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Gbstract )
In the present study, we established a rat model of intervertebral disc degeneration (IDD) to investigate the mech-
anism by which acupuncture attenuates IDD. Acupuncture were performed on IDD model rats for 14 days. RNA
sequencing was used to identify differentially expressed genes (DEGs) in the intervertebral discs after acupuncture.
Bioinformatics analysis was performed to identify the key genes among the DEGs. The expression levels of key genes
were examined via QRT-PCR and immunofluorescence staining. IDD model was confirmed by HE staining. A4 total
of 102 DEGs were identified. These DEGs were enriched in 18 GO MF terms, 13 GO CC terms, 60 GO BP terms
and 5 KEGG pathways. Cidec, Retn, Angptl4, and Pdk4 were the key genes among the DEGs. Both QRT-PCR and
immunofluorescence staining revealed that acupuncture increased the expression of Cidec and Retn and decreased
that of Angptl4 and Pdk4 in degenerated disc tissues. In conclusion, Cidec, Retn, Angptl4 and Pdk4 play key roles in
the response to acupuncture intervention in IDD patients. Acupuncture may ameliorate IDD by decreasing Angptl4 to
inhibit inflammation and extracellular matrix degradation. The significance of the alteration of Cidec, Retn, Angptl4

\and Pdk4 expression in IDD by acupuncture needs further study. )

Keywords: Intervertebral Disk Degeneration, Rat Model, HE Staining, Differentially Expressed Genes, Bioinformatics Analysis,
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Introduction

Degenerative disc disease resulting from intervertebral disc de-
generation (IDD) is believed to be the main cause of low back
pain, which is a medical challenge worldwide [1-3]. Acupunc-
ture is widely used to treat low back pain caused by disc diseas-
es, and is effective for alleviating pain and improving the mental
and physical health of patients with disc disease [4-6]. Moreover,
acupuncture is recommended for all stages of low back pain by
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the American College of Physicians [7]. Acupuncture relieves
pain by regulating bioactive factors such as TNF-a, NF-«B, IL-
6, IL-1p, PI3K, p38 MAPK, corticosterone, COX-2, PGE2, and
substance P, among others [8, 9]. Although the mechanism by
which acupuncture attenuates IDD has been studied extensively,
there remain many unknowns in the field. Thus, we conducted
animal experiments to obtain and analyze gene expression data"
from degenerated intervertebral discs before and after acupunc-

J Complement Res Altern Med 2024



ture, along with bioinformatics analyses and molecular biology
experiments, to investigate the effects of acupuncture on IDD.

Materials & Methods

Animal Experiments

Twelve healthy male 8-week-old SD rats (weighing 220 + 30 g;
SPF level) were purchased from Chengdu Dasuo Experimental
Animal Company. SD rats were housed with standard rat food
and water for one week to adapt to the environment of the animal
center. A model of IDD was established in eight SD rats via ante-
rior approach surgery following a modification of the procedure
introduced by Huang [10]. Eight model SD rats were reared for 8
weeks, and then, 4 of the model SD rats were randomly selected
to verify the success of model establishment. The remaining 4
model SD rats were administered acupuncture daily for 14 days
before sampling. The control SD rats were reared normally for
10 weeks before sampling. The model SD rats were gently re-
strained under a soft cloth jacket before acupuncture. The Shen-
Shu (BL23) and DachangShu (BL25) acupoints were selected
according to the atlas of acupoints in rats [11]. Stainless steel
acupuncture needles (Huatuo acupuncture needles, 0.30 x 25
mm in size, stainless steel, Suzhoushi Hualun Acupuncture Sup-
plies Co. Ltd., lot 230201) were disinfected and then inserted into
the acupoints on both sides of the spine to a depth of 5 mm, with
needle retention times of 20 min. The rats were allowed to move
freely after acupuncture. The present study was approved by the
Ethics Committee of Sichuan Province Orthopedic Hospital.

Hematoxylin—eosin (HE) Staining

The discs were fixed with 4% paraformaldehyde, and then eth-
ylene diamine tetra acetic acid was added and replaced every 3
days. Decalcification was performed for 1 month prior to paraf-
fin embedding and sectioning. Hematoxylin—eosin (HE) staining
was performed according to standard protocols.

RNA Extraction and Sequencing

Total RNA was extracted separately from 4 acupuncture group
and 4 IDD model group samples using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) in accordance with the manufacturer's
instructions. Then, DNase I was added to remove contaminat-
ing genomic DNA. The RNA quality and quantity were measured
with a NanoDrop spectrophotometer (Thermo Scientific, USA)
and an Agilent 2100 Bioanalyzer (Agilent Technologies, USA),
respectively. RNA integrity was determined by 1% gel electro-
phoresis. Equal amounts of total RNA from the intervertebral disc
samples were pooled into a model group and a control group.

For high-throughput sequencing, ribosomal RNA (rRNA) was de-
pleted from total RNA via the Ribo-Zero™ rRNA Removal Kit
(Human/Mouse/Rat; Epicenter, USA) according to the manufac-
turer's protocol. The cDNA libraries were prepared with a Script
Seq™ v2 RNA-Seq Library Preparation Kit (Epicenter, USA) and
sequenced on an [llumina HiSeq X ten paired-end reads at Gene X
Health, Beijing, China. RNA-seq read mapping and transcriptome
assembly were performed by Gene X Health (Beijing, China).

Differentially Expressed Genes (DEGs)

The fragments per kilobase per million reads (FPKM) method
was used to normalize the RNA sequence reads of all the sam-
ples. R package DESeq 2 (version v4.3.3) was used to identify
DEGs between the disc tissues of acupunctured IDD rats and
IDD model rats (p < 0.05, log 2-fold change (FC) > 1.5 or <—1.5).
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Functional Analysis of DEGs

We performed enrichment analyses, including Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment, to explore the functions of the DEGs. The
cluster Profiler package of R for Bioconductor was used to per-
form the enrichment analysis.

Construction of the Protein—protein Interaction (PPI) Network
We mapped the DEGs in the Search Tool for the Retrieval of
Interacting Genes (STRING) using the default instructions and
then constructed a protein—protein interaction (PPI) network of
the nodes with a combined score >0.15. The PPI network was
visualized in Cytoscape software (version 3.7.1), and we calcu-
lated the degree centrality for each node in the PPI network with
the CentiScaPe plug-in.

Validation by Quantitative Real-time Polymerase Chain Re-
action (QRT-PCR)

The expression levels of key DEGs from the RNA-seq data
analysis were validated by qRT-PCR using the 2-AACq method.
GAPDH was used as an internal control. Specific primers for the
DEGs were designed with Primer 5.0 and synthesized as previ-
ously described by our group [12].

Immunofluorescence Staining

Immunofluorescence staining was performed to identify the pro-
teins associated with the key DEGs. Disc tissue samples were
fixed in 4% paraformaldehyde for 48 h, embedded in paraffin,
and sectioned into 5-pum-thick sections. The sections were anti-
gen-repaired in antigen repair buffer in a staining rack, washed
with PBS, and blocked in 5% BSA for 30 min. Then, the disc
tissue slices were incubated with the following antibodies: an-
ti-Cidec (1:100 dilution; Abcam, DF8913), anti-Retn (1:100
dilution; Affinity, DF8288), anti-Angptl4 (1:100 dilution; Affin-
ity, DF6751), and anti-Pdk4 (1:100 dilution; Affinity, DF7169)
overnight in a humid box at 4°C. The slides were washed with
PBS and then incubated with a FITC-labeled goat anti-rabbit
secondary antibody (1:100 dilution; Servicebio, GB22303) for
30 min at room temperature. The nuclei were stained by incu-
bation with 2 g/mL 2-(4-amidinophenyl) indole-6-carbamidine
dihydrochloride (DAPI; Servicebio, Wuhan, China) for cellular
localization and then washed extensively with PBS.

Results

Histological Staining with HE

HE staining revealed that the intervertebral discs of the normal
rats were morphologically healthy, with layered rings and no
signs of rupture or disorder, and that the central part of the nu-
cleus pulposus was oval, full in volume (Figure 1 A1), and had
no obvious inflammatory cell infiltration good continuity (Fig-
ure 1 A2). In the model group, the intervertebral disc tissue was
stained unevenly, with disordered structures and glass changes
and cracks in the annulus (Figure 1 B1). The nucleus pulposus
was shrunken or absent, and the collagen content was signifi-
cantly reduced, resulting in a large amount of chondrocyte-like
necrosis, nuclear fragmentation or lysis, and enhanced cytosolic
eosinophilia (Figure 1 B2). In the acupuncture group, the dis-
order of the annulus fibers significantly improved, the collagen
distribution in the matrix was essentially uniform (Figure 1 C1),
the number of cells was significantly increased, and the number
of cell fissures was decreased (Figure 1 C2).
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Figure 1: HE staining of intervertebral discs. A: Normal group. A-a: disc tissue was morphologically healthy, with layered rings and no

signs of rupture or disorder, and that the central part of the nucleus pulposus was oval, full in volume; A-b: disc tissue had no obvious in-

flammatory cell infiltration good continuity. B: IDD model group. B-a: disc tissue was stained unevenly, with disordered structures and

glass changes and cracks in the annulus; B-b: The nucleus pulposus was shrunken or absent, and the collagen content was significantly

reduced, resulting in a large amount of chondrocyte-like necrosis, nuclear fragmentation or lysis, and enhanced cytosolic eosinophilia.

C: Acupuncture group. C-a: the disorder of the annulus fibers significantly improved, the collagen distribution in the matrix was essen-
tially uniform; C-b: the number of cells was significantly increased, and the number of cell fissures was decreased.

DEGs
There were 102 DEGs in the intervertebral disc tissues between the acupuncture group and the model group, including 62 upregu-
lated genes and 40 downregulated genes. Figure 2 shows a heatmap of DEG expression in both groups.
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Figure 2: Heatmap of differentially expressed genes in the intervertebral disc tissues between the acupuncture group and the model group.
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DEG Enrichment Analysis lation of lipid metabolic process (BP), transporter complex (CC)
The DEG enrichment analysis revealed 18 GO MF terms, 13 GO  and channel activity (MF), and the most significantly enriched
CC terms, 60 GO BP terms (Figure 3), and 5 KEGG pathways KEGG pathway was the AAPR signaling pathway.

(Figure 4). The most significantly enriched GO terms were regu-
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Figure 3: Gene Ontology enrichment of the differentially expressed genes.
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Figure 4: KEGG Pathway Enrichment of the Differentially Expressed Genes
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PPI Network of DEGs

The PPI network of the DEGs comprised 221 edges and 79
connected nodes (Figure 5). The six submodules identified by
MCODE analysis are shown in different colors in Figure 5. The
genes in the PPI network were sorted by the centrality degree of
each node as calculated by using the CentiScaPe plug-in, and the

top 4 genes with the highest degree centrality were identified as
key genes of IDD. These key genes are involved in cell death-in-
ducing DFFA-like effector ¢ (Cidec, centrality degree 8), resistin
(Retn, centrality degree 6), angiopoietin-like 4 (Angptl4, cen-
trality degree 3), and pyruvate dehydrogenase kinase 4 (Pdk4,
centrality degree 3).

B MCODE1
BMCODE2
B MCODE3
M MCODE4
B MCODES

MCODEG

Figure 5: PPI network of differentially expressed genes. MCODE analysis identified 6 clusters.

Validation of the mRNA Expression Levels of the Hub Genes
The expression levels of Cidec, Retn, Angptl4, and Pdk4 were
verified by Qrt—PCR (Figure 6). The expression levels of Cidec
and Retn were greater in the acupuncture group than in the mod-
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Figure 6: Expression of key genes.
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Table 1: Sequences of primers used for quantitative real-time polymerase chain reaction.

Gene Sequence (5’ to 3°)
Cidec F: ATGGACTACGCCATGAAGTCT
R: CGGTGCTAACACGACAGGG
Retn F: ACAAGACTTCAACTCCCTGTTTC
R: TTTCTTCACGAATGTCCCACG3
Angptl4 F: TCACAGCCTGCAGACACAACT
R: CCATCTCGGGCAGCCTCTTT
Pdk4 F: TCCACTGCACCAACGCCT
R: TGGCAAGCCGTAACCAAAA

Immunofluorescence Staining

To explore the protein expression of key DEGs in the interverte-
bral disc tissue of both groups, Cidec, Retn, Angptl4, and Pdk4
were detected in rat disc tissue samples via immunofluorescence
staining. As shown in Figure 7, Cidec- and Retn-positive cells
(green fluorescence) were detected in the discs of the acupunc-

DAL

ture group but were rarely observed in the model group; Angptl4-
and Pdk4-positive cells (green fluorescence) were detected in
the discs of the model group but rarely found in the acupuncture
group. These results demonstrated that acupuncture increased
Cidec and Retn protein expression and decreased Angptl4 and
Pdk4 protein expression in degenerated intervertebral discs.
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Figure 7: Key genes were detected by immunofluorescence combined with DAPI staining.
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Discussion

IDD is influenced by multiple factors [13, 14]. Although the
pathophysiology of IDD has been widely studied, tthe mecha-
nism by which acupuncture affects IDD is not completely clear
[15]. Animal experiments, in which the influence of external
factors can be reduced, are an important tool for investigating
how acupuncture affects IDD. Successful animal experiments
are highly dependent on effective and suitable animal models. In
the present study, we followed the instructions and surgical vid-
eo for an improved anterior approach to establish a rat puncture
model of IDD and explored the mechanism by which acupunc-
ture affects IDD in this model [10].

In the present study, we identified 102 DEGs between disc tis-
sues before and after acupuncture. These DEGs were significant-
ly enriched in GO terms including regulation of lipid metabolic
process (BP), transporter complex (CC) and channel activity
(MF), and the most significantly enriched KEGG pathway was
the AAPR signaling pathway. We identified Cidec, Retn, Angptl4
and Pdk4 as the key genes in the PPI network of the genes reg-
ulated by acupuncture, suggesting that these genes play crucial
roles in acupuncture-induced IDD. Acupuncture increased Cidec
and Retn expression and decreased Angptl4 and Pdk4 expres-
sion in degenerated intervertebral discs.

Cidec is expressed mainly in fat. It is a member of the cell
death-inducing DFFA-like effector family, which promotes
apoptosis [16]. The protein encoded by Cidec plays a role in lip-
id droplet formation and adipocyte apoptosis [17]. Cidec expres-
sion is regulated by insulin [18]. Insulin sensitivity is positively
correlated with Cidec expression, and insulin-resistant diabetes
is related to mutations in this gene [19]. The short arm of chro-
mosome 3 contains a Cidec pseudogene, and different isoforms
of this gene are encoded by alternatively spliced transcript vari-
ants. However, the role of Cidec in IDD has not been reported,
and how Cidec is upregulated after acupuncture and how this
upregulation ameliorates IDD needs further study.

Retn is a mouse resistin-like protein that is secreted by adipo-
cytes. The Retn gene is a potential hub between obesity and type
I diabetes [20]. The protein encoded by Retn exhibits antibac-
terial properties against both gram-negative and gram-positive
bacteria in the skin [21]. Retn is expressed by human monocytes
and macrophages [22]. and has significant proinflammatory
properties [23]. Retn expression may be upregulated by proin-
flammatory factors, including IL-1B, IL-6, IL-12, TNF-a and
lipopolysaccharide [24-26]. Although many physiological and
pathological processes have been demonstrated to involve Retn,
the specific role of Retn in mediating the effects of acupuncture
on IDD has never been reported and needs further study [27].

Angptl4 is related to the regulation of inflammation, glucose ho-
meostasis, insulin sensitivity and lipid metabolism [28]. Peroxi-
some proliferation activators (PPARs) induce the expression of
the protein encoded by Angptl4, which inhibits vascular growth
and vascular endothelial cell apoptosis [29]. Downregulation of
Angptl4 was reported in type 2 diabetes [30]. Both the mRNA and
protein expression of Angptl4 in intervertebral discs increase with
increasing IDD severity [31]. Both in vitro and in vivo experiments
have confirmed the increased expression of Angptl4 in IDD, and
Angptl4 was identified as the hub gene involved in the crosstalk
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between IDD and type 2 diabetes mellitus [32]. The inhibition of
inflammation and extracellular matrix degradation in chondrocytes
by Angptl4 knockdown suggests that Angptl4 has proinflammatory
and matrix degradation-promoting effects [33]. In our study, QRT-
PCR and immunofluorescence confirmed that Angptl4 in degen-
erated discs was downregulated by acupuncture. We hypothesized
that acupuncture blocks IDD by decreasing Angptl4 to inhibit in-
flammation and extracellular matrix degradation.

Pdk4 is related to glucose metabolism by inhibiting the pyruvate
dehydrogenase complex and is regulated by insulin, retinoic acid
and glucocorticoids. The expression of Pdk4 was decreased in
the cartilage of patients with osteoarthritis. Pdk4 has anti-inflam-
matory and antiapoptotic effects on hepatocytes [34], inhibiting
inflammation by downregulating TNF-q, IL-8, and IL-6; inhibit-
ing extracellular matrix degradation by downregulating MMP-3,
MMP-13, and ADAMTS-4; and restoring chondrocyte viability
[35]. Previous studies have suggested that Pdk4 has a protective
effect on cells, but the exact role of Pdk4 in IDD has not been re-
ported. The QRT-PCR and immunofluorescence analyses in our
study revealed that Pdk4 in degenerated discs was downregulated
by acupuncture. The significance of acupuncture-mediated down-
regulation of Pdk4 in IDD should be studied further.

Conclusions

In this work, we identified Cidec, Retn, Angptl4 and Pdk4 as
the hubs in the PPI network of the genes regulated by acupunc-
ture, suggesting that these genes play crucial roles in the effect
of acupuncture intervention in IDD. Acupuncture increased the
expression of Cidec and Retn but decreased the expression of
Angptl4 and Pdk4 in degenerated intervertebral discs. Acu-
puncture may ameliorate IDD by decreasing Angptl4 to inhibit
inflammation and extracellular matrix degradation. The signifi-
cance of the changes in Cidec, Retn and Pdk4 expression in IDD
by acupuncture needs further study.
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