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Electroacupuncture attenuates intervertebral ==
disc degeneration by upregulating
aquaporins via the cAMP/PKA pathway

MinWang'", Jia-Bao Huang?", Jing Zou? and Guo-fu Huang"*

Abstract

Background Intervertebral disc degeneration (IVDD) is characterized by a decrease in extracellular matrix (ECM) and
water loss, which is a major cause of low back pain (LBP). Electroacupuncture (EA) has long been used to relieve LBP
in IVDD. To investigate whether EA can upregulate aquaporins (AQPs) in IVDD via the cCAMP/PKA pathway in a rabbit
model of disc degeneration.

Methods A homemade loading device was adapted to trigger a disc degeneration model. After 28 days, EA
treatment was performed. Magnetic resonance imaging (MRI), diffusion-weighted imaging (DWI), and diffusion tensor
imaging (DTI) were performed to evaluate AQP content and water diffusion. AQP protein expression in the slices

was observed by Western blot and immunofluorescence (IF) staining. The pathology of the intervertebral discs was
determined by staining. cAMP and PKA levels were examined using ELISA, and the expression of AQP genes as well as
the cAMP/PKA pathway and its related molecules were examined using quantitative reverse transcription-PCR (gRT-
PCR) and Western blot analysis.

Results The EA intervention reduced MRI Pfirrmann scores, fractional anisotropy (FA), and apparent diffusion
coefficient (ADC) values. EA can upregulate the expression of AQP1 and AQP3, thereby improving the pathological
morphology of the nucleus pulposus (NP) and the cartilage endplate of the intervertebral disc. CAMP and PKA levels
were significantly increased after EA intervention in rabbits with IVDD. EA intervention can partially improve the
expression of related molecules in the cAMP/PKA pathway, but H-89 reverses the effect of EA.

Conclusion EA can attenuate intervertebral disc degeneration by regulating AQP expression, a process that may be
mediated by the cCAMP/PKA pathway.
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Introduction

Intervertebral disc degeneration (IVDD)is the most
common cause of functional impairment and pain in
the lower back and represents a significant social and
economic burden for approximately 80% of the world’s
population [1, 2]. Previous studies have shown that the
underlying cause of IVDD is tissue degeneration, which
can be influenced by various factors such as: Impairment
of metabolite transport, cell aging and death, genetic
inheritance, changes in matrix macromolecules and
water content, changes in enzyme activity and struc-
tural failure and neurovascular ingrowth [3-7]. Although
studies have shown that IVDD involves a cascade of cel-
lular, biochemical, and structural changes, the initiating
events leading to IVDD are not well understood. Two
features that uniquely characterize the intervertebral disc
are hypoxia [8, 9] and increased osmolarity, which results
in high water content in the tissue [10]. The water con-
tent of the intervertebral disc nucleus exceeds 80% in
childhood, decreasing to approximately 70% in older age.
As we age, the intervertebral discs are very susceptible to
degeneration caused by loss of swelling pressure and fluid
supply [11, 12]. Therefore, water content is an important
factor underlying the mechanisms of lumbar interverte-
bral disc degeneration. Dehydration of the intervertebral
disc, as seen in IVDD, contributes to the pathogenesis of
degenerative disc disease [13].

Aquaporins (AQPs), a class of transmembrane proteins,
function primarily to transport water molecules across
the membrane and are thought to play a role in the natu-
ral history of intervertebral disc degeneration [14]. The
expression of AQP1 and AQP3 has been demonstrated
in the intervertebral disc [15]. Since the intervertebral
disc is a vascular tissue, the endplate pathway was found
to be the main route of nutrition and water transport in
the intervertebral disc [16]. The transport of AQP1, 3 is
closely related to cartilage endplate hydration and inter-
vertebral disc degeneration. Blocking this pathway leads
to a significant reduction in diffusive transport to the
nucleus pulposus and subsequent loss of the extracellular
matrix (ECM). The decreased expression of AQPs from
the disc nucleus to the annulus fibrosus reflects differ-
ences in mechanobiology, permeability, and hydration
between these regions [17, 18].

Electroacupuncture (EA) is a therapy based on tra-
ditional acupuncture combined with modern electro-
therapy. EA has been shown to significantly promote the
recovery of neurological functions, relieve neuropathic
pain and thus improve quality of life [19, 20]. In addition,
EA has long been used to treat back pain [21]. It has been
found in many clinical studies to be effective in reliev-
ing back pain by producing an analgesic effect, lowering
the pain threshold, improving physical activity and sleep
quality, and reducing the daily need for oral analgesics
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[22]. Our previous study [23, 24] found that EA had ana-
bolic and anticatabolic effects on the regulation of extra-
cellular matrix in intervertebral discs. EA increased ECM
content and showed evidence of regenerative potential
in degenerated discs assessed by protein expression and
magnetic resonance imaging. Furthermore, EA sup-
presses neuropathic pain caused by spinal nerve ligation
by improving neuronal plasticity through upregulation of
the cAMP/PKA signaling pathway [25].

In the current study, we hypothesize that EA can miti-
gate intervertebral disc degeneration by upregulating the
expression of AQPs via the cAMP/PKA pathway. We
investigated the involvement of AQPs in the effect of EA
on IVD degeneration and the relationship between AQP
content, IVDD, and the levels of the cAMP/PKA signal-
ing pathway and its associated molecules in the lumbar
disc.

Materials and methods

Animals and experimental protocol

Experiments were conducted using male adult New
Zealand rabbits weighing 3—4 kg. All procedures were
approved by the Animal Care Committee of Wuhan Hos-
pital of Integrated Chinese&Western Medicine. A total
of 27 experimental animals were used, with 8 randomly
selected as the sham-operated group. The remaining ani-
mals underwent the induction of IVDD models. Differ-
ent interventions were carried out on the 1st, 28th, and
56th days [26, 27] (Figure.l A). The IVDD model was
established in accordance with the protocol described
by Kroeber MW [28]. Rabbits were anesthetized using
pentobarbital sodium (30 mg/kg) administered via the
marginal ear vein. A dorsal approach to the lumbar spine
was used to attach a custom-made loading device to two
Kirschner wires (1.5 mm in diameter). These wires were
inserted into the L4 and L5 vertebral bodies parallel to
the adjacent study slice using a variable-speed electric
drill. After the wound was sutured, axial compression
was applied to the disc using a spring within the device,
generating a compression force of 200 N to induce disc
degeneration [29] (Figure.1B). The sham group under-
went the same procedure, but the external compression
device was positioned without applying any compres-
sive force. The rabbits received intramuscular injections
of penicillin sodium (4x 1076 U) once daily for 5 days
postoperatively. The modeling device was removed on
the 28th day, after which the intervertebral discs were
scanned using MRIL. The EA group received EA treat-
ment starting from the first day after successful model-
ing, and some animals also received an injection of the
H-89 inhibitor.
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Magnetic resonance imaging

On day 28, magnetic resonance imaging (MRI) was per-
formed for each group. Imaging was performed 30 min
after the removal of the external fixator. Imaging was
performed using a 3.0T MRI scanner (GE Healthcare,
American) with spin-echo echo-planar imaging (SE-
EPI) acquisition in the sagittal view with the follow-
ing scanning parameters: repetition time/time echo
(TR/TE)=2300 ms/64.9 ms, slice thickness/spacing
(thn/spa)=4 mm/1 mm, acquisition matrix=128x 64,
field of view ( FOV)=34 cm, number of excitations
(NEX)=4. Sagittal diffusion tensor imaging scanning
was performed with SE-EPI under the following param-
eters [30]: TR/TE =2500 ms/80.8, thn/spa=4 mm/ 1 mm,
matrix=128 x 64, FOV=34 cm, NEX =4, B-value=2800,
diffusion direction=13 and scan time of one minute and
15 s. T2* mapping was acquired by gradient recall echo
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(GRE) as follows. The acquired T2-weighted (T2W)
images were examined by two radiologists, each with
more than ten years of experience, to assess the degree
of disc degeneration. For the assessment of interverte-
bral disc degeneration, the Pfirrmann classification was
used, ranging from grades 1 (normal) to 5 (severe degen-
eration with transition to herniation). The raw diffusion-
weighted imaging (DWI) and diffusion tensor imaging
(DTI) data were transferred to the Workstation 4.2 and
processed using GE Healthcare’s Functool software to
produce apparent diffusion coefficient (ADC), fractional
anisotropy (FA), and pseudocolor images. On the inter-
mediate layer of the ADC sagittal image, the central
regions of the nucleus pulposus (NPs) were marked as
regions of interest (ROIs) to measure the ADC values.
Furthermore, fractional anisotropy (FA) values were
measured using the same method as described above.

MRI MRI

Surgical without loading

Loading Loading removed
Model
Loading removed
Loading EA/H-89

EA

1d

56d

Fig. 1 Diagram and model of the experimental protocol. This figure illustrates the surgical procedure used for inducing IVDD in New Zealand rabbits,
including the placement of the custom-made loading device and the application of axial compression. The sham-operated group is also depicted, show-

ing the procedure without the application of compressive force
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Fig.2 MRIimages of the lumbar spine. (A) T2-weighted images, apparent diffusion coefficient (ADC) pseudocolor images, and fractional anisotropy (FA)
pseudocolorimages are listed from top to bottom, respectively. (B) The bar graph shows the Pfirrmann classification at 56 days. (C-D)The bar graphs show
the ADC and FA values at 56 days. Data are expressed as mean=+SD. P <0.01 indicates significant differences compared to the sham compressed group,

and #P<0.01 compared to the model group

EA treatment

A multifunctional solid support was used for the EA
treatment (Fig. 2.B). The procedure was as follows: the
rabbits were fixed on the operating table, and the Jiaji”
(EX-B2) points on both sides of the L4 and L5 ver-
tebrae were located according to the literature [31].
0.30 mmx25 mm acupuncture needles were inserted per-
pendicularly to a depth of 0.5-0.8 cm. The Han’s acupoint
nerve stimulator (Beijing, China) was then connected.
The intensity of the acupoint nerve stimulator was 1 mA,
and the frequency was 2 Hz/15 Hz. EA was performed
once daily, with each session lasting 20 min. Each treat-
ment course consisted of 6 consecutive days, with a 1-day
interval between courses, totaling 4 courses [32, 33].

Tissue preparation

After the experiment, the animals were humanely eutha-
nized via rapid air injection into the marginal vein of the
ear. The complete intervertebral discs were then removed
and divided into two symmetrical parts. One portion
was immediately snap-frozen in liquid nitrogen for sub-
sequent Enzyme-Linked Immunosorbent Assay (ELISA),
Western blot, and quantitative reverse transcription-PCR
(qRT-PCR) analyses, while the second part was used for
hematoxylin and eosin (HE) staining, toluidine blue O
(TBO) staining, and immunofluorescence.

Table 1 Antibody Dilution ratio

Antibody Catalog Number Dilution  Source
Ratio

mouse anti-AQP1 NB600-749 1:200 Novus, USA

rabbit anti-AQP3 ab125219 1:200 abcam, UK

Goat Anti-Mouse 1gG SAB51375 1:300 Bioswamp,
China

Goat Anti-Rabbit IgG SAB51371 1:300 Bioswamp,
China

Immunofluorescence

Formalin-fixed disc samples were embedded in paraffin
and cut into 5-pum-thick sections. IF staining was then
performed according to the manufacturer’s protocols.
The antibodies used for IF staining are listed in Table 1.
All brightfield images were captured using a microscope
(EVOS flauto, Thermo Fisher Scientific, USA) and ana-
lyzed with Image-Pro Plus 6.0 (USA).

HE staining

The intervertebral disc tissue fixed in paraformaldehyde
was retrieved and then underwent routine dehydration
and paraffin embedding, thus being made into paraffin
sections with a thickness of 5 um. The process encom-
passed several steps: section picking, followed by baking,
rinsing, and dewaxing; then hematoxylin staining, dehy-
dration, and transparency; subsequently, sealing with
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neutral resin. Finally, the sections were observed under
an optical microscope, and images were captured for
subsequent analysis.

TBO staining

The intervertebral disc tissue was dewaxed until it was
hydrated. Toluidine blue staining solution was added
dropwise, and the tissue was stained for 20 to 30 min.
Then, the excess staining solution was washed away.
Color separation was performed using 95% ethanol,
and the color separation effect was controlled under the
microscope. For dehydration and transparency, the tissue
was immersed in absolute ethanol for 1 min, followed by
immersion in xylene three times for 1-2 min each, and
finally sealed with neutral gum. Staining results: Chon-
drocytes and osteoblasts appeared bluish-purple, while
the background was light blue.

ELISA assay

The cAMP and PKA levels in the disc were quantified
using ELISA kits from Gene Beauty Biotechnology Co.,
Ltd.(Wuhan, China). The test was performed accord-
ing to the manufacturer’s instructions. The plates were
read on the Labsystems Multiskan MS plate reader (Van-
taa, Finland) at a wavelength of 450 nm. The values thus
obtained were plotted on a standard chart prepared using
serial dilutions of the standard provided with the kit, and
the cAMP and PKA concentrations were calculated.

qRT-PCR
Total RNA was isolated using the Trizol reagent kit
(Ambion, Austin, TX, USA) and converted to comple-
mentary DNA (cDNA) using the Revert Tra Ace First
Strand cDNA Synthesis Kit (Kapa Biosystems, Boston,
MA, USA). Real-time PCR was performed using the Pre-
mix Ex Taq kit (Takara, Japan) and a BIO-RAD CFX96
real-time PCR system (BIO-RAD, Hercules, CA, USA)
according to the manufacturer’s instructions. The mRNA
expression levels of AQP1, AQP3, p-CREB, elF-2, actin,
MAPI1A, MAP1B, MAP2, MAP4, and tau were normal-
ized to the endogenous expression of GAPDH. The prim-
ers were sourced from Nanjing Kingsy Biotechnology
Co., Ltd. (Nanjing, China). The relative copy number of
the target genes, normalized to GAPDH, was determined
using the 2- A Ct method [34]. The primer pairs selected
for qRT-PCR are listed in Table 2.

Western blot analysis

The disc tissue was quickly removed and homogenized
in ice-cold lysis buffer (50 mM Tris-HCI, pH 7.5). Total
protein was extracted from the tissue using RIPA lysis
buffer with a tissue homogenizer and then centrifuged
at 4 °C for 10 min at 15,000 g to obtain the total protein
extract in the supernatant. Protein concentrations were
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Table 2 Sequences of primers
Primers sequences Length (bp)
AQP1-F 5'-TGCTCATCTACGACTTT =3 139
AQP1-R 5-TATTTGGGTTTCATCTC -3
AQP3-F 5'- CGTGAAGCACAAGGAGCA -3’ 138
AQP3-R 5'- GTGAGGGGACAGAGGCAG -3’
CREB-F 5'- ACGACAAATCATCTCTC -3 131
CREB-R 5-TGTTCTGAATTCCACTA -3’
elF2-F 5- CTACTTTGTGCCGTGCT -3’ 149
elF2-R 5-TTTCGCTGCTTTCTTGT -3’
ACTIN-F 5'- GATCTGGCATCACTCC -3 114
ACTIN-R 5'- ATCTCGCACGCTTTCT =3’
MAP1A-F 5'-TCGTGCGAGTGCTTTTT -3 113
MAP1TA-R 5'- CAGGTCCTTCTGGGTGG -3’
MAP1B-F 5'- GTCCTGTCCCCTTTTGA —3' 187
MAP1B-R 5'- GGTGGCGGATGAGTTTC —3'
MAP2-F 5'- GAAGACAGAACCAAGCC -3’ 131
MAP2-R 5'- GAGCAACTAAACCCCAC -3
MAP4-F 5'- ATCAGAACAGCCAGAACT -3 134
MAP4-R 5'- ACTAGAGAGAAACAGCAA -3’
TAU-F 5'- GGATGAGGACCAGGACA -3 151
TAU-R 5'- GGCAACTTTGGAGAGGA -3
GAPDH-F 5'- ACCCACTCCTCTACCTTCG -3’ 108
Table 3 Antibody Dilution ratio
Antibody Catalog Dilu- Source
Number tion
Ratio
mouse anti-AQP1  NB600-749 1:1000  Novus, USA
rabbit anti-AQP3  ab125219 1:1000  abcam, UK
Mouse anti-CREB  BF8028 1,000  Affinity Biosciences,
China
rabbit anti-elF2 AF6087 1:1000  Affinity Biosciences,
China
rabbit anti-MAP1A ab184350 1:1000  abcam, UK
rabbit anti-MAP1B  DF12422 1:1000  Affinity Biosciences,
China
rabbit anti-MAP2 ~ Ab96378 1: 5000 abcam, UK
rabbit anti-MAP4  AF0079 1:1000  Affinity Biosciences,
China
Mouse anti-Tau 66499-1-1G 1:1000  Proteintech Group, USA
rabbit anti-Actin ~ AF7018 1:1000  Affinity Biosciences,

China

measured. Fifty micrograms of protein was loaded and
separated by 10% SDS-PAGE and then transferred to
PVDF membranes using a semi-dry electrotransfer sys-
tem. The antibodies used in the Western blot analysis
are listed in Table 3. The PVDF membranes were then
washed and incubated with the corresponding second-
ary antibodies (1:10,000 dilution, Goat Anti-Mouse IgG,
Goat Anti-Rabbit IgG, Bioswamp, China). The immunob-
lotting signals were detected by ECL (enhanced chemi-
luminescence) on chemiluminescence films. Blots were
scanned and quantified using Band Scan software (Glycol
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Biomedical, Canada), and GAPDH protein was expressed
as a ratio of the target gene to detect immunoreactivity.

Statistical analysis

The data collected in the present study are expressed as
mean + standard deviation (mean+SD) and were ana-
lyzed by one-way repeated measures ANOVA to deter-
mine differences between the two groups. Statistical
analyses were performed using the statistical software
program SPSS 26 (SPSS Inc, Chicago, USA). P<0.05 was
considered statistically significant.

Results

The effect of EA on MRI grade scores and ADC and FA
values

In this study, we used T2, DWI and DTI mappings. We
first evaluated whether the charger successfully induced
the degeneration model on T2-weighted images. The
results showed that the signal intensity of the interver-
tebral disc nucleus pulposus gradually decreased after
axial compression, and the difference in signal inten-
sity between healthy intervertebral discs and com-
pressed discs was significant. This result is consistent
with the findings of previous studies [23]. After EA
intervention, a slight recovery of signal intensity was
observed(Figure.2 A). Statistical analysis revealed that the
Pfirrmann grading of the sham group was level 1 (Fig. 2C)
and the mean values of ADC and FA were the highest.
After pressurizing the intervertebral disc, the Pfirrmann
grading can be elevated, and the ADC and FA values can
be significantly reduced. Compared to the model group,
the Pfirrmann grading decreased and the ADC and FA
values increased after 28 days of EA intervention.

The effect of EA on AQP1 and AQP3 protein expression in
IVDD

AQPs play an important role in maintaining cellular
water homeostasis. In this study, AQP1 and AQP3 were
found to be widely distributed in healthy discs using
immunofluorescence detection (Fig. 3A). Compared
with the sham groups, the immunofluorescence activity
levels of AQP1 and AQP3 were significantly reduced in
the compressed disc. However, the immunofluorescence
expression of AQP1 and AQP3 increased in the degener-
ated disc after the electroacupuncture procedure (Fig. 3B,
C). In addition, Western blot analysis and qRT-PCR were
used to confirm the results.

Effect of EA on degenerative disc pathology

In the sham group, collagen displayed a uniform net-
work structure within the nucleus pulposus matrix. The
nucleus pulposus cells were evenly distributed in either
single or clumpy aggregates. There was a substantial num-
ber of cells, which were round, oval, or spindle-shaped,
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featuring large cell bodies and numerous inclusion bod-
ies in the cytoplasm. The cartilage structure was distinct,
and abundant chondrocytes were present, with large
and round nuclei. Upon pressure treatment, the collagen
arrangement within the nucleus pulposus matrix became
disorganized, andcollagen fiber deposition was irregu-
lar. Various-sized vacuoles emerged, aggregating into a
fluffy mass, and cracks formed between cells, leading to
necrosis of the nucleus pulposus tissue. The distribution
of nucleus pulposus cells was uneven, and their number
decreased significantly. Meanwhile, the remaining nodu-
lar cell inclusion bodies either significantly diminished or
disappeared. After the EA procedure, the collagen distri-
bution in the nucleus pulposus was largely uniform, and
fiber deposition was strengthened. The nucleus pulposus
cells enlarged in size, the inclusion bodies disappeared,
and the cell gaps narrowed. The cartilage structure was
clear, and the cartilage layer thickened (Figure 4 A).

Effect of EA on the levels of molecules related to the cAMP/
PKA signaling pathway in IVDD

In the present study, we investigated whether the cAMP/
PKA signaling pathway is also involved in the regula-
tion of IVDD by EA. First, we used an ELISA assay to
detect the expression levels of cAMP and PKA. The
results showed that cAMP and PKA levels were sig-
nificantly reduced in the model group compared to the
sham group. EA significantly restored cAMP and PKA
levels. (Figure 4B and C). Finally, Western blot and qRT-
PCR analysis were used to examine the effect of EA on
the molecular levels related to the cAMP/PKA signaling
pathway in intervertebral disc degeneration. The results
showed that the mRNA and protein levels of CREB,
elF-2, actin, MAP1A, MAP1B, MAP2, MAP4 and Tau
were significantly decreased in the model group com-
pared with the sham group. EA significantly restored
the mRNA protein levels of CREB, elF-2, actin, MAP1A,
MAPI1B, MAP2, MAP4 and Tau (Fig. 5A-Q).

Inhibition of PKA reverses the protective effect of EA on
IVDD

Based on the above evidence, we further aimed to clar-
ify the functions of cAMP/PKA signaling in EA protec-
tion of degenerative intervertebral discs. Initially, after
successful modeling, we gave electroacupuncture inter-
vention when the PKA inhibitor H-89 was injected into
the disc. The production of cAMP and PKA was signifi-
cantly reduced after pretreatment with the inhibitors,
as confirmed by ELISA (Fig. 6A, B). Using Western blot
and qRT-PCR analysis, we discovered that PKA repres-
sion reversed the protective effect of EA on degenerative
intervertebral discs (Fig. 6C-W).
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Fig. 3 AQP1and AQP3 protein expression in disc degeneration. (A) Representative microscopic photographs of immunofluorescence staining showing
AQP1 and AQP3 immunoreaction-positive products. Nuclei counterstained with DAPI showed blue, with AQP1 and AQP3 positive products appearing
green. Scale bar: 20 um. The average optical density (AOD) was measured. (B,C) Bar graphs showing the AQP1 and AQP3 immunoreaction-positive prod-
ucts. (D) Western blot analysis of AQP1 and AQP3 protein levels. GAPDH was analyzed as a housekeeping gene. (E, F) Bar graphs showing the protein
levels of AQP1 and AQP3. (G, H) Bar graphs showing the mRNA levels of AQP1 and AQP3. Data are expressed as mean +SD; "P<0.01 compared to the
sham compressed group; #P<0.01 and #P<0.05 compared to the model group

Discussion

The goal of this study was to detect whether EA can
upregulate APQ expression in IVDD by regulating the
cAMP/PKA pathway in a rabbit model of disc degenera-
tion. Firstly, our findings demonstrate that dynamic load-
ing causes a decrease in AQP expression and blocks water
transport, thus resulting in biomechanical and structural

changes in disc cells. These changes were reserved after
28 days of EA treatment, suggesting that the EA stimuli
promote cells to spontaneously recover from mechanical
loading in vivo. Secondly, we found that EA significantly
attenuated the decreased AQPs content and water diffu-
sion, which were reversed by the cAMP/PKA pathway
inhibitor H-89. Moreover, the expression levels of AQP1,
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(B) The cAMP level in the intervertebral disc. (C) The level of PKA in the intervertebral disc. Data are expressed as mean + SD; Asterisks indicate statistical
significance ("P<0.01 compared to the sham compressed group,”P<0.01 compared to the model group)
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AQP3 and the cAMP/PKA pathway were reduced in IDD
rabbits compared with the sham group rabbits. EA signif-
icantly restored the expression of AQP1, AQP3, and the
cAMP/PKA pathway, while H-89 significantly reversed
the effects of EA on protein and mRNA expression.

The intervertebral disc (IVD) is a highly hydrated tis-
sue consisting of the nucleus pulposus, annulus fibrosus,
and cartilaginous endplate. The central NP is a site of col-
lagen secretion and contains numerous proteoglycans,
which facilitate water retention, creating hydrostatic
pressure to resist axial compression of the spine [35, 36].
It is well acknowledged that mechanical stress is one of
the key contributors to intervertebral disc degenera-
tion [37]. Disc degeneration is characterized by changes
in ECM properties, including loss of proteoglycans and
collagens, degenerative fibrillation, and decreased water
content [38, 39], which alter the disc’s ability to bear load.
As degenerated intervertebral discs contain less water
and therefore inferior capabilities for sustaining pres-
sure, they bulge and lose height. We first established a
disc degeneration animal model using a homemade load-
ing device in vivo. The observed biological mechanisms
are consistent with human characteristics [40, 41].This
similarity conveys the primary advantage of longitudinal
investigation.

In this study, the MRI method was used to evaluate
whether the model was successfully established first. Sag-
ittal T2 images showed a significant decrease in nucleus
pulposus hydration after 28 days of compression, in
contrast to the control or sham group. Based on sagit-
tal T2-weighted images of the nucleus pulpous signal
changes. The intervertebral disc was divided into five lev-
els according to the Pfirrmann IVDD grading standards
[42]. The results showed that grade IV or V degenera-
tive changes were detected at 28 days after compression,
and the sham group was grade I on T2-weighted imag-
ing. One of the latest advancements in MRI technol-
ogy is the application of DWT and DTI. This reflects the
microstructural changes in tissue by describing the dif-
fusion of water molecules. DWTI is used to detect the
capacity of water diffusion and generates ADC images;
DTI describes the directional characteristics of water
diffusion and produces FA images. In the present study,
the mean ADC and FA values of different groups closely
coincided with the biochemical characteristics. Higher
contents of PG and water in the control and sham groups
appeared to correspond with higher ADC values and
FA values. The disc in the compression group showed
decreased ADC and FA values, suggesting that the water
content gradually declined and that ECM degradation in
the loading status intervention effectively increased both
the ADC and FA values. EA showed a significant thera-
peutic effects and regeneration potential in IVDD by
improving water molecule transportation.
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It is acknowledged that water enters cells through dif-
fusion, permeation, and specialized transportation chan-
nels. As water is transported, nutrition and metabolism
products are also transported. Water transmembrane
transportation is important for maintaining normal
metabolism in cells. AQPs are a thirteen-member family
of water channels, driven by osmotic gradients [43]. Since
AQPs’ expression was observed to be sensitive to disc
degeneration [18], it was of interest to study their expres-
sion and regulation in disc tissues. There is indirect evi-
dence suggesting that AQPs are crucial in maintaining
cellular water homeostasis under dynamic osmotic con-
ditions and have been shown to cotransport many impor-
tant metabolites such as CO2 and O2 [44, 45]. Aquaporin
1 is a transport channel for water and is widely expressed
in systemic cells. Aquaporin 3 can also transport glyc-
erol. Previous studies have suggested the importance
of water transport across the cell membrane in resident
chondrocyte-like cells for volume regulation in response
to mechanical stimuli and changes in osmolarity [46].
Previous studies have shown that AQP1 is associated
with greater disc hydration [14], and AQP3 can protect
against lumbar IDD via the Wnt/p-catenin pathway [47].
Our results clearly show that the levels of both AQP1 and
AQP3 are lower in discs with progressive degeneration.
Western blot analysis and immunofluorescence micros-
copy, respectively, indicated that AQP protein expres-
sion was decreased in loading-induced discs compared to
that in non-degenerative discs. 28 days of EA treatment
upregulated the AQP protein expression, and the AQP
content was obviously lower in the EA group than in the
untreated group. These results provide further support
for observations by Wang et al. [48], who showed dif-
ferential expression of AQP in young versus aged rabbit
discs, suggesting a possible role for AQPs in age-related
degeneration of the disc in terms of the ability of the
matrix to bind water, thus maintaining the biomechanical
function of the intervertebral disc.

cAMP is an important substance for tissue cells to
maintain physiological functions, and PKA is one of its
main target proteins. cCAMP can bind to the regulatory
subunit of PKA, thus promoting the phosphorylation
of PKA and forming a complete cAMP/PKA activation
pathway [49]. G proteins induce and activate adenyl-
ate cyclase, which increases the content of cAMP and
induces the activation of PKA, thereby regulating the
expression level of AQPs and increasing water reabsorp-
tion [50]. The cAMP-PKA pathway is involved in the
mechanism of irritable bowel syndrome by the regulation
of AQPs [51]. Recently, the cAMP/PKA pathway has been
reported to participate in the treatment of EA in rats with
depression and pain memory [52, 53]. These reports indi-
cate that the cAMP/PKA pathway may play a role in the
treatment of EA in diseases. In our study, we found that
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the level of the cAMP/PKA pathway was significantly
decreased in disc degeneration rabbits as compared with
sham group rabbits. EA treatment significantly restored
the decreased level of the cAMP/PKA pathway, which
was then reversed by H-89, indicating that EA may play
a therapeutic role through its action on the cAMP/PKA
pathway. We further examined the expression levels of
AQP1 and AQP3, as well as key molecules in the cAMP/
PKA pathway, and found that EA significantly restored
the mRNA and protein levels of AQP1, AQP3, CREB,
elF-2, actin, MAP1A, MAP1B, MAP2, MAP4, and Tau,
while the mRNA and protein levels of these molecules
were reversed by H-89. These results further demonstrate
that EA may attenuate disc degeneration through regula-
tion of the expression of APQ1 and APQ3 via the cAMP/
PKA pathway.

Conclusions

In summary, the author performed this study to deter-
mine the effect of EA treatment on AQP expression in
degenerated discs. We found that mechanical loading
induces disc degeneration and that AQP1 and AQP3
are closely correlated with the progression of IVDD. EA
expedited the transportation of nutrition and metabo-
lism substances by increasing the hydration degree and
permeability of the disc cells. This finding suggests that
EA therapy may restore the biophysical properties of disc
cells and that EA may play a protective role by targeting
AQP1 and AQP3 via the cAMP/PKA pathway. Addition-
ally, our findings provide an experimental and theoretical
basis for the clinical treatment of low back pain (Fig. 7).
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