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MicroRNA-25-3p therapy for intervertebral disc degeneration by
targeting the IL-1p/ZIP8/MTF1 signaling pathway with a novel
thermo-responsive vector
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Background: MicroRNAs play important roles in intervertebral disc degeneration (IDD). The therapeutic
effects of miRNA-25-3p on IDD and underlying mechanism are unclear.

Methods: Normal and degenerated nuclear pulposus (NP) tissue were collected. Primary NP cells were
isolated and treated with different concentrations of interleukin-1p (IL-1f). IL-1p treated NP cells were
interfered with miRNA-25-3p. Associated proteins IL-1p, ZIP8, MTF1, extracellular matrix (ECM)
degrading enzymes MMP3, MMP13, ADAMTS5, ECM proteins type II collagen, aggrecan and MiRNA-25-
3p were detected by western blotting or qRT-PCR method. Dual luciferase reporter assays were performed
to determine potential targets MTF1 of miRNA-25-3p. In vitro miRNA-25-3p transfection efficiency of
thermos-responsive vector was observed by fluorescence microscopy. Animal studies were conducted to
observe the therapeutic effects of miRNA-25-3p mimic delivered by thermo-responsive vector.

Results: Compared with normal NP tssues, IL-1f, ZIP8 and MTF1 significantly increased and miRNA-
25-3p significantly decreased in degenerated tissues. IL-1B promotes the expression of ZIP8 and nuclear
translocation of MTF1 in NP cells. Ultimately, it promotes expression of ECM degrading enzymes and
inhibits synthesis of ECM protein. MiRNA- 25-3p could inhibit the effects of IL-1p and the expression of
ECM degrading enzymes, and recover the expression of ECM protein. Further investigation showed MTF1
was a target protein of miRNA-25-3p. The thermo-responsive vector could effectively deliver miRNA-25-
3p into NP cells. Animal studies demonstrated miRNA-25-3p delivered by the thermo-responsive vector can
delay progression of IDD

Conclusions: The thermo-responsive vector delivering miRNA-25-3p could delay the progression of IDD
by inhibiting IL-1p-induced effects, and may be potential therapy for IDD in future.
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Introduction

Low back pain (LBP) is one of the most common clinical
disorders worldwide, impairing quality of life in modern
society and imposing significant social and economic
burden. Approximately 84% of the world’s population
suffers from this condition at some point in their lifetime,
with approximately 23% of them progressing to chronic
LBP, and 11-12% resulting in disability (1,2). The etiology
of LBP is multifactorial, among which intervertebral disc
degeneration (IDD) is the predominant factor. Current
non-operative and operative treatments for IDD are limited
to symptomatic management, which has low efficacy and
a high risk of opioid reliance (3). The degeneration of
intervertebral discs is accompanied by increased expression
of inflammatory cytokines, enhanced extracellular
matrix (ECM) degradation, loss of water content and
changes in disc cell phenotype (4,5). The complicated
microenvironment remains a significant challenge for
developing a disease-modifying drug to reverse degeneration
and restore disc function (6). Therefore, unveiling the
critical molecular mechanisms underlying IDD is crucial for
exploring innovative therapeutic strategies.

The hallmark of IDD is the high level of inflammatory
cytokines secreted by disc cells (7). As a major pro-
inflammatory cytokine, interleukin-1p (IL-1pB) is abundantly
produced in degenerated disc tissue and cells, and plays a
critical role in disc degeneration (8,9). IL-1P regulates the
production and activity of matrix catabolic enzymes, such
as matrix metalloproteinases (MMPs) and a disintegrin
and metalloprotease with thrombospondin motifs
(ADAMTSs), which are primary factors that destroy the
ECM in discs (7,10). Both MMPs and ADAMTSs are a
large family of zinc-dependent metalloproteinases, as zinc
acts as an activator or coactivator of these enzymes (11,12).
Simultaneously, the level of intracellular zinc can regulate
MMP and ADAMTS expression. A previous study in
osteoarthritis showed that IL-1p elevated intracellular zinc
concentration via upregulation of the zinc transporter ZIPS8.
Consequently, MTF1, a metal-dependent transcription
factor, responded to IL-1B-mediated zinc influx via ZIP8
and translocated into the nucleus to promote the expression
of a series of matrix degrading enzymes, including MMP3,
MMP13, and ADAMTSS, thereby aggregating cartilage
destruction (13). However, IL-1B-mediated MMP and
ADAMTS expression in IDD via the ZIP8/MTF1 pathway
has not yet been investigated.

MicroRNAs (miRNAs) are a class of small, non-coding
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endogenous RNA molecules which regulate their biological
function by guiding their target messenger RNAs (mRNAs)
to degradation or translational repression (14). Several
lines of evidence have confirmed that miRNAs play a
role in IDD deterioration through various pathological
processes, such as cell apoptosis, ECM disruption, cell
proliferation, and inflammatory responses (15,16). MiRNAs
may be promising agents for delaying or reversing disc
degeneration. A previous miRNA microarray analysis
study showed the expression of miRNA-25 significantly
decreased in degenerated disc tissue (17). However, the
underlying mechanisms have not yet been discussed. As a
member of the miRNA-25 family, miRNA-25-3p has been
predicted to silence MTF1 protein expression according
to the target gene prediction by the miRBase database
(http://www.mirbase.org). It has been suggested that
miRNA-25-3p might inhibit IL-1p-mediated matrix
degrading enzyme expression via targeted silencing of
MTFI. It was also shown that miRNA-25-3p might be an
ideal candidate for IDD treatment, but this requires further
substantiation (15,17).

Increasing evidence demonstrates that miRNA-based
gene therapy has significant therapeutic potential in
various human diseases (18,19). However, miRNAs and
their negatively charged mimics cannot cross the cell
membrane easily. In addition, ‘naked” miRNAs are highly
susceptible to degradation in serum (20). Therefore,
miRNA-based treatment must rely on vector-mediated
delivery. For miRNAs to translate into effective and
successful therapeutic agents, suitable carriers must be non-
immunogenic, in a stable physiological condition, and avoid
rapid clearance in vivo. Based on our previous work, a novel
thermo-responsive vector was formed by mixed cationic
block copolymers (MCBC): Poly(ethyleneglycol) (PEG)
-b- poly [PAsp(DET)] and poly(Nisopropylacrylamide)-
block-PAsp(DET) [PNIPAM-b-PAsp(DET)] (Figure 1A4).
It was demonstrated to be an effective and safe gene vector
for gene therapy of IDD by percutaneous injection in a
rat model. Heme oxygenase-1 (HO-1) pDNA carried by
a thermo-responsive vector has shown high transfection
efficiency and stability both in vive and vitro (21,22).
However, the ability of the novel thermo-responsive vector
to deliver miRNA-25-3p effectively has not been tested.
To further verify the effects of miRNA-25-3p in vivo and
to translate this emerging therapy to humans in the future,
studies involving preclinical animal models are an essential
step. Rat models for disc degeneration induced by puncture
have been widely used (23). It provides an effective model
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Figure 1 Schematic illustration of miRNA-based gene therapy delivered by a thermo-responsive vector for intervertebral disc degeneration
(IDD). (A) The chemical structure of cationic block copolymers: PNIPAM-b-PAsp (DET) and PEG-b-PAsp (DET). (B) The mixed cationic
block copolymers (MCBC) PNIPAM-b-PAsp (DET) and PEG-b-PAsp (DET) as vectors for miRNA to form mixed polyplex micelles.
With a temperature increase from room temperature (25 °C) to physiological temperature (37 °C), thermo-sensitivity of PNIPAM segments

become hydrophobic and form more compact mixed polyplex micelles with hydrophobic and hydrophilic heterogeneous surfaces. The

mixed cationic block copolymers delivered miRNA-25-3p for IDD gene therapy.

with easy to implement interventions, minimal risk of
damage, and high reproducibility.

Here, we examined the role of the IL-1p/ZIP8/MTF1
signaling pathway in IDD. Moreover, we investigated
the influence of miRNA-25-3p on IL-1B treated nucleus
pulposus (NP) cells, and its underlying mechanism.
Thereafter, we examined the transfection efficiency of
miRNA-25-3p via the thermo-responsive vector. Finally, we
established a disc degeneration rat model to investigate the
therapeutic effects of miRNA-25-3p delivered by a thermo-
responsive vector on IDD (Figure 1B). We present the
following article in accordance with the ARRIVE reporting
checklist (available at http://dx.doi.org/10.21037/atm-20-
6595).
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Methods
Sample collection

All procedures performed in this study involving human
participants were in accordance with the Declaration
of Helsinki (as revised in 2013). Study procedures was
approved by the Ethics Review Board of West China
Hospital, Sichuan University. Degenerative nucleus
pulposus (NP) samples were obtained from patients with
IDD. Normal NP samples were obtained from burst
fracture patients with spinal cord surgery (Table S1).
Written informed consent was obtained from all patients.
The degenerative condition of NP samples was evaluated
using magnetic resonance imaging (MRI) according to
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Pfirrmann’s grading system (24). Samples obtained from
burst fracture patients graded as 1 or 2 were classified as the
normal control group, and samples graded as 4 or 5 were

included in the IDD group.

Isolation and culture of human NP cells

NP cells were isolated as previously described (25). Normal
NP tissues were washed twice in phosphate-buffered
saline (PBS) with 1% penicillin/streptomycin (Invitrogen,
Carlsbad, CA, USA), then cut into pieces. The NP cells
were released from NP tissues by digestion with 1 mg/mL
type II collagenase (Invitrogen, Carlsbad, CA, USA) for
5 hours at 37 °C. A cell strainer was used to filter the
digestive solution. Isolated NP cells were plated and
expanded in DMEM containing 10% fetal bovine serum
(FBS) (Gibco, Grand Island, NY, USA) and 1% penicillin/
streptomycin at 37 °C in a 5% CO, incubator. Culture
medium was replaced every 2 days. The second passage cells
were used for subsequent experiments.

gRT-PCR

Total RNA from NP tissue and cells was isolated using
TRIzol (Invitrogen, Carlsbad, CA, USA) and the RNeasy
Mini Kit (Qiagen, Valencia, CA, USA) according to the
manufacturers’ protocol. Subsequently, RNA was eluted
in 50 pL. of nuclease-free water, and stored at —-80 °C for
further analysis. After RNA concentration determination
using the NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA), RNA
was reverse transcribed with PrimeScript'™ RT Master
Mix (TakaRa, Dalian, China) according to manufacturer’s
instructions. The gene and primer sequences used are
shown in Table S2. U6 and B-actin served as reference
genes.

Western blotting

Western blot analyses were performed according to
standard methods. Briefly, proteins were separated on a
10% SDS-PAGE gel, then transferred to polyvinylidene
fluoride (PVDF) membranes (Amersham, Buckinghamshire,
UK), which were blocked using 5% nonfat dried milk for
2 hours. Membranes were incubated overnight at 4 °C with
anti-IL-1p antibody (12703, 1:1,000, CST, USA), anti-
MTF1 antibody (ab184119, 1:1,000, Abcam, Cambridge,
UK), anti-ZIP8 antibody (NBP1-76505, 1:2,000, Novus,
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Biologicals, Colorado, USA), anti-MMP3 antibody
(NB100-91878, 1:1,000, Novus Biologicals, Colorado,
USA), anti-MMP13 antibody (NBP2-45887, 1:1,000,
Novus, Biologicals, Colorado, USA), anti-ADAMTSS
antibody (NBP2-15286, 1:1,000, Novus, Biologicals,
Colorado,USA), anti-B-actin antibody (abs118937, 1:3,000,
Absin, Shanghai, China), and anti-PCNA antibody
(abs13075, 1:2,000, Absin, Shanghai, China). Membranes
were subsequently washed with tris-buffered saline and
incubated with the secondary antibody for 2 hours at room
temperature. Proteins were measured using the enhanced
chemiluminescence system.

Immunocytochemistry (ICC)

Cultured cells were washed 3 times with PBS, fixed with
4% paraformaldehyde for 20 minutes, permeabilized with
0.25% Triton X-100 for 5 minutes, and blocked with 5%
bovine serum albumin for 30 minutes. Thereafter, cells
were incubated with anti-collagen type II (ab34712, 1:100,
Abcam, Cambridge, UK) and anti-aggrecan (ab36861,
1:100, Abcam, Cambridge, UK) at 4 °C overnight. Cells
were washed with PBS and incubated with the secondary
antibody IgG-rhodamine (1:200 dilution, Sigma-Aldrich,
Deisenhofen, Germany) for 2 hours at room temperature.
Nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI; Beyotime, Beijing, China). Fluorescence images
were observed and captured under a fluorescence
microscope (Zeiss Axioplan microscope, Carl Zeiss
Microscopy, Thornwood, NY, USA).

Cell transfection

The miRNA-25-3p mimics and negative controls (NC)
were obtained from GenePharma (Shanghai, China).
Human NP cells were transfected using Lipofectamine
2000 (lipo2000) (Invitrogen, Carlsbad, CA, USA) at a
concentration of 20 nM according to manufacturer’s
instructions.

Dual luciferase assays

The NP cells were co-transfected with 0.4 pg of reporter
construct, 0.2 pg of the pGL-3 control vector, and
miRNA-25-3p or NC. Cells were harvested 24 hours post-
transfection and assayed using the Dual Luciferase Assay
(Promega, Wisconsin-Madison, WI, USA) according to the
manufacturer’s instructions.
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In vitro miRNA transfection efficiency of MCBC

NP cells were seeded on a 24-well plate at a density of
2x10" cells/well and incubated overnight. At the time of
transfection, the medium in each well was replaced with
400 pL of DMEM medium. Cy3-miRNA-25-3p/MCBC
(5 nmol Cy3- miRNA-25-3p in 20 pL solution) at an N/P
ratio of 8 were added into each well. This group was named
Cy3-miRNA-25-3p/MCBC. For comparison, pure Cy3-
miRNA-25-3p and Cy3-miRNA-25-3p/Lipofectamine
2000 were also added into the 24-well plate, separately
under the same condition. After a 6-hour incubation, the
medium was replaced with fresh normal medium, followed
by incubation for an additional 24 hours. Cultured cells
were washed 3 times with PBS. DAPI (150 ng/mL in PBS)
and LysoTracker Green (50 nmol/L) were used to stain
nuclei, and later, endo-lysosomes of cultured cells. Cellular
uptake was imaged by a fluorescence microscope (Zeiss
Axioplan microscope, Carl Zeiss Microscopy, Thornwood,
NY, USA).

Animal studies for in vivo miRNA-25-3p therapy

Animal experiments were performed according to the
Guidelines for Animal Experimentation of Sichuan
University, and with approval from the Institutional
Ethics Committee of West China Hospital, Sichuan
University. Three-month-old male Sprague Dawley rats
(250+20 g) were obtained from the Animal Center in
Sichuan University. The animals were anesthetized with
isoflurane inhalation. The needle puncture model of IDD
was established according to a previous study (26). After
determining the location of the intervertebral disc between
the fifth to sixth coccygeal vertebrae (Co,.;) of each rat via
X-ray, a 21-gauge needle was inserted into the center of
the NP through the AF at the Co_; level, rotated 180°, and
held for 5 seconds. Eighteen model rats were randomly
allocated into 3 groups and treated with equal amounts
(10 pL) of normal saline, including sham (n=6), miRNA-
25-3p NC (10 pL, 100 pg/mL, N/P =8, n=6), and miRNA-
25-3p mimic/MCBC (10 pL, 100 pg/mL, N/P =8, n=6)
2 weeks post-surgery. Six normal rats served as normal
controls (n=6). All efforts were made to minimize suffering.
All rats were housed under standard diurnal light/dark
conditions, fed a standard commercial diet and allowed
free access to water. The body weight and tail of each rat
were measured and checked once per week to monitor
their health status. Eight weeks after injection, a micro-
computed tomography (CT) was taken to assess the degree
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of disc degeneration. All radiograph images were analyzed
using Image]J software (NIH, Bethesda, MD). Disc height
index (DHI) was determined as previously described (27).
Thereafter, rats were sacrificed and discs were harvested for
analysis. Histological hematoxylin-eosin (HE) and safranin-
O-fast green (SO-FQG) staining methods were performed.
Histological results for assessing disc degeneration were
quantified by histological scores based on the method by
Masuda et al. (27).

Statistical analysis

Data were analyzed using SPSS 20.0 and represented as
the mean = standard deviation (SD). Analysis of variance
(ANOVA) or a Student’s ¢-test was performed to measure
statistical differences between treatment groups, and P<0.05
was considered statistically significant.

Results

IL-18, ZIPS and MTFI were overexpressed but miRNA-
25-3P was downregulated in degenerated NP tissue

As shown in Figure 24, HE staining revealed that NP cells
were chondrocyte-like in normal NP tissue and fibrocyte-
like in degenerated NP tissue. The number of NP cells
decreased in degenerated NP tissues. After SO-FG staining,
the ECM in normal NP tissue was cartilage-like and
stained orange, whereas the ECM in degenerated NP tissue
was fibrotic and stained green. Degenerated samples had
significantly increased mRNA expression of IL-1B, ZIP8
and MTF1 compared with normal samples (Figure 2B).
Similarly, protein expression of IL-1B, ZIP8 and MTF1
increased in degenerated samples compared with normal
samples (Figure 2C). This suggests that activated IL-1p,
Z1P8, and MTF1 expression is implicated in the IDD
process. Consistent with previous studies, the expression
level of miRNA-25-3p was verified by qRT-PCR in both
degenerated and normal NP tissues. Significantly decreased
miRNA-25-3p expression was observed in each degenerated
sample compared to normal samples (Figure 2D). This
suggests that miRNA-25-3p might be involved in the
process of IDD.

IL-1p induced the expression of ZIP8 and nuclear
translocation of MTF1

Total cell proteins and nucleus proteins were isolated
separately, and ZIP8 and nuclear MTF1 expression were
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Figure 2 Different expression profiles of IL-1, ZIP8, MTF1 and miRNA-25-3p between normal and degenerated nucleus pulposus (NP)
tissue. (A) Representative hematoxylin-eosin (HE) and safranin-O-fast green (SO-FG) staining of normal and degenerated human NP tssue.
The bar is 500 pm. (B) Relative expression levels of IL-1p mRNA, ZIP8 mRNA and MTF1 mRNA were assessed in normal samples (INS)
and degenerated samples (DS) of NP tissue (n=10) via qRT-PCR. (C) Relative expression profiles of IL-1B, ZIP8 and MTF1 proteins were
examined in normal and degenerated NP tissue (n=10) via western blotting. (D) Expression of miRINA-25-3p in normal and degenerated
NP tissue (n=10). Symbols represent individual disc samples; bars show the mean and 95% confidence interval for each group. *, P<0.05.

examined by western blot analysis. As shown in Figure 3, the IL-1B/ZIP8/MTF1 signaling pathway plays a role in
the total expression of ZIP8 (Figure 34) and the amount NP cells.

of MTF1 in the nucleus (Figure 3B) were induced by IL-
1B treatment. The enhanced expression of ZIP8 and
MTF1 were IL-1B dose-dependent. This indicates that
IL-1B promotes the expression of ZIP8 in NP cells and
subsequently M'TF1 nuclear translocation, suggesting that To observe the effects of the IL-1P signaling pathway,

IL-1p promoted the expression of matrix degrading
enzymes and inbibited ECM synthesis
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Figure 3 Dose-dependent changes in ZIP8 and MTF1 protein expression after IL-1f stimulation in nucleus pulposus (NP) cells. Human

NP cells were cultured for 72 hours in serum with different concentrations of IL-1B. (A) ZIP8 protein expression changes with B-actin

normalization. (B) Nuclear MTF1 protein expression changes with PCNA normalization. Data are the mean = standard deviation (SD) of

triplicate results. **, P<0.01.

NP cells were stimulated with IL-1p at a concentration of
10 ng/mL. Consequently, the associated ECM-degrading
enzymes (MMP3, MMP13 and ADAMTSS) were
significantly enhanced in the IL-1p treated group as shown
in Figure 44,B. Moreover, the main components of the
ECM (collagen type II and aggrecan) were significantly
inhibited (Figure 4C).

Overexpression of miRNA-25-3p reversed the IL-1[-
induced downregulation of the ECM by inhibiting the
expression of MMP3, MMP13 and ADAMTSS

NP cells transfected with a miRINA-25-3p mimic inhibited
IL-1pB-induced effects on associated ECM-degrading
enzymes (MMP3, MMP13 and ADAMTSS). The mRNA
and protein expression of ECM-degrading enzymes
decreased in the miRNA-25-3p mimic group (Figure 5A,B).
Subsequently, the expression of the ECM proteins collagen
type II and aggrecan recovered (Figure 5C). This suggests
that miRNA-25-3p has a protective effect on NP cells while
inhibiting the IL-1p signaling pathway.

MTF1 as the target gene of miRNA-25-3p

According to the target gene prediction by the miRBase
database, MTF1 might be a target protein of miRNA-
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25-3p. To identify the target of miRNA-25-3p, a dual
luciferase assay was implemented. A putative miRNA-
25-3p seed sequence was expected in the 3'UTR region
of MTF1 (Figure 6A). As shown in Figure 6B, luciferase
activity was significantly decreased in NP cells with
miRNA-25-3p transfection compared to those treated with
the NC, however, mutation of the predicted seed sequence
of miRNA-25-3p on MTF1 3'UTR salvaged this effect.
To further verify the effects of miRNA-25-3p on MTF1
expression, NP cells were transfected with a miRNA-25-3p
mimic and the NC. Compared with the miRNA-25-3p NC,
NP cells transfected with the miRINA-25-3p mimic exhibited
a decreased expression of MTF1 mRNA (Figure 6C)
and protein (Figure 6D). These results demonstrated that
miRNA-25-3p precisely regulated the expression of MTF1,
thus has a protective effect on NP cells stimulated with IL-1p.
Overall, IL-1B promoted zinc transporter ZIP8 expression
and enhanced MTF1 nuclear translocation. This led to an
increased expression of MMP3, MMP13, and ADAMTSS5
matrix degrading enzymes and ECM degradation. Therefore,
miRNA-25-3p has the potential to silence MTF1 protein
expression and have protective effects on IDD (Figure 6E).

MCBC delivered miRNA into NP cells effectively

As shown in Figure 74, no red fluorescence was observed
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Figure 4 The influence of IL-1p on ECM-degrading enzyme (MMP3, MMP13 and ADAMTSS5) and ECM protein (collagen type II and
aggrecan) expression. (A) Relative expression levels of MMP3 mRINA, MMP13 mRNA and ADAMTS5 mRNA in IL-1B-stimulated nucleus
pulposus (NP) cells (10 ng/mL) and control cells via qRT-PCR. (B) Relative protein expression levels of MMP3, MMP13 and ADAMTSS

were examined in IL-1B-stimulated NP cells (10 ng/mL) and control cells via western blotting. (C) Relative protein expression levels of

collagen type II and aggrecan were detected in IL-1B-stimulated NP cells (10 ng/mL) and control cells via immunocytochemistry (ICC).

The bar is 50 pm. Data are the mean + standard deviation (SD) of triplicate results. *, P<0.05.

in NP cells with pure miRNA-25-3p. Lipo2000 has been
proven to be an efficient vector for miRNA delivery.
We used it as a control for comparison with MCBC. A
strong red fluorescence was found in the cytoplasm of NP
cells treated with miRNA-25-3p/lipo2000 and miRNA/
MCBC. Cells positive for red fluorescence (Figure 7B)
and average intensity (Figure 7C) were further analyzed to
quantify transfection efficiency. MCBC resulted in similar
positive cell numbers and excellent fluorescence intensity
to lipo2000. These results demonstrate that MCBC is an
effective miRNA delivery vector.

In vivo delivery of miRNA-25-3p delayed the progression
of IDD

The health status of the animals was good throughout the
study. No adverse events were found in all procedures. All
rats in each group (n=6) were included in the subsequent

© Annals of Translational Medicine. All rights reserved.

analyses. The degree of IDD was evaluated by radiographic
and histological analysis. As shown in Figure 84, the
normal control intervertebral discs maintained good
intervertebral space height, and the intervertebral disc
periphery remained flat and smooth. However, IDD in the
sham and NC treatment group was obvious. The height
of the intervertebral space decreased significantly and the
structure of the intervertebral disc periphery was damaged.
The height of the intervertebral space in the miRNA-25-
3p mimic treatment group was significantly better than that
in the sham and NC treatment groups, however, the height
of the intervertebral space was decreased when compared
with that of the control group. Further statistical analysis of
disc height index results showed that miRNA-25-3p mimic
treatment could better maintain intervertebral height,
suggesting mild degeneration (P<0.05) (Figure §B).
Thereafter, histological staining (Figure §C) was used
to observe disc degeneration at the microscopic level. HE
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(ICC). The bar is 50 pm. Data are the mean = standard deviation (SD) of triplicate results. *, P<0.05.

staining showed that the degree of IDD in the sham and
NC treatment groups was severe: the basic structure of
the NP disappeared, the surrounding area had no clear
boundary between the annulus fibrosus and the NP, the NP
cells degenerated or disappeared, and rare vacuolated cells
were observed. Even though the intact structure of the NP
disappeared in the miRNA-25-3p mimic treatment group,
some vacuolar cells were still found. These cells adhered to
the surrounding annulus fibrosus but had a dividing line,
and the degeneration was relatively mild. The control NP
cartilage-like ECM was stained orange with SO-FG green
staining. Severely degenerated fibrous tissue stained green.
In the sham and NC treatment groups, intervertebral discs
were found severely degenerated with a large number of
green fibrous tissues. In the miRNA-25-3p mimic treatment
group, many orange ECMs were found in the central NP,

© Annals of Translational Medicine. All rights reserved.

with a small amount of degenerative fibrous tissue. Here,
the degeneration was mild compared to the former groups.
A score for every experimental animal in each group was
calculated using the histological grading system (Figure 8D).
When compared with the sham and NC groups, the
miRNA-25 -3p mimic intervention was associated with
significantly lower histological grading scores (P<0.05),
suggesting IDD was relatively mild. Overall, this study
illustrates the inhibitory effects of miRNA-25-3p on the
progression of IDD, thus highlighting its therapeutic value.

Discussion

Various biological agents, from matrix proteins and
recombinant growth factors, to gene-based drugs, have
been proposed in preclinical settings for the treatment of
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IDD (28,29). As housekeeping and regulatory non-coding
RNAs, miRNAs have shown to be promising agents.
For example, a previous animal study demonstrated that
miRNA-141 is a key regulator of IDD, and locally delivered
miRNA-141 inhibitors mitigated IDD progression (30).
Targeting the key molecules that play a central role in IDD
is a prerequisite for developing innovative and effective
miRNA-based therapies.

Degeneration of the intervertebral disc is accompanied
by elevated expression of various inflammatory cytokines.
Among them, IL-1p is involved in multiple pathological
processes in IDD, such as inflammatory responses, ECM
degeneration, angiogenesis and neoinnervation, cell
senescence and apoptosis, and oxidative stress (31,32).
In recent studies, IL-1B has been shown to facilitate zinc
influx by enhancing the zinc transporter ZIP8 expression in
chondrocytes (33,34). The expression of ZIP8 also increases,
responding to IL-1P treatment to mediate zinc influx in
rat NP cells (35). MTF1, a critical transcription factor, is
associated with cell adaptation to various environmental
stresses, including increased intracellular zinc concentration
(36,37). When responding to IL-1B-induced zinc influx,
MTF1 translocates into the nucleus and induces targeted
ECM-degrading enzyme gene expression, including
MMP3, MMP13, ADAMTSS5 (33,34). In osteoarthritis, the
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activated IL-1p/ZIP8/MTF1 signaling pathway promotes
ECM-degrading enzyme expression and aggregates the
cartilage destruction (13). The IL-1p/ZIP8/MTF1 signaling
pathway is also involved in the development of IDD as
observed in our study. IL-1B was demonstrated to promote
ZIP8 expression and M'TF1 nuclear translocation in a dose-
dependent manner in NP cells. Moreover, IL-1p promoted
the expression of MTF1 targeted ECM-degrading enzymes
MMP3, MMP13, and ADAMTSS, and inhibited the
expression of ECM proteins.

ECM-degrading enzymes, such as MMPs and
ADAMTSs, play an important role in the repair and
remodeling of intervertebral discs. The expression of MMPs
and ADAMTSs in degenerative disc tissue can significantly
increase and become damaging (38). Immunohistochemical
staining in disc tissue has revealed that the greater the
expression of MMP3, the greater the severity of disc
degeneration (39). In patients with recurrent lumbar disc
herniation, a higher expression of MMP3 is seen compared
to patients with primary herniation (40). Similarly, MMP13
is highly expressed in degenerative disc tissue and promotes
the progression of IDD (41). In addition, increased
expression of ADAMTSS in degenerative discs has been
observed, and is associated with modic changes (42,43).
Therefore, high expression levels of MMP3, MMP13, and
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ADAMTSS induced by IL-1B act as pathogenic factors
to exacerbate the process of IDD. Targeted blocking of
this effect may therefore alleviate disc degeneration and
facilitate disc repair.

Previous studies have shown that miRNA-25-3p
has significant implications in a wide range of diseases,
including malignant tumors, pediatric multiple sclerosis and
psychological stress (44-46). However, until now, the role of
miRNA-25-3p in IDD had not been studied. As seen in our
results, the expression of miRINA-25-3p was significantly
decreased in degenerated tissue compared with normal
tissue. In vitro studies showed that it inhibited IL-1p3-
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induced expression of the ECM-degrading enzymes MMP3,
MMP13, and ADAMTSS5S, and reversed ECM protein
expression. MiRINA-25-3p silenced targeted MTF1 protein
expression and inhibited the effects of the IL-1B/ZI1P8/
MTFTI signaling pathway in NP cells. Hence, miRNA-25-
3p has a protective effect on IDD and is a promising agent
for miRNA-based therapy in IDD.

Animal studies were implemented to examine the
effects of miRINA-25-3p on IDD. The cationic polymer-
based gene delivery system MCBC was selected as the
miRNA-25-3p mimic vector. Degradable cationic polymer
PAsp(DET) has a high in vitro gene transfection efficiency
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histological scores. Data are represented as the mean = standard deviation (SD), n=6. *, P<0.05.

with negligible toxicity (47). PAsp(DET) can be easily
absorbed by charged components and be rapidly cleared
under physiological conditions 7 vive. In order to improve
the PAsp(DET) stability in vivo, surface modification with
PEG was developed to form the block copolymer PEG-b-
PAsp(DET) (48). However, the dense PEG shell decreases
transfection efficiency because it reduces the affinity
between the cationic polymer and the cell membrane. To
further develop vectors with high stability and transfection
efficiency to achieve optimal therapeutic potency, a thermo-
responsive vector MCBC was developed by complexation
between PNIPAM-b-PAsp(DET) and PEG-b-PAsp(DET).
PNIPAM-b-PAsp(DET) makes MCBC present with
heterogeneous surfaces by changing the temperature from
25 to 37 °C (22). At 37 °C, a hydrophobic PNIPAM core
was formed in the micellar architecture from PNIPAM-
b-PAsp(DET), which facilitates gene transfection.

© Annals of Translational Medicine. All rights reserved.

Alternatively, heterogeneous hydrophobic/hydrophilic
surfaces further improved gene condensation and stability
(49,50). Accordingly, high efficiency of in vitro miRNA
transfection by the thermo-responsive vector MCBC was
observed in our study. From the histological examination,
it can be seen that miRINA-25-3p effectively delivered by
MCBC maintained intervertebral disc height via micro-CT
analysis and delayed the progression of IDD. This suggests
that MCBC-mediated miRNA-25-3p for IDD treatment
is viable and effective in a rat model, and provides strong
evidence for the potential clinical application of miRNA-
25-3p-based therapy to treat IDD patients.

From our results, some significant benefits were
obtained from miRNA-25-3p treatment, notably,
sustaining disc height, restoring ECM proteins in NP
cells, and maintaining structural integrity of the disc.
Unfortunately, the degenerated disc did not completely
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recover. One possible reason is that the degenerated disc
microenvironment is complicated and involves multiple
inflammatory cytokines, and miRNNA-25-3p is unable to
single-handedly mediate these inflammatory processes.
More attention should be paid to the discovery of key
molecules that are centrally involved in multiple regulatory
mechanisms. Furthermore, miRNAs with greater specificity
to IDD should also be investigated and applied to improve
therapeutic effects in future studies. Although the rat
model used in our study can be easily established and has
high reproducibility, the rat caudal discs are different from
that of humans in terms of mechanical loading, as well as
the anatomy and composition of discs. Thus, large animal
studies, closer to the size of humans, are needed to verify
treatment effects in future studies (51).

In summary, the IL-1B/ZIP8/MTF1 signaling pathway
is an underlying regulatory mechanism of IDD progression.
MiRNA-25-3p can precisely silence the targeted MTF1
protein expression and inhibit IL-1p-induced effects. The
thermo-responsive vector delivering miRNA-25-3p delayed
the progression of IDD in vive, and is therefore a potential
therapeutic approach for IDD in the future.
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