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ARTICLE INFO ABSTRACT
Keywords: Bell’s palsy is the most common form of facial nerve palsy. This study aimed to explore the pathogenesis of Bell’s
Czld exposure palsy by investigating the effect of cold-stimulated adipocyte supernatant on adhesion molecule expression in
Adipocytes

Schwann cell line. Schwann cells were cultured in regular or adipocyte-conditioned medium and analyzed using
RNA sequencing. The mRNA expression of Schwann cell adhesion molecules melanoma cell adhesion molecule
(MCAM), protocadherin 9 (PCDH9), and intercellular cell adhesion molecule 1 (ICAM1) was determined using
real-time reverse-transcription polymerase chain reaction. Differentially expressed genes were identified, and
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses were conducted.
Compared with Schwann cells in 37 °C, the expression of MCAM, PCDH9, and ICAM1 was downregulated in
Schwann cells treated with cold-stimulated adipocyte supernatant compared with Schwann cells in 37 °C. Ad-
ipocytes subjected to cold exposure may weaken the adhesion capacity of Schwann cells and disrupt the local
homeostasis of Schwann cell-axon interactions by affecting the expression of MCAM, PCDH9, and ICAM1, ul-
timately leading to the development of demyelinating lesions.

Schwann cells
Adhesion molecule
RNA-Seq

Bell’s palsy

nutritional support to neurons and maintains the homeostasis of the
neuronal microenvironment. This structure also enables rapid action
potential conduction and facilitates complex Schwann cell-axon in-
teractions [11,12]. The adhesion molecules on the Schwann cell surface
play an important role in regulating intercellular interactions, signaling,
and axonal regeneration [13]. The process of myelin formation in
Schwann cells is regulated by multiple adhesion molecules. Schwann
cells promote myelin formation by regulating neuregulin 1 signaling
through the cell surface adhesion molecule E-cadherin [14]. Thus,
myelin formation in Schwann cells is likely regulated by synergistic
signaling events generated by multiple surface adhesion molecules.
The facial nerve network branches are mostly covered by subcu-
taneous fat, which possesses insulating properties that protect the or-
ganism from damage caused by hot and cold stresses. White adipocyte
tissue, as an active endocrine organ, releases adipocytokines through
specific intercellular signaling pathways. This mechanism keeps pe-
ripheral nerves in a healthy, repairable state and maintains the inner-
vation of target tissues [15,16]. As facial cold exposure is a risk factor for
Bell’s palsy, the development of Bell’s palsy is associated with metabolic

1. Introduction

Bell’s palsy, also known as acute idiopathic peripheral facial nerve
palsy, is the most common form of facial nerve palsy. Bell’s palsy
generally occurs in young adults, often manifested as the rapid onset of
unilateral nerve palsy. Currently, the etiology of Bell’s palsy is unknown
[1]. Clinical studies have suggested that hypertension, diabetes [2,3],
and the adverse cardiovascular and metabolic effects of obesity may
increase the risk of Bell’s palsy [4]. The epidemiology of Bell’s palsy
suggests that rapid changes in atmospheric pressure and environmental
temperature may be the major risk factors [5-7]. The body is highly
susceptible to Bell’s palsy when in a state of fatigue and under alter-
nating hot and cold stress [8].

Bell’s palsy is an acute demyelinating disease, similar to
Guillain-Barré syndrome [9,10]. The myelin sheath, a crucial structure
of the peripheral nervous system, is formed by Schwann cells, a type of
glial cell. Schwann cells form myelin sheaths by wrapping their plasma
membranes in a spiral form around axons. The myelin sheath provides
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Abbreviations

ADSC adipose derived mesenchymal stem cell
ADIPO CM adipocyte conditioned medium

BDNF brain-derived neurotrophic factor

BP biological process

CAM cell adhesion molecule

CC cellular component

DEG differentially expressed gene

DM differentiation medium

FBS fetal bovine serum

GO Gene Ontology

ICAM1 intercellular cell adhesion molecule 1

IGSF immunoglobulin superfamily

KEGG  Kyoto Encyclopedia of Genes and Genomes

L-DMEM Dulbecco’s modified Eagle’s medium with low glucose
MAPK  mitogen-activated protein kinase

MAPKK MAPK kinase

MAPKKK MAPK kinase kinase

MCAM melanoma cell adhesion molecule

MF molecular function

NGF nerve growth factor

PCDH9 protocadherin 9

RNA-Seq RNA sequencing

RT-qPCR real-time reverse-transcription polymerase chain reaction

Table 1
RT-qPCR primer sequences.

Gene Forward (5' to 3") Reverse (3'to 5")

MCAM GTCCTCACAGCAGAGCCAACAG ACAGCAAGCACCAGCGTACATAC
PCDH9 CCTGGTTCCGTGGTTGCTGAAG TCCTTTGTTGTTCCCGCTCACTATG
ICAM1 CCTGGTCCTCCAATGGCTTCAAC TCTGTGGGATGGATGGATACCTGAG
ACTB TGTCACCAACTGGGACGATA GGGGTGTTGAAGGTCTCAAA

MCAM: melanoma cell adhesion molecule; PCDHO: protocadherin 9; ICAM1: intercellular cell adhesion molecule-1; ACTB: actin

Table 2

Quality Control of four groups.

Fig. 1. Adipose tissue-derived mesenchymal stem
cells (ADSCs), adipocytes, and Schwann cells. (A)
ADSCs were long, spindle-shaped, and locally fused in
a swirling pattern. Scale bar: 500 pm. (B) Differenti-
ation of ADSCs into adipocytes was induced. Adipo-
cytes appeared as round lipid droplets of varying
sizes. With time, the lipid droplets slowly fused, and
the cell morphology gradually became round. Scale
bar: 100 pm. (C) Red staining of round lipid droplets
indicated the presence of mature adipocytes. Scale
bar: 100 pm. (D) Schwann cells were small and either
round or long and shuttle-shaped. Scale bar: 100 pm.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)

Total reads

Total mapped

Multiple mapped

Uniquely mapped Reads mapped in proper pairs

37 DMEM group;

37 ADIPO CM group
30 ADIPO CM group

30 DMEM group

37239366 (100.00%)
39759838 (100.00%)
36095536 (100.00%)
39627522 (100.00%)

35402339 (95.07%)
37886183 (95.29%)
35216015 (97.56%)
37541276 (94.74%)

3292058 (8.84%)
3408170 (8.57%)
3072554 (8.51%)
3428632 (8.65%)

32110281 (86.23%)
34478013 (86.72%)
32143461 (89.05%)
34112644 (86.08%)

29435944 (79.05%)
31644910 (79.59%)
30636468 (84.88%)
31194778 (78.72%)

and inflammatory changes in subcutaneous adipose tissue. Cold expo-
sure can cause the upregulation of inflammatory chemokines in adipo-

adipocytes alter Schwann cell function, is not known.
In this study, the cells in the mild-hypothermia group were exposed

cytes [17]. However, whether changes in Schwann cell
microenvironment resulting from the effects of cold exposure on

to a temperature of 30 °C. This temperature was selected based on pre-
experimental grouping. In addition, 30 °C is a critical point in
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Fig. 2. Pie chart of reads mapped to each genomic region. The pie chart represents the proportion of reads mapped to exons (Exon), introns (Intron), and intergenic
regions (Intergenic), as determined by comparing the reads to the reference genome. (A) 37 DMEM group; (B) 37 ADIPO CM group; (C) 30 ADIPO CM group; (D) 30
DMEM group.

E Intergenic E Intron

A _;

p: 168) . .
« down-regulated genes (160)
« notdiferential expressed .

=

20

@

20

20

* up-regulated genes * up:
» down-regulated gencs (1158  down-regulated gencs (1194)
 not differential expressed  not differential expressed -

15
15
15

-Log;o(qValue)
10
-Log;o(qValue)
10
-Log;o(qValue)
10

-10 -5 0 5 10 -10 -5 0 5 10 -10
Log,(Fold Change) Log,(Fold Change) Log,(Fold Change)

Fig. 3. Volcano plots depicting expression differences. Each point on the graph represents a gene. Red indicates upregulation, green indicates downregulation, and
black indicates non-differential expression. (A) 37 ADIPO CM vs. 37 DMEM groups; (B) 30 ADIPO CM vs. 37 DMEM groups; (C) 30 DMEM vs. 37 DMEM groups. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Scatter plot of significantly enriched functions. The top 30 most significantly enriched Gene Ontology (GO) terms were selected to establish the scatter plot.
(A) 37 ADIPO CM vs. 37 DMEM groups; (B) 30 ADIPO CM vs. 37 DMEM groups; (C) 30 DMEM vs. 37 DMEM groups.

temperature grading, as this point allows the temperature around the provide new insights into the etiology of Bell’s palsy.
facial nerves to remain relatively stable despite changes in ambient
temperature, owing to the protective effects of facial adipose tissue [17].
We investigated how adipocytes subjected to cold exposure affect the
expression profile of adhesion molecules in Schwann cells, in order to
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Fig. 5. Scatter plot of significantly enriched functions. The top 30 most significantly upregulated or downregulated differentially expressed gene (DEG)-enriched
Gene Ontology (GO) terms were selected to establish the scatter plot. (A) 30 ADIPO CM vs. 37 DMEM upregulated DEGs in cellular components (CC) terms; (B) 30
DMEM vs. 37 DMEM upregulated DEGs in CC terms; (C) 30 ADIPO CM vs. 37 DMEM downregulated DEGs in BP terms; (D) 30 DMEM vs. 37 DMEM downregulated

DEGs in CC terms.

Table 3
KEGG pathway analysis of DEGs in 37 ADIPO CM group.

id Description Qvalue  cold-exposed
genes

ko04668  TNF signaling pathway 0.0005  Cxcll

ko04060  Cytokine-cytokine receptor 0.0213  Tnfsf18,Cxcll,Tslp

interaction

KEGG: Kyoto Encyclopedia of Genes and Genomes.

2. Material and methods

2.1. Animals

Adipose tissue-derived mesenchymal stem cells (ADSCs) were ob-
tained from 4-week-old male Sprague-Dawley (SD) rats at the Animal
Center of Shanxi Medical University. As male SD rats have more adipose
tissue than females, males were selected as the experimental animals.

The rats

were maintained at 25 + 2 °C under a 12 h light/12 h dark

cycle. The experiment involved six male SD rats, each weighing

100-200

g. The experimental design was approved by the Animal

Experimentation Committee of the Stomatological Hospital of Shanxi

Medical

University (No. 2017007). All animal experiments complied
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Table 4
KEGG pathway analysis of DEGs in 30 ADIPO CM group.
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Table 5
KEGG pathway analysis of DEGs in 30 DMEM group.

id Description Qvalue  cold-exposed genes id Description Qvalue  cold-exposed genes
ko04668  TNF signaling 0.0010  Ifi47,Icam1,Edn1,Creb3l1,Fos, ko04141 Protein processing in 0.0000  Hspa5,Hyoul,Pdia4,Selll,
pathway Cxcl10,Pik3r3,Cxcl1,Ptgs2 endoplasmic reticulum Erolb
ko03410 Base excision repair 0.0010 Pole2,Xrccl,Parp2,Mutyh ko04141 Protein processing in 0.0011 Hspa5,Hyoul,Pdia4,Hsph1,
ko00970  Aminoacyl-tRNA 0.0012  Tars2,Sepsecs, Aars2,Pars2,Dars2 endoplasmic reticulum Dnajal,Selll,Erolb,Preb,
biosynthesis Hspalb,Hspala
ko03420 Nucleotide excision 0.0015 Rad23a,Pole2,Cul4a ko04070 Phosphatidylinositol 0.0012 Tmemb55a,Itprl,PipSklb
repair signaling system
ko03440  Homologous 0.0019  Rad54b,Rad52,Rad51b ko00520  Amino sugar and nucleotide 0.0014  Gmppb, Gnpnatl
recombination sugar metabolism
ko04068 FoxO signaling 0.0023 Plk2,Gadd45a,P1k1,Ccnbl,Sod2, ko00562 Inositol phosphate 0.0088 Pip5klb
pathway Bcl6,K1f2,Pik3r3,Tgfb3,Tgfb2, metabolism
Gadd45b,Tnfsf10 ko03460  Fanconi anemia pathway 0.0214  Rad51,Palb2
ko00640  Propanoate 0.0033  Suclg2,Echs1,LOC100911186,
metabolism Pccb
ko04978 Mineral absorption 0.0064 Hmox1,RGD1566189,
RGD1560687,Ftl111 Table 6
ko04380  Osteoclast 0.0064  Sgstm1,Stat2,Ppp3cb,Fos,Pik3r3, KEGG pathway enrichment analysis in the 30 ADIPO CM group.
differentiation 1rf9,LOC108348047,Socs1,Tgfb2
k004110  Cell cycle 0.0087  Cdc20,Gadd45a,Plk1,Cenb1,Cdk1, Class KEGG pathway
Pttgl,Bublb,Cdcl4a,E2f5,Atr, metabolism k001200; ko01212; ko00280; ko00600;
Tgfb3,Tgfb2,Gadd45b,0rc3 k000071; ko00240; ko00760; ko00640
ko03030  DNA replication 0.0090  Pole2 genetic information processing ko03410; ko03420; ko03440; ko03030;
ko01212  Fatty acid metabolism  0.0134  Acadl, Mecr,Echs1, ko04141; ko03460; ko00970
LOC100911186 organismal systems ko04620; ko04978; ko04380; ko04623;
ko00760  Nicotinate and 0.0134  Enppl,Nadk2,Cd38 ko04622; k004612
nicotinamide cellular processes ko04144; ko04110; ko04146; ko04115
metabolism environmental information processing ko04010; ko04068; ko04668
ko00071  Fatty acid degradation ~ 0.0161  Acadl, Echs1,LOC100911186
ko04623 Cytosolic DNA- 0.0163 Irf7,Ddx58,1133,Cxcl10,Zbpl
sensing pathway transferred to a Petri dish containing phosphate-buffered saline. To
ko04622 RIG-I-like receptor 0.0193 Isg15,Irf7,Trim25,Ifih1,Tbkbp1, . . . . .
signaling pathway Ddx58,Cxel10,Dhx58,Nlrxl obta.u~r1 pure white adipose tissue, blood vessels, muscle and other im-
ko04146  Peroxisome 0.0199  1dh2,Gnpat,Hsd17b4 purities were carefully removed.
ko04115  p53 signaling 0.0235  Thbs1,Gadd45a,Cenbl,Cdk1,Atr, White adipose tissue was minced and digested in 0.2% collagenase
pathway o Gadd45b,Serpinel ) type I solution at 37 °C for 50-60 min. The separated ADSCs were
ko04141  Protein processingin  0.0245  Calr,Hsp90b1,Ppplrl5a,Eif2ak2, resuspended in Dulbecco’s modified Eagle’s medium with low glucose
endoplasmic Dnajc3,Rnf185,Rad23a,Hspalb, . A .
reticulum Hspala,Eif2aks (L-DMEM; PYG0072, Boster Bio), supplemented with 10% fetal bovine
ko04010  MAPK signaling 0.0245  Hspbl,Gadd45a,Rasgrp3,Mras, serum (FBS; 0510, ScienCell) and 1% penicillin/streptomycin/ampho-
pathway Ppp3cb,Hspalb,Dusp10,Hspala, tericin B solution. When the third generation of ADSCs reached full
(B;dggzg:"l(":gtbS,l;/I;p?;k4,Tgfb2, confluence, the ADSCs were stimulated with differentiation medium
ko04620  Toll-like receptor 0.0317 Ir?7,Fos,C,Ix:lclréJg,P;k§r3,T1r6 (bM) conta.ining L-DME_M supplem?nted Wi.th 10% FBS, 1% penicillin/
signaling pathway streptomycin/amphotericin B sterile solution, 1 pM dexamethasone
ko04144  Endocytosis 0.0332  Pml,Hspalb,RT1-CE4,Hspala, (D6040-100, Sigma), 200 pM indomethacin (I8280-5, Solarbio), 0.5 mM
Tgfb3,Rab11fip1,Tgfb2,RT1-S3, IBMX (I8450, Solarbio), and 10 pM insulin (I8040-25, Solarbio) for 4
. . Grk5 . days. The cells were then maintained in DM containing only 10 pM in-
ko03460 Fanconi anemia 0.0407 Fancd2,Atr,Rmi2 . . .
pathway sulin, L-DMEM supplemented with 10% FBS, and 1% penicillin/strep-
ko04612  Antigen processing 0.0410  Calr,Tapl,Hspalb,RT1-CE4, tomycin/amphotericin B sterile solution. Mature adipocytes were
and presentation Hspala,RT1-S3 identified using Oil Red O staining. The adipocytes were then randomly
k000240 Pyrti";idli_“e 0.0442  Tk1,Cmpk2,Dut,Pole2 divided into two groups (maintained at 37 °C and 30 °C, respectively).
metabolism X o o
k001200  Carbon metabolism 0.0468  Idh2,Suclg2,Adpgk, Pfkm,Echs1, Each group was cultured in serum-free DMEM at 37 C.or 30 'C for 8 h.
LOC100911186,Pccb Thereafter, the cell supernatants were extracted and mixed with DMEM
ko00600  Sphingolipid 0.0477  Sphkl,Gba,Sgms2 at a 1:1 ratio to produce 37 °C adipose-conditioned medium (37 ADIPO
metabolism CM) and 30 °C adipose-conditioned medium (30 ADIPO CM),
ko00280 Yallne,.leucme and 0.0485 Echs1,LOC100911186,Pccb, respectively.
isoleucine Mccc2
degradation

with the ARRIVE guidelines.

2.2. Adipocyte culture

All instruments were sterilized in a high-temperature autoclave prior
to use. SD rats were anesthetized with 150 mg/kg of sodium pentobar-
bital, and necropsy was performed to ensure the death of all rats. Cardiac
and respiratory arrest, muscle relaxation, and lack of reflexes were
considered as signs of death. SD rats were submerged in 75% ethanol for
10 min, after which the abdominal skin was cut on ice. White adipose
tissue was separated from the groin using ophthalmic scissors and

2.3. Schwann cell culture

Rat Schwann cell line (RSC-96) were obtained from the Institute of
Basic Medical Sciences, Chinese Academy of Medical Sciences. Schwann
cells were cultured in medium with or without adipocyte conditioning.
When the cells grew to 80-90% confluence for passaging, all cells were
maintained at 37 °C in a humidified 5% CO5 atmosphere. The number of
cells inoculated in each T25 culture medium at the time of passaging was
10*. The third generation of Schwann cells was used for follow-up ex-
periments. Four groups were established: the 37 DMEM group (37 °C in
DMEM medium), 37 ADIPO CM group, 30 ADIPO CM group, and 30
DMEM group (30 °C in DMEM medium). The 37 DMEM and 37 ADIPO
CM groups were incubated at 37 °C for 8 h, and the 30 ADIPO CM and 30
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Fig. 6. Kyoto Encyclopedia of Genes and Genomes pathway analysis. “Mitogen-activated protein kinase signaling pathway” (ko04010) enrichment was repressed (q

< 0.05) in Schwann cells treated with cold-stimulated adipocyte supernatant.

DMEM groups were incubated at 30 °C for 8 h. Next, the cells were
harvested for RNA extraction and RNA sequencing (RNA-Seq).

2.4. RNA extraction and quality control

The cells were collected after 8 h of culture. A total RNA extractor
(Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China) was used for
total RNA extraction according to the manufacturer’s protocol. The
Qubit® 2.0 Fluorometer (Q32866, Invitrogen, MA, USA) was used to
measure RNA concentration, and purity was measured by determining
the A260/A280 ratio.

2.5. c¢DNA library construction and RNA-Seq

One microgram of RNA per sample was used for mRNA sequencing
library preparation. The mRNA in each sample was enriched using oligo
(dT) magnetic beads and fragmented with fragmentation buffer
(approximately 200 bp). mRNA libraries were created using the Hieff
NGS™ MaxUp Dual-mode mRNA Library Prep Kit for Illumina®
(12301ES96, Yeasen Biotechnology (Shanghai) Co., Ltd., Shanghai,
China) following the manufacturer’s protocols. Libraries for paired-end
sequencing were prepared (PE150; sequencing reads, 150 bp) at Sangon
Biotech (Shanghai) Co., Ltd., using the MGISEQ-2000 platform.

2.6. Identification of differentially expressed genes

Data processing was performed using Trimmomatic. Valid data were
mapped to the genome using HISAT2, and clean reads were obtained.
Differentially expressed genes (DEGs) were identified using the
following screening criteria: |logz (Fold Change) | > 1 and g-value
(adjusted p-value) < 0.05.

2.7. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
enrichment analyses

Gene Ontology (GO) annotations are divided into three major cate-
gories: molecular functions (MFs), biological processes (BPs), and
cellular components (CCs). The Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG), commonly used for pathway analysis, is a comprehen-
sive database that integrates genomic, chemical, and systemic functional
information. All DEGs were subjected to GO functional enrichment
analysis, using the public GO database (http://geneontology.org/).
DEGs with a q-value of <0.05 were subjected to KEGG pathway
enrichment analysis (http://www.kegg.jp). GO enrichment analysis and
KEGG pathway enrichment analysis were performed using topGO
v2.24.0 software and clusterProfiler v3.0.5, respectively.
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Fig. 7. Quantitative reverse transcription-polymerase chain reaction (RT-qPCR) validation of RNA sequencing (RNA-Seq) data. (A, B, C) RNA-Seq of PCDH9, MCAM,
and ICAM1, respectively, in 37 ADIPO CM vs. 37 DMEM groups; 30 ADIPO CM vs. 37 DMEM groups; and 30 DMEM vs. 37 DMEM groups. All p-values were <0.001.
(D) RT-qPCR results of PCDH9 in 37 ADIPO CM vs. 37 DMEM groups, p < 0.0001; 30 ADIPO CM vs. 37 DMEM groups, p < 0.0001; 30 DMEM vs. 37 DMEM groups, p
< 0.0001. (E) RT-gqPCR of MCAM in 37 ADIPO CM vs. 37 DMEM groups, p = 0.4324; 30 ADIPO CM vs. 37 DMEM groups, p = 0.0936; 30 DMEM vs. 37 DMEM groups,
p = 0.6042; (F) RT-qPCR results of ICAM1 in 37 ADIPO CM vs. 37 DMEM groups, p < 0.0001; 30 ADIPO CM vs. 37 DMEM groups, p < 0.0001; 30 DMEM vs. 37
DMEM groups, p < 0.0001. * represents a comparison between the treated and control groups, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001; ns: no
significant differences. PCDH9: Protocadherin 9; MCAM: Melanoma Cell Adhesion Molecule; ICAM1: Intercellular Adhesion Molecule 1.

2.8. Real-time reverse-transcription polymerase chain reaction

Real-time reverse-transcription polymerase chain reaction (RT-
gPCR) was used to verify the accuracy of the mRNA expression profiles
[18]. Total RNA was extracted from Schwann cells using a total RNA
extraction reagent (TRIgent, MF034-01, Mei5bio; Science & Technology
Co., Ltd., Beijing, China). The RNA concentration was diluted to 250
ng/pl. Next, 500 ng of each RNA sample was reverse-transcribed into
cDNA using a reverse transcription kit (MF166-01, Mei5bio; Science &
Technology Co., Ltd.). Reaction conditions were as follows: 42 °C for 15
min, followed by 50 °C for 5 min, 96 °C for 5 min, and a final holding
temperature of 4 °C. RT-qPCR analysis was performed via Quant-
Studio™ (A40426; Thermo Fisher Scientific, MA, USA), using the SYBR
Green qPCR Mix (MF797-05, Mei5bio; Science & Technology Co., Ltd.).
Primer sequences were designed based on the coding sequence of the
target genes obtained from the NCBI database (https://www.ncbi.nlm.
nih.gov/) (Table 1). The RT-qPCR program was as follows: an initial
95 °C denaturation step for 30 s, followed by 40 cycles at 95 °C for 15 s,
60.5°Cfor 15s, and 72 °C for 30 s. The experimental RT-qPCR data were
normalized using f-actin expression as an internal reference. Three
technical replicates and three biological replicates were established for
each sample, and the experimental results were quantified using the
272ACt method [18]. RT-qPCR analysis of differentially expressed genes
was used to validate the RNA-Seq data.

2.9. Statistical analysis

The correlations between the RNA-Seq data and RT-qPCR data were
analyzed using GraphPad Prism v8.00. The RT-qPCR data are presented
as mean + standard deviation (n = 3). A one-way ANOVA was used for

multiple group comparisons, and a t-test was used for two-group com-
parisons. Dunnett’s test was employed as the post hoc test following one-
way ANOVA. Results with P < 0.05 were considered statistically
significant.

3. Results

3.1. Confirmation of differentiation into mature adipocytes and Schwann
cell morphology

Inguinal white adipose tissue collected from SD rats was digested to
obtain ADSCs. The ADSCs exhibited a spindle-shaped morphology,
which is characteristic of fibroblasts (Fig. 1A). After 8 days of induction,
the formation of round lipid droplets was clearly visible (Fig. 1B). One
hour after Oil Red O staining, the lipid droplets appeared red when 60%
isopropanol was added (Fig. 1C), confirming successful differentiation
into mature adipocytes. The Schwann cells were small and either round
or long and shuttle-shaped (Fig. 1D).

3.2. RNA-Seq data

High-quality total RNA (A260/A280 > 1.8) was obtained from
cultured cells. RNA-Seq generated four raw sequences (Table 2). The
coverage of each transcript at each position was calculated by
comparing the results. In all four groups of samples, the proportion of
reads mapping to the exonic regions was more than 75% (Fig. 2). These
results confirmed the quality and reliability of the sequencing data.


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/

T. Zhang et al.
3.3. Identification and analysis of DEGs

After RNA-Seq, 328 DEGs (168 upregulated and 160 downregulated)
(Fig. 3A), 2100 DEGs (942 upregulated and 1158 downregulated)
(Figs. 3B), and 1454 DEGs (260 upregulated and 1194 downregulated)
(Fig. 3C) were identified in the 37 ADIPO CM group, 30 ADIPO CM
group, and 30 DMEM group, respectively, compared with those in the 37
DMEM group (Fig. 3).

3.4. GO enrichment analysis and KEGG enrichment analysis

Following GO analysis of all DEGs, top 30 most significantly enriched
GO entries were selected, and a functional scatter plot was generated
(Fig. 4). Compared to the 37 DMEM group, the 37 ADIPO CM group
showed the most enrichment in genes related to “response to stress” and
“regulation of macromolecule metabolic process” (Fig. 4A), whereas the
30 ADIPO CM group showed significant enrichment in GO entries
related to “organelle” and “binding” (Fig. 4B), and the most significantly
enriched GO entries in the 30 DMEM group included “cell part” and
“binding” (Fig. 4C).

The GO enrichment analysis showed that in the 30 ADIPO CM group,
significantly upregulated DEGs were mainly enriched in CC terms,
including “organelle” and “intracellular” (Fig. 5A), whereas significantly
downregulated DEGs were mainly enriched in BP terms, including “cell
death” and “regulation of gene expression” (Fig. 5B). This finding in-
dicates that the DEGs in this group were mainly associated with BPs and
CCs. In the 30 DMEM group, significantly upregulated DEGs were
mainly enriched in CC terms, including “cytoplasm” and “intracellular”
(Fig. 5C), while significantly downregulated DEGs in this group were
mainly enriched in CC terms, including “cell part” and “organelle”
(Fig. 5D). In the 37 ADIPO CM group, significantly downregulated DEGs
were mainly enriched in BP terms.

The KEGG pathway enrichment analysis showed that “protein pro-
cessing in endoplasmic reticulum” (ko04141) was the most significantly
enriched pathway in the 30 DMEM group, whereas in the 37 ADIPO CM
and 30 ADIPO CM groups, the “TNF signaling pathway” (ko04668) was
the most significantly enriched pathway (Tables 3-5).

In the 30 ADIPO CM group, the KEGG pathway enrichment analysis
revealed 8 primary signaling pathways in “metabolism,” 7 primary
signaling pathways in “genetic information processing,” 6 primary
signaling pathways in “organismal systems,” 4 primary signaling path-
ways in “cellular processes,” and 3 primary signaling pathways in
“environmental information processing” (Table 6). “MAPK signaling
pathway” (ko04010) enrichment was repressed (q < 0.05) in Schwann
cells treated with cold-stimulated adipocyte supernatant (Fig. 6).

3.5. Validation of RNA-Seq data using RT-qPCR

To evaluate the changes in the Schwann cells treated with adipocyte
supernatant at different temperatures, DEGs with a |log2 (Fold Change)
| > 1.5 and q-value (adjusted p-value) < 0.05 were defined as cold-
responsive genes (Table 3-5). The GO analysis revealed that the DEGs
were enriched in cell adhesion-related entries, and the most significantly
expressed DEGs were selected for PCR validation (Fig. 7) to further
verify the reliability of the sequencing results (P < 0.0001 [ANOVA] for
protocadherin 9 [PCDH9] and intercellular adhesion molecule 1
[ICAM1]; P = 0.1866 [ANOVA] for melanoma cell adhesion molecule
[MCAM]).

Compared to that in the 37 DMEM group, the relative mRNA
expression of the adhesion molecules MCAM, PCDH9, and ICAM1 in the
37 ADIPO CM and 30 ADIPO CM groups exhibited a decreasing trend in
response to treatment with adipocyte supernatant at different temper-
atures. This trend was also observed in the comparison between the 30
ADIPO CM and 37 ADIPO CM groups (Fig. 7A, B, and 7C), wherein the
differences were statistically significant. The expression of three adhe-
sion molecules (MCAM, PCDH9, and ICAM1) in the 30 ADIPO CM group
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was the lowest, indicating that the expression of adhesion molecules in
Schwann cells was significantly reduced in the supernatant of adipose
cells at a low temperature. In the absence of the adipocyte supernatant,
Schwann cells also exhibited lower expression of these molecules at a
low temperature. This finding suggests that temperature changes can
affect the expression of adhesion molecules in Schwann cells. In
conclusion, adipocytes stimulated by low temperatures may secrete
adipokines [17], which interfere with the function of adhesion mole-
cules in Schwann cells.

4. Discussion

Bell’s palsy is an acute idiopathic peripheral facial nerve palsy with
an annual incidence of 15-20 per 100,000 individuals [19,20]. Although
the etiology of Bell’s palsy is unclear, environmental factors such as
atmospheric pressure and drastic temperature changes may play a key
role in the occurrence of Bell’s palsy [1,7]. Adipocytes subjected to cold
exposure exhibit upregulated inflammatory chemokine expression [17],
which dysregulates the adipose tissue immune microenvironment,
resulting in possible pathological changes in the myelin sheath. In the
present study, we aimed to explore the effect of cold-exposed adipocytes
(adipokines) on Schwann cell adhesion factors. Given that rats have
little facial subcutaneous adipose tissue, adipocytes derived from
inguinal subcutaneous white adipose tissue was used in the experiments,
because the subcutaneous white adipose tissue does not differ
morphologically or functionally throughout the body of rats.

Among the four groups, the 37 ADIPO CM group was used to simu-
late the effect of adipokines in adipose supernatant on facial nerve
myelin sheath under normal body temperature, forming a stable facial
nerve microenvironment. The 30 ADIPO CM group was used to simulate
the effect of adipokines in adipose supernatant on facial nerve myelin
sheath under a low temperature environment. In addition, the 37 DMEM
and 30 DMEM groups were set up to explore the possible effect of direct
temperature changes on facial nerves.

Cell adhesion molecules (CAM) are involved in a series of important
physiological and pathological processes, including signal transduction
and the immune response [21]. In Schwann cells, CAMs are also
involved in the regulation of cell-cell junctions, which are key to the
structure and function of myelin. Abnormal myelin function may occur
when the genes involved in cell-cell junction regulation are dysregu-
lated, with potential pathological results [22]. The Schwann cell
microenvironment is in a dynamic balance [23]. Abnormal conditions,
such as cold stimulation, can upset local homeostasis, disrupting the
function of intracellular junctions and myelin [24], resulting in the
blockage of neural signal transduction.

ICAM1, a member of the immunoglobulin superfamily (IGSF), me-
diates intercellular adhesion reactions [25]. MCAM is a non--
Ca%*-dependent cell adhesion molecule that also belongs to the IGSF.
The most important function of MCAM is mediation of cell adhesion,
including contact among neighboring cells and between cells and the
extracellular matrix. MCAM also regulates cytoskeletal rearrangements
[26]. The downregulation of MCAM hinders cell adhesion and reduces
intercellular homotypic adhesion. PCDH9 belongs to the non-clustered
pro-calmodulin family. Similar to calmodulin, PCDH9 mediates cell
adhesion [27,28]. PCDH9 also regulates a variety of effector molecules
[29]. The DEG analysis in the present study showed that adipocytes
subjected to cold stimulation repressed the expression of ICAMI,
MCAM, and PCDH9 in Schwann cells and reduced intercellular adhesion
between Schwann cells, probably triggering abnormal peripheral nerve
fiber signaling and axonal regeneration occurrence.

Mitogen-activated protein kinases (MAPKs) are ubiquitously
expressed in eukaryotic cells. They act as upstream signaling molecules
of ICAM1 [30]. We, therefore, deduced that exposure to low tempera-
tures caused a decrease in the expression of downstream adhesion
molecules by affecting the MAPK signaling pathway. Extracellular
stimulatory signals induce the phosphorylation of key protein targets,
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activate signal transmission from the cell membrane to the nucleus, and
mediate the regulatory network. MAPKs regulate various physiological
activities, such as inflammation, apoptosis, oncogenesis, tumor cell in-
vasion, and metastasis. The sequential activation of MAPK kinase kinase
(MAPKKK) and MAPK kinase (MAPKK) ultimately leads to the activation
of MAPK [31]. MAPK is involved in hypothermia regulation, and the
MAPK signaling pathway is also closely associated with lipid meta-
bolism [32]. The formation of nerve fiber myelin is regulated by growth
factors, such as brain-derived neurotrophic factor (BDNF) and nerve
growth factor (NGF) [33]. The KEGG pathway analysis in our study
showed that DEGs in the 30 ADIPO CM group were enriched in “MAPK
signaling pathway” (ko04010). Additionally, the expression of DEGs
such as BDNF and NGF was downregulated, and the “MAPK signaling
pathway” (ko04010) activity was repressed in Schwann cells treated
with cold-stimulated adipocyte supernatant (P < 0.05) (Fig. 6). There-
fore, hypothermic conditions may stimulate the secretion of adipokines,
which inhibit the expression of adhesion molecules by suppressing
MAPKKK-MAPKK-MAPK phosphorylation. The reduced adhesion be-
tween Schwann cells might damage the myelin structure and ultimately
cause the onset of Bell’s palsy. Further studies are needed to elucidate
the mechanism of this effect.

In summary, in Schwann cells treated with the supernatant of cold-
stimulated adipocytes, the expression of downstream adhesion factors
(ICAM1, MCAM, and PCDH9) was reduced, likely via the down-
regulation of the MAPK signaling pathway. The weakened adhesion
ability and subsequent disruption of Schwann cell structure might cause
demyelinating lesions.

Nonetheless, this study and experiment have certain limitations, as
the expression of ICAM1, MCAM and PCDH9 was not determined at the
protein level. Further investigations will need to be conducted to
establish the association between MAPK pathway downregulation and
differential expression of adhesion factors, with the ultimate goal to
identify targeted drugs for alleviating Bell’s palsy. Furthermore, this
treatment approach can be extended to peripheral nerve lesions,
providing relief to patients suffering from peripheral neuropathy that
cannot be completely cured. The findings of the present study might
assist in further elucidation of the currently unknown pathogenesis of
Bell’s palsy.
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