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Activation of a7nAChR optimises thermogenesis in brown adipose tissue of obese mice
Tian Wencheng !, Wang Sutong *, Fan Hesong?, Li Yan %, Jiang Ping?, Li Xiao 3

(*First Clinical Medical College, Shandong University of Traditional Chinese Medicine, Jinan
250014;?Department of Rheumatology and Immunology,®Department of Cardiology, Affiliated Hospital of
Shandong University of Traditional Chinese Medicine, Jinan 250014)

Abstract Objective To investigate the mechanism by which activation of a7nicotinic acetylcholine receptors
(a7nAChR) optimizes brown adipose tissue (BAT) thermogenesis in obese mice. Methods Obesity was induced
in C57BL/6J mice via a high-fat diet. Fifty 8-week-old mice were randomly assigned to five groups: low-fat diet
(Control), high-fat diet (HFD), high-fat diet plus a p3-adrenergic receptor agonist (HFD+f3), high-fat diet plus a
3-adrenergic receptor agonist and an a7nAChR selective agonist (HFD+B3+GTS-21), and high-fat diet plus a 3-
adrenergic receptor agonist and an a7nAChR selective antagonist (HFD+B3+a-BGT). Haematoxylin and eosin
(HE) staining was used to evaluate BAT morphology. Transmission electron microscopy was performed to assess
mitochondrial number and lipid droplet morphology in adipocytes. ELISA was used to measure levels of tumour
necrosis factor-a (TNF-a), interleukin-1B(IL-1pB), interleukin-10(IL-10), transforming growth factor-f (TGF-p),
cyclic adenosine monophosphate (cAMP), and norepinephrine (NE). RT-gPCR was conducted to determine mRNA
expression levels of vascular endothelial growth factor A (VEGF-A), nitric oxide synthase 2 (NOS2), arginase 1
(Argl), uncoupling protein 1 (UCP1), PR domain-containing protein 16 (PRDM16), and peroxisome proliferator-
activated receptor y coactivator-la (PGC-/a) in BAT. Immunohistochemistry was used to detect macrophage
markers (CD31, CD86, and CD206). Protein expression levels of UCP1, a7nAChR, nuclear factor-xB p65(NF-«xB
p65), phosphorylated Janus kinase 2 (p-JAK2), and phosphorylated signal transducer and activator of transcription
3 (p-STATS3) were analyzed by Western blot. Results Compared with the Control group, the HFD group showed
enlarged lipid droplets and reduced mitochondrial numbers in adipocytes, accompanied by increased TNF-a and
IL-1B and decreased IL-10, TGF-B, Argl, and VEGF-A (all P<0.01). Compared with the HFD+B3 group, the
HFD+B3+GTS-21 group showed a smaller lipid droplet area and a higher mitochondrial number, along with
reduced levels of pro-inflammatory factors, NOS2, and NF-xB p635, and increased levels of anti-inflammatory
factors, Argl, and phosphorylation of JAK2 and STAT3 (all P<0.01). Conclusion  Activation of a7nAChR in
combination with a B3-adrenergic receptor agonist effectively enhances thermogenesis, alleviates local adipose
tissue hypoxia, and shifts the local inflammatory phenotype toward an M2-like state, thereby reducing

inflammation in brown adipose tissue and improving its thermogenic capacity.
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REWT 4127 (brown adipose tissue, BAT) MUK g 4127 3 2, Hidh, BAT K4 & & 2obifh 4%
SRR 1 1 Cuncoupling protein-1,UCP1) 1 B & 7= 0 IhRE, 7E BB T4 b & 4% s /E B,
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o7 JEBEAL 2B RE RS 32 4 (a7nicotinic acetylcholine receptor, o7nAChR){E Ak E #1228 H1 48 1 1% (1) 25 B4,
JHS oy, TE VR AR AR 98 M 41 M IR 7 [0 i R K BB KT otumor necrosis factor-o, TNF-0) « 1 41 i /1 &
(interleukin ,I1L-1B)]HRE s L BV E L, IERRIRAS R a7nAChR Rk R Bl 0% a7nAChR 1 LAt
FRKHEFEREAGI R i M2 B A B AR A 4] ML Y R AT, ] 50 e 9 5 0L A P B 4 R P 38
FHRE ST, MTEE A T B A O, H AT ANE S o7nAChR 2 s T BAT Hui KA
WL IR ML FEIM2 BEAHDGR BURRIE R AAH DG, TR BAT FIF=RAERINLE]. %0 78 B fE4R I 1 B
FRREZRE SR ET, BT o7nAChR X BAT J&HE G 405 B R AN A S m B A JE 1R,
DNHRT = BN I T A 5 A R T (LTS 7R 0k

1 MBS
1.1 56 zhY)

AHFFR 50 RiErE C57BL/6I /MR, 8 ik, WIMAMARFIE 18~22 g, Hidbat4Ei@ A st s PR
ARARME, VFANESS: SCXK(5()2016-0006. /N IAIFE T IL AR EE 25K %% SPF 5 B3R Eid, PRk
APRRSEIE A W EE T K 12 h BAREAS Bk, BT /N RIS B R U R R K . S i e A e R
(JlaMs diEL 60%, i 5.24 keallg) i HEARDRLA G T 5 s I SE s s M B B AR AR . seiege 1l
R 2R A I I B B s A B o et CEHES: 2020-10)

1.2 SR

B3 B MR ER AR5 CL316,243 Al a7nAChR &£ BB GTS-21(515: HY-116771A | HY-145
64A, 3E[E MedChemExpres A H]); a7nAChR IEFENEFEHIA] a-HLFA Y E 22 (a-bungarotoxin,a-BGT) (175
B6950, £ ApeXbio 2 #]); UCPL(HTfu4difk). CD31 1 CD206 fiifk (#%5: GB112174. GB11063-
1. GB115273, HNFEYERAEMRHE AR AT ; MBI (cyclic adenosine monophosphate, CAMP).
FHE 2 (norepinephrine, NE). TNF-a. # 4k ¥ B(transforming growth factor-B,TGF-B)~ IL-1B-



IL-10 () ELISA X7 & (85 : JL13362. JL13969. JL10484. JL12223. JL18442. JL20242, L HgiT3¢4E
WEHEEBRARD ¢ p-actin (£%%5: 60008-1-1g, BN =EAEVEAFRAF) ; a7nAChR. FEF «B p
65(nuclear factor-xB p65, NF-kB p65) Jifk (#2'5: A1588. A2547, W FHEFAEMRFTERAF); U
CPL1(H T Western blot). 155 % S & 4% 3Li3E K+ 3(signal transducer and activator of transcrirtion 3, STAT
3). W1k STATS3 (phosphorylated STAT3, p-STAT3). Janus i 2(Janus kinase 2, JAK2). &1L JAK2(p
hosphorylated JAK2, p-JAK2). CD86 #iiff (ft*5: ab234430. ab68153. ab267373. abl08596. ab32101.
ab220188, i[E Abcam AF]) .

1.3 %
1.3.1 BhiE i K T 5 3

50 HU/NRGERVEGRSR 14, BENLS RIS &E4L (Control 40) .« SiEE4 (HFD 4D . millgike
+B3 ZARBFFNFNA (HFD+B3 41) « mllF K& +p3 2R3N 5fl+a7TnAChR IEFNEHBN 74 (HFD+B3+GTS-
21 ) . ERRER3 BN HaTnACKR EHEVEMHIFIA (HFD+HB3+a-BGT 4) , #FFdx 1 Kk
BB R . FFEEMRIE 12 UG, DLmflRraRl 4P 38 R ot S IR R B4 20061 J9 B A7 e 37 e Dy PR A
HER,

RIS R JS, % HFD+P3 4H. HFD+P3+GTS-21 411 HFD+P3+a-BGT 4/ LT B3 2
B CL316243 F kst Gili 0.1 mo/kg, B H 170 , Frek 2 FM, Wi, a4 T «7nAChR
RSN GTS-21 M S GRIE 4 mo/kg, B H 170 B SHIFILAL T o7nAChR EEHEHHIF o
BGT s GRlE 1 pgkg, BH 170 M, £ 2 A5 L&A/, REFARIHT.

1.3.2 ZWAEFE RARAIRER

INBRIREE 255 R G5 10 h, FRERRE . SR 4% Z984% 40 mo/kg 7115 I8 0 569 BRI /N B .
22 HRLHE Y IS8 K AR 1120 0.8 mL, 253575 & 30 min, 4 °C. 3000 r/min 50> 15 min. 4355137 3 T--80 °C
HAE, BT EseRil. EECNEUE X BAT, T JaELsesiiai .

1.3.3 BHAREAFL (hematoxylin-eosin, HE) #eff

W5y BAT % 4% % KRS E, AR OIS U S um) . Y12 R
RINKIEZBOKLIG, 17 HE e, JUKIPES RUE, FAMREZEBKN. BN, Ba bt
Bk Fr, TG BOEE AT RSV SIS SR

1.3.4 BHHEE



HEUE X BAT, BT 25% L5 4% KHEE (FT 0.1 mol/L RATHUIREZEM, pH 7.4)
4 °CHHELIR, HE 1%V AMERE B E, S MBK. WIEEE. BT R Lt)s, THETIEL
R LN H Ry (AR

1.3.5 ELISA 2%
HU&E & BAT Hil# 508, #% ELISA BRI & Ut B Bk T 845, 3 bR Az UL FE .
1.3.6 RT-gPCR 2%
FEHUIR S RNA, RGN cDNA, it 224 ik AT B R Rk @ =0, MEOREIME B LR 1.

% 1 RT-qPCR B ¥F51

Tab. 1 RT-qPCR primer sequences

Name Primer sequence (5'-3")
UCP1 F: GAAACACCTGCCTCTCTCGGAAAC
R: GCATTCTGACCTTCACGACCTCTC
PGC-la F: CGATGACCCTCCTCACACCAAAC
R: TTGCGACTGCGGTTGTGTATGG
PRDM16 F: CAGCAACCTCCAGCGTCACATC
R: GCGAAGGTCTTGCCACAGTCAG

NOS2 F: ATCTTGGAGCGAGTTGTGGATTGTC
R: TAGGTGAGGGCTTGGCTGAGTG
Argl F: AGACAGCAGAGGAGGTGAAGAGTAC

R: AAGGTAGTCAGTCCCTGGCTTATGG

1.3.7 Western blot SZ&&

1 2L A0 BAT, 4 °C. 11 200 r/min 250 15 min, Y B FIE MR K. H1% SDS-
PAGE ¥tfi:, HE MK B a2 PVDF I, S%lifs k&Ml a, RIkEEE —Pufl —Pr. TBST Wik /afi
H ECL fb22 RO R - RAEKIME, @it Imaged X 4 47 € & .

1.3.8 G4k

AV R a g KIE, BT pH 6.0 T2l h T ik iURIEE, BB HIELL PBS iEt.
3% BSA #WEMA)E, —Pi4 CiHFE®R. PBSIEVEIMA HRP #7id — 91, =EIRIFH 30 min, DAB
W, FBAKEYR, MK EBWHERENRE R, B T,



1.4 it b3

KM SPSS 23.0 Gt it B AT Bl Ab B . T B M LA X £ s Koo AR PY N EUBCRATIOIAEA t 46
5, ZAMELEIZHHBE R ANOVA, JEKH LSD LTSGR . P <0.05 AZRA G = L.

2458
2.1 HFHPMREFETI R

SIS WG B, SR R R R KSF 2 RS R L (P>0.05) o 12 FJE, mfgtikiEss
(32 /N R AR B R Y Control 41 20% LA E(P<0.01), FERIEREBEAR R IhE T, EJR4E 2 AT TiGIT
Wi, HFD+p3 AR5 HFD ZAHE T [4(P<0.01); HFD+P3+GTS-21 411K 8 HFD+B3 4H 41K
(P<0.01), HALT HFD+P3+0-BGT 4H(P<0.01). WK 1.

1 BENRIERETL
Fig. 1 Changes in body weight among groups of mice

7£: a: Control group; b: HFD group; ¢c: HFD+B3 group; d: HFD+B3+GTS-21 group; e: HFD+B3+a-BGT group;
A 4p<0.01vs Control group; ““P<0.01 vs HFD group; 244P<0.01 vs HFD+p3 group; *#P<0.01 vs HFD+3+a-BG
T group.

2.2 B4/, BAT 4k EL 3R

HE Jetasi R R, 5 Control ZHAHEL, HFD 481 HFD+P3+a-BGT 4 BAT i/, “T-Hfgis
ARSI, 5 HFD ZHAHLL, HFD+B3 AR R HAUA s/ . HFD+B3+GTS-21 4 i A5 HFD+B3 2H ik
— /N 1 HED+P3+0a-BGT 43 i A2 KT HFD+B3 244 A1 HFD+B3+GTS-21 4. WL 2A.



ST HE WS K IL, HFD 4 BAT ZMfEIE K, SriadEmml, rM#RIhaemss. HFD+p3 45
HFD ZAHELEE, BERR/D, RABCEIG . HFD+B3+GTS-21 414 HFD+P3 kit — %,
RET RN, PRI EEIESR. 1] HFD+P3+0-BGT 410 I H A o 5 38 K AL kit b, W25 H155 B3
ARSI . W& 2B

2 &4R/7FR BAT B9 HE S FiEH B

Fig. 2 HE staining and transmission electron microscopy images of brown adipose tissue in each

group of mice and

7F: A: Brown adipose tissue HE staining ><200; B: Transmission electron microscopy images of brown adipose ti
ssue <15 000; a: Control group; b: HFD group; ¢: HFD+B3 group; d: HFD+B3+GTS-21 group; e: HFD+B3+a-BG
T group.

2.3 &-4H/NE, BAT FEdBe T L&

5 Control 414, HFD 41 BAT A cAMP. NE % & K& UCP1. PGC-la. PRDM-16 ik i
(P<0.01) . 5 HFD 4#fitk, HFD+P3 4 BAT * cAMP. NE & & % UCP1, PGC-/a. PRDM-16 F&ikL T}
= (P<0.01) . 5 HFD+B3 4#HLk, HFD+P3+GTS-21 41 BAT # cAMP. NE & & /& UCP1. PGC-la.
PRDM-16 F£ikFt#E (P<0.01) . ifi5 HFD+P3+GTS-21 4AHtL, HFD+B3+0-BGT 41 NE & & UCP1,
PGC-/a» PRDM-16 &iA [ (P<0.01) , cAMP B&FRAR(HZ T BG4 L (P>0.05) . WL 3.

G A TR R, 5 Control ZAAHEL, HFD 4H/MR [ UCPL B ARIEREL (P<0.01) . 7E B3 #ish
FITP R, UCPL & HFEIEHK HFD 41 L1 (P<0.01) . GTS-21 4b¥E4H UCPL /KP4 HFD+B3 47+ % (P<
0.05) . fH, HFD+B3+a-BGT 4 UCP1 & H XA NML T HFD+B3+GTS-21 40 (P<0.01) . W.K| 3F.



3 &4H/NB&ED cAMP, NE 1 BAT | UCP1, PRDM-16 1 PGC-1a 9 mRNA FiEKELLK UCP1
EBTRIAKE

Fig. 3 Serum cAMP and NE levels, alongside mRNA expression levels of UCP1, PRDM-16, and PGC-1a

in brown adipose tissue, and UCP1 protein expression levels in each group of mice

7F: A,B: Serum cAMP and NE expression levels; C-E: mRNA expression levels of UCP1, PRDM16 and PGC-1
a in brown adipose tissue; F: UCP1 expression level in brown adipose tissue >200; a: Control group; b: HFD grou
p; c: HED+B3 group; d: HFD+P3+GTS-21 group; e: HED+B3+0-BGT group; “"P<0.01 vs Control group; 24P<0.0
1 vs HFD group;4P<0.05,44P<0.01 vs HFD+P3 group;*P<0.01 vs HFD+B3+GTS-21 group.

2.4 %-4H/NBR BAT A 35 B o

S A HT R, HFD 41 CD31 FIA{K T Control 40 (P<0.01). HFD+p3 %1 CD31 # HFD 47+
(P<0.01) . HFD+B3+GTS-21 41 CD31 # HFD+B3 #4iFtE (P<0.01) . HFD+B3+a-BGT 41 CD31 KA1k
T HFD+B3+GTS-21 4. (P<0.01) . WK 4A. 4B.



55 Control 444HLt, HFD 41 BAT ' VEGF-A mRNA FikP#fk (P<0.01) . HFD+B3 45 HFD 4Lk
TR Z 5% (P>0.05) . 5 HFD+B3 4#Hlk, HFD+B3+GTS-21 41 BAT ' VEGF-A mRNA &
(P<0.01) . HFD+B3+0-BGT 41 BAT # VEGF-A mRNA {X-T- HFD+B3+GTS-21 41 (P<0.01) . .M 4C.

4 &4H/NER BAT th VEGF-A mRNA FiEKFE LUK CD31 FIiEKFE

Fig. 4 Levels of VEGF-A mRNA expression and CD31 expression in brown adipose tissue in each group

of mice

7E: A: Immunohistochemical assessment of CD31 protein expression x200; B,C: PCR analysis of VEGF-A and
CD31 expression levels across groups; a: Control group; b: HFD group; ¢: HFD+B3 group; d: HFD+B3+GTS-21 g
roup; e: HFD+P3+0-BGT group;"P<0.01vs Control group;**P<0.01vs HFD group;4 4P<0.01vs HFD+B3 group;
#P<0.01vs HED+P3+GTS-21 group.

2.5 %4/ R, BAT RAERT-RI&7KF LB

5 Control 14HLL, HFD 41/ BAT I TNF-a. IL-1B %3A L (3 P<0.01) , i TGF-B. IL-10 &
LMY P<0.01). 5 HFD 4L4HEL, HFD+3 44+ TNF-o. IL-1p i — 48 5 (P<0.05, P<0.01), TGF-B.
IL-10 Fak ik — B F#fIK (P<0.05, P<0.01) . 5 HFD+B3 4HAHLL, HFD+B3+GTS-21 4 TNF-a. IL-1B 7KF-
F{i(P<0.01), TGF-p. IL-10 AP EJF (P<0.01) . Tii7E HFD+p3+0-BGT #lit, 15 HFD+B3+GTS-21 4
F#, TNF-a. IL-1B ATt H(P<0.01), TGF-B. IL-10 Ri& T (P<0.01) . WA 5.



5 &4A/ B BAT 1 TNF-a. IL-18. TGF-B F1 IL-10 FRiAKFE
Fig. 5 Expression levels of TNF-q, IL-1, TGF- and IL-10 in brown adipose tissue

in each group of mice

7#: A-D: Protein expression levels of TNF-a, IL-1B, TGF-B and IL-10 in groups; a: Control group; b: HFD group;
c¢: HFD+P3 group; d: HFD+P3+GTS-21 group; e: HED+P3+a-BGT group;”"P<0.01 vs Control group;*P<0.05,4
P<0.01 vs HFD group;4 4P<0.01 vs HFD+3 group;*P<0.01 vs HFD+B3+GTS-21 group.

2.6 FH/PR BAT B M1, M2 ERR4RMIAR S B RIEKF LLEL

5 Control 44/1tt, HFD ZH/MNi BAT o1 NOS2 mRNA %k Eiff (P<0.01) , Argl mRNA #is Fifi
(P<0.01) . 5 HFD 4 tL, HFD+P3 41 NOS2 mRNA i#—#THE (P<0.01) , Argl mRNA SEIEH K%,
HESR LG E XL (P>0.05) . 5 HFD+B3 41Lk#, HFD+P3+GTS-21 41 NOS2 mRNA ik T i
(P<0.01) , Argl mRNA Z*ik i (P<0.01) . 5 HFD+P3+GTS-21 4th#, HFD+P3+a-BGT 41 NOS2
mRNA %A TFE (P<0.01) , Argl mRNA il (P<0.01) . . 6A. 6B.

S A MR, 5 Control ZHEL%:, HFD 44 BAT M1 B E Wi iobrE4) CD86 & 31k Eiff
(P<0.01) , 1fi M2 #bREH CD206 B (3£ E Nl (P<0.01) . 7E HFD+B3 417, CD86 & &K ik#: HFD
Higk— P Fm (P<0.01) , CD206 & HRIAN LR #E K& (P>0.05) . 5 HFD+83 4 #,



HFD+B3+GTS-21 41 CD86 # 1K A R (P<0.01) , CD206 fHHKIEF - (P<0.01) . HFD+B3+a-BGT
2H CD86 & 1R IA K HFD+B3+GTS-21 4+ (P<0.01) , CD206 MIFF{E (P<0.01) . WK 6C.

6 ZLH/NER BAT R M1, M2 EMEHPEFREIE CD86. CD206 FRIAKFE

Fig. 6 Expression levels of M1 and M2 macrophage markers and CD86, CD206 in brown adipose

tissue

in each group of mice

7E: AB:NOS2 and Argl mRNA expression levels; C: CD86 and CD206 expression levels x200; a: Control grou
p; b: HED group; ¢c: HFD+B3 group; d: HFD+B3+GTS-21 group; e: HFD+B3+a-BGT group; ~P<0.01 vs Control
group;~“P<0.01 vs HFD group;4 4P<0.01 vs HFD+B3 group;*P<0.01 vs HFD+B3+GTS-21group.

2.7 4/ BAT PR B R A R IHUR B BERE KT B

5 Control 4HLL#:, HFD Z1/MNi BAT ' a7nAChR RIEKFF#HE (P<0.05) , NF-kB p65 RIE/KF L
F (P<0.05) , p-JAK2 Fll p-STAT3 /KFIJFEMK (¥ P<0.01) , UCPL KA/ (P<0.01) . Xtk HFD
41, HFD+P3 4l a7nAChR Fik it — 5% (P<0.05) , NF-«xB p65 Jt#& (P<0.05) , p-JAK2 L7t
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Fig. 7 Expression levels of a7nAChR, NF-kBp65, UCP1, p-STAT3 and p-JAK2 in brown adipose tissue

in each group of mice

7E: A: Western blot analysis of a7nAChR, NF-xBp65, UCPI1, p-STAT3 and p-JAK2 expression levels in each gr
oup; B-F: Quantitative analysis of a7nAChR, NF-kBp65, UCP1, p-STAT3 and p-JAK2; a: Control group; b: HFD
group; ¢: HFD+P3 group; d: HFD+B3+GTS-21 group; e: HFD+B3+0-BGT group; “P<0.05,""P<0.01 vs Control g

roup;*P<0.05,22P<0.01 vs HFD group;4P<0.05,44P<0.01 vs HED+p3group; *P<0.05,P<0.01 vs HED+P3 +GT
S-21 group.
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