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Low temperature exposure increases IL-6 expression in skeletal muscle cells
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Abstract: The shivering and nonshivering thermogenesis in skeletal muscles is important for maintaining body temperature in a cold
environment. In addition to nervous-humoral regulation, adipose tissue was demonstrated to directly respond to cold in a cell-autonomous
manner to produce heat. However, whether skeletal muscle can directly respond to low temperature in an autoregulatory manner is
unknown. Transient receptor potential (TRP) channels TRPMS8 and TRPA1 are two important cold sensors. In the current study, we
found TRPMS was expressed in mouse skeletal muscle tissue and C2C12 myotubes by RT-PCR. After exposure to 33 °C for 6 h, the
gene expression pattern of C2C12 myotubes was significantly changed which was evidenced by RNA-sequencing. KEGG-Pathway
enrichment analysis of these differentially expressed genes showed that low temperature changed several important signaling path-
ways, such as IL-17, TNFa, MAPK, FoxO, Hedgehog, Hippo, Toll-like receptor, Notch, and Wnt signaling pathways. Protein-protein
interaction network analysis revealed that IL-6 gene was a key gene which was directly affected by low temperature in skeletal muscle
cells. In addition, both mRNA and protein levels of IL-6 were increased by 33 °C exposure in C2C12 myotubes. In conclusion, our
findings demonstrated that skeletal muscle cells could directly respond to low temperature, characterized by upregulated expression of

IL-6 in skeletal muscle cells.
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15 7 2 2R B0 2 AR FE B K B EE AT . SR
AR, FEARIEE, 78 BB LR ke ok
PG OL R, I 07 4L 23475 98 mT DA JEK 52 58 ¥4 a3k i s
PR N P SRR RS SRR A, KRR IR
JE AR 33 °C K5 9% 2 h RIB E 1 i dB e &2 9 1
(uncoupling protein 1, UCP1) {1k P. J N g4l
U TR LR R A E, BT AR 5 2 B SRR
FERIFM . X EE(E BR B, IREEIRFE PR, ik
X6 FE P AEAE AN p 28 AA R 2R B & R T
Ko B TR TIENTAR, £ EREMF LM
PN S e A T A A IR R B s, B L4 A
T 15 ] LAXEFE VA AF AL AR 2244 IR 15 1 B
NEIE e HE— B AT

% I} 52 4% F5 4V i 1& (transient receptor potential
channels, TRP) K % i i TRPMS8 Fll TRPA1 72 #HL {4
BZREARFRBEEA, EERMEhEREP.
AZ IR, ENHEZ AR IgaRE, &
S g U = 211N I 1 ) T S =
LA f 2 3 45 TRPMS Al TRPAL 1)1k A2 7E G+ 13,
A 5K ] TRPMS 1E B R 55 77 (1 i B UL 48 i b
FIE W, AR HR RSN ) C2C12 41
A Hh A K 2 TRPAL Il TRMS FIR £ P A
% -6 (interleukin-6, 1L-6) /& & E (] LA [ T IL-6
BRI /N BULE 4 °C FRBHR IR, AR A% IR BEFIFE A
EMR T IEH /N, R IL-6 2T k5= ) Bt 4n
PR ERF U iR i UL A I TR A 75 A7 1
ST AR A 15 0] B B UL i TL-6 (3R
KL ARHN.

N T IRZ B A NLAE B IR I B R B, A
FOE SR T E B LA TRPMS A1 TRPAT 13RI,
SR 5B 4 1% R IR M 37 °C [£ % 33 °C, RNA
J R I 40 B R DR SRk 1 1) AR Ak, PR R OB AR
SR, I A ELAE FH 8 A R I 2 e A
H RS o

1 M 57R%

1.1 EERXH  DMEM B34 (55 : 2180438)
) H 5 E Gibeo AH], a4 IMLIE (175 : C4055L1050)
WE IR EAREARAR, SifiE (kS -
326J051) ) F - flE k) TREA PR A R 5 Bt IL-6 41
i (B AF0201) Il H [ 38 = RAEVH AR A R
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A A BCA 8 A E & ik 7 & (525« A53225),
RevertAid First Strand cDNA Synthesis Kit ( 15 : K1622)
% B 3¢ [E Thermo Fisher A 5] ; ECL {b22 & Y6 (17
5:K003, K004) %4 H 3% [F Affinity Biosciences /A & ;
F 9 &) (PVDF) 5 ( $35 : IPVH00010) I [
2% [# Millipore A ] ; $i elFS 4k ( 785 : sc-28309)
I H £ [# Santa Cruz Biotechnology /A &) ; Trizol RNA
P 5 B R & (185« ER501), SEB % & PCR
Super Mix ( $55 : AQI31) W H b A& X4
ARBBRAT] ; SEEFEJ6E R PCR 51904 AT Invitrogen
] ().

1.2 fMpEIEsERAE  C2Cc12 LYW H K
ATCC, 15 ARLAA B4 TS558 5 I 10% G4k
I35 ) DMEM 3537 5% 97 C2C12 4afl. f5 40 i Rt
HEEIEF) 85% LA EIF, #H 2% 5 ifiiE ) DMEM
B 7R, MRS H B e 1 IREE R, BR
90% LA E R B4R B A m WV g0 R, B RS2AULAH
o 4534 L 40 43 i REEH (37 °C) AMIKIR
H (33 °C), Zr BN B FPAS AR B R B A v, B
7 0~24 h,

1.3 RNA L H 8 FkeH CSTBL/6 KR, (1 H
e 4EIE R SIS S I H AR A IR A R ) B B 2,
F Trizol RNA $2 BUAGH & H2 U B A% LE RNA
FH Trizol RNA $& B G & HUH RLAL B 1) C2C12
JUVE A A RNA

1.4 RNA JUFr R #7570 #5310 JE 1) C2C12
HUEAME T 33 °C 5595 6 h, XJIR4HfEET 77T 37 °C.
FEHL AN MY RNA, #E1T RNA /7 73 . RNA A
7E QI R R R R A BR 22 5] H BGISEQ500 - &
BEAT Mo B AR A A% 2 log2 H5 # J5, > 1.25 5L <
—1.25 H &% &K L% (false discovery rat, FDR) < 0.001
(B K E L 22 B[R Gene Oncology 4k 73
Wiz SRR 326, BT KEGG Pathway #54 & %
7 2L R3E/T KEGG Pathway & 4, Q 18 < 0.05 [
55 IS N2 R R R T B3 E R RE S
g M. BT String il 1 4 b 75 7 3 R B 1 R
HAEM % .

1.5 ¥ # % ¥ PCR ] RevertAid First Strand
cDNA Synthesis Kit ¥ RNA i # 5% 4 cDNA. H
cDNA ##— 4T PCR B2 %% Y6 52 & PCR (quan-
titative PCR, qPCR). 1# B} Taq MasterMix F14H . 5]
Wi B LA Bk C2C12 WL 41 i i) cDNA #EAT
o35, FHBIE R B r vk R DU 3 2% . PCR
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F Super SYBR Green Mix Al #H N 5] #) % cDNA &
BROFEAT Y G f5, A IAH B & PR ) mRNA R 157K
B -5 7 51 L3 1.

1.6 ZAREENIESE (Western blot)  C2C12 L
YUMo 33 °C 4bFE 0, 6. 12824 h J5, #RECME
F, BCA VRN E & A UKRIE . AR R
PIRBE IR vk, AFEd R EAREE R
PVDF [, # B4 & A )i i) PVDF B i J5, Mt
IL-6 fl elF5 —#H1 4 °C W H LK. FMHMN P =i
i HE 1h 5, HECL b2 keikEf, H Imagel
RN =F i

1.7 #IE%it ff] GraphPad Prism 4t it 44 3E47
ST o B L mean + SD Kok . ALTE] LU ¢ K56,
Z M L B 2 5 2250 #r. P < 0.05 Ron %2 5
N9
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2.1 C2C12l &R B TRPMSHIRIA

B4, AN TRPAT Fl TRPMS /& 75 75/ i
HHEIHA P RIL, 4R Bk, TRPAL #il TRPMS
e/ R RSV TR 35 %L, {H TRPAL ()9 385
e eSS (B 14), o/ EE %I ZiH TRPAL
FIEWAR, 1 TRPMS [f5R ik & & T TRPAL, HT
HEEUH L 2 MR, AT BT LA
JE757615 TRPAL il TRPMS, &A1 C2C12 FULZH
Mot 7R, HES W ANERE, $2H
RNA, Jf:F PCR ¥l TRPA1 1 TRPMS {14 (K
1B, C). 453 %R, C2CI12 WL 40 4 TRPAI
A1 TRPMS (314, I H )5 £238 1 RNA Wl 7 A I
KIL C2C12 ULEYHME A TRPMS8 mRNA £k, i
TRPAL i T RIEERAK, KRAEEEINF]. TRPMS 7E

& 1. PCRA=qPCRFT A #1549 75 5]
Table 1. List of oligonucleotide primer pairs used in PCR and qPCR

Target gene Sense primer Antisense primer
TRPMS 5'-CCTTCGTTGTCTTCGCTTAT-3' 5-AGTTGTCGTTGGCTTTCGT-3'
TRPAI 5'-GCAAATCCAAACCTCCGAAAT-3' 5'-TCCCTGCTGTAGCCGTTCT-3'
IL-6 5'- ACAACCACGGCCTTCCCTACTT-3' 5'-CACGATTTCCCAGAGAACATGTG-3'
IL-6Ra 5'-CCCTTGCTGGTGGATGTTC-3' 5'-CCGTTGGTGGTGTTGATTTT-3'
KLF2 5'- GGGAAGGATGCGGCTGGAA-3' 5'-AGGTGGTCGGACCTGGAGAAGG -3'
EP300 5'-CCCAAGCATAGGGAATCAA-3' 5-TGGTCAGCAGAAGGAGCAG-3'
Fzdl 5'- GGTGGATGGCGACGTACTGA-3' 5'-GTGCGGATGCGGAAGAGTG-3'
Fos 5'-CCGAAGGGAACGGAATAAG-3' 5'-TCTGGGAAGCCAAGGTCAT-3'
JUN 5'-ACCTTCTACGACGATGCCCTCA-3' 5'-GGAAGCGTGTTCTGGCTATGC-3'
188 5'-GGAAGGGCACCACCAGGAGT-3' 5'-TGCAGCCCCGGACATCTAAG-3'
A C
M
500 bp
TRPA1 TRPM8
250 bp 183 bp
P
100 bp
TRPM8
500 bp
317 bp 500 bp
185 250 b — 317 bp
188 P 188 250 bp —
100 bp

100 bp

1. /N ECEBEILALZLL X C2C 1214 - TRPATFITRPMS [ % 1A
Fig. 1. The expression of TRPA1 and TRPMS in mouse skeletal muscle tissue (4) and C2C12 myotubes (B—C) detected by RT-PCR

followed by agarose gel electrophoresis.
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2.2 {RIRALIENEC2C12A B4R E B RIE
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i AR, UCPL fRIA B &1 . A THE5R
IR A 75 P LR A B ULAE i ) B R R IA, FRAT
B4 5 11 C2C12 L 4T 33 °C IR IR 77
Sof BB A 4 4L 5 SR AE 37 °CC IR EE B, 6 h J5 $R L
RNA, #47 RNA 7, $4 2240454 log2 #4545,
>1.25 8{ <—1.25 H FDR < 0.001 f{j3E & X % F
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B 2. C2CI2LAEF7E33 °CHE 346 h/JE H: H ik A (k.

] Acta Physiologica Sinica, April 25, 2022, 74(2): 201-208

H. FREY, 537 °CHFFMAMALL, 33 °C
I 6hjG, A 483 MEFREER, Ho 453 4
FEPH R, 30 MR (B 24). H Gene Oncology
G ir 22 R AR 2, Kb F IRk e
N, K72 ik L B Binding Dhig (& 2B).
23 RIBEFSHNERIAREREETEEIZH
EENFESIER

AT — 0% 2 7 ik R i AT KEGG-Pathway
w5, K34 SR E ST 20 N mg, AT
IL-17. TNFa. MAPK. FoxO. Hedgehog. Hippo.
Toll-like receptor. Notch, Wnt %5 5 25 518 1% ( K
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X RNA U Fy 1 45 2R 4 47 % 1iF : FoxO id@ % B 1
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Fig. 2. Gene expression was altered in C2C12 myotubes cultured in 33 °C. C2C12 myotubes were cultured in 33 °C for 6 h and control
cells were cultured in 37 °C. RNA-sequencing was performed. Heat map (4) and classification (B) of the differentially expressed
genes (|log2(fold change)| > 1.25, FDR < 0.001) based on Gene Ontology. FDR: false discovery rate.
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IL-6. KLF2 LA & IL-6 [f] 3% 14 IL6Ra ; FoxO Fl Wnt
JE #% 17 EP300 5 Hippo & Wnt i #% 1] Fzd1 ; MAPK
F1 Toll-like receptor 1 4 [1] Fos A1 JUN. 5 RNA il
Fai B —3, IL-6 (3.17 f% ; P<0.05). IL-6Ra (1.40
%, P <0.05), KLF2 (1.75 ;P < 0.05). EP300 (2.47
% ; P <0.05). Fzdl (1.86 1% ; P < 0.05) £ ik & #
[/, Fos (0.49 f#%; P < 0.05) A1 JUN (0.35 1% ; P < 0.05)
Fi5 B T (& 3B). Fos 1 JUN ik i T 12
7~ T MAPK 15 5 8 B4 41
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I R0 RGNS KRG . AT

A KEGG-pathway Q value
IL-17 signaling pathway: . 0
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MAPK signaling pathway - .
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Toll-like receptor signaling pathway - [ ]
Notch signaling pathway — [ ]
NOD-like receptor signaling pathway | [ ) Gene Number
MAPK signaling pathway - fly - O e 3
Signaling pathways regulating pluripotenc... - [ ] 7
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Fig. 3. KEGG Pathway analyses of the differentially expressed genes. 4: KEGG Pathway analyses of the differentially expressed

genes; top 20 pathways based on the Q value were shown in a bubble chart. B: Validation of the expression level of IL-6, IL-6Ra,
KLF2, EP300, Fzd1, Fos and JUN by gPCR. Mean + SD, n=4. P < 0.05 vs 37 °C.
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3 g

TRPMS #1 TRPA1 /& TRP F %% i1, TRP &—
Fe ARG B E P BTG B A2 B ThRE MY
s TRP K%k 46 6 4~ W5 ji% : TRPC. TRPV,
TRPML. TRPP, TRPA 1 TRPM ", Hr1, TRPMS
HTRPAT 1] AR AR BT s . TRPMS 1] 4 4 FEAIG
TR, MAHECT TRPMS8, TRPA 0 W) 75 25
MR E ¥, TRPMS fil TRPAT 3R & 76 I AR p 22
FIHERIS, AR EOE, R EZ ITER IR
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Fig. 4. Protein-protein interaction network (PPI) of the differentially expressed genes and the change of IL-6 expression by 33 °C

treatment with different time-course. 4: PPI analysis of the differentially expressed genes induced by 33 °C culture. B: C2C12
myotubes were cultured in 33 °C for 0, 2, 4, 6, 12 and 24 h and the mRNA level of IL-6 was determined by qPCR. n = 6. C: C2C12
myotubes were cultured in 33 °C for 0, 6, 12 and 24 h and the protein level of IL-6 was determined by Western blot. n = 3. P < 0.05

vs 0 h. Mean =+ SD.
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1 TRPMS Hil TRPA1 [k ¥, I HARIE R 97 AT ik
A B R EE IR IR B A (0 B R R IA, {2 UCPL (1)
Rk, kA kAR B4 H P A . TRPMS F ¥
))5%] menthol 4 1iE 5 w]_F i R 7 48 il UCP1 ()3
B IRRE PR M BT LAYE B 7 40 R 2 AT IE 2= PR
HXF A FIEA R AR R E b, H
HHNUE B WAAEX AT EH S ATTE R ES D
i 5t. T TRPMS Ml TRPA1 £ & % 40 M & 75
HRIBIEAAAES U, BATE ekl 1/ B B UL
LIS B LA A TRPAL AT TRPMS f3RIA . 25
SRR/ BUE HE UL SR B R B 3R 1 C2C12 Fl A
WS4 TRPMS [f3K1%, {H TRPAL [FRIEMAK
XA E B L FE A I R AN 2l i TRPAL A &7
¥y, T EH TRPMS8 /5.

SN T RIE TR B VLA B PR S R SR R TS S AR L R
FEM B, AT 754 B ) C2C12 L 4H
BT 33°CHiFE 6 h 5, HATEHFA %N, K
AT3E I RNA U 30K B A 3L 355 97 52 T <R 1K 1)
KR, 2R S 4LE IL-17. TNFa. MAPK. FoxO,
Hedgehog. Hippo. Toll-like receptor. Notch, Wnt
HlESEE. KMy ERERY ER, 1 MAPK
55 W K 1 B SE ] Fos A JUN $594 T i adih Xt
Z2 L KHEAT R A HAEM M KB, IL-6 FH 5
HRZRERFARZ M EAER, T MR
T A

AT — SRR I 33 °C B335 2 h Bl o] & 2%
HEE C2C12 U 41 fft v TL-6 1) mRNA ik /K F.
C2C12 WML IL-6 (1) (i /K F-7E 33 °C K%
24 h N, IR (RIS TL-6 A2 5 R TI
RIALAIIN 7, AR R R TR e B B L 4
I IL-6 K& 7, 383 w8 1E 2R o ) IL-6 7K T 42
5 100 {5 LA B M. TL-6 AT Lk e i 9% 128 M i
W2 Sk DL R B T i 1 40 43 UCP-1 &k U, il
S TL-6 vI3E /N B AR DT 2R UCPT 1Y
FiIE, 1L-6 mlk T M FE4 RGBT Al
i 123 UCP1 & (K PRI U7, %0 FEAEAE 1K
SPUESE T IL-6 X i B 423 F s« A SR B,
INERIAFET 4 °C FEA AR 21 K, wlEmif g
IL-6 (7K U0 DL 9 T IE B 904 5 1l 2 1L-6
PRI ER, AHFEA T B B JULAH 11 B 4 0 75 22
TE T HEBR A 2 A4 R 15 1 B AR KA TR 7L . AN
Fe R IR AT B4 b U B A B U4 TL-6 KA,
KERRTETERRIBCR, B B LA M id R ik IL-6 fi2
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sEAh, AT RNA I Fr R Gedti 2 1w UL i
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