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Intervertebral disc (IVD) degeneration is regarded as a major contributor to low back pain
(LBP), causing serious economic burden on individuals and society. Unfortunately, there
are limited effective treatment for IVD degeneration. Pulsed electromagnetic field (PEMF) is
an economical and effective physical therapy method, with reduced side-effects. It offers
certain protection to a number of degenerative diseases. Therefore, understanding the
underlying mechanism of PEMF on IVD is important for improving the PEMF therapeutic
efficiency. In this study, PEMF up-regulated extracellular matrix (ECM) related genes in
degenerated nucleus pulposus (NP) cells. It also increased SIRT1 expression and
promoted autophagy in degenerated NP cells. In contrast, the autophagy suppressor
3-methyladenine (3-MA) reversed the beneficial effect of PEMF on ECM production.
Similarly, the SIRT1 enzyme activity suppressor EX 527 also inhibited the effect of
PEMF on autophagy and ECM production in NP cells, thereby suggesting that PEMF
regulated ECM related genes expression through SIRT1-autophagy signaling pathway.
Lastly, PEMF significantly reduced IVD degeneration in a rat model of IVD degeneration in
vivo. In summary, our study uncovers a critical role of SIRT1-dependent autophagy
signaling pathway in ECM protection and thus in the establishment of therapeutic
effect of PEMF on IVD degeneration.

Keywords: pulsed electromagnetic fields, intervertebral disc degeneration, autophagy, SIRT1, extracellular
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INTRODUCTION

Low back pain (LBP) is an age-related condition, the prevalence and impact of which are increasing
year by year (Cashin et al., 2021; Knezevic et al., 2021). In a recent global survey involving 50 chronic
diseases, LBP ranked the first cause of disability in the elderly (Cieza et al., 2021). Although LBP has
multifactorial etiology, intervertebral disc (IVD) degeneration is believed to be the main contributor
of LBP pathology (Foster et al., 2018; Liu et al., 2021). IVD consists of three distinct regions, namely,
the central nucleus pulposus (NP), which is a gel-like tissue rich in aggrecan; the annulus fibrosus
(AF), which is mainly composed of collagen fibers; and the cartilage endplate (CEP), which is
connected to vertebral bodies. Existing studies revealed that alterations in extracellular matrix
(ECM), inflammation, enhanced catabolism, and cellular aging and death promote IVD
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degeneration (Tu et al., 2021; Francisco et al., 2022). Despite
global prevalence of IVD degeneration, there are no effective
treatments available for IVD degeneration and its related
pathologies.

Pulsed electromagnetic field (PEMF), as an economical and
non-invasive form of physical therapy, with reduced side-effects.
It has been used in clinical practice since the 1970s, mainly for the
treatment of delayed fracture healing, nonunion, and
osteonecrosis (Caliogna et al., 2021; Varani et al., 2021).
Numerous studies confirmed that PEMF possesses anti-
inflammatory and anti-aging properties, and it promotes ECM
synthesis both in vitro and in vivo (Kavand et al., 2016; Zhi et al.,
2016; Parate et al., 2017; Bloise et al., 2020). Recent evidences
revealed that PEMF serves a certain function in inhibiting IVD
degeneration in a short-term treatment. Miller et al., for instance,
reported that PEMF lowers levels of inflammatory factors and
catabolites, while enhancing anabolism in vitro (Miller et al.,
2016). In addition, Chan, AK et al. validated that PEMF
suppresses levels of inflammatory factors and accelerates ECM
production in a rat tail-puncture induced IVD degeneration
model in a 7-day treatment (Chan et al., 2019). Although
existing studies demonstrated certain clinical benefits of
PEMF, the mechanism whereby PEMF regulates IVD
degeneration remains unknown.

Interestingly, recent studies have uncovered that PEMF show a
potential role in regulating silent information regulator 1
(SIRT1), a NAD + -dependent deacetylase, which might
activate autophagy in several tissues (Jeong et al., 2017;
Patruno et al., 2020). Autophagy serves an essential function
in cell homeostasis by removing non-functional cellular
components and organelles. During aging process, autophagy
related genes dramatically decrease in IVD tissues (Kritschil et al.,
2021). Prior studies have revealed that autophagy protects against
IVD degeneration (Hu J. et al., 2021; Dai et al., 2021; Zhong et al.,
2021). Hence, activating autophagy may be an effective treatment
against IVD degeneration. Emerging evidences have confirmed
that PEMF exerts therapeutic effects by activating autophagy
(Jiang et al., 2016; Zielinski et al., 2020). However, the role of
autophagy in the beneficial effect of PEMF on IVD degeneration
is currently unknown, and underlying mechanisms have not yet
been fully clarified. Therefore, the present study aimed to evaluate
whether PEMF alleviate IVD degeneration via SIRT1-mediated
autophagy in cellular and animal models.

MATERIALS AND METHOD

PEMF Stimulators
The PEMF stimulation system (GHY-III, Airforce Military
Medical University (AMMU), Xi’an, China; China Patent no.
ZL02224739.4) consisted of a PEMF generator and Helmholtz
coils (Figure 1). In cellular experiments, we employed Helmholtz
coils with 200 mm diameters and an interval distance of 100 mm.
Each coil was composed of 0.8 mm diameter enameled coated
copper wire. The PEMF waveform comprised of a pulsed burst
(burst width 5 ms; pulse width, 0.2 ms; pulse wait, 0.02 ms; burst
wait, 60 ms; pulse rise and fall times: 0.3 µs, 2.0 µs), which was

frequented at 15 Hz. This waveform is known to exert a
therapeutic effect on nerve injury and osteoporosis, as is
evidenced in our prior investigations (Jing et al., 2010; Zhu
et al., 2017). A compact 2Ω resistor was introduced in series
connection, accompanying coils. The wave shape and frequency
were assessed with an oscilloscope (6,000 series; Agilent
Technologies, United States), and a Gaussmeter (Model 455
DSP; Lake Shore Cryotronics) was employed to monitor the
precision of PEMF output. NP cells received PEMF stimulation
for 4 h/day. In animal experiments, different Helmholtz coils
were used, carrying an interval distance of 304, and diameter of
800 mm but the PEMF output was the same in in vitro and in vivo
studies, which was confirmed by the oscilloscope and
Gaussmeter test.

NP Cells Isolation, Culture, and Treatment
Our work received ethical approval from the Xijing Hospital, and
we received informed consent from all eligible participants.
Human intervertebral disc tissue was obtained from patients
with lumbar disc herniation (n = 8, age 59.0 ± 0.5 years, range
55–74 years) and fresh NP tissue samples were obtained during
the surgery. Samples were washed thrice with normal saline, and
cut into 2 mm3, before digestion for 30 min in 0.2% pancreatin.
They were then rinsed thrice in PBS and incubated in 0.25% type
II collagenase for 4 h, with shaking every half an hour, before
terminating digestion. Any undigested tissue was then filtered
with a 70-micron filter, before resuspending the digested tissue in
DMEM/F12 medium with 10% fetal bovine serum and
antibiotics, prior to culture in a 5% CO2 humidified incubator
at 37°C. Cells received PEMF treatment 4 h per day, and samples
were collected at 0, 24, 48, and 96 h to test apoptosis rate. In order
to examine PEMF-mediated autophagy via SIRT1, cells were
pretreated with either 10 mM 3-MA (an autophagy suppressor)
or EX-527 (a SIRT1 enzymatic activity suppressor) for 2 h before
the first PEMF stimulation and then maintained in the same
media for the entire experiment. All experiments were repeated
thrice for good measure.

Cell Viability Assay
NP cells were seeded to the 96-well plate (density: 5 × 104/ml). In
24, 48, and 96 h timepoint, each well was washed with PBS and
then treated using 10-µl of Cell Counting Kit 8 (CCK8; Dojindo,
Kumamoto, Japan) for1 h at 37°C. The optical density was then
evaluated via a microplate reader (BioTek, United States) at
450 nm absorbance.

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)
Total RNAwas extracted fromNP cells using the Total RNAMini
Kit (QIAGEN, Germany), following kit directions, then
converted to cDNA, prior to qPCR analysis via SYBR Green
PCR Master Mix (TAKARA, Japan) and a BioRad CFX96 PCR
System (BioRad, Australia). GAPDH served as an endogenous
control. The primers used for qRT-PCR reactions were as follows:
collagen II (F)5′-CGAGGCAGACAGTACCTTGA-3′, (R) 5′-
TGCTCTCGATCTGGTTGTTC-3’; MMP3 (F) 5′-GCTCAT
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CCTACCCATTGCAT-3′, (R) 5′-GCTTCCCTGTCATCTTCA
GC-3’; GAPDH (F) 5′-GGCACAGTCAAGGCTFAGAATG-3′,
(R) 5′-GGTGGTGAAGACGCCAGTA-3’.

Western Blot Assay
NP cells were thrice rinsed in PBS, before harvest using RIPA
buffer and centrifugation at 12,000 g for 15 min. Protein
quantification was done with a BCA analysis kit. Proteins were
electrophoresized via SDS-PAGE, before transfer to PVDF
membranes (Thermo Fisher Scientific). Next, they were
blocked using 5% non-fat milk in TBS-Tween (TBST) at room
temperature (RT) for 1 h, before exposure to primary antibodies
(namely, p62, SIRT1, LC3B, collagen II, MMP-3, and GAPDH
(all from abcam and has a dilution of 1:1,000)) at 4°C overnight
(O/N). They were next exposed to secondary HRP-linked
antibodies, either goat anti-rabbit or goat anti-mouse
secondary antibodies (Cwbiotech, Beijing, China) at a 1:2,000
dilution for 1 h, before protein band detection using
chemiluminescence (Bio-Rad).

Immunofluorescence Staining
NP cells underwent fixation in 4% paraformaldehyde for
10–15 min, and permeabilization in 0.2% Triton X-100 for
20 min, before blocking in 10% normal goat serum at RT for
1h, and O/N incubation in antibodies against collagen II (1:200)
and MMP-3 (1:150) at 4°C. Then, they were thrice washed in PBS
before exposure to secondary antibodies (FITC or Cy-3, 1:200)
for 1 h at RT, and to DAPI for 10 min. Cells underwent three PBS
washes for 15 min after every step. Lastly, they were visualized
under a fluorescence microscope and analyzed using the ImageJ
software.

Transmission Electron Microscopy
A TEM (H-7650; Hitachi, Tokyo, Japan) was employed for
calculating autophagic vesicles within NP cells. In short, NP
cells underwent O/N fixation in 2.5% glutaraldehyde, followed
by a 1 h post-fixation in 2% OsO4, before receiving gradient
dehydration in acetone, followed by embedding, and slicing into
70 nm ultrathin sections using LKB-V ultrathin microtome.
Subsequently, they were post-stained with uranyl acetate and
lead citrate, and visualized with TEM (H-7650; Hitachi, Tokyo,
Japan).

Surgical Procedure
All animal experiments abided by the Institutional Ethical
Committee of Fourth Military Medical University guidelines.
Fifteen rats were arbitrarily separated into three groups:
control (n = 5); needle puncture (n = 5); and needle puncture
and PEMF treatment (n = 5). All rats were intraperitoneally
anesthetized with pentobarbital solution (1%, 40 mg/kg). As
described in previous studies, following tail skin disinfection
with iodophor and alcohol, a 20-gauge needle was used to
fully puncture the tail disc from Co6-Co8 levels, including two
IVDs (Co6-Co7 and Co7-Co8) (Sun et al., 2020; Mei et al., 2021).
The needle was then rotated 180 and left for 1 min before
removal. Following the operation, all the animals were placed
back in their cages and provided with ample food and water. The

rats in the experimental group were provided with PEMF
treatment (8:00–12:00, 4 h/d) immediately after surgery. Rats
were housed in a climate-controlled facility (24 ± 1°C, 35–60%
humidity; 12 h light/dark cycle).

Magnetic Resonance Imaging
MRI images were captured 8 weeks after treatment, using an MRI
system (Siemens 3 T Magnetom Trio Tim scanner, Munich,
Germany). The IVD degeneration score was computed by two
independent spinal surgeons, based on the Pfirrmann grading
system, ranging from grade I to grade V.

Histopathologic Analysis
Upon fixation in 4% paraformaldehyde, the IVD tissue was
decalcified, paraffin-embedded, and sliced into 7 μm thick
sagittal sections, then stained with Hematoxylin and Eosin
(H&E), Safranin O-Fast Green (SOFG), and Sirius Red. The
histological scores, including NP morphology and cellularity,
AF organization, matrix structure and CEP integrity, were
determined by independent researchers who were blinded to
the study, as reported previously (Sobajima et al., 2005; Chan
et al., 2019).

Statistical Analysis
All data were analyzed using one-way ANOVA from the SPSS
13.0 software (IBM, IL, United States) and expressed as means ±
standard deviations (SDs). Tukey’s post hoc and Dunnett’s tests
were employed for significance comparisons (GraphPad Prism
7.0; GraphPad Software, CA, United States). p < 0.05 was deemed
significant.

RESULTS

The Effect of PEMF on the
Characterizations and Anti-degeneration of
NP Cells
To examine the PEMF-mediated effect on NP cell apoptosis,
viability and cell morphology, we stimulated NP cells with
PEMF 4 h/day for four consecutive days, and monitored cell
apoptosis and viability using flow cytometry and CCK-8 assay at
0, 24, 48, and 96 h. Based on our results, PEMF did not exert any
obvious cytotoxicity on NP cells (Figures 2A-D and
Supplementary Figure 1A). Moreover, phase-contrast
microscopy results showed that PEMF didn’t change cell
morphology at 96 h timepoint (Supplementary Figure 1B
and 1C).

We also assessed the PEMF-mediated regulation of NP cell
ECM related genes expression. Following 4 days of treatment,
RT-qPCR data revealed that PEMF markedly enhanced
collagen II expression, while decreasing Mmp3 levels in NP
cells (Figures 2F,G). Results from western blot analysis further
corroborated the RT-qPCR data (Figures 2E,H,I). In addition,
using immunofluorescence staining and semi-quantitative
analysis, we also revealed that PEMF markedly elevated
collagen II expression in NP cells (Figures 2J,K).
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Collectively, these data suggest that PEMF delays the IVD
degeneration process in vitro.

PEMF Activates Autophagy and Elevates
SIRT1 Levels in Degenerated NP Cells
To assess whether PEMF regulates NP cell autophagy, we
examined LC3B and p62/SQSTM1 levels in NP cells, using
western blot. As depicted in Figures 3A–D, after PEMF
treatment, the ratio of LC3B-II/LC3B-I increased
significantly, whereas, p62 levels dropped significantly.
Notably, SIRT1 levels were markedly up-regulated, which is
in accordance with autophagic activation. In addition, we
evaluated autophagosomes and autophagolysosomes, two
key structures associated with autophagy, using TEM.
Compared to control cells, the PEMF-treated NP cells
displayed more cytoplasmic autophagosomes and
autophagolysosomes, thereby confirming autophagic
activation in PEMF-treated NP cells (Figures 3E,F).

PEMF Regulates ECM Related Makers
Expression via Autophagy
Next, we examined whether autophagy regulates the PEMF-
mediated regulation of ECM related makers expression in NP
cells. As illustrated in Figure 4A, our western blot data revealed
that PEMF treatment markedly reduced MMP3 levels, while
increasing type 2 collagen levels, and this effect was reversed
by 3-MA exposure (Figures 4B–E). In addition, we used
immunofluorescence to assess type 2 collagen and MMP3
expressions in PEMF treated and un-treated NP cells. Based
on our results, type 2 collagen expression increased
remarkably, while MMP3 expression decreased after PEMF
treatment. Conversely, the autophagy inhibitor 3-MA reversed

this phenomenon (Figures 4F–I). Based on these evidences,
PEMF regulates degenerative makers expression by inducing
autophagic activation.

PEMF Regulates ECM Related Makers
Expression via SIRT1-Stimulated
Autophagic Activation
It is well known that Sirt1 is an upstream regulator of autophagy.
Interestingly, we found that PEMF treatment markedly increased
Sirt1 expression (Figures 3G,H). We, next, examined the
relationship between Sirt1, autophagy, and ECM related genes
expression in NP cells. We employed EX-527 as a Sirt1 enzyme
activity inhibitor, and revealed that EX-527 had no effect on Sirt1
expression. Based on our results, EX-527 treatment inhibited
PEMF-induced autophagy, as evidenced by an increase in the
LC3-II/LC3-I ratio and p62 levels in the EX 527 group, compared
to the PEMF group (Figures 5A–F). Our TEM results revealed
that the number of autophagosomes and autophagolysosomes in
the EX-527 treated NP cells was also significantly reduced,
compared to the PEMF treated NP cells (Figures 5G,H).
Taken together, EX-527 inhibited the PEMF-mediated
induction of ECM synthesis in NP cells, as evidenced by the
marked decrease in collagen II expression and the simultaneous
increase in MMP3 expression. In all, our results suggest that
PEMF promotes NP cell ECM synthesis by stimulating the Sirt1-
mediated autophagy pathway.

PEMF Improved Rat IVD Degeneration in a
Long-Term Treatment
To examine the PEMF-mediated regulation of IVD
degeneration in vivo, we established an IVD degeneration
model by puncturing the IVD of rat tail. Firstly, we

FIGURE 1 | The PEMF exposure system and output waveform. The PEMF device was composed of a signal generator with two Helmholtz coils. A compact 2 Ω
resistor was carefully positioned in series with coils. The PEMF waveform was composed of a pulsed burst (burst width, 5 ms; pulse width, 0.2 ms; pulse wait, 0.02 ms;
burst wait, 60 ms; pulse rise, 0.3 µs; pulse fall, 2.0 µs), frequented at 15 Hz. PEMF, Pulsed Electromagnetic Fields.
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measured the changes in the weight of the rats to monitor
whether PEMF would affect other tissues in rats. No significance
change was observed in the weight of rats in each group at 2w,
4w and 8w timepoint with or without PEMF stimulation, which
indicates that PEMF is safe and has no side effects in rats
(Supplementary Figure 2A). We next assessed IVD
degeneration via MRI after 8 weeks. Based on our results, the
T2-weighted signal intensity of the PEMF rats was stronger,
compared to the puncture only rats (Figure 6A). Moreover, the
Pfirrmann score grading of IVD degeneration showed that the
PEMF treatment group had markedly reduced scores, relative to
the puncture-only rats (Figure 6B). Furthermore, using H&E

and Safranin-O staining (Figures 6C,D), we revealed that the
number of NP tissues in the PEMF treatment group was greater,
relative to the puncture-only group, and the integrity of AF and
CEP was also significantly better than the puncture-only group.
In terms of the histological score, the PEMF-treated rats had
markedly reduced scores, compared to the puncture rats
(Figure 6F). Additionally, based on the Sirius red staining,
the amount of collagen I and collagen III in the PEMF-
treated rats were markedly reduced, relative to the puncture
rats (Figures 6E,G). Collectively, the above data indicate that
PEMF application attenuates the process of IVD degeneration
in vivo.

FIGURE 2 | PEMF attenuates cell degeneration in human degenerated NP cells. (A–D) The apoptosis ratio of NP cells at time points 24, 48, and 96 h after 4 h/day
of PEMF administration. (E–I) The qRT-PCR analysis of Collagen II and MMP-3 transcripts (n = 3), western blot and semi-quantitative analyses of Collagen II and MMP-3
protein levels (n = 3). (J–K) Representative images of immunofluorescence and semi-quantitative analyses of Collagen II fluorescence intensity in NP cells, imaged by
fluorescence microscopy (scale bar = 50 μm). ***p < 0.001. Data presented as means ± SD.
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FIGURE 3 | PEMF exposure promotes autophagy and elevates SIRT1 levels and activity in the human degenerated NP cells. (A–D) Western blot and semi-
quantitative analyses of SIRT1, p62, and LC3B protein levels (n = 3). (E–F) Autophagosomes and autophagolysosomes, visualized by transmission electron microscopy
(Black arrow, autophagosome; White arrow, autophagolysosome, scale bar:2 μm, 0.5 μm). (G–H)Representative images of immunofluorescence and semi-quantitative
analyses of SIRT1 fluorescence intensity in NP cells, imaged by fluorescence microscopy (scale bar = 50 μm). **p < 0.01, ***p < 0.001. Data presented as
means ± SD.
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PEMF Induces SIRT1-Mediated Autophagy
in vivo
We next examined whether PEMF induces the SIRT1-
autophagy network in vivo. Relative to the puncture only
group, immunofluorescence staining revealed that LC3B
and SIRT1-positive cells were remarkably enhanced in the
PEMF treated rats (Figures 7A,B). In addition, based on
immunofluorescence staining, Aggrecan and collagen II
expressions were also markedly elevated in the PEMF
treated rats, relative to the puncture only rats (Figures
6H–J). Taken together, our in vivo investigation confirmed
that PEMF preserve healthy ECM, and limit both collagen II
and aggrecan degeneration in NP cells via the SIRT1-
autophagic network.

DISCUSSION

Herein, we employed the human degenerated NP cells and a rat
IVD puncture model to systematically assess the therapeutic
outcome of PEMF on IVD degeneration. In our in vitro
investigation, we revealed that PEMF indeed enhances ECM
synthesis via the SIRT1-dependent autophagic network. We
also assessed PEMF therapeutic efficacy in a rat IVD
degeneration model. Based on our research, PEMF indeed
delays the progression of IVD degeneration and we confirmed
that the PEMF-mediated therapeutic effect on IVD degeneration
involves the SIRT1-autophagic network.

Prior investigations revealed that alterations in the ECM
metabolism in IVD tissue disrupt ECM structure, thereby

FIGURE 4 | PEMF regulates ECM related makers expression via autophagy (A–E) Western blot and semi-quantitative analyses of Collagen II, MMP-3, p62, and
LC3B protein levels (n = 3). (F–I) Representative images of immunofluorescence and semi-quantitative analyses of Collagen II and MMP-3 fluorescence intensity in NP
cells, imaged by fluorescence microscopy (scale bar = 50 μm). **p < 0.01 vs. control, ***p < 0.001 vs. control, ##p < 0.01 vs. PEMF, ###p < 0.001 vs. PEMF. Data
presented as means ± SD.
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reducing IVD tolerance to mechanical loads (Novais et al., 2021a;
Hu S. et al., 2021; Rajasekaran et al., 2021). Generally, reduced
ECM production and elevated ECM degradation are
characteristic of IVD degeneration. Therefore, developing a
treatment method that promotes ECM repair of IVD tissue is
essential to treating IVD degeneration.

It is well known that PEMF exerts its therapeutic effect via
regulation of metabolic pathways (Cadossi et al., 2020). This
occurs via regulation of cell proliferation, differentiation, and
maturation, particularly in the treatment of musculoskeletal

diseases (Yang et al., 2021; Liu et al., 2022). PEMF was reported
to improve treatment of various bone diseases, such as,
cartilage defects, tendon repair, osteoarthritis, osteoporosis,
and so on (Reilingh et al., 2016; Wang et al., 2019; Dolkart
et al., 2021). In recent years, clinical studies have shown that
PEMF also has a significant relieving effect on the pain caused
by IVD degeneration (Foley-Nolan et al., 1990; Sutbeyaz et al.,
2006; Alvarez et al., 2019). In a placebo-controlled study
evaluating the efficacy of PEMF treatment in patients with
chronic neck pain, patients who received PEMF showed

FIGURE 5 | PEMF regulates ECM related makers expression via SIRT1-stimulated autophagic activation (A–F) Western blot and semi-quantitative analyses of
SIRT1, Collagen II, MMP-3, p62 and LC3B protein levels (n = 3). (G–H) Autophagosomes and autophagolysosomes, as visualized by transmission electron microscopy
(Black arrow, autophagosome; White arrow, autophagolysosome, scale bar:2μm, 0.5 μm). **p < 0.01 vs. control, ***p < 0.001 vs. control, ##p < 0.01 vs. PEMF, ###p <
0.001 vs. PEMF. Data expressed as means ± SD.
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FIGURE 6 | PEMF exposure improved rat IVD degeneration in vivo. (A–B) Representative images of IVD tissue MRI and Pffirrmann score after 8 weeks of PEMF
exposure. (C–E) Representative images of IVD tissue HE, S-O staining, and Polarized Sirius Red image (level: Co6-7; sagittal; scale bar: 500 µm, 100 µm). (F–G)
Corresponding histological score and percentage of type I and type III collagen area. (H–J) Representative images of immunofluorescence and semi-quantitative
analyses of Collagen II and Aggrecan fluorescence intensity in IVD tissues, imaged by fluorescence microscopy (sagittal; scale bar = 500 μm). ***p < 0.001 vs.
control, ##p < 0.01 vs. puncture, ###p < 0.001 vs. puncture. Data expressed as means ± SD.
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significant improvements in neck pain and range of motion
compared to a control group (Foley-Nolan et al., 1990). In
another clinical study evaluating the efficacy of PEMF for pain
in patients with cervical disc herniation, patients showed
significant improvement in pain scores from pre-treatment
to week 12 after treatment compared to control group (Alvarez
et al., 2019). In basic science research, since PEMFs can
generate oscillating magnetic fields, they are able to affect
and alter cellular functions by inducing vibrations of free ions
on the cell membrane surface (Ganesan et al., 2009). It has also
been suggested that PEMFs can modulate downstream signal
transduction pathways and cell surface receptor expression/
activation to modulate cellular functions such as proliferation,
differentiation, extracellular matrix (ECM) synthesis, and
intercellular communication (Delle Monache et al., 2013;
Viganò et al., 2016; Furuya-Kanamori et al., 2020). In IVD
cells, previous studies demonstrated that PEMF induced
upregulation of matrix synthesis through bone
morphogenetic protein (BMP) signaling (Schmidt-Rohlfing
et al., 2008; Okada et al., 2013). Therefore, in this study, we
examined the influence of PEMF on degenerated NP cells and
IVD degeneration animal models. In in vitro experiments, we
demonstrated that PEMF promotes expression of collagen II

(related to ECM synthesis), while reducing MMP3 (related to
ECM catabolism) levels. However, no significance change was
observed in cell characterizations, including cell apoptosis,
viability and cell morphology. Even though the positive effect
of PEMF in degenerative IVD cells was demonstrated, the role
of PEMF in non-degenerated cells remains to be studied. In in
vivo studies, we successfully constructed a rat tail IVD
degeneration model. Then, we applied PEMF systematically
to the rats. To better understand the systemic effects of PEMF
on rats, we measured body weight of rats at 2w, 4w and 8w
timepoint, and no significance change was observed in each
group, which confirmed that PEMF might be a safe
noninvasive therapy. It has been shown that PEMF
modulates biological functions of many tissues under
pathological conditions, including injuries in bones,
tendons, muscles and nervous system (Gessi et al., 2019;
Huegel et al., 2020; Dolkart et al., 2021). In this study we
mainly focus on the PEMF effect on disc degeneration induced
by tail puncture. Our results suggested that PEMF alleviates
IVD degeneration. Moreover, radiographic and histological
results showed that no significant change was observed in the
tissue surrounding the disc, which indicates that PEMF might
be a safe and effective treatment in the future clinical use.

FIGURE 7 | (A–D) Representative images of immunofluorescence and semi-quantitative analyses of SIRT1 and LC3B fluorescence intensity in IVD tissues, imaged
by fluorescence microscopy (scale bar = 50 μm). ***p < 0.001 vs. control, ##p < 0.01 vs. puncture. Data expressed as means ± SD.
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Despite some relatively studies of PEMF in IVD degeneration,
little is known about the underlying mechanism of such
therapies.

Autophagy is an evolutionarily conserved modulatory
behavior that sustains cell homeostasis via lysosomal-
dependent degradation of nonfunctioning organelles and
misfolded proteins (Kitada and Koya 2021). Previous studies
reported that autophagy is inhibited in degenerative diseases,
including degeneration of IVD (Kim et al., 2021; Valenti et al.,
2021). Therefore, autophagy activation can play a protective role.
For example, melatonin alleviates IVD degeneration by
promoting autophagy (Chen C. G. et al., 2020). Another
Studies have shown that activation of autophagy in
chondrocytes inhibits MMP activity and exerts a protective
effect on chondrocytes, thereby blocking cartilage degeneration
(Takayama et al., 2014; Vasheghani et al., 2015). In order to
examine whether PEMF plays a protective role by promoting
ECM synthesis via autophagy in IVD degeneration, we employed
the classical autophagy inhibitor 3-MA. According to our
analysis, 3-MA treatment markedly inhibited PEMF-mediated
autophagy. This was achieved via a significant decrease in p62
protein levels and a simultaneous increase in the LC3-II/LC3-I
ratio. Conversely, PEMF accelerated ECM synthesis by elevating
collagen II levels, and inhibiting the catabolic process
(i.e., reducing MMP3 levels). Moreover, these effects were
reversed by 3-MA administration. Recently, studies have
shown that various matrix molecules, including
glycosaminoglycans, collagen, constituting the intervertebral
disc and cartilage ECM, regulate autophagy through mTOR
signaling (Chen F. et al., 2020; Zhang et al., 2021). Moreover,
autophagy can in turn regulate ECM composition, directly or
indirectly altering cellular function, i.e., the secretion of ECM
molecules (Novais et al., 2021b). Given the complexity of
crosstalk between autophagy and ECM, further insights into
the molecular effects of crosstalk between ECM and autophagy
during disc degeneration will be critical in the future research.

In our earlier work, we demonstrated a negative correlation
between SIRT1 expression and IVD degeneration (Wang et al.,
2020). In order to elucidate potential associations between SIRT1,
autophagy, and IVD degeneration, we employed a classic SIRT1
enzyme activity suppressor EX-527 in our in vitro studies. Based
on results, EX-527 has no effect on SIRT1 expression, but can
severely reduce its enzymatic activity. We demonstrated that EX-
527 effectively inhibits PEMF-induced autophagic activation,
along with collagen II synthesis and MMP3 decomposition.
Using an IVD rat model, we also validated that PEMF
successfully improves puncture-stimulated IVD degeneration
by elevating SIRT1 levels and activating autophagy. Although
previous reports hold varying opinions on PEMF and SIRT1
regulation (Jeong et al., 2017; Patruno et al., 2020; He et al., 2021),
our research confirmed that PEMF indeed promotes the
expression of SIRT1 and autophagy, and delays the process of
IVD degeneration.

CONCLUSION

In conclusion, our research provides evidence that PEMF promotes
the SIRT1-autophagic network and reduces IVDdegeneration in cells
and animal models. These results provide new insights of PEMF in
treating IVD degeneration and highlight their therapeutic potential in
IVD degeneration. Hence, it is our hope that the present study will
promote future application of PEMF as a potential therapeutic
treatment for preventing IVD degeneration in clinical use.
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