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Aims
In this investigation, we administered oxidative stress to nucleus pulposus cells (NPCs), recognized
DNA-damage-inducible transcript 4 (DDIT4) as a component in intervertebral disc degeneration
(IVDD), and devised a hydrogel capable of conveying small interfering RNA (siRNA) to IVDD.

Methods
An in vitro model for oxidative stress-induced injury in NPCs was developed to elucidate the
mechanisms underlying the upregulation of DDIT4 expression, activation of the reactive oxygen
species (ROS)-thioredoxin-interacting protein (TXNIP)-NLRP3 signalling pathway, and nucleus
pulposus pyroptosis. Furthermore, the mechanism of action of small interfering DDIT4 (siDDIT4)
on NPCs in vitro was validated. A triplex hydrogel named siDDIT4@G5-P-HA was created by
adsorbing siDDIT4 onto fifth-generation polyamidoamine (PAMAM) dendrimer using van der
Waals interactions, and then coating it with hyaluronic acid (HA). In addition, we established a
rat puncture IVDD model to decipher the hydrogel’s mechanism in IVDD.

Results
A correlation between DDIT4 expression levels and disc degeneration was shown with human
nucleus pulposus and needle-punctured rat disc specimens. We confirmed that DDIT4 was
responsible for activating the ROS-TXNIP-NLRP3 axis during oxidative stress-induced pyropto-
sis in rat nucleus pulposus in vitro. Mitochondria were damaged during oxidative stress, and
DDIT4 contributed to mitochondrial damage and ROS production. In addition, siDDIT4@G5-P-HA
hydrogels showed good delivery activity of siDDIT4 to NPCs. In vitro studies illustrated the
potential of the siDDIT4@G5-P-HA hydrogel for alleviating IVDD in rats.

Conclusion
DDIT4 is a key player in mediating pyroptosis and IVDD in NPCs through the ROS-TXNIP-NLRP3
axis. Additionally, siDDIT4@G5-P-HA hydrogel has been found to relieve IVDD in rats. Our
research offers an innovative treatment option for IVDD.
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Article focus
• What are the functions and pathways of DNA-damage-

inducible transcript 4 (DDIT4) in intervertebral disc degen-
eration (IVDD)?

• Can hydrogels be synthesized for carrying small interfering
RNA (siRNA) and ameliorating IVDD in vivo?

Key messages
• DDIT4 regulates pyroptosis of nucleus pulposus cells via

the reactive oxygen species (ROS)-thioredoxin-interacting
protein (TXNIP)-NLRP3 axis.

• The use of siDDIT4@G5-P-HA hydrogel demonstrated
amelioration of IVDD.

Strengths and limitations
• This study identified DDIT4 as a potential therapeutic target

for IVDD.
• This study did not investigate the enduring impacts of

polyamidoamine (PAMAM) hydrogel on nucleus pulposus
cells.

Introduction
Low back pain (LBP) affects a large proportion of the pop-
ulation worldwide, with approximately 80% of individuals
experiencing it at some point in their lives.1 It imposes a
serious socioeconomic burden, and the cost of its manage-
ment is rapidly increasing with the ageing global population.2,3

The primary cause of LBP is intervertebral disc degeneration
(IVDD).4,5 The human intervertebral disc consists of cartilage
endplates (EP), annulus fibrosus (AF), and nucleus pulposus
(NP) at its centre.6 NPCs maintain the internal environment of
the intervertebral disc by synthesizing the extracellular matrix
(ECM). The degradation of the ECM and a reduction in the
number of NP cells (NPCs) are considered signs of IVDD.7

The pathogenesis of IVDD is complex and its pathogenesis
remains elusive. Changes in the microenvironment of the
NP play a decisive and harmful role in the pathogenesis of
IVDD.8 The initiation of IVDD involves multiple factors, among
which oxidative stress plays an important role. Some stud-
ies have demonstrated that disc degeneration is associated
with reactive oxygen species (ROS);9 however, the specific
mechanisms underlying oxidative stress-induced pyroptosis of
NPCs warrant further investigation.

DNA damage-inducible transcript 4 (DDIT4) is an
evolutionarily conserved protein that has low expression
under basal conditions, but is overexpressed when cells
are stimulated by oxidative stress, endoplasmic reticulum
stress, and hypoxia.10,11 Subsequent independent studies have
reported that DDIT4 is involved in various diseases, includ-
ing Alzheimer’s disease and Parkinson’s disease,12 myocardial
ischaemia/reperfusion injury,13 and osteoarthritis.14 Neverthe-
less, the role of DDIT4 in IVDD warrants further exploration.

Small interfering RNAs (siRNAs) have been identified as
mediators of RNA interference (RNAi) in mammalian cells,15

and can efficiently and specifically target mRNAs.16 Based
on these characteristics, siRNA-based treatment represents
a promising approach to treating IVDD.17,18 Research on
the role and application value of siRNA-based drugs is
expanding, owing to their good record of safety, specificity,
and high efficiency. However, siRNAs have a short half-life,

can be degraded by nucleases and readily cleared from
blood circulation, and require special transfection reagents
to enter cells because of their negative charge.19–21 Moreover,
the cytotoxicity and transfection efficiency of transfection
reagents require additional considerations. Therefore, the key
to enhancing the therapeutic potential of siRNAs is to develop
a carrier with improved delivery efficiency.

In recent years, non-viral vectors, including cationic
liposomes and polymers, have been widely used for siRNA
transfection.22 Polyamidoamine (PAMAM) is a new class of
synthetic polymer that has a highly ordered 3D backbone with
multiple terminals and a dendrite-like shape.23 They comprise
three components, namely a central core, the branched chains,
and the terminal groups.24 The branched chains stem from
the central core, and their repetition results in the formation
of spherical or circular structures called generations (G) and
the branched chains form ‘gaps’ between them.25 PAMAM
contains multiple terminal groups that determine the polarity
of PAMAM. For instance, the terminal amino group can confer
the molecule with a positive charge.26 The protonation of
the terminal amino group makes PAMAM positively charged,
and the internal ‘gaps’ potentially adsorb negatively charged
siRNAs. Therefore, the combination of PAMAM and siRNAs
represents a novel strategy for the treatment of IVDD.

Methods
Human intervertebral disc tissue collection, ethics approval,
and consent to participate
Human intervertebral disc tissues were selected from patients
with varying degrees of degeneration (n = 6, Table I) based on
the Pfirrmann grading of MRI examinations.27 The tissues were
classified as mildly degenerated (MDD, Pfirrmann grading I
and II) or severely degenerated (SDD, Pfirrmann grading III,
IV, and V). The intervertebral discs in the MDD group were
obtained from patients with congenital scoliosis, while those
in the SDD group were obtained from patients with herni-
ated discs. The study was performed in accordance with
the 1964 Declaration of Helsinki and subsequent versions,28

and was approved by The Human Ethics Committee of
Lanzhou University Second Hospital (2023A-105) and The
Animal Ethics Committee of the Lanzhou University Second
Hospital (D2023-145). All enrolled patients provided written
informed consent and all animal experiments were conducted
in accordance with the National Institutes of Health (NIH, USA)
Guide for the Care and Use of Laboratory.

Extraction of rat nucleus pulposus cells
Primary rat NPCs were isolated using a method described
by He et al.29 Tissues from four rats (eight-week-old Spra-
gue-Dawley rats, weight 200 g (± 20 g)) were mixed and
digested with 0.25% trypsin at 37°C for 30 minutes. Mix-
ture of tissues and trypsin was blown with a pipette every
ten minutes until the nucleus pulposus was dispersed into
homogeneous clumps of cells. Subsequently, the cells were
transferred to 25 T gas-permeable flasks and cultured in
DMEM/F12 medium (BasalMedia, China, L310KJ) supplemen-
ted with 15% fetal bovine serum (Sigma-Aldrich, USA; 12,207C)
and 1% penicillin–streptomycin (BasalMedia, China, S110JV)
at 37°C in a humidified atmosphere with 5% CO2. After
three passages, the cells showed homogenous morphological
features, with long spindle-shaped cells constituting almost
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the entire population. These third-generation NPCs were used
for subsequent experiments.

Cell viability assay
The viability of treated NPCs was assessed using the Cell
Counting Kit-8 (CCK8; Dojindo, Japan) according to the
manufacturer’s instructions. Briefly, NPCs were seeded in a
96-well plate at a density of 5 × 103 cells per well, the next
day, 100 μL of the assay solution was added to each well under
proof conditions. The plates were placed in an incubator, and
optical density was measured on a spectrophotometer after
two hours.

RNA isolation, cDNA synthesis, and qRT-PCR
Total RNA was extracted from cultured cells using the
SteadyPure Universal RNA Extraction Kit (AG, China, AG21017)
according to the manufacturer’s instructions. RNA concen-
tration was measured on a Nanodrop spectrophotometer
(Thermo Fisher Scientific, USA), and complementary DNA
(cDNA) was subsequently synthesized. Quantitative real time
polymerase chain reaction (qRT-PCR) was performed using
SYBR Green Pro Taq HS Premix III (AG) on a real-time PCR
system (Bio-Rad, USA). messenger RNA (mRNA) expression

Table I. Patient information.

Variable MDD SDD
p-
value*

Sex 0.558

Female 2 3

Male 4 3

Age, yrs 0.079

< 45 4 1

> 45 2 5

BMI, kg/m2 0.558

< 24 3 4

> 24 3 2

Position T12-L1 L4-L5

L2-L3 L5-S1

L1-L2 L4-L5

T11-T12 L4-L5

C5-C6 L4-L5

T12-L1 L5-S1

Degenerative grades

I 1

II 5

III 1

IV 3

V 2

*Independent-samples t-test.
MDD, mildly degenerated intervertebral discs; SDD, severely
degenerated intervertebral discs.

levels were evaluated using the 2-ΔCT method. The primer
sequences are as follows, DDIT4: forward primer: GTCTGTGTG
GAGCAAGGCAAG, reverse primer: TGTAACCAGGGACCAAGGA
AGA.; and GAPDH: forward primer: CTACCCACGGCAAGTTCAA
C; reverse primer: CCAGTAGACTCCACGACATA.

Protein extraction and western blotting
Western blotting was used to determine protein levels in
NPCs. NPCs were seeded in a six-well plate and subjec-
ted to different treatments. The cells were lysed with RIPA
buffer (Solarbio, China; R0020) supplemented with protease
(Epizyme, USA; GRF101) and phosphatase (Epizyme, GRF102)
inhibitors for 15 minutes. The samples were transferred to a
centrifugal protein purification empty column (Sanko, Japan,
0.1 ml, C006718) and centrifuged at 10,000 rpm/min and
4°C for one minute to collect the liquid in the lower tube
as the total protein. After protein concentration was meas-
ured using the bicinchoninic acid assay (BCA) method, the
extracted proteins were separated on a 7.5% to 12.5% sodium
dodecyl sulphate-polyacrylamide gel and transferred to a
PVDF membrane (Millipore, USA). The membrane was blocked
with a rapid blocking buffer for 15 minutes and incuba-
ted with the following primary antibodies overnight at 4°C:
anti-MFN1 (A15471), anti-MFN2 (A13606), anti-OPA1 (A9833),
anti-DRP1 (A2586), anti-ASC (A1170), anti-ADAMTS5 (A2836),
anti-caspase-1 (A0964), horseradish peroxidase (HRP)-con-
jugated goat anti-rabbit (AS014; abclonal), anti-aggrecan
(13880-1-AP), anti-NLRP3 (27458-1 P), anti-DDIT4 (10638-1 P),
anti-MMP13 (18165-1 P; Proteintech), anti-GSDMD (#53120),
anti-cleaved-caspase-1 (#40499), anti-collagen II (#33340; SAB),
and anti-TXNIP (D5F3E; CST) antibodies. The following day, the
membrane was washed three times with tris-buffered saline
with 0.1% Tween 20 detergent (TBST) for five minutes each
time, and incubated with HRP-conjugated goat anti-rabbit
secondary antibody (AS014; abclonal) at room temperature for
two hours. Subsequently, the membrane was washed thrice
with TBST for five minutes each time, and protein bands
were visualized using a Millipore developer. Bands from three
independent experiments were analyzed using the ImageJ
software (National Institutes of Health, USA) to measure the
combined density of each blot. β-actin was used as an internal
reference.

Lentiviral transfection
The pLenti-CMV-ddit4-Puro overexpression plasmid and a
control plasmid were constructed by PPL ( Public Protein/Plas-
mid Library, China) and transfected into cells as described
previously.30 Briefly, NPCs were seeded in a six-well plate at
a density of 5 × 105 cells/per well. After the cells adhered
to the wall, they were treated with a viral solution (concentra-
tion, 1 × 109 TU/ml) and polybrene (5 μg/ml) for transfection.
After 24 hours, the fresh medium was replaced, followed by
routine culture. The transfected cells were incubated with
specific treatment agents, harvested, and analyzed via western
blotting and qRT-PCR.

RNAi
RNAi technology was used to knockdown DDIT4. Three
siRNAs targeting DDIT4 were synthesized by Gene Pharma
(Shanghai, China). The siRNA sequence are as follows:
#1: sense, (5'-3') GCUGCUCAUUGAAGAGUGUTT; antisense,

siRNA incorporated in slow-release injectable hydrogel continuously silences DDIT4 and regulates nucleus pulposus cell pyroptosis
M. Ma, C. Zhang, Z. Zhong, et al

249



(5'-3') ACACUCUUCAAUGAGCAGCTT123; #2: sense, (5'-3')
GUGCCCACCUUUCAGUUGATT; antisense, (5'-3') UCAACU-
GAAAGGUGGGCACTT; #3: sense, (5'-3') GGUGUCUCUGCCU-
GACUUUTT; antisense (5'-3'), AAAGUCAGGCAGAGACACCTT.
Transfection was performed using the INTERFERin transfection
agent according to the manufacturer’s instructions. Briefly,
NPCs were seeded in a six-well plate at the density of 5
× 105 cells/per well. When the cells reached 50% to 70%
confluence, siRNAs, Opti-MEM (ThermoFisher Scientific, USA),
and INTERFERin (Polyplus, France) were added to the well
plate, and fresh medium was replaced after 24 hours. The
silencing efficiency was examined via q-PCR and western
blotting after 48 hours.

Immunofluorescence analysis
After the cells were treated, they were fixed with 4% par-
aformaldehyde for 15 minutes at 4°C, washed three times
with TBST, and permeabilized with 0.2% TritonX100 for five
minutes. The cells were blocked with 5% goat serum for
one hour and incubated with the prepared primary antibody
(1:200) overnight at 4°C. The following day, the membrane was
washed three times with TBST and incubated with fluores-
cently labelled secondary antibody (Yeasen, 33,306ES60) at
room temperature for two hours in the dark. Thereafter, the
cells were stained with 4′,6-diamidino-2-phenylindole (DAPI)
for five minutes, washed three times with TBST, and imaged
using a fluorescence microscope.

JC-1 and ROS staining
Changes in mitochondrial membrane potential and reactive
oxygen species (ROS) were observed in myeloid cells using
JC-1 and dichloro-dihydro-fluorescein diacetate (DCFH-DA),
respectively. NPCs were seeded in a 24-well plate at a density
of 1 × 105 cells/per well and treated with specific agents.
Subsequently, 500 μL of JC-1 solution (1 μL of JC-1 solution
per 1 ml of preheated staining buffer) or 500 μL of a pre-
prepared staining solution (DCFH-D diluted with serum-free
medium (1:1,000)) was added to each well, and the cells were
incubated in a 5% CO2 incubator at 37°C for 30 minutes. The
cells were washed once with pre-warmed phosphate-buffered
saline (PBS) and observed under a fluorescence microscope
and flow cytometry.

Preparation of siDDIT4@G5-P-HA hydrogels and agarose gel
electrophoresis
Fifth-generation amino-terminal-containing PAMAM was
diluted to a concentration of 4 μM with sterile deionized
water, whereas siRNAs were diluted to 2 μM. As described by
Chen et al,31 solutions containing PAMAM and siRNA at the
charge ratio (N:P) of 64:1 to 0.2:1 were prepared and shaken
sufficiently. The ability of PAMAM to carry siRNAs stably was
assessed via agarose gel electrophoresis, and the gel was
imaged to determine the appropriate ratio at which siDDIT4
was completely adsorbed by PAMAM. Prepared siDDIT4 and
PAMAM solution (siDDIT4@G5-P) was coated with hyaluronic
acid (HA). Different solutions of HA monomers and PAMAM
were prepared at charge ratios (C:N) ranging from 20:1 to 0.1:1.
The stability of HA-coated siDDIT4@G5-P (siDDIT4@G5-P-HA)
was evaluated via agarose gel electrophoresis.

Characterization of siDDIT4@G5-P-HA
The zeta potential of siDDIT4@G5-P-HA was measured using
a zeta potential analyser (Malvern, UK). The size and mor-
phology of the core particles of siDDIT4@G5-P-HA were
observed on a transmission electron microscope (Hitachi
HT7700 microscope, 100 kV; Japan).

Analysis of cellular uptake
To assess the uptake of siDDIT4@G5-P-HA by NPCs, the end
of siDDIT4 was labelled with cy3. Briefly, NPCs were seeded in
24-well plates at a density of 1 × 105. After the cells adhered
to the wells, siDDIT4@G5-P-HA solutions with different charge
ratios (C: N) were added, and fresh medium was replaced after
one day. After three days, the nucleus was stained with DAPI
for five minutes, and the cells were washed three times with
PBS. Subsequently, fluorescence intensity was observed under
a fluorescence microscope.

Silencing efficiency of siDDIT4@G5-P-HA
To assess the silencing efficiency of siDDIT4@G5-P-HA, NPCs
were transfected with siDDIT4@G5-P-HA using INTERFERin and
cultured routinely. Total protein was extracted after three days,
and the silencing efficiency was detected via western blotting.

Animals
The authors of this study followed the ARRIVE guidelines
for animal experiments. Disc degeneration was induced in
the caudal disc of Sprague-Dawley rats (eight weeks old,
weight, 200 g (± 20 g)) via acupuncture as described in
a previous study.29 Briefly, the rats were anaesthetized with
isoflurane and fixed in a prone position on an immobilizer.
The fifth and sixth caudal discs were located and marked
with a permanent marker, and rat tails were disinfected three
times with 75% alcohol. A 21-gauge needle was carefully
passed vertically through the annulus fibrosus, subsequently
inserted into the centre of the disc and eventually passed
through the contralateral annulus fibrosus. The needle was
controlled to enter at the same depth for each operation,
rotated 360°, and held for 30 seconds. Rats in the sham group
were anaesthetized, fixed, and sterilized as described above.
However, the 21-gauge needle was only inserted into the skin,
and no further surgical procedures were performed. Standard
postoperative assessments were performed, with behaviou-
ral monitoring every alternative day for six weeks (after the
puncture); no signs of pain or distress were observed upon
monitoring. After the models were established, the rats were
randomly divided into four groups (n = 6) as follows: control,
cy3-siDDIT4@G5-P-HA, cy3-siDDIT4, and acupuncture groups.
Rats in the control group did not receive any treatment,
rats in the acupuncture group received acupuncture with-
out any subsequent treatment, and rats in the two experi-
mental groups received 50 μL solution containing 100 nM
siDDIT4 of cy3-siDDIT4@G5-P-HA or cy3-siDDIT4 after IVDD
was induced via acupuncture. Since the model was estab-
lished on day 1 after surgery, the fluorescence intensity of the
rat tail intervertebral disc was observed on an IVIS. Imaging
was performed every seven days postoperatively to moni-
tor the fluorescence intensity. Subsequent experiments were
performed after five weeks.
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Statistical analysis
All data are expressed as the mean and standard deviation
(SD) of at least three independent experiments. One-way
analysis of variance (ANOVA) was used to compare the data
of three or more groups, whereas theindependent-samples
t-test was used to compare the data of two groups. The
GraphPad Prism 9.0 software (GraphPad, USA) was used for
statistical analysis.  A p-value of < 0.05 indicated statistical
significance.

Results
DDIT4 expression was upregulated in human degenerative
discs and rat models of disc degeneration
Haematoxylin and eosin (H&E) staining showed the presence
of less abundant, clustered NPCs in SDD, and immunohisto-
chemical (IHC) staining showed that the expression of DDIT4
and NLRP3 was higher in SDD than in MDD (Figures 1b to 1e).
Subsequently, western blotting revealed that the expression
of DDIT4 was low in MDDs but high in SDD (Figures 1F to G).
Furthermore, changes in the expression of DDIT4 and NLRP3
were verified in rats (n = 6), the detailed animal model method
for which is shown in Supplementary Figure a. H&E staining
showed that the NP contained abundant ECM and was well
differentiated from the AF in the sham group. However, in
degenerated discs, the abundance of resident cells was low
and the ECM was degraded (Supplementary Figure a). In vivo
IHC analysis showed significantly higher expression of DDIT4

and NLRP3 in the degenerated group than in the sham group
(Supplementary Figure a).

Oxidative stress triggered DDIT4 upregulation and
pyroptosis in NP cells
We isolated primary rat NPCs and treated them with different
concentrations of hydrogen peroxide (H2O2, 0 to 1,000 μM)
for 24 hours to establish an in vitro model of IVDD, fol-
lowing the methods of previous researchers (Figure 2a).32

The concentrations of 200 μM and 400 μM, which had a
minimal but significant effect on the proliferation of NPCs,
were considered optimal for use in subsequent experiments.
qRT-PCR revealed that the mRNA expression of DDIT4 was
upregulated in NPCs treated with H2O2 (Figure 2b). Immuno-
fluorescence analysis revealed that the fluorescence intensity
of DDIT4 was enhanced in NPCs treated with H2O2 (Figure
2c). Western blotting showed that increased expression of
DDIT4 in H2O2-treated NPC in a concentration-dependent
manner was accompanied by a decrease in two important
ECM-associated proteins,33 COL2A1 and ACAN, and an increase
in MMP13 and ADAMTS5, which are involved in the degra-
dation of the ECM (Figures 2d to 2i).34 To explore pyropto-
sis in NPCs under oxidative stress, the expression of NLRP3,
ASC, cleaved GSDMD, cleaved CASP1, and IL-1β increased
in a concentration-dependent manner in H2O2-treated NPCs
(Supplementary Figure b). Subsequently, transmission electron
microscopy (TEM) was used to observe the ultrastructure of

Fig. 1
DDIT4 expression is upregulated in the intervertebral discs of patients with intervertebral disc degeneration (IVDD) and rat models of acupuncture-
induced IVDD. a) Representative MRI images of mildly degenerated discs (MDD, Pfirrmann grades I to II) and severely degenerated discs (SDD,
Pfirrmann grades III to V) in human patients with IVDD. b) Haematoxylin and eosin (H&E) staining in the MDD and SDD groups (n = 6); scale bars, 20
μm. c) to e) Immunohistochemical (IHC) staining of DDIT4 and NLRP3 and quantitative analysis of positively stained cells in the tissues of the MDD
and SDD groups (n = 6); scale bars, 20μm. f ) and g) Western blotting and quantitative analysis of DDIT4 in the MDD and SDD groups. Scale bars in
overall view: 200 μm; scale bars in local view: 20 μm. Data are expressed as the mean and standard deviation (*p < 0.05; **p < 0.01).
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NPCs. H2O2-treated NPCs had large vacuoles and a perforated
and ruptured cell membrane, which are the characteristics of
pyroptosis induced by cleaved GSDMD (Figure 2j). Finally, cell
viability was assessed via Hoechst and propidium iodide (PI)
staining, and the results showed that cell death was signifi-
cantly increased after H2O2 treatment (Figure 2k).

Upregulation of DDIT4 aggravated the pyroptosis of NPCs
under oxidative stress
To investigate whether DDIT4 upregulation promoted the
pyroptosis and dysfunction of H2O2-treated NPCs, the cells
were transfected with pLenti-CMV-ddit4-Puro lentivirus to
overexpress DDIT4. Immunofluorescence (IF) analysis showed
that the expression of DDIT4 was significantly higher in the
overexpression group than in the control group and the
empty vector group (Figure 3a). Western blotting revealed
that DDIT4 overexpression significantly decreased the protein

expression of COL2A1 and ACAN, and significantly increased
the protein expression of MMP13 and ADAMTS5 (Figures 3B to
G). Furthermore, quantitative analysis of western blotting and
enzyme-linked immunosorbent assay (ELISA) revealed that
DDIT4 overexpression significantly increased the expression
of NLRP3, ASC, cleaved GSDMD, cleaved CASP1, and IL-1β
(Supplementary Figure c). Additionally, the rupture of the cell
membrane and formation of intracellular vacuoles were more
pronounced in the overexpression group than in the control
group and empty vector group (Figure 3h). Hoechst and PI
staining showed that the rate of cell death was significantly
higher in the overexpression group (Figure 3i). At the same
time, we applied siRNA to knock down DDIT4. Three sets of
siRNAs (numbered 1 to 3) were used to knock down DDIT4;
the third set of siRNAs, which had the best silencing efficiency,
was selected for subsequent experiments and observed the

Fig. 2
Oxidative stress triggers DDIT4 upregulation and pyroptosis in nucleus pulposus cells (NPCs). a) Quantitative analysis of the viability of rat NPCs
cultured with different concentrations (0 to 1,000 μM) of hydrogen peroxide for 24 hours. b) Select rat NPCs were incubated with different
concentrations of hydrogen peroxide (0, 200, and 400 μM) for 24 hours, qRT-PCR analysis of DDIT4 mRNA expression levels in rat NPCs exposed
to 0, 200, and 400 μM hydrogen peroxide. Error bars are the mean and standard deviation (n = 3); **p < 0.01, ***p < 0.001.and ****p < 0.0001,
independent-samples t-test. c) Immunofluorescence analysis of DDIT4 in hydrogen peroxide-treated NPCs and control NPCs; scale bars, 20 μm.
d) to i) Representative western blotting images and quantitative analysis of DDIT4, COL2A1, ACAN, ADAMTS5, and matrix metalloproteinase 13
(MMP13) in hydrogen peroxide-treated NPCs and control NPCs. j) Transmission electron microscope images of hydrogen peroxide-treated NPCs,
such as cytoplasmic oedema, swelling of cell membrane, karyopyknosis, and organelle cavitation, white arrows show swelling of cell membrane;
red arrows show organelle cavitation, Scale bars in overall view: 5 μm; scale bars in local view: 1 μm. k) Representative fluorescence images of
Hoechst 33342/PI-stained hydrogen peroxide-treated NPCs; scale bars, 20 μm. Data are expressed as the mean and standard deviation of at least
three independent experiments. Two-way analysis of variance was used for statistical analysis (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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opposite result to overexpression (Supplementary Figures d to
j).

DDIT4 impaired the mitochondrial function of NPCs and
promoted ROS generation
Given that DDIT4 promotes the pyroptosis of NPCs, we
identified pathways involved in this process. Previous studies
have reported that endogenous DDIT4 localises to mito-
chondria.35,36 The mitochondria-selective fluorescent probe
MitoTracker and IF of DDIT4 were used to examine the
location of DDIT4 in NPCs. The two fluorescence intensi-
ties were diametrically opposed; nevertheless, they can be
merged (Figures 4a to 4c). The function of mitochondria
is closely related to their morphology. To examine the
effects of DDIT4 on mitochondrial function, we evaluated the

expression of proteins related to mitochondrial morphology
and function, including dynamin-related peptide 1 (Drp1),
optic atrophy 1 (OPA1), mitofusin 1/2 (MFN1/2), and AMP-
activated protein kinase (AMPK). Overexpression of DDIT4
increased the expression of DRP1, MFN1, and MFN2, and
decreased the expression of p-AMPK. However, it did not
affect the expression of OPA1. In contrast, knocking down
DDIT4 showed the opposite result (Figures 4d to 4i). To further
examine the effects of DDIT4 on mitochondrial function,
JC-1 staining was used to detect mitochondrial membrane
potential. The red fluorescence intensity was lower and the
green fluorescence intensity was higher in the overexpres-
sion group than in the control group, whereas contradictory
effects were observed in the knockdown group (Supplemen-
tary Figure k). The results of flowcytometry were similar to

Fig. 3
Upregulation of DDIT4 aggravates pyroptosis of nucleus pulposus cells (NPCs) under oxidative stress. DDIT4 was overexpressed in NPCs, and NPCs
were treated with 200 μM hydrogen peroxide for 24 hours. a) Immunofluorescence analysis of DDIT4 after hydrogen peroxide treatment in the
control, vector, and overexpression groups; scale bars, 20 μm. b) to g) Representative images of western blotting and quantitative analysis of DDIT4,
COL2A1, ACAN, ADAMTS5, and matrix metalloproteinase 13 (MMP13) in the control, vector, and overexpression groups after hydrogen peroxide
treatment. h) Transmission electron microscope images of NPCs treated with hydrogen peroxide in the control, vector, and overexpression groups,
such as cytoplasmic oedema, swelling of cell membrane, karyopyknosis, and organelle cavitation; white arrows show swelling of cell membran, while
red arrows show organelle cavitation. Scale bars in overall view: 5 μm; scale bars in local view: 1 μm. i) Representative fluorescence images of Hoechst
33342/PI staining of NPCs treated with hydrogen peroxide in the control, vector, and overexpression groups. Scale bars, 20 μm. Data are expressed
as the mean and standard deviation of at least three independent experiments. Two-way analysis of variance was used for statistical analysis (ns, no
statistical significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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those of JC-1 staining (Supplementary Figure k). Intracellular
ROS production was assessed using the DCFH-DA probe. As
shown in (Supplementary Figure k), the green fluorescence
intensity was stronger in the overexpression group but weaker
in the knockdown group. Flow cytometry revealed similar
results (Supplementary Figure k).

DDIT4 regulates NP pyroptosis through the ROS-TXNIP-
NLRP3 axis
To examine the relationship between DDIT4 and pyroptosis,
we used the STRING database to examine the interaction of
DDIT4 with other proteins.37 A total of 16 proteins were found
to interact with DDIT4 (Figure 5a). Overall, 436 pyroptosis-rela-
ted genes were identified using Genecards,38 with five genes
being common between the two database searches (Figure
5b). Subsequently, KOBAS was used for enrichment analysis.39

It can be seen that the enrichment is mainly on the NOD-like
receptor signalling pathway and on the pathogenesis of IVDD

(Figure 5C–D). As shown in Figure 5a, thioredoxin-interacting
protein (TXNIP) acts as a bridge between DDIT4 and NLRP3.
Because of this, we used N-acetylcysteine (NAC) to scavenge
ROS in NPCs. DCFH-DA was used to examine the levels of
ROS in NPCs. The fluorescence intensity was significantly lower
in the NAC group than in the H2O2 group (Figures 5E and
5G); flowcytometry revealed similar results (Figure 5f). Western
blotting validated that the expression of DDIT4 and TXNIP
was upregulated after H2O2 treatment, but downregulated
after NAC treatment (Figure 5H–J). Furthermore, the relation-
ship among DDIT4, TXNIP, ROS, and pyroptosis was examined.
Western blotting revealed that the expression of NLRP3, ASC,
cleaved GSDMD, and cleaved CASP1 was upregulated after
hydrogen peroxide treatment but was significantly downre-
gulated after NAC treatment (Supplementary Figure l). The
results of ELISA demonstrated the same trend for IL-1β
expression (Supplementary Figure l).

Fig. 4
DNA-damage-inducible transcript 4 (DDIT4) impairs mitochondrial function and promotes reactive oxygen species (ROS) generation nucleus
pulposus cells (NPCs) in the control, overexpression, and knockdown groups were cultured for 24hours. a)Representative fluorescence images
of DDIT4 (green) and MitoTracker (red) double staining for different degrees of aggregation; scale bars: 20μm. b) Quantitative analysis of DDIT4
fluorescence intensity. c) Quantitative analysis of MitoTracker fluorescence intensity. d) to i) Representative images of western blotting of DRP1, OPA1,
MFN1, MFN2, and p-AMPK in the control, overexpression, and knockdown groups, with β-actin used as a control. Data are expressed as the mean
and standard deviation of at least three independent experiments. Two-way analysis of variance was used for statistical analysis (ns, no statistical
significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
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Design and synthesis of siDDIT4-delivering hydrogels
The aforementioned results indicate that knockdown of DDIT4
represents a novel strategy for inhibiting oxidative stress-
induced pyroptosis of NPCs. Therefore, in this study, we
designed a novel composite material capable of delivering
siDDIT4 for treating IVDD. Among siRNA carriers, fifth-genera-
tion PAMAM-NH2 (Figure 6a) has branched chains that can
be extended and expanded to form a molecular skeleton and
derive a molecular ‘gap’, and has terminal positively charged
amino groups.40,41 Additionally, we used hyaluronic acid (HA)
with excellent biocompatibility for terminal modification
(Figure 6b). Agarose gel electrophoresis was performed to
determine the optimal charge ratio (N/P) of PAMAM and
siDDIT4. As shown in Figure 7c, siDDIT4 was completely
adsorbed on PAMAM when the N/P ratio was > 20. Given
that the cytotoxicity of PAMAM is mainly attributed to its
strong polarity, we selected the N/P ratio of 20 for subsequent
experiments. HA was used to encapsulate siDDIT4@G5-P, and
agarose gel electrophoresis was performed to determine the

optimal charge ratio of HA-coated PAMAM (HA monomer and
PAMAM charge ratio, C/N) (Figure 6d). At a C/N ratio of < 1.25,
HA could adequately coat siDDIT4@G5-P, forming a triplex
composite hydrogel (siDDIT4@G5-P-HA). Furthermore, the zeta
potential of siDDIT4@G5-P-HA hydrogel was evaluated, the
mean zeta potential of naked G5-PAMAM-NH2 was +34.33333
mV (SD 1.0873), whereas that of siDDIT4@G5-P-HA hydro-
gel was+ 7.77 mV (SD 0.197989899) (Figure 6E–F). Subse-
quently, TEM was used to assess the morphology and size
of siDDIT4@G5-P-HA hydrogel. TEM images showed that
siDDIT4@G5-P-HA hydrogel was spherical with a diameter of
approximately 100 to 200 nm (Figure 6G–H).

siDDIT4@G5-P-HA hydrogel was internalized by NPCs and
effectively silenced DDIT4
Rat NPCs were treated with siDDIT4@G5-P-HA hydrogel
or transfection reagent containing 100 nM siDDIT4, and
their viability was assessed via cell counting kit-8 (CCK8)
assay. Cell viability, with peaks at 0.6 and 1.25, showed

Fig. 5
DNA-damage-inducible transcript 4 (DDIT4) mediated pyroptosis of nucleus pulposus cells (NPCs) through the ROS-NLRP3-CASP1 axis. a) Protein-
protein interaction network of DDIT4 in the STRING database. b) Venn diagram of genes associated with DDIT4 in the STRING database and
genes associated with disc degeneration in the Genecards database. c) Bubble chart of Kyoto Encyclopedia of Genes and Genomes (KEGG) disease
analysis. d) Bubble chart of KEGG pathway analysis. e) The dichloro-dihydro-fluorescein diacetate (DCFH-DA) probe was used to detect ROS in
NPCs in the control, hydrogen peroxide treatment, and N-acetylcysteine (NAC) treatment groups. Green fluorescence represents intracellular ROS
levels; scale bars: 20 μm. g) Quantitative analysis of ROS staining in the control, hydrogen peroxide treatment, and NAC treatment groups. f ) Flow
cytometry was performed using the DCFH-DA probe to detect ROS in the control, hydrogen peroxide treatment, and NAC treatment groups. h) to
j) Representative images of western blotting and quantitative analysis of DDIT4 and thioredoxin-interacting protein (TXNIP) in NPCs in the control,
hydrogen peroxide treatment, and NAC treatment groups. Data are expressed as the mean and standard deviation of at least three independent
experiments. Independent-samples t-test and two-way analysis of variance were used for statistical analysis (ns, no statistical significance; *p < 0.05;
**p < 0.01; ***p < 0.001).
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a tendency to increase and then decrease with C/N ratio.
(Figure 6i). Furthermore, after rat NPCs were transfected with
cy3-siDDIT4@Polyplus and cy3-siDDIT4@G5-P-HA, the uptake
of siRNAs in vitro was assessed via fluorescence imaging.
As shown in (Supplementary Figure m), at C/N ratios rang-
ing from 0.3 to 1.25, the fluorescence intensity remained
consistent with that of the PolyPlus. To verify that the
hydrogel can maintain the biological activity of siRNAs during
release, we detected the protein expression of DDIT4 via
western blotting. The protein expression of DDIT4 signifi-
cantly decreased at C/N ratios of < 1.25. In particular, when
the C/N ratio was < 0.6, the silencing efficiency of PAMAM
was comparable to the transfection efficiency of Polyplus
(Supplementary Figure m). Therefore, a C/N ratio of 0.6
was used for subsequent preparation of hydrogels and for
subsequent in vivo experiments.

Sustained therapeutic effects of siDDIT4@G5-P-HA in rat
models of acupuncture-induced IVDD
The therapeutic effects of siDDIT4@G5-P-HA hydrogel in vivo
were evaluated using rat models of acupuncture-induced
IVDD. The detailed experimental procedure is shown in Figure
7a. The rats were divided into four groups (n = 6): cy3-siD-
DIT4@G5-P-HA, cy3-siDDIT4, acupuncture, and control. The
rats were imaged on in vivo imaging system (IVIS) on the
day of surgery and once a week until five weeks there-
after. Fluorescence in the cy3-siDDIT4 group had completely
disappeared after 21 days of treatment, whereas fluorescence
was observed in the cy3-siDDIT4@G5-P-HA group after 35 days
of treatment (Figure 7B–C). In addition, the body weight of
rats in the four groups was regularly monitored (Figure 7d).
T2-weighted MRI was used to determine the water content in
rat intervertebral discs. The cy3-siDDIT4@G5-P-HA and control
groups demonstrated stronger signals than the cy3-siDDIT4
group, whereas the acupuncture group demonstrated a weak

Fig. 6
Preparation of siDDIT4@G5-P-HA hydrogels and assessment of its cellular uptake and silencing efficiency. a) Schematic diagram of the molecular
structure of PAMAM. b) Schematic diagram demonstrating the preparation of siDDIT4@G5-P-HA hydrogels (van der Waals forces). c) Agarose gel
electrophoresis of siDDIT4@G5-P composed of PAMAM and small interfering RNAs (siRNAs) at different charge ratios (N/P ratios). d) Agarose gel
electrophoresis of hyaluronic acid-coated siDDIT4@G5-P at the N/P ratio of 20. e) and f ) Zeta potential of pristine PAMAM and siDDIT4@G5-P-HA
hydrogels. g) and h) Transmission electron microscopy (TEM) images of siDDIT4@G5-P-HA hydrogels with different degrees of polymerization; scale
bars in overall view: 1 μm; scale bars in local view: 200 nm. i) Quantitative analysis of cell viability after treatment of NPCs with siDDIT4@G5-P-HA
hydrogels. Data are expressed as the mean and standard deviation of at least three independent experiments. Two-way analysis of variance and
independent-samples t-test were used for statistical analysis (ns, no statistical significance; *p < 0.05; **p < 0.01; ***p < 0.001).
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signal (Supplementary Figure n). Subsequently, T1-weighted
MRI was used to evaluate the disc height index (DHI) of rats in
the four groups.42 The DHI value of the cy3-siDDIT4@G5-P-HA
group was similar to that of the control group, higher than
that of the cy3-siDDIT4 group and significantly higher than
that of the acupuncture group (Supplementary Figure n). To
assess the continuous silencing of DDIT4 by the hydrogel,
rat disc tissue was stained with Safranin O fast green and
IHC. The control group was rich in ECM, and low expression
of DDIT4 and NLRP3. The cy3-siDDIT4@G5-P-HA and cy3-siD-
DIT4 groups had moderate ECM. The cy3-siDDIT4@G5-P-HA
group exhibited higher abundance of ECM, clearer boundary
between the nucleus pulposus and annulus fibrosus, and
lower expression of DDIT4 and NLRP3 compared to the
cy3-siDDIT4 group. Finally, the nucleus pulposus shrank and
collapsed, causing a faded boundary between the NP and AF
in the acupuncture group. Additionally, the expression levels
of DDIT4 and NLRP3 were the highest among all four groups
(Supplementary Figure n).

Discussion
In this study, DDIT4 was identified as an important factor
contributing to the development of IVDD. The expression of
DDIT4 was upregulated under H2O2-induced mitochondrial
damage, and the interaction of DDIT4 with TXNIP activa-
ted the classic pyroptosis pathway. Furthermore, we devel-
oped siDDIT4@G5-P-HA hydrogel that delivered and released
siDDIT4 in a controlled and continuous manner to inhibit
the pyroptosis of NPCs. In vivo experiments demonstrated
that only one in situ injection of siDDIT4@G5-P-HA inhibited
the pyroptosis of NPCs and the degradation of ECM, thereby

attenuating the progression of IVDD in rats. Altogether, this
study proposed a new siRNA-based strategy for the treatment
of IVDD.

Previous studies have reported that DDIT4 is identified
as one of the causes of IVDD and is highly expressed in
severely degenerated intervertebral disc tissues.35,43 A study
by Yin et al35 demonstrated that DDIT4 is involved in the
pathological process of IVDD. DDIT4 forms a complex with
TXNIP to accelerate the apoptosis of NPCs through the
mitochondrial pathway induced by hydrogen peroxide. The
aforementioned study suggests that DDIT4 can promote ROS
production; therefore, we speculated that DDIT4 is sensitive
to oxidative stress. Mitochondria, the energy production unit
of the cell, play an important role in regulating cell apoptosis
and necrosis, which are associated with irreversible changes
in mitochondrial permeability.44,45 NLRP3 and the inflamma-
some adapter protein PYD and CARD domains (PYCARD,
ASC) re-localize to the mitochondria-associated endoplasmic
reticulum after the mitochondrial outer membrane permeabil-
ity is altered, a process that relies on mitochondrial ROS.46

Furthermore, optimal NLRP3 inflammasome signalling appears
to be involved in the interaction between NLRP3 and TXNIP,
a nuclear protein that re-localizes to mitochondria during
oxidative stress.47 Therefore, mitochondrial dysfunction may
be closely related to the activation of the NLRP3 inflamma-
some. We speculated that DDIT4 is located in mitochondria.
DDIT4 regulates mitochondrial membrane permeability and
ROS, and interacts with TXNIP to activate inflammasomes,
thereby activating NP pyroptosis, stimulating IL-β release and
eventually leading to the occurrence and progression of IVDD.
We validated the co-localization of DDIT4 and mitochondrial

Fig. 7
siDDIT4@G5-P-HA delays the progression of intervertebral disc degeneration (IVDD) in rat models of acupuncture-induced IVDD. a) Overview
of animal experimental procedures. b) Representative images of in vivo imaging of rats from day 0 to day 35 after cy3-siDDIT4@G5-P-HA
and cy3-siDDIT4 injection (n = 6). c) Quantification of cy3-siDDIT4 using in vivo imaging system (IVIS). d) Body weight of rats in the control,
cy3-siDDIT4@G5-P-HA, cy3-siDDIT4, and acupuncture groups (n = 6).
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MitoTracker via IF analysis and found that it was negatively
associated with the mitochondrial membrane potential. These
results are consistent with those of previous studies.

SiRNAs can be used to specifically silence a certain
gene (“silence the gene, silence the disease”).48 At present,
the main obstacle to using siRNA-based therapeutics in clinical
practice is the lack of an effective delivery system to protect
siRNAs from nuclease degradation. Donald A. Tomalia first
reported PAMAM dendrimers in 1985.49 PAMAM is one of the
most used dendrimers in drug and siRNA delivery systems.
It serves as a delivery vehicle in the following three ways:
generation of a void (via molecular entrapment), branch point
(via hydrogen bonding), and external surface group passage
(via charge-charge interactions).50 In a study, G4-PAMAM-NH2
was used to deliver the acidic drug indometacin and dem-
onstrated good solubility. However, when G4-PAMAM-COOH
was used to deliver indometacin, the effect was poor.51 We
hypothesized that the terminal of PAMAM is critical for siRNA
delivery. Another study has compared the effects of second-,
third-, and fourth-generation PAMAM on the efficiency of
siRNAs in silencing the TEL protein. The silencing efficiency of
fourth-generation PAMAM was better than that of second- and
third-generation PAMAM. Altogether, the three generations of
PAMAM showed good silencing efficiency, and no significant
differences were observed in their cytotoxicity.52 Fluorination
can improve the efficiency of 4-7-generation PAMAM in
delivering DNA and siRNA; however, fifth-generation PAMAM
is considered the optimal polymer for gene delivery.53 In
this study, we selected the terminal amino group of fifth-gen-
eration PAMAM as the carrier. The terminal of PAMAM is
often modified to improve its decomposition efficiency after
transfection, confer PAMAM with targeting ability, and reduce
its cytotoxicity. Given that HA can bind to CD44,54 HA-coated
PAMAM has been designed to deliver chemotherapeutic drugs
or siRNAs to improve their targeting ability.55,56 HA is not only
related to tumour metastasis but also an important compo-
nent of normal human tissues. It is widely distributed in the
intercellular matrix, vitreous body, and joint fluid.57 In addition,
it forms the backbone of type 2 collagen and glycosaminogly-
can, which are important extracellular matrix-related proteins,
in the intervertebral disc.1 Given that NPCs are CD44-positive,58

siRNA-carrying PAMAM may readily anchor the cells, whereas
HA may facilitate the controlled release of siRNAs. Therefore, in
this study, we selected fifth-generation PAMAM as the delivery
vehicle of siDDIT4 and used HA to coat PAMAM.

This study has several strengths. We demonstrated that
DDIT4 is one of the factors that promote the development
of IVDD and designed in situ injectable siDDIT4@G5-P-HA
hydrogels using RNAi technology, providing a novel strategy
for the treatment of IVDD. However, the limitations of this
study should also be acknowledged. First, the sample size was
small (six patients). Second, we used an IVIS to observe the
duration of fluorescence in rat intervertebral discs and did not
design specific in vitro experiments to validate the controlled
release of siRNAs from siDDIT4@G5-P-HA hydrogels. Finally, a
good siRNA carrier should not only serve as a delivery vehicle,
but also have the ability to penetrate cells without getting
accumulated. Excessive accumulation of siRNA carriers may
affect cell viability or state in the long term; therefore, an ideal
carrier should be biodegradable. Degradable dendrimers with
gallic acid as the core, triethylene glycol as the branch chain,

and PEG modification at the end have been designed in a
previous study.59 We will design more appropriate experiments
in future studies to address the aforementioned limitations
and develop novel therapeutic strategies for IVDD.

DDIT4 plays a deleterious but important role in human
IVDD, verified in rat models of acupuncture-induced IVDD.
Oxidative stress induces mitochondrial damage and enhan-
ces the localization of DDIT4 to mitochondria. In addition,
ROS induction activates the ROS-TXNIP-NLRP31 axis, thereby
inducing NP pyroptosis and promoting the development of
IVDD. The in situ injectable hydrogel designed in this study
consisted of siDDIT4, PAMAM and HA, which were integrated
via van der Waals forces. This hydrogel efficiently delivered
siDDIT4 and subsequently silenced DDIT4 expression in NPCs.
In situ injection of this composite hydrogel into rat interverte-
bral discs attenuated NP pyroptosis and alleviated IVDD by
prolonging the silencing of DDIT4.

Supplementary material
Additional figures.
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