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Histamine stimulates thermogenesis of brown and beige fat
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Abstract: f3-adrenergic agonists induce adaptive thermogenesis and promote beiging of white fat. However, it remains unclear which
metabolites mediate the stimulatory effects of f3-adrenergic agonists on thermogenesis of brown and beige fat. In this study, adipose
tissue was isolated from 8-week-old C57/BL6J male mice by intraperitoneal administration of f3-adrenergic agonist CL316,243 for
RNA-Seq, which revealed that histidine decarboxylase, a key enzyme in histamine synthesis, was strongly induced in adipose by
CL316,243. Therefore, we speculated that histamine might be involved in the process of thermogenesis in adipose tissue. We determined
the physiological role and mechanism by which histamine promotes fat thermogenesis by intravenous administering histamine to
C57BL/6J mice fed a normal or a high-fat diet. The results showed that intravenous injection of histamine into C57BL/6J mice fed a
normal diet stimulated the expression of thermogenic genes, including peroxisome proliferator-activated receptor gamma coactivator-1a
(PGC-10a) and uncoupling protein 1 (UCP1), in brown adipose tissue (BAT) and inguinal white adipose tissue (iWAT). H&E staining
also suggested that histamine treatment decreased the size of lipid droplets in adipocytes. Moreover, histamine treatment also
enhanced thermogenesis of fat in high-fat diet induced obese mice, and improved glucose intolerance and fatty liver phenotype. Finally,
we demonstrated that the effects of histamine on the thermogenic program were cell autonomous. Our data suggest that histamine may

mediate the effects of f3-adrenergic agonists on thermogenesis of fat.

Key words: histamine; thermogenesis; obesity; UCP1; PGC-1a

Received 2020-11-25  Accepted 2021-02-26
This work was supported by the National Natural Science Foundation of China (No. 81825004, 81730024).
"Corresponding author. Tel: +86-22-83336577; E-mail: changys@tmu.edu.cn



822 LE B ZH Acta Physiologica Sinica, October 25, 2021, 73(5): 821-827

A e —MAaEMN, EhIXRG FEELST
WA T E s, eI N- 7R3 R g
FAJE AL T R Ak SRR 4, S5 s E
N SRR RIS AR . RS A
o 2 S B A TR 4 R R T A R 4 A 2
WORLE B, 5B BENG . S S B A
R P, Valdes 253 ik 75 0 v 5 B B3 S AL ok
AR ALK BRI R g2, 25 R B
X fie 384 0 B A R T A Co AR, I ELSZ I /)N BRI 5
AT e TE 5 = G 5 B R X S AL AT DA
FREJEIIAS RS A RGDeHT, MIMAEER AR (1
77 L DR R A BBE 2 1 1 (uncoupling protein 1, UCP1)
FIEIN W, TR EE R R K T /)N R IR P
i, fRedbARm AL, EmAERE Y. Z AT R,
YL AN e I i B b . fE KR, 2 RSt
W a, WERENHNE L )38 o] DURE AR i 2% = i
=0, S AR AR R R IR, %
E RS SRR SR A T

AR BT AR & 45 7 DL R AR W 7K T 1 42
B, AERARPER AR R ERSL BT, AR i
M RGN &Sy, AL 0o U A A B 40 1 A] B 1 1
P EREE AT REXHE L R G, WA W RS, B
ARG B MM ", B3- B LR R 2R
BNV ATTRS STYNA Yt (TR NI (1R ipeid = RN =) /i N2
WU, RARBERES| R A RS . H AT T a4
WreMZ 50 F B3- B EMR R 2R EEh A 0 5= #uE
FMANTEHE . AW 508 a0 I8 s v B3- B B R
Z AR EN 7 CL316,243 1) CSTBL/6T /N & % T g i
HEAT RNA-Seq 70 #r, & I 2H 24 1% it 32 8 (histidine
decarboxylase, HDC) mRNA 1A Fifi, 1fj HDC Ay4H
Jie £ P BRI e, R e FRAN T3 — 2D R R AL R AE B3-
B ERRR AR AT R 0T o R A

1 M55 %

1.1 FERXF  DMEM &bk 7. DMEMFI2
R IR FEA AR 4 L7 (fetal bovine serum, FBS) 4 5] i
H Hyclone f1 Gibco A F] ; P 2K F ik sk ik
% (phenylmethanesulfonyl fluoride, PMSF). 4 IfiL &
45 [ (bovine serum albumin, BSA). JiKJ5fEE. %
. HEEER. JREABY A Solarbio AW ; MRl
2% % (enhanced chemiluminescence, ECL) &5 &
BCA j& &R 77 & W B Genstar 23 & 5 il 1k B i
(polyvinylidene fluoride, PVDF) il H Millipore A 7] ;

SZHY %€ & PCR MIX. TRIzol % H Invitrogen /A &) ;
WX B B ABL AF] 5 it S Bk 3G 5
WIS S AR y- 5VE LI T -1 (peroxisome proliferator-
activated receptor gamma coactivator-1a, PGC-1a) i
. §1 UCP1 fiifk. P B-tubulin Hifk . BARIL H AL
YIlEARIC L SE ST R BUAR . BRI A B AR L Y
2B R PUATY H Abcam A ; 4% 3- 7 T % -1-
HIE TS (IBMX). HEZEKFA . =R AR R R
(T3). ZH&AIER . WL O, k&R T 3£ EH Sigma
NF BN, FHEE. 75% OB K OEERIA
T E 2R R B AT IR A A

1.2 SEIzh¥ ek CSTBL/6T /N BRI T AL 5 iy
NAEEYEARARARA, /N ET SPF &zh¥ s,
EZER 25 £ 1) °C, AHXTRFE (55 + 5)% P HE
TFR. YRR 12 W12 hot / BEPEI, B oK.
SR AR 5 TR 4 RS2 SIS B 2 AR SR HEA T
1.3 SER Tzt ELE AT T
=PSRRI R O SN B - BEOR 83.25 ng/g.
166.5 ng/g. 333 ng/g, TEA IR /N A 1 B B
I2AE T, ANRIE A IS S B R DK AR
=, FTUAIRATE SR T AR 83.25 ng/g AIEFIE. #
NERBENL N 4 21, BB IR IR AR B R /KR S 4
BRI HMES A SRR (5 60% 1) £
HEELKIES A R H G ENH, EEREH
H LI ah B 45 W IR mEER R, SR EHA
SLEIT IR B AR SRR R IR, WRIE 14 )5,
PR 2E A B R KO0 R ZH 45 T AR B B K R R K S,
S 2H i 25 5 4R/ B ol AR AR A B 45 T R R Dk
SANEGR RN, EEREHIESETN 7R, &K
VIR, Rk EHESES 15 R, BRIk Lk
SWJE, FrAsIYIREREUM, 4B g . S0
EARFE/NER, BN BRGE EJ15 107 2H 23 (brown adipose
tissue, BAT). HEARM AR L.

1.4 RNA RIS ER PCR 94T Hrff 441
50 mg B4 LN 1 mL TRIzol & RNA 2 B 7,
s ) SRAXCBRE H 2. HR 4 TRIzol 72 Bk 57 &
W52 I RNA,  # Jim ff & & J6 1/ 6 RNA Jig7K 78
I3 RNA UUUE, MR 6O E R E. )
5 101 e 53 1) 8 U B T 1 2 BR Y e 5 5 B cDNA,
FRA S 52 F: PCR MIX #5654 37 10 pL [¥] real-time
PCR M AK £ : 5 uL 2x qPCR MIX, 1 pL cDNA F54%,
3 uL RNase Free ddH,0, 0.5 pL _E3## 514 (10 pmol/L),
0.5 uL F#ES14 (10 pmol/L). FFFHBIMEHINT -



T BEAE LR oER C R K R 7

HDC : iF [fi] : 5'- TTGACCGTATCTCAGTGAGTC-
CAT-3', X [f] : 5'- ACGGTCATACGAAACAATAC-
CATC-3', PGC-lo.: 1E[f] : S-GGAGCTCCAAGACTCTAG-
ACA-3', J%[fl:5-CCAAAGTCTCTCTCAGGTAGC-3',
UCP1: iE[A] : 5-~AGAGGTCGTGAAGGTCAGAATG-3',
S : 5'-GGCTTGGTACGCTTGGGT-3', 36B4: IE[f]:
5-CAGCAAGTGGGAAGGTGTAATCCS', J[f] : 5-CCCAR
TCTATCATCAACGGGTACAA-3'. J %44« 1ids
P : 95°C 10 min, ¥ KM : 95°C, 10s; 60 °C,
20s; 72 °C, 20s, 3L45 MEIR. 5153 Ct1H,
PL36B4 NN Z, A2 L5 4% H i mRNA 1)
FHXFRIE K
1.5 Western blot 94  BUE &2, H W
BT R T 1.5 mL EP &b, i\ 600 pL &
2R (& PMSF), SIRACHERFAZ, 1RIEA .
B4y BiE i BCA A G & EE S &E. 30~60
ng & AT RN IR B F vk, PR vk R
(1) £ [ T MR BB ED 21 PVDF i |, T 4 °C i
H—Pr12h, ffF] TBST YL 45 min, ZEBH
ZPilh, fH TBST # ¥ 1 h, ] ECL &%
TS T3
1.6 BEBRRAIEARIBSUREHRR KO
Rg W JE AR AT R 40 B 4 2 : 5~6 L C57BL/6J FLER T
UK L CE 5~10 min, MBI MECH BAT, KA
HAURT T30 2 mL EP & b, FJCHE 98 T 5T,
IINBL GG, T 37 °C JH 4K 20 min, A7 B %%
B E 0, 3 E3E, A 1 mL 5 20% FBS 1)
DMEM K5 775 #E 2 P0%E, T 37 °C s 751 7% .
H R EAHT AR 5 H 5~6 Jiik% C57BL/6J
N SRR SR BRI S IR 9 T 75% RS R, MR BB EL Y
e, KT A ALURT T8 2 mL EP 4
o, FCH B JIBRE, IO EEE, T 37 °C itk
20 min, BB ILEA T 60 HIEM, B0,
32 ki, H 1 mL % 10% FBS (] DMEM-F12 %%
FRIEEBPUE, T 37 °C s FRii . JAME
F =Fh 2 & £ (10 umol/L, 100 pmol/L, 1 mmol/L)
X HE 7 SR AR BT A 20 B AT Ab B, e S AE AN 52 T 241
ARSI T, R T 4 5 B i 2 i 4H
W 1 mmol/L, AbHE 24 h,
1.7 EEPER =55 (glucose tolerance test, GTT)
TR AT — K R A 4 B 20K 24 K LA 8 i,
/INEREER 16 h, EHBOK, SCllEZF0 M, e
A FU/IN BRI i 0 0 2 o/kg T RE VAL AR 1S,

823

30, 60, 90, 120 min I [/ BR MRS, 2o ofi s h 25
1.8 HE &894 Bt NRALZUIN 4% 2%
HlE R [ e 48 h JE, #EATMIK. AdgasE. 1)
Ao B JE, Z&MKIEYE 3 min, fHH WM IFARER
Yot 34T Y 4 6 min, 3 /K #R ¥ 10 min, 30
95% LFE S5 s Ja, PRIt 30s. ¥
PUF U AT K B AR EE . 5 A R e gt
frE R, BT R mUE XA

1.9 L O HUHEFFTASL, #HATKED)
Fry ZIR-PHT 20 min, A 4% 2 5 H VAR
20 min, JEKIHYE, HH 60% 574 B W A 1L
5 min, JZL O YL gett 30 min, ] 50% H ik
1T, BT

1.10 i3t 452 H mean + SEM K&K IR,
N F] GraphPad Prism 7 4 i+ 5AF 4T JEBC X ¢ 46 56
HT. P<0.05 NZERASRITFE L.

2 R

2.1 B3-B ERRZEHHBNFTICLI6,2435:4 %5
ESEeERMAGERPHDCEEMNRIA

NTHES S B3- B IR &R 2RI 7E RE Wi
O I N R ORTK Ak R S S S 4 T AR
W, AT S0t CSTBL/6T /N R I e v 5 p3- &
bR AR SN 7 CL316,243, ¥4 g i 40 24 3k 47
RNA-Seq 7 #1 "%, 455 8 IR HDC %[5 75 18 74
4, Jig 7 2H 21 (inguinal white adipose tissue, iWAT) Al
BAT H 4 CL316,243 515115 3 (Kl 14). A SCHRIRIE,
4 °C ¥4 il omr DLUIE I ) s HOE IR ER (norepi-
nephrine, NE) {4334, 175 S AR BAIK R 17 13E B
P U BT ABRATTHE WA o B % (2 33F HDC
RIS, SRER, 4 °CARIBNHHIEHE T BAT
FTIWAT o HDC % [H 3R (B 1B), AT,
—3.
2.2 AREHERR|RMENEGRER~RiAE
BERK B

T A 3O B3- B AR E 2 AR s A Re
%5 HDC £ F R, BAMEN ZEF TS
RE WG B~ . IRk, FRATTE HDC AR =P 4 iz
(K 83.25 ng/g, HELET K ) ERBKES B IEH IR
(1) C5TBL/6J /N B R, 25 S W0 %% 31 4 Jrie b 22 ] DA 5
5 BAT 1 iWAT H (] FAZE ] (L85 PGC-1a. #11 UCPI)
132k (Kl 24~D). B4k, HE Ge b 5o 4 g b 2
[/ B, BAT AT iWAT /R iR/ (B 2E).



824 LE B ZH Acta Physiologica Sinica, October 25, 2021, 73(5): 821-827

2

A ® [ saline M CL316,243
O 254 *
é 2.0+ -
(14
£ 1.51
8 1.0+
I
o 0.5+
2 o r1 [j
< BAT iIWAT
14

n

$ ORT M Cold
25

< ok

4

X 44

E ok
o |iL
(a Py

I

(%

2L 1
< BAT iIWAT
x

1. B3-'5 L Jl 3% S Ml 7 R0 V4 S 75 5 I 17 AL 20 2 S DR It AR Bl 3 R P R 5K

Fig. 1. Adipose HDC expression is regulated by f3-adrenergic agonist and cold stimulation. 4: Quantitative PCR analysis of HDC
mRNA levels in BAT and iWAT of C57BL/6J mice injected daily with saline or CL316,243 (1 mg/kg) for 4 days (n = 6/group).
B: Quantitative PCR analysis of HDC mRNA levels in iWAT and BAT of C57BL/6J mice housed at room temperature (RT) or 4 °C
(cold) for 48 h (n = 6/group). Data are given as mean + SEM. "P < 0.05, P < 0.01 vs Saline or RT. BAT: brown adipose tissue; iWAT:

inguinal white adipose tissue; HDC: histidine decarboxylase.

2.3 HRNESRRE/MRAREHRE

NT SR ARG AEBAE T, RATE 4L
(BE K 83.25 ng/g, FESE 15 K ) ki 5 30 w5
TFE SRR . &5 15 ERIRE /R,
O Fe S R BE I0 T m BE X /N B BAT L iWAT
PGC-1a i1 UCP1 f) mRNA /K7 ( 34, B). =/l
KB WIS R R MU AR B e . SR,
HE Ze 20 O Je o, A0 W35 BRI i iR
TR /IS BRI H i = R 7K ST 9 50 s 107 =R 2 (1
3C, D). M4k, GTT Bndliiiti® 17 &k eE
AN ET R 2 A R (Bl 3E).
2.4 (HRR{RBEAERS R R ETA AR AEE RN RIA

R T i LGS I 7 7 AR ) s R TS A A L
FRAM, AV E T IR RTAA M, 7RI
Ao €8 I 10 A4t B R OK I8 D7 40 M J5 . A 1 mmol/L 41
b BE 24 ho 45 FAE F EFER €E 7 S5 A T A4 A
i1 PGC-1o A1 UCP1 mRNA 7K1 5% 2 75 (K] 44,
B). XS5 AR, 2H fiche BRI 20 e A
AN 5 TR0 I i At 2 2 B i T ) 2 RSN i
FEH

3 g

e =R S R EIRA PP IAR, 2R
BeRERSIT AU AR, B SEIERE R L, X
S5V 2 m R L5 BRI, ek 2 fpdd 2L,
ZRE, E R ST BRI 2 FH I (R i k52
PIHTEE . B RTAH IR T TR — M.

AR R W 223 RAR ] Lo =2« R lE N

KRR R . AR U AK€ i 5 mT DL
ARGk R BRI R AE, SRR SEL, A
T B0 AE B i ) 596097 . BRI, AT
TR A6 0% 498 9 I 0 4L 20 1 S AR A . It
RRIIEAT B3- ' AR R 2 AR BB CL316,243 3% 4
AT EL R g 7 4 23 b HDC £ mRNA ik /K1 5
LT, T HDC R A i< i, Al
TIANAERETTRES S T B3- B LR K 2R s 7
FHINEN =t 2

Z B B 9T o, HDC BB /N B (HDC)
T KW HDC k=, 20 b b, 20 ke g
Z e RCIRES . HDC /N T A=, %
KT ZEME RGHIK 1, F BAT 7= #4082,
HAVE BN, p3- 5 _EIREZR/ERIRSS, BAT
i UCP1 mRNA F£ikik/b>, faiofimss "™ If
A SCERIRIE, 7EFE7A R, R 4 P i A i
PRI, Rete (et IR i = ol 78, &2
A1 0750 R AR BOnT LA R A B 4 e
UCP1 mRNA &k 'Y, iX 5 40T 58 45 A — 2%,
WATLERI I T ANE AR 2 S5, W82 3 IEH K
NS T BT S RN JRE /DN BRI i 2L 2 7
FH O B2 R % ik (L35 PGC-1a F1 UCP1) #14% 1,
WO VIR HGE R . O T IR UE 2 7 A2 AR T 40 i
HERAERFERGERE, RATED 2 5 8 AT
YA, TEARANE S K T 1 40 B 5 A £ i 07 4 e
&k B T2 e T L B R SOR 7 4 B R A P
. I H, FRATEN 5L B 7E L AbFE A A v B &
BRI SAREHEOR (SR IE . AR T AT DA & =2 B



T FRET ) B o R oK g 7 = A 825

A BAT B iWAT
o [ Saline M Histamine «» [ Saline M Histamine
@ o * 0 .
o X o9 ok
<. .
14 14
€ €
o o '
Z 2
® [Il © rj rj
[TIRY T T 0 T T
14 PGC-1a UCP1 14 PGC-1a UCP1
C BAT
O Saline M Histamine
3+

Saline Histamine

N
1

PGC-10 S Sn Suh S S S

UCP1 e L —

-
1

B-Tubulin ST

1.1

o

Relative protein levels

PGC-1a UCP1
D iWAT
» [ Saline M Histamine
gz.o-
" . . (]
Saline Histamine = il
.E 1.5+
PGC-1a — — — 2
91'0' ek sk
UCP1 —— s
B-Tubulin = e s e e Sos
s | ™
¢ PGC-la UCP1

Histamine

2. AR I B /N BRI 7 R 7 ik PR R

Fig. 2. Histamine promotes BAT thermogenesis and iWAT browning in mice fed a normal diet. 4, B: RT-qPCR of PGC-1a and UCP1
mRNA in BAT and iWAT from chow diet mice treated with saline or histamine for 1 week (n = 6/group). C, D: Western blot and
semi-quantitative analyses of PGC-1a and UCP1 expression in BAT and iWAT from chow diet mice. Western blot results were normalized
and presented relative to f-Tubulin. £: HE staining for BAT and iWAT from chow diet mice. Scale bar, 50 pm. Data are given as mean +

SEM. "P<0.05, "P<0.01, "P<0.001 and " P <0.0001 vs Saline. BAT: brown adipose tissue; iWAT: inguinal white adipose tissue.
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Fig. 3. Histamine ameliorates metabolic abnormalities in mice fed a high-fat diet. 4, B: RT-qPCR of PGC-1a and UCP1 mRNA in
BAT and iWAT from high-fat diet induced obese mice treated with saline or histamine for 15 days (n = 6/group). C: H&E and Oil Red
O staining for the liver from obese mice. Scale bar, 50 pm. D: Histamine reduced the serum triglyceride (TG) concentration of obese
mice. £: Blood glucose concentrations during the glucose tolerance test (GTT) in obese mice and area under curve (AUC). Data are
given as mean = SEM. P < 0.05, "P<0.01 and ""P < 0.001 vs Saline. BAT: brown adipose tissue; iWAT: inguinal white adipose tissue.
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