of 
drugs. In addition, we used MRI to evaluate the degree of IVDD by 
Pfirrmann score. The results showed that the Pfirrmann scores of the 
IVDD group and the IVDD + PHZ group were significantly higher than 
those of the sham group, and the Pfirmann score of the IVDD + PFD 
group was reduced, and the Pfirmann score of the IVDD + PFD@PHZ 
group was reduced more significantly. At the same time, it can be seen 
that the 8w treatment effect of PFD@PHZ is better than that of 4w 
(Fig. 7B–D).

Next, we further evaluated the histological changes of the interver
tebral disc by tissue sections. As shown in Fig. 7E–F, in the IVDD group 
and IVDD + PHZ, obvious nucleus pulposus tissue loss and interverte
bral disc fibrosis were observed, while PFD administration alleviated 
IVDD progression, and PFD@PHZ administration had a better thera
peutic effect than PFD alone (Fig. 7E–F).

Subsequently, pyroptosis and ECM-related indicators were detected 
by immunohistochemical staining. We found that with the progression 
of IVDD, the expression of NLRP3 increased significantly, and the use of 
PFD could inhibit the increased expression of NLRP3 in the nucleus 

pulposus tissue. At the same time, due to the intracellular delivery and 
extracellular controlled release of PHZ, the expression of NLRP3 in 
PFD@PHZ further decreased compared with the PFD group, and the 
decrease was more significant at 8w (Fig. 7G–H). As IVDD progresses, 
the expression of Collagen II decreases significantly, and the use of PFD 
can inhibit the decrease in Collagen II expression in the nucleus pulposus 
tissue. At the same time, compared with the PFD group, the expression of 
Collagen II in PFD@PHZ further increased, and the increase was more 
significant at 8w (Fig. 7I–J). The above results show that PFD@PHZ can 
well inhibit pyroptosis and ECM degradation in rat nucleus pulposus 
tissue.

At the same time, we performed tissue fluorescence staining, and the 
results were shown in Fig. 8A–I. In the IVDD and IVDD + PHZ groups, 
with the progression of IVDD, the protein expression of NLRP3, P16 and 
ADAMTS5 increased, while the expression of the above proteins 
decreased after treatment with PFD and PFD@PHZ. Among them, the 
protein expression decreased more significantly after PFD@PHZ treat
ment. At the same time, the treatment effect of 8w was better than that 
of 4w.

In conclusion, the use of PFD and PFD@PHZ can improve the re
covery of the function and structure of degenerated intervertebral discs 
while inhibiting the pyroptosis, senescence, and ECM degradation of 
nucleus pulposus tissue, and PFD@PHZ has a better therapeutic effect.

Fig. 5. PFD@PHZ inhibits senescence in NPCs (A–B) Western blot of P16, P21 and P53 of NPCs in different treatment groups (n = 3). (C–D) Immunofluorescence 
images of P21 of NPCs in different treatment groups (scale bar: 20 μm; n = 3). (E–F) SA-β-gal images of NPCs in different treatment groups (scale bar: 100 μm; n = 3). 
Data are shown as the mean value (n = 3) ± S.D. Statistical significance is denoted by **p < 0.01, *p < 0.05.
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4. Discussion

IVDD is one of the most prevalent degenerative spinal disorders, 
significantly impacting quality of life and imposing substantial social 
and economic burdens [42]. Pathologically, IVDD is characterized by 
nuclear dehydration, annular fissures and the formation of cartilage 
endplate cracks [43]. As the disease progresses, it increasingly affects 
patients’ quality of life, with primary symptoms including chronic low 
back pain, restricted mobility, limb numbness, and weakness, poten
tially leading to disability [44]. Multiple risk factors contribute to IVDD, 
including aging, prolonged poor posture and genetic predisposition. 
Current research suggests that the progression of the disease is primarily 
attributed to the senescence and death of NPCs and an imbalance be
tween the synthesis and degradation of the ECM [45].

Cell death can occur in various forms, including apoptosis, pyrop
tosis, ferroptosis and cuproptosis [46]. Upon exposure to diverse stimuli, 
one or more of these forms of cell death may be triggered, thereby 
promoting the progression of IVDD. Pyroptosis represents a newly 
identified form of programmed cell death that plays a significant role in 
nucleus pulposus cell demise [47]. This process is characterized by the 
formation of membrane pores, the release of pro-inflammatory cyto
kines, and cellular lysis. The mechanisms underlying pyroptosis are 
intricate, encompassing both classical and non-classical pathways [48]. 
In the classical pyroptotic pathway, activation of inflammasomes, pri
marily NLRP3, leads to the cleavage of Pro-Caspase-1 into its active 
form, Caspase-1. Caspase-1 then cleaves GSDMD to generate active N- 
and C-terminal fragments, with the N-terminal fragment facilitating 
membrane pore formation and driving cell death. In contrast, the 

non-classical pathway of pyroptosis is mediated by Caspase-4, Cas
pase-5, and Caspase-11, which induce membrane pore formation, 
cellular lysis, and subsequent inflammatory responses. These diverse 
pathways collectively contribute to pyroptosis, and its inhibition rep
resents a critical strategy for reducing nucleus pulposus cell death and 
alleviating the progression of IVDD [49].

Pharmacological intervention is a commonly employed approach for 
the treatment of IVDD [50]. However, current drug therapies primarily 
focus on symptom alleviation and functional improvement, without 
fundamentally reversing the progression of disc degeneration. Conse
quently, the identification of a therapeutic agent capable of mechanis
tically inhibiting NPCs death and mitigating the progression of IVDD is 
of paramount importance. We have selected the FDA Medicine Library 
for screening, not only due to its proven bioactivity and high safety 
profile, but also because existing studies have demonstrated that com
pounds from this library can inhibit pyroptosis [16–18]. This provides a 
solid foundation for our research. In our study, we first induced 
pyroptosis in NPCs in vitro using LPS and nigericin, establishing an 
pyroptosis model in vitro, and then tested the therapeutic potential of 
1500+ drugs from the FDA Medicine Library. Our study realved that 
PFD is the most effective agent for inhibiting pyroptosis. Previous 
research has also shown that PFD exerts a protective effect by inhibiting 
pyroptosis in various diseases [51,52], yet its application in IVDD re
mains unexplored. Therefore, we have chosen PFD as the focal point of 
our investigation, aiming to prevent pyroptosis and mitigate the pro
gression of IVDD.

However, the effectiveness of using drugs alone to treat IVDD is 
limited. Thus, we designed a drug-controlled release delivery system to 

Fig. 6. PFD@PHZ inhibits ECM degradation in NPCs (A–B) Western blot of Collagen II, ADAMTS5 and MMP13 in NPCs in different treatment groups (n = 3). (C–D) 
Immunofluorescence images of Collagen II of NPCs in different treatment groups (scale bar: 20 μm; n = 3). (E–F) Toluidine Blue images of NPCs in different treatment 
groups (scale bar: 100 μm; n = 3). Data are shown as the mean value (n = 3) ± S.D. Statistical significance is denoted by**p < 0.01, *p < 0.05.

Y. Zhang et al.                                                                                                                                                                                                                                   Materials Today Bio 32 (2025) 101729 

10 



maximize the therapeutic potential of PFD. Moreover, upon disc 
degeneration, the microenvironment within the disc undergoes an acidic 
shift, characterized by a reduced pH [53,54], which provided the con
ceptual foundation for our material targeting strategy. To optimize both 
drug release and therapeutic efficacy, we developed a zinc 
histidine-based assembly (PHZ) and efficiently encapsulated PFD within 
PHZ, yielding the PFD@PHZ. Our study demonstrates that PFD@PHZ is 
synthesized through a simple process and exhibits several key charac
teristics, including lysosomal escape, efficient drug delivery, sustained 
release and pH-targeted properties. Additionally, we confirmed that a 
concentration of 20 μM PFD@PHZ is non-toxic to cells and effectively 
inhibits NPCs pyroptosis both in vitro and in vivo, thereby alleviating 
IVDD. Further investigation revealed that PFD@PHZ not only mitigated 
pyroptosis in NPCs but also suppressed oxidative stress, cellular senes
cence and ECM degradation, offering multi-faceted protection against 
NPCs death and demonstrating exceptional therapeutic efficacy.

Our research has demonstrated that PFD@PHZ is an effective drug- 
delivery material for alleviating IVDD, offering significant advantages. 

However, despite these promising findings, there are still limitations in 
the current study.

Drug screening is an effective strategy for targeting diseases and 
selecting therapeutic agents, and has been widely applied in various 
studies [55]. Although our screening approach enables the precise 
identification of drugs that inhibit specific forms of cell death, several 
challenges remain, including issues such as drug failure, varying optimal 
concentrations for different drugs and a limited variety of drugs avail
able for selection. In contrast to our current method, Surface Plasmon 
Resonance (SPR) drug screening is increasingly capturing the attention 
of researchers [56,57]. SPR screening follows a three-step approach
—Clean Screen, Binding Level Screen, and Affinity Screen—which al
lows for the coarse screening, fine screening, and affinity 
characterization of drug libraries [58]. This method expands the range 
of drug candidates and enables the selection of drugs that best meet 
specific needs, while also facilitating the identification of compounds 
with optimal affinity. Therefore, we plan to incorporate SPR screening 
technology into our future screening strategies, aiming to identify target 

Fig. 7. PFD@PHZ inhibits the progression of IVDD in rats (A, C) Representative X-ray image and Disc Height Index (DHI) measurement of a rat tail disc 4 weeks and 
8 weeks after disc puncture surgery (n = 5). (B, D) MRI and Pfirrmann score assessment of rat tails at 4 weeks and 8 weeks after disc puncture surgery (n = 5). (E–F) 
Evaluation of histological grades at 4 weeks and 8 weeks post-surgery (scale: 1 mm). (G–H) Evaluation of NLRP3 expression in discs through immunohistochemical 
staining (scale: 20 μm; n = 5). (I–J) Evaluation of Collagen II expression in discs through immunohistochemical staining (scale: 20 μm; n = 5). Data are shown as the 
mean value (n = 3) ± S.D. Statistical significance is denoted by **p < 0.01,*p < 0.05.
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drugs with greater scope and precision, and apply them to relevant 
diseases.

An in-depth investigation into the mechanisms of drug action is 
another area where our research is currently lacking. PFD, initially 
utilized in the treatment of idiopathic pulmonary fibrosis, is a pyridone 
derivative with broad-spectrum anti-fibrotic properties [59]. It has been 
shown to possess anti-inflammatory, antioxidative effects, as well as to 
promote the synthesis of extracellular matrix collagen while inhibiting 
ECM degradation [60]. Studies suggest that PFD primarily exerts its 
anti-fibrotic and anti-inflammatory effects by inhibiting pathways such 
as TGF-β, PDGF and TNF-α [61–63]. Additionally, PFD has been 
demonstrated to modulate the JAK2/STAT3 signaling pathway and 

activate the Nrf2 pathway [64,65]. However, research on PFD’s role in 
inhibiting pyroptosis remains sparse, and its underlying mechanisms are 
yet to be fully explored. Therefore, in our subsequent investigations, we 
aim to elucidate the specific pathways through which PFD exerts its 
inhibitory effect on pyroptosis, while also exploring additional related 
mechanisms and identifying further targeted therapeutic agents.

Furthermore, there is potential for optimization of our materials. The 
primary function of our PHZ material is drug delivery and sustained 
release, with pH responsiveness; however, it is somewhat limited in its 
biological functionality. Recently, there has been increasing interest 
among researchers in synthesizing nanomaterials with multifunctional 
properties, nanoparticle-microsphere composites that simultaneously 

Fig. 8. Tissue immunofluorescence shows PFD@PHZ inhibits the progression of IVDD in rats (A-B, G) Evaluation of NLRP3 expression in discs through tissue 
immunofluorescence (scale: 20 μm; n = 5). (C-D, H) Evaluation of P16 expression in discs through tissue immunofluorescence (scale: 20 μm; n = 5). (E-F, I) 
Evaluation of ADAMTS5 expression in discs through tissue immunofluorescence (scale: 20 μm; n = 5). Data are shown as the mean value (n = 3) ± S.D. Statistical 
significance is denoted by**p < 0.01, *p < 0.05.
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exhibit anti-inflammatory effects, sustained release, inhibition of ECM 
degradation, and promotion of collagen synthesis [66]. Additionally, 
materials that retain their efficacy after degradation, such as bifunc
tional nanostructured enzymes, which can release substantial amounts 
of polysulfides upon cellular phagocytosis while also exerting anti
oxidative effects, have garnered significant attention [67]. Materials 
with enhanced targeting capabilities are also receiving increased focus, 
such as metal-phenol nanoparticles that target mitochondria to mitigate 
oxidative stress [68]. Moving forward, our research will shift toward 
developing materials with more multifunctional properties and better 
targeting abilities, while also incorporating drug-carrying capabilities, 
thereby addressing cell death and disease progression from multiple 
angles.

5. Conclusion

In this study, we screened the anti-pyroptosis drug PFD in the FDA 
Medicine Library. Subsequently, we developed PFD@PHZ, a MOF with 
the functions of lysosomal escape, rapid intracellular drug delivery, and 
pH-responsive drug controlled release. PFD@PHZ can alleviate IVDD by 
inhibiting pyroptosis, senescence, and ECM degradation in NPCs. In vivo 
experiments have also shown that PFD@PHZ can effectively alleviate 
the progression of IVDD in rats, suggesting its considerable potential as a 
therapeutic option for IVDD treatment.
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