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HE. a4 KiTAr 2Bk C16:08 7% F BLAK 21Kk 2(formyl peptide receptor 2, FPR2) 845 4% & Jig B 41 4% ( brown
adipose tissue, BAT) = # 8 T Xt A WAL 5 THH, F& DR BAT AR A&, &R AF £ 8K C16:0
[10 mg/(kg-d) |FeZ H ARk L 3d & RAAF I M, 25 £ 4 CHRIEF R E 24 h, KM Western blotting Fe
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AP Z B C16:0i8 45 BAT = #6948 % A B, 5Fil i qPCR k2 i ik 69 R B 4T IRHE,, 4 A 2 BiE C16:07T
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C16:0 ceramide activates formyl peptide receptor 2 to regulate
adipose tissue thermogenesis: a transcriptomics-based analysis

ZHANG Mingxiang'*, LYU Lin’, LIN Hui’, SUN Jinpeng’, ZHANG Daolai'
(1. School of Pharmacy, Shandong Medical and Pharmaceutical University, Yantai 264003, Shandong, China;
2. Department of Basic Medical Sciences, Shandong University, Jinan 250012, Shandong, China)

Abstract; Objective To investigate the key downstream genes and molecular mechanisms through which C16 : 0
ceramide activates formyl peptide receptor 2 ( FPR2) to regulate thermogenesis in brown adipose tissue ( BAT).
Methods Using mouse BAT as the research model, mice were intraperitoneally injected with C16:0 ceramide [ 10 mg/
(kg-d) ] or vehicle for three consecutive days, followed by exposure to 4 C for 24 h. The expression level of uncoup-
ling protein 1 (UCP1) in BAT was detected by Western blotting and qPCR. Transcriptome sequencing was further
employed to identify genes involved in C16:0 ceramide-mediated regulation of BAT thermogenesis, and the screened
genes were validated by qPCR. Results C16 :0 ceramide significantly reduced both the mRNA expression level of
UCP1 in BAT [ (0.608+0.066) vs. (1.001+0.033), F=3.879, P=0.017 [ and its protein level [ (0.725+0.036) vs.
(1.000£0.043) , F=1.365, P=0.008]. Transcriptome sequencing identified 909 differentially expressed genes (620 up-
regulated and 289 down-regulated). GO and KEGG enrichment analyses showed that C16 :0 ceramide significantly
down-regulated the peroxisome proliferators-activated receptor ( PPAR) and forkhead box O ( FOXO) signaling path-
ways, from which seven genes (SLC27A2 HMGCS2 .EHHADH PCK1 IRS2 SGK2, and PLK3) were selected. Validation in
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Sox2-CreER" ™ Fpr2”" mice revealed that their expression was specifically regulated by the C16 :0 ceramide-FPR2 axis.

Conclusion C16:0 ceramide down-regulates UCP1 expression in mouse BAT via FPR2. This mechanism is closely

associated with the PAR and FoxO signaling pathways, and inhibits BAT thermogenesis by regulating the expression of

SLC27A2 ,HMGCS2 ,EHHADH ,PCK1 ,IRS2,SGK2 and PLK3.
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6~8 JEWAIEE C5TBL/6T BFA= I/, 24 H iy
A bt 4l R 2 SR sh W HR A R A, A

FPR2 HE DK A B/ BB AU 38 1 24 28 4« L CRISPR-
Cas9 EEARMEEN Fpr2™" /N (VLIRS LG A W)
BHE BN A BRI ] ) 55 Sox2-CreERY ™ /INFL( 17
TR A R A A BRA | ) 2458, 3K 4% Sox2-
CreER” Fpr2"" /N, T 4 FEIWSET, #4E 5 d IR TE
BB IE (120 mg/kg, 16 T E KM iS4 H
P FPR2 3 [H w5

B /N RIS T LU AR R 2R ) 28 SR A X X 8
Pyt sE rh0y SPE 95 BRI ) %0 22 ~24 C 1R JE
40% ~70% ,12 h B/ BETEER, H B RBCK B ARoK FiE
B, SIS BRI B B s Y e 3
B2 BIAZALHE (S . ECSBMSSDU 2022-2-66)
1.1.2 EERH

UCPI1 Fif&k (155 ab234430) 14 [ ¥ E Abcam
NAEl, ATPIAL ZFiBEPiiR (185 14418-1-AP) Iy
A E RN =AY AR R /A A F] . Enhanced
chemiluminescence 1427 & YR BT (455 & 5 H
] v 28 S AR R ey A BN W], TRIzol 1451 1)
4 2&[E Thermo Fisher Scientific /A %], Evo M-MLV
it iR e 1 b L R SR AR ) TR R
Fl, PRZmERE C16:0( 585 . 860516P) g [ Hr [E b 5t
ik YR A RA A, 45 >95% , SYBR green
W4 A Fii+ Roche 23], qPCR 5|4 i v [ b 5t 26 )
PR A BR A F A, P A R 1

# 1 gPCR 51475
Table 1 Primer sequences of qPCR
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1L} JFH1(5'-3")

mUcpl-F ACTGCCACACCTCCAGTCATT
mUcpl-R CTTTGCCTCACTCAGGATTGG
mGAPDH-F TCACCACCATGGAGAAGGC
mGAPDH-R GCTAAGCAGTTGGTGGTGCA
mSlc27a2-F CAATGCCCCTGTACCACAGT
mSlc27a2-R CGGTCATTTGGTTTCTGCGG
mHmgces2-F GCTACTGGGATGGTCGCTAT
mHmgces2-R GAAGTCGTACGCGTTCTCCA
mEhhadh-F TGGACCATACGGTTAGAGCC
mEhhadh-R GGAAGCCAACACGAGCCTTT
mPckl-F GAGAGACACAGTGCCCATCC
mPckl-R ATACATGGTGCGGCCTTTCA
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519 JFH1(5'-3")
mlrs2-F CCATCGATGTGAGAGGCGAG
mlrs2-R TGGTAGCGCTTCACTCTTTCA
mSgk2-F CGGCACCCCTGAGTACTTG
mSgk2-R CAGGCCATGTAGCATCTCGT
mPIk3-F CAGCAGTGGAGATGGGTTTGA
mPIk3-R GCCATCATTGAAGAGCACGG
mGadd45g-F CCGTGGCCAGGATACAGTTC
mGadd45g-R  TCACATTGTCAGGGTCCACAT
mAcadsb-F ATGCAGTAGCCTTTGCACCT
mAcadsb-R ~~ TCAATGCCCATCAGCCCTTG
mPfkfb3-F ATCCCACGGGAGAGTCCTAC
mPfkfb3-R GCCTGGTGACAGATGACCAA
mAcotl-F ACTACGATGACCTCCCCAAGA
mAcotl-R ACCTGATTTCTCAGGATAGTCACA
mAcot3-F GGACCTCCCTAAGGACATGGA
mAcot3-R AAATGCCAAGGACCCCGAC
m7Ir13-F ACAGTGAATGGTGCCGACTT
m7Ir13-R AACGCATTTCTGATGCGAGC
mClec4al-F GCCAGGAAGAGCAGGATTTCA
mClec4al -R AACCCACTGCCATTGTCCAT
mClec4a3-F CTCCGGTGCTCTGATCACTTTG
mClec4a3-R GGGCAACAGCTCCAGACTTT
mCcl6-F AGGCTGGCCTCATACAAGAAAT
mCcl6-R CTGAACTCTCCGATCGCTGG
mCcr5-F ACTGCTGCCTAAACCCTGTC
mCcr5-R ATGTTCTCCTGTGGATCGGG
mAdcy7-F GCCTCCGAGTCGGCATAAA
mAdcy7-R TTAGCCCCAGCCCTTGAAAC
mDock2-F AGCATAAACTGTCACAGGGCA
mDock2-R CGCCATTCCATCAGGTCGTA
m7Thbd-F ACGGTGAATACTCGCGATCC
m7Thbd-R CTGGGTTCATTCGTGCTCCT
mltgh2-F TGGTATCTGCAGGTGTGAGT
mltgh2-R CCGGGCTTGCAACTACATTT
mPtprc-F TGCCTGCAGAACCCAAAGAC
mPtprc-R GGAACTGGTATTGCTCATAGCTG
mltgam-F GTGTCCGCAAGAACACCAAG
mltgam-R GTCCACGCAGTCCGGTAAAA
mltga9-F AGTCTGGAAGAAAAGTGTTGGACT
m/ltga9-R ATCCACCCCACAACGTAGC
mSdcl-F GGCTCTGGAGAACAAGACTTCAC
mSdcl-R AAAGGCTCTGAGAAGCACCTG
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6 ~8 JA W Fpr2™" /N LAl Sox2-CreER™”
Fpr2""/NEA 6 K, WUUE 4 . OFpr2™" +75 3
A Fpr2™ /)N BRI I 10 559 25 3848 @ Fpr2™ " +C16 20,
Fpr2 "IN U 6 18 5 # 28 B e C16 :0; B)Sox2-Cre-
ER"" Fpr2"" + 23 84K . Sox2-CreER"~ Fpr2"" /N FR
Js i B 2s #A; @ Sox2-CreERY™ Fpr2™" +C16 : 0.
Sox2-CreER" ™ Fpr2™" /NGRUE I 1 SR 28 Bkl C16:0,
S/ SE 3 d WG s S AR N 24 9, e Tk
C16:057 54 10 mg/ (kg-d) , 45 2510 10) IE % IR &K
Ko BEEEHR)E K/ DRE T4 CHBE T2 24 h,
Bifi 5 R FH S0ME B F L AR B8, LA 43 25 08 B T3] BAT,
430 BT RNA R 142 3, H A v A0 v s
-80 THAT,
1.2.2  Hsgdl 2=y

B Fpr2™" +23 84K Fpr2”" +C16 :0/)NEL BAT
4L, >R H TRIzol L FEHUE RNA, 23 b 56 g
FL UK A3 BT A R 4l Rk B 4G 54 Ji5 , o I Tlumina
HiSeqTM 2500 V- {5 #4775 s 41200, 8 il e S
G AT &R 43 b G st B A W RO R A W) 58
W, Lhllog,(fold change) | > 0.5 H#&IES5 P<0.05
bR AE 0 1% 2% 5 3¢ 38 3 [H ( differentially expressed
genes, DEGs) , X} DEGs #1417 GO Iy g i B 1
KEGG 3 i & 8 74 .
1.2.3 qPCR il UCP1 3[R F kK

B4 20/ BAT 204, 5 20 mg ZHZUMAL mL
TRIzol , 7o/ 5 % IR & 5 min, 4 C,12 000 t/min
B0 10 min, BUEIE A 1/5 TRIzol (RFRE 5, 1R 5]
Ja ZEIRFHE S min, 4 C,12 000 r/min Z.0> 15 min,
AN R KA A SRR R I B, 20 C e
1 h, 4°C,12000 r/min &.0> 10 min, & 3, TT0EH
75% Z TEEPE % 4 °C ,12 000 r/min 5> 10 min, 7% 1
%, 2T 3 min J5HILA 100 wL DEPC 7K %5 f# ,
JE RNA W

B 1 pg A RNA, i ] Evo M-MLV S 5 5187
EHATH A DNA £ B M S 5% 55465 i cDNA, LU
cDNA J#iH, i il SYBR Green i IR ¥ 75 52 i 5¢
Y6 5E i PCR X 4T qPCR [, UL GAPDH AN
ZHELA R A 27 A H R SR A ik i, K
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1.2.4  Western blotting i {ll UCP1 £ H &5 /KF-

B Fpr2™ "+ 25 34K Fpr2""+C16 :0/NF BAT
HAL, R H B AR 4 Ok 3R O AR A 4
100 mg 20 21 A 1 mL & A% 7 24 f# W (75 mm
Tris-HCI,pH=7.4,5 mm EDTA , % & F B0 5)) |
FoOTWTEE 4 C,1 800 r/min &5.0» 10 min, EBEABE
AR ) 2 L AN A AZ 5 B %5 T 4 °C, 17 000 1/ min
O 1 h, 3 B3E U002 88 R R Y NP-40 24f#
WEE 4 CHEEHIREZM 1 h J5,4 C,12 000 r/min
B0 30 min , BT DR B ALS BR FRRA

K BSA VA E B F W, 40 pg FEEM
A 3xSDS EFEZE M, F 1xSDS #h55 A R A FH,
FRASPE 30 min JE A THLUK . WRAEIEHL S 90 V,
BIEHL R 120 V., HLUK S5 5 4 8 H % B 2 PVDF
JEE(300 mA 2 h, K& ) . ¥ WEJa 5% Wi i W5 %
(1xXTBST BCE ) %= & &7 M 2 h, TBST PEME 3 Ik,
10 min/¥K, f£4 CHMT,F 4 CEE UCP1 —41L
(1:1000) #1142 ATPIA1l —#i (1:5000) i %,
TBST YEMm , & iR E —H1(1:5000) 1.5 h, TBST
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1.3 SGitFEaE

% H GraphPad Prism8.4.2 ¥ {F  £f5& L& Hi
O FREVERIL s 2207 A1 HCBERJH O A 02
S50 PR Tukey Kok, FF 9280 1 o7
HE 3, KsKIME «=0.05,

2 & B

2.1 HWEBRR C16 :0 TV BAT 1 UCP1 B3R i%

KFE

qPCR #Mgs R R | 5 Fpr2™" +23 244 (1.001 =
0.033) #H I, Fpr2™" +C16 :0(0.608 £0.066 ) BAT
UCP1 mRNA FKik/KF-FEAK (F=3.879,P=0.017),
TE Sox2-CreER" ™ Fpr2"" + 23 3 /K (1.441+0.068 ) %
KAKOETHE (F=4.145,P=0.009) , WKl 1A,

Western blotting £l 45 5 /R, 5 Fpr2™" +23
AR (1.000+0.043) FH E, Fpr2""+C16:0(0.725 +
0.036) BAT ' UCP1 & /K F [ (F=1.365,P=
0.008) , LI 1B,

Fpr2fl/7”+ 201

3.5%x10%*—

W w— w— v — | UCP1

H—Ak3kik

1.3x10°—

ATPIAL 0.5

UCP1 mRNAZ KK

El 1 BAT H UCP1 235K ( *P<0.05; **P<0.01 vs. Fpr2"+C16.0; *P<0.01 vs.Sox2-CreER" ™ Fpr2™" + 23 3 AR 4 )
A :qPCR #5241/ RAR AR 4141 UCPL ) mRNA #ik/KF-; B:Western blotting #:/]N Uk €285 i 4141 UCP1

3 FRIB KT (72) ROKBEITE 3 (1) o
Figurel

Sox2-CreER™™ Fpr2™" +vehicle)

Expression level of UCP1 in BAT( ‘P<0.05, “*P<0.01 vs. Fpr2""+C16:0 mice treated with C16:0 ceramide; “P<0.01 vs.

A: mRNA expression level of UCP1 in BAT of mice from each group detected by qPCR; B Protein expression level of
UCPI1 in mouse BAT detected by Western blotting (left) and quantitative analysis (right).
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rh EJESER 620 4, FIEIER 289 4, LA 2,



32 I ROK 2% % W (B % R 64 %5 7 1
A B
Fpr2+ 25 i34k vs. Fpr2+C16:05R 254
. Fpr24 28 334K vs. Fpr2"i+C16:0 X111 1&]
1 25 Fe FHIEH § o LR
0 ;
-1 20t |
-2 ;
log,fi o I5F ;
o K
T i
10 3
3
Y
5 . ‘,‘f
______________ : Hiait |
of o
-5 0 5

Fpr2" 2334k Fpr2/m+C16:0

2 DEGs fifik4h
AFE; Bk LA,
Figure 2 Identification of DEGs
A Heatmap; B: Volcano plot.
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Figure 3 GO functional annotation and KEGG pathway enrichment analysis of DEGs
A': GO functional annotation (top 10 biological processes) ; B: KEGG pathway enrichment analysis.

2.4 qPCR I&iF DEGs

K qPCR i 4 HH 119 25 /4 fige 1B 5 PR 7 45 41
/N BAT il TRIAGGUE, 25 B, 5 Fpr2™+
2R, Fpr2""+C16 :01 PPAR 3l B AH 6 3 A
SLC27A2 HMGCS2 .EHHADH .PPK1 % FOXO %
AHEIEA IRS2 . SGK2 . PLK3 ( PCK1 [a) i} 2 5 W 4

%) 1 mRNA KKK 35 3% T, M 7E Sox2-
CreERY " Fpr2""+C16 :07, FiRFE R 1 T R0V 14
B RIRIK- IR A 28 SR R AL, X 7 SR
PR 1) 23R 72 Ak R 34 5 e Si 2 2 PP 8 2R — 3, oA
18 Mg 1EJ PR 7 4% 21 W] 1 6 38 22 S I B Ge it ¢ i
X(P>0.05), LK 4,
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Figure 4 Validation of key DEGs expression by qPCR
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mRNAK IR K-, 475 125l ] g id 2o 0 ) FOXO i
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ARG M A7 AE — 5 SR BRI - (D o o 7 41 i 7K 7
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