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Metabolomics Phenotypes of Adipose Tissues from

miR-378 Transgenic Mice

Wang Ruiting', Song Yipeng?, Li Changyin', Li Hu', Jia Haixue', Han Wanhong',
Zhao Yixia', Tang Huiru’*, Zhang Yong'*
(‘The state Key Laboratory of Medical Molecular Biology, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences,
Beijing 100005, China; *Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan 430071, China;

3State Key Laboratory of Genetic Engineering, Zhongshan Hospital and School of Life Sciences,
Human Phenome Institute, Fudan University, Shanghai 200433, China)

Abstract microRNAs are small noncoding RNAs with profound physiological functions in regulating
cellular metabolism, development and diseases. We have previously demonstrated that microRNA-378 (miR-378)
regulates lipolysis in adipose tissues by targeting stearoyl-CoA desaturase 1 (Scdl). To further understand miR-

378-mediated metabolic pathway(s) in adipose tissues, we analyzed the metabolic phenotypes of the adipose tissues

Wk H3: 2019-02-27 FeZ H1: 2019-04-24

IR 5 L s SRR TE 2 5 S T R (973 TR (HE7E 5 2015CB943103) B Wl ) LRt

*EWAEE . Tel: 010-65105081, E-mail:yongzhang@ibms.pumc.edu.cn; huiru_tang@fudan.edu.cn

Received: February 27, 2019 Accepted: April 24, 2019

This work was supported by the National Basic Research Program of China (Grant No.2015CB943103)

*Corresponding authors. Tel: +86-10-65105081, E-mail: yongzhang@ibms.pumc.edu.cn; huiru_tang@fudan.edu.cn

X 24 HH s S T 2019-08-12 15:54:32 URL: http://kns.cnki.net/kems/detail/31.2035.q.20190812.1554.040.html



1378 - WFR AR

from miR-378 transgenic mice (Tg) and wild type littermates (Wt) using the NMR-based metabonomics approach
including brown adipose tissue (BAT), gonadal white adipose tissue (gWAT) and inguinal white adipose tissue
(1IWAT). The content of glycerophosphate choline, choline and malonic acid were higher in BAT adipose tissue from
miR-378 Tg mice than that from Wt littermates. The content of taurine, malonic acid and hypoflavin were higher
in gWAT adipose tissue from the Tg than that from Wt mice. The content of metabolites such as taurine, glycine,
glutamic acid and malonic acid were higher, while lipid, adenine nucleoside (AMP), nucleoside diphosphate (ADP)
and nucleoside triphosphate (ATP) were lower in iWAT adipose tissue of the Tg mice than that of Wt littermates.
In general, we found that several lipid species were significantly reduced in miR-378 Tg mice compared to the Wt
littermates, whereas lipolysis and amino acids metabolism were enhanced in the Tg mice compared to the Wt lit-

termates. Together, our experimental data reveal that miR-378 plays important roles in regulating metabolisms of

lipids and amino acids in adipose tissues.
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NRAERTALR RES T 7
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SCHR[14]H 522 75 BEAT RAERIAL HE

NMRi&E QB EBTES TS

LN Hz 456 R, 4 3 H N 3 5
5 (FID)ZEAT (8 B8 4 J5 43 BINMR G 1 o AR5 £
FTopspin V 3.0% £ (Bruker, £ [E)%} 1% & 3 17 4
i R 26 A2 IF J& BATSPE #5(50.00) . 5 F 3K, A4 ]
AMIXHX A+ (Bruker, 8 )% 3 K& 317 70 BEA 43 (FR
53 B X [8]2560.50~9.80, F7r BE %5 1.2 Hz). MIER
04.70~5.12[X 35k, DLVH BR Ak B K W g2 . A FH K
FHEREUY) T BT R B 55 2 b A7 3 — 1k

FH SIMICA-P+V 12.08F (Umetrics, Fij it ) #1
MATLABX 4 —4b J5 i St 47 2 A8 DA K A &
G AT X R EAE AL AT 0k (mean-center,
ctr)ib 3 Ji5 F 1 47 3 B4 7 Hr(principal component
analysis, PCA). PCAZ;#1 1] PAFE LA ] 2H 2 AN [F]
FE S AR 2EL 0 %8 B8 AT B0 B i IRV E ) S e 5
B e U, X IE — A B s AR AT 2 E A A
43 M (multiple univariate data analysis, MUDA)!"!, %}
B 317UV (mean-centering and scaled to unit vari-
ance) b AL b 3 5 A8 FHOPLSDA T ¥4 73 AT i A, K
PR B E M2 R AR =) .

TargetScanfR {453 4

MRAIEKEGGIM 3 8 4 3 22 5 AU /N 73 7 AR B
(73 fi Big, A1 ] TargetScan 1 & FmiR-3787 ££ [ 4L
PREER, E— 25 40 HrmiR-378 i 1 4% 22 AR it /N 4>
1o

miR-3784% B [E/NFRBAT. iWATHIgWAT
FERREAEEN R IT D IHER

12 J& W miR-378 %% Jk PR /)N B3UFH B AF Y [] 53 of HEE
N4 ), SHE BALIE AR BE, /N0 3 = A
A7 14 B 5 2H 2L (BAT iWATFlIgWAT). 4H 2331 R .
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Fat mass relative to Wt

0 4

BAT

EwWt mTg

iWAT ~ gWAT

A: BAT. gWATAHI iWAT41ZE Fr; B: BAT. gWATAHI iWATAHXS 45 i+ 70 1. **P<0.01, #¥*P<0.001, 5 WtZ HL#.
A: image of fat tissues from Tg and Wt littermates. BAT. inguinal WAT (iWAT), gonadal WAT (gWAT); B: relative fat weight of Tg and Wt mice.

**P<0.01, ***P<0.001 compared with Wt.

Bl miR-378%% £ E /B (Tg)MEFE R E R XN R (WOREIELBAT, gWATHMIWATHE R REE4IH 5
Fig.1 Image and weight analysis of BAT, gWAT and iWAT adipose tissues from

miR-378 transgenic mice (Tg) and its wild type littermates (Wt)
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A: BATAZUKPCATR I3 I, 2165 [l AR miR- 378%%!4\ B, BB HEARRIT AT A 53 S RN B B: BATALUN'H NMR 2538, W& ) -3

/Tﬁlﬁi%{rmlR 37RELFEIR /N SBATAL S LI A= 20 [7] 53 5of AN B2 s, e 18] ) 1 3R A QA 0 7E miR -3 78 1% B[R/ B BATZH 2 v LL B AR Y []
xRN B RIS, 2L IR {H P<0.05, LR IE(H P>0.05, ’3’{4&%4&151’%”4 GiERIH .

A: PCA score plot of BAT tissue. Red circles: miR-378 transgenic mice. Black box: wild type littermates. B: differential NMR spectra of aqueous ex-

tracts from BAT, up indicates the metabolite in the BAT from miR-378 Tg mice is higher than that of Wt littermates, while down denotes lower in Tg

mice than that of Wt ones. Red peaks indicates that P value is less than 0.05, green peaks indicates that P value is greater than 0.05. The differential me-

tabolites between Tg and Wt mice are summarized in table 1.

E2 HEEEREEABATSITFE ST XNMRILIE)FE

Fig.2 Brown adipose tissue statistical analysis and NMR spectral peak attribution

®1 5F4AESEIB/NFRMELL, miR-3785 EE/NRBAT, gWATHIWAT = FA5EALE L E KL 4
Table 1 Differential metabolites of BAT, gWAT and iWAT from miR-378 Tg mice compared with Wt mice

R fRme FEREBR /I s B A BN T4
Metabolite KEGG pathway Tgvs Wt Adipose tissue
Glycine Amino acid metabolism Up iWAT
Glutamate Amino acid metabolism Up iWAT

Taurine Amino acid metabolism Up gWAT, iWAT
Alanine Amino acid metabolism Down BAT

Choline Choline metabolism Up BAT, iWAT
GPC Choline metabolism Up BAT, iWAT
Ethanolamine Choline metabolism Up iWAT
Guanosine Nucleic acid metabolism Up iWAT

Uridine Nucleic acid metabolism Up iWAT

Inosine Nucleic acid metabolism Up gWAT, iWAT
AMP Nucleic acid metabolism Down iWAT

ADP Nucleic acid metabolism Down iWAT

ATP Nucleic acid metabolism Down iWAT
Malonate Glucose metabolism Up BAT, gWAT, iWAT

Lipid Lipid metabolism Down iWAT
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A: gWATAHZKPCATR 7], 21 3 el fC R miR-378F% 2L [/, [ (77 HEARAR P AL TR 3 %) /DN L B: @ WATZEZU ' H NMR 22 57445, W [&] 1 L
FRAIYIAE mIR -3 7856 L A /)N Bl g WAT ZH 24 e LB A= 7R ) 5 0 /N B 25 R s, 0 B 1) R AR TEmiR-3 784 3 [ /N iR g WATZH 24 e LL BT AR
Y [R]85 R AN B S B, ZLEIE{EP<0.05, SR IEE P>0.05, ALY S a5 fER 1.

A: PCA score plot of gWAT tissue. Red circles: miR-378 transgenic mice. Black box: wild type littermates. B: differential NMR spectra of aqueous
extracts from gWAT, up indicates the metabolite in the gWAT from miR-378 Tg mice is higher than that of Wt littermates, while down denotes lower in
Tg mice than that of Wt ones. Red peaks indicates that P value is less than 0.05, green peaks indicates that P value is greater than 0.05. The differential
metabolites between Tg and Wt mice are summarized in table 1.

E3 Mi=sEBEAtARgWAT S it ZE 5T RNMRiGIE)AE

Fig.3 Gonadal white adipose tissue statistical analysis and NMR spectral peak attribution
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Ae B FE, (R G 07 L 230 B A PLAR B AR I AR S
B EREE Y. BAT/ MUK E B~ S,
I8 3 fi# A8 B AR 9 -1(uncoupling protein-1, UCP1)/ &



VEER 55 miR-378%% 3 [K /)N §RE W5 2H 214 3R 2L 2 iy 1383

(A) P —
/ \\k
®
/ ® \
/ @ [ ] \
f n " = \
PCA (Ctr) \ ° |
/
\ m y
\ .
\\; —
(B) .
aurme GPCChohne
Ethanolamine
Inosine ChohneGlycm Malonate Glutamate
“\\ / /
W\v-j;w [ ""‘"ﬂ"\\mw r-‘ﬂ/‘k T
[ ‘ ‘ L"'d ’ ‘\\ \
Lipid .. LIpl ini A
1p1 Lipid Lipid ‘JLipid Lipid
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 (mg/L)
Inosine Inosine
7 /Uridine Uridine
1
bommnmnnnron "W,Mw‘n«-‘»\mw‘r’w v W‘w—«‘\wv\l‘»\-.p.,.. e o *»—»m/ Ful'w-w-, R il e
/ AMP AMP, IMP, ADP, ATP / ‘
AMP Lipid |
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 (mg/L)

A: iIWATHZIPCATS I 18], L0105 R AR miR-3 7856 A/ B, SR (7 HEACAR B 2R T [R) B 0f B/ B B iWATZH 2K H NMR 22 57t 1, Vg i) |
FoR A AEmiR-3 78/ 3 PRl /) ERIWAT 20 23 b BB 2 TR ) 3 0 JE /AN B2 iy, DR 1) s AR D AE miR-3 78 56 J: [ /N BREWATZH 2R L B 71
T JA] 55 0 N R A IR, 20 (A P<0.05, 2R CLUEAE P>0.05, LIRS ah a1 .

A: PCA score plot of iWAT tissue. Red circles: miR-378 transgenic mice. Black box: wild type littermates; B: differential NMR spectra of aqueous
extracts from iWAT, up indicates the metabolite in the iWAT from miR-378 Tg mice is higher than that of Wt littermates, while down denotes lower in
Tg mice than that of Wt ones. Red peaks indicates that P value is less than 0.05, green peaks indicates that P value is greater than 0.05. The differential
metabolites between Tg and Wt mice are summarized in table 1.

El4 R TERIALIWATS T E 2 RNMREEYTE

Fig.4 Inguinal white adipose tissue statistical analysis and NMR spectral peak attribution
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2 BAT. gWATHIWAT=MASAGARNERRGITNEERLE
Table 2 Functions summary of differential metabolites of BAT, gWAT and iWAT

R Disg

Metabolites Function

Glycine It can reduce the body fat content and inhibit the formation of fatty liver in hyperlipidemia

Glutamate A neurotransmitter in living organisms that is involved in the metabolism of proteins and glucose in cells, TCA cycle, oxidative pro-
cess

Taurine It can promote lipid catabolism, inhibit lipid synthesis, reduce inflammation and oxidative stress, improve adiponectin level, and

promote triglyceride decomposition

Alanine It is involved in glucose/alanine circulation in skeletal muscle and liver

Choline It can regulate fat metabolism and has certain antioxidant capacity, promote fat metabolism, promote fat in the form of phospholipids
from the liver through the blood transport, improve the use of fatty acids in the liver

GPC It is involved in the metabolism of choline to ensure the synthesis of acetylcholine and lecithin in the neural membrane, improve
blood circulation

Ethanolamine  The precursor of synthesis of phosphatidyl ethanolamine, involved in phospholipid metabolism

Guanosine An important neuromodulator and neuroprotectant in the brain, involved in many pathological conditions, including ischemia and
neuritis, participate in RNA splicing in mRNA

Uridine It is an important component of RNA and participates in nucleotide metabolism

Inosine It is involved in nucleic acid metabolism, cell energy metabolism and protein synthesis, activate liver function and promote the
recovery of damaged liver cells

AMP, ADP, ATP Decreased AMP/ATP may reduce AMPK activity, thus promoting ACC, HSL and SREBP-1 (promoting fatty acid synthesis), partici-
pate in the energy supply of the body

Malonate A typical inhibitor of respiratory electron transport chain and can induce mitochondrial stress, enhance the formation of reactive

oxygen species, reduce mitochondrial A bits of m and ATP levels

Lipid It provides energy for the organism through lipolysis

(A) (B)

Glycine Taurine  Choline Glycerophosphocholine
Glycerophosphate phosphodiesterase
Choline

l Choline O-acetyltransferase
Promote lipid metabolism

Phosphocholine
Choline-phosphate | .
l letidylyltransferase (PCYT1) miR-378
lipid (l) CDP-choline

A: Z5RRIARE 22 SN 75 (O BRI . B: HBIARHEE P EmiR-378MIE AR, R miR-378 1 LFR.
A: differential metabolites involved in lipid metabolism; (]): lipid was decreased. B: potential target for miR-378 on the choline metabolic pathway.
|- indicates the target of miR-378.
E5 &58RRENEZKE/NDF EmiR-3787E PR 5118 B & A0 7 204R

Fig.5 Differential metabolites involved in lipid metabolism and Choline metabolic pathway

R, HEAVERINRE 8 HEWGZ20MEAZ R -H. DRAMREFENERERL —, R TR
R —M, 252 MAEEE, RARERNE ARG RERS, R aEE IR, dREMRAEA
P 5 i, ot R JE s A EEE ™. Bk 5 R EE RN, S 59N & A R AT
W, HRMAEW U BRI S &, R ERE M. TCATE, fedt M AL AR, RHE 2R H
kAl fE i leptin /) W4T K2, MMileptin ORI LKA &4, T4 ALl VIO e (O BERR IE ™, 24
NERE, Bl H & & B T et IR i ACst, 5 YRR AO AL ooy, W TR, HmT ARy — Mt fig 1y
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P, o R AR DA, BA —EdiEtbRe /1,
FiT AR5 £ 38 0t m) DL gk g s A, SR —
o LWL o A A B, PR T B ) JIE R PR
JH FF 19 5% 4% 72 i (choline-phosphate cytidylyltransfer-
ase, PCYT1)Z&miR-378 1 §EFE A, I, miR-378 1]
AEIH I #E [ PCY T1 5 B B DR/ U 7 2 23 v 1B
KTt e, BEMEEEAUA SR ITAR. 4bh, H il
NHBAN CBERE, IR & 23 2, nTRes AR T
PERE G R R . [N IR I S . IR A
PR EERZIRARBHE P & 838 m, ¥ &miR-378%%
FEPR/N SRAZ E R A& BOSONE o e rh i W SR 1) 2 i o
TR, AU > B S IRATI S
/N BRI — 8, VRIS N 2lEd e
i R it pe &, AR S BEIG 2 A a2
BILAA BE B A AN SR A% 10 T B/ 870 2 1 B L
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CRORE A 8 I AH AR I A B AR Ak, (E TR D 2H
SR MR AAE FH B 3 i, SR JRATTAT LAk — 25 A )
JHF I HhobE R R R A

S, ARSI B B T NMREA AL 2H
TER R G HUBIE P 1 miR-378%% 3 [K /)N B = F i i
MRS . WL 2 ERARRE S, KIH
IR AR SR =R, AMP. ADP. JRH
WEH . SHEZ M E R, HimBiEz e
Bl CMEfE . NEAREE A B S AR ) LA R G JoT () &
HA REM R XEegs LR, miR-378%F £ K /)
B SN LA 110 T 1 2L 234 B 1 o, 5 FRAT T8¢
I (I miR-378 %% 3k [A] /) BRI AT 3 i 17 R & 7 3 RO
JHER A — B, RIS A 4 R i —
ARV mIR-378 W ML AA fig AT AR A R AL 1 3% ()
D7 VEAN AR -

BE Bk (References)

1 Javadian M, Gharibi T, Shekari N, Abdollahpour-Alitappeh M,
Mohammadi A, Hossieni A, et al. The role of microRNAs regu-
lating the expression of matrix metalloproteinases (MMPs) in
breast cancer development, progression, and metastasis. J Cell
Physiol 2019; 234(5): 5399-12.

2 Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev
Mol Cell Biol 2014; 15(8): 509-24.

3 Carrer M, Liu N, Grueter CE, Williams AH, Frisard MI, Hulver
MW, et al. Control of mitochondrial metabolism and systemic
energy homeostasis by microRNAs 378 and 378*. Proc Natl

20

Acad Sci USA 2012; 109(38): 15330-5.

Liu W, Cao H, Ye C, Chang C, Lu M, Jing Y. Hepatic miR-378
targets p110a andcontrols glucose and lipid homeostasis by mod-
ulating hepatic insulin signalling. Nat Commun 2014; 5: 5684.
Pan D, Mao C, Quattrochi B, Friedline RH, Zhu LJ, Jung DY,
et al. MicroRNA-378controls classical brown fat expansion to
counteract obesity. Nat Commun 2014; 5: 4725.

Ntambi JM. The regulation of stearoyl-CoA desaturase (SCD).
Prog Lipid Res 1995; 34(2): 139-50.

Ntambi JM. Regulation of stearoyl-CoA desaturase by polyun-
saturated fatty acids and cholesterol. J Lipid Res 1999; 40(9):
1549-58.

Zhang Y, Li C, Li H, Song Y, Zhao Y, Zhai L, ef al. miR-378 ac-
tivates the pyruvate-PEP futile cycle and enhances lipolysis to
ameliorate obesity in mice. EBio Med 2016; 11(5): 93-104.
Jiang L, Huang J, Wang Y, Tang H. Metabonomic analysis
reveals the CCl4-induced systems alterations for multiple rat
organs. J Proteome Res 2012; 11(7): 3848-59.

Zhang L, Ye Y, An Y, Tian Y, Wang Y, Tang H. Systems responses
of rats to aflatoxin Bl exposure revealed with metabonomic
changes in multiple biological matrices. J Proteome Res 2011;
10(2): 614-23.

Wang Y, Holmes E, Comelli EM, Fotopoulos G, Dorta G, et
al. Topographical variation in metabolic signatures of human
gastrointestinal biopsies revealed by high-resolution magic-angle
spinning 1H NMR spectroscopy. J Proteome Res 2007; 6(10):
3944-51.

Beckonert O, Keun HC, Ebbels TM, Bundy J, Holmes E, ef al.
Metabolic profiling, metabolomic and metabonomic procedures
for NMR spectroscopy of urine, plasma, serum and tissue
extracts. Nat Protoc 2007; 2(11): 2692-703.

Dai H, Xiao C, Liu H, Hao F, Tang H. Combined NMR and LC-
DAD-MS analysis reveals comprehensive metabonomic varia-
tions for three phenotypic cultivars of Salvia Miltiorrhiza Bunge.
J Proteome Res 2010; 9(3): 1565-78.

Lee P, Zhao JT, Swarbrick MM, Gracie G, Bova R, Greenfield
JR, et al. High prevalence of brown adipose tissue in adult hu-
mans. J Clin Endocrinol Metab 2011; 96(8): 2450-5.

Duan Y, AnY, Li N, Liu B, Wang Y, Tang H. Multiple univariate
data analysis reveals the inulin effects on the high-fat-diet
induced metabolic alterations in rat myocardium and testicles in
the preobesity state. J Proteome Res 2013; 12(7): 3480-95.
Booth A, Magnuson A, Fouts J, Foster MT. Adipose tissue: an
endocrine organ playing a role in metabolic regulation. Horm
Mol Biol Clin Investig 2016; 26(1): 25-42.

Cannon B, Nedergaard J. Brown adipose tissue: function and
physiological significance. Physiol Rev 2004; 84(1): 277-359.
Wood IS, Trayhurn P. Adipokines and the signaling role of
adipose tissue in inflammation and obesity. Future Lipidol 2006;
1(1): 81-89.

L5, Ayl o), SRR RS, WROC. AR IR R H i = MR AR 1Y
WF TR . A 5 %2 4 B AR 24 R (Ma Yuxun, Li Hongli, Guo
Junxia, Chen Wen. Advances in the effect of taurine on triglycer-
ide metabolism. Journal of Food Safety and Quality) 2019; 10(3):
620-5.

Adeva AM, Souto AG, Ameneiros RE, Fernandez FC, Donapetry
GC, Dominguez M A. Insulin resistance and glycine metabolism



1386

P MGES

21

22

23

in humans. Amino Acids 2018; 50(1): 11-27.

I IR % /AN BT A 110 5 1 B %o R IR 00 2 A 1 4
FERI (18 50). R K27, 2005.

Brosnan JT, Brosnan ME. Glutamate: a truly functional ami-
no acid. Amino Acids 2013; 45(3): 413-8.

Pelech SL, Vance DE. Regulation of phosphatidylcholine biosyn-
thesis. Biochim Biophys Acta 1984; 779(2); 217-51.

24

25

B, A, A NRER AR R S AL R Tt .
Ff [ K Vi =2 R (Li Bo, Li Wei, Wang Tian. Research progress in
lipid metabolism and mechanism by choline regulation. Journal of
the Chinese Cereals and Oils Association) 2016; 31(1): 142-6.
Izumida Y. et al. Glycogen shortage during fasting triggers liver-
brain-adipose neurocircuitry to facilitate fat utilization. Nat Com-
mun 2013; 4; 2316.





