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ABSTRACT Objective: The incidence of type 2 diabetes mellitus (T2DM) continues to increase and the mortality rate of its compli-
cations is high. The disease cannot be completely cured and needs to be controlled by medicines for a long time, so it is important to early
diagnose and prevent. Therefore, this study explored the changes of serum and tissue metabolic profiles in different disease processes of
db/db mice. Methods: Based on the Ultra-high performance liquid chromatography combined with quadrupole time-of-flight mass spec-
trometry (UPLC-QTOF/MS), non-targeted metabonomics was studied in serum and tissues of db/db mice and their controls at the age of
8, 12 and 16 weeks. The specific differential metabolites were screened by PCA, OPLS-DA and t-test, then the diagnosis model was
established by binary logistic regression. Results: More metabolic disorders were shown with the development of the disease. The levels
of eicosapentaenoic acid (EPA), tyrosine and leucine had significant differences in the serum and tissues of db/db mice and their controls,
which were positively and negatively correlated with the progression of the disease. A joint diagnosis model based on the three metabo-
lites for the detection of T2DM was established as follows: Logit [P=T2DM] =-6.052 * [EPA] + 5.837 * [Tyrosine] + 1.985 * [Leucine]
-14.092. The Receiver operating characteristic curve (ROC) was constructed according to the diagnosis model. Outstanding diagnostic ef-
ficiency had been achieved with area under curve (AUC) of 0.988, sensitivity and specificity both of 98.1%. Conclusion: EPA, tyrosine
and leucine can be regarded as the most typical T2DM markers.
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WRPRI Ak i # UL AR AL, B gk = o A5
o T4 Bk — 2 BB R 96 (T2DM) i 43 #9565 AU 90% L),
-, T2DM 5 BT (IR AL B AT RE S 4 A 58,
R PR RN & J ( ELARHLIATI R 78 4 T fifk o S TEIRY T FHi 24
TFR D5 T el AR EAT IR YT SR M AT G BEL L 155 22 e [+
RETCHE T B I R 9 & A R, S0%1 i S TEMIZ 5 10 4E 14
T B ZIRY T, VIR EITAG F L) 5 T2DM XUl
AR Z AT A AR G, ST 75 1T LA A bs s 55 Bh A 8 A 2 iy
T R A BRAX LEP . Yeli Wang ™1 — I3 51 20 1] x iR
WFoR & B K MR ER 2 1 -A KPS 99 A58 00 o BB A
T2DM (14 XU 2 1T AH G ; Marinal ™45 %0 58 4 JE S PR 1Y 12 8
#% db/db /N BR 9 N 7] AE 4 5 5T AT 43 BE R 1 H-NMR Al
2D-NMR SGE54T, K B A A A S R A JURR A ) i v 2
B E B ; Yonghai Lu®4%H] ] LC-MS il GC-MS % B 32 58 &
FEWR IR B3 1 s e D A A DR K P A 38 T PR,
FE TV LB AR IOV PR 78 o (E sk BRI AE 1 R R I
SRR AR B RS . T2DM S8 — R M A S
MBI EIEZ ST Z REMACHZETL. EARBZE T, AR
FAACHTE 2 M B 75538 B T2 AR il ad XA [ JE i T2DM
ST db/db /)N B K FLIEF A X6 IR IR T RN TR i 4 2
SRR, L UPLC-MS/MS R AR F-Be, 45T T2DM By e/ Gl
PR RGER & it B AR e BRI s, S T2DM 44t
AR I e S (BN I ) 2% /b T2DM 4 3k
RIRE S TR ST RN Z E H

1 pERAN R i%

L1 BN AR FAIXFH

R AR 10,3 22 4t (Nexera X2 UPLC System, Shimadzu,
Japan): it A5 LC-30 AD —Ju#E %, DGU-20A5R TELL Il <ML,
SIL-30AC H gk &, CTO-30A AFIAR ; PUMAT =i 43 HF ©ATHS
[B]EE3%{% (Triple TOF 5600+, Sciex, USA): HiAq B 2% 85 T4k
(Electron Spray lonization, ESI), it 37 #% #EV& 77 i 1% & St (Cali-
bration delivery system): HiA 4 37 ) RS Ak 2 25 F k. (Atmo-
spheric-pressure Chemical Ionization, APCI) B -7 Ji; Analyst®
TF1.6 Hffi R AL BT AR

[l 17 & W #» Cholic-2,2,4,4-d4 acid (CHO-d4),
Acetyl-d3-L-carnitine Hydrochloride (ACE-d3), 1-nonadecanoyl-
2-hrdroxy-sn-glycero-3-phosphocholine, chloroform  (LPC19:0),
L-Tryptophan-d5 (Trp-d5) 1 L-Phenylalanine-d2 (Phe-d2) 4 i 38
[¥ Sigma-Aldric (St Louis, MO,USA) /\ &) G759 ; {0,55% 2% H g
(Methanol, MEOH), Z i (Acetonitrile, CAN), A T & F ik
(Methyl tert-butyl ether, MTBE) , Z. iR Z i (Ethyl acetate) I IF. &
i (N-hexane) ) f MERCK (Darmstadt, Germany)/\ & ; {8,132 2%
FifiZ (formic acid, FA) Iy A 35 Sigma-Aldrich (St Louis, MO,
USA)ZN & 5 #84li7k 7= | Milli-Q 4li7k & 45 (Millipore, Bedford,
MA, USA).
1.2 Zh¥sEAR

[ b 2 BOBE PRI A db/db /N B L AR o RIS B4

SR 8 MR SO SR a0 s A B B B AR TN BV S ot
MEZH, db/db NEAER IR, B4 6 Ry, il z 8,
12,16 JEL, 8 IS ST sy kT 42.8+ 1.8, [k 28.8+
L7 X IRLREE 20.62 1.0, I08% 13.5% 1.2;12 fidSciadi ks
44,5+ 1.5, i 4% 31.2+ 2.3 %F BEALIARTE 21.1+ 0.9, I 13.8+
1.1; 16 JH#/N RS S HAK T 46.9% 1.6, M85 31.3+ 2.1, %f I
YRR 23.4% 0.8, I 31.3+ 2.1, X BRI TE 23.4% 0.8,
A 14.0+ 0.8, b7 12 h BAGSHE, IRE R 26°C, 31 H M
BEYOK ., ST SEIATES SRR 12 /N IE R R 8 fifif
eI/

1.3 XWAHE

1.3.1 MmEHARLESE &40 RHELEIsoflurane) S,
PRRIE S , R BRI , 78 =78 T & 30 min, 13000 rpm .0
10 min, § FJ2VE W E T -80 CHRAr, HEMI . MIEFEALEVK
LRbS, BU100 L i FEEESAE Y, A 20 wL (NFRIE R
(100 nM L-Trp-d5, 100 nM CHO- d 4, 50 nM LPC 19:0, 200 uM
L-Phe-d4, 500 nM Ace-d 3 ZFHHEE), A 750 pL H BT IERE
B, iR 3 min, il A 2.5 mL MTBE, &€ 3 min, 5 i1 A 650
pL K AT IR ZE B, W3 HE 3 min, 7E4K EFE 10 min J5 2.0,
BLLAFH 4°C L 13000 rpm, 10 min, B W02 REC2S 5%
PEFHET, AT 100 WL 80%Z & i, A6l 22 15 PEAC st
Yo SIS YT 2R 3) Ep 4P ,4°C, 13000 rpm,
10 min B0y, B EWRES TS 100 pL50%H R %, B
ISR SRR R K A, SRR 5 L.

132 HAEARKLEE A4/ RBUL S HU5 /N
LG, W /N RAEAT 0, 43 B B RIS R T BB 4
2, A LK P R TR, AR P R B AEAE -80C B E
Fori o HEVREASTE VK LA UK, FRE 502 1 mg 3] 2 mL fFEEE
HIA 1.6 mL 50%9¥4 F B TR IF A 6 T8 3 mm f¥/INBEEE , il
A 20 wL AR, B0, 2GR K EIEY . 78 4°C, 13000 rpm,
10 min (454 F B0, BUEWESHE TR # A 100 pL 50%
HESR IR % . TEE— B 0RRUTE R 4L A 1.2 mL 2:1:
1 LR OTG / IEC e / FEE(V:V:V), B 20 WL PR, 3%,
BRI . 7F 4°C, 13000 rpm, 10 min 454 F &S0, B
IS EEET )R] 100 wL 80%Z RS . 5 L #EA
LC/MS-MS ZGefrill 4347 o

133 #HiERE HEAMRAHORERSE S ESTHE IR
M AT & AT I 8] B {X. TRIPLE TOF 5600, Waters ACQUITY
C18 column (100 mmx 2.1 mm, 1.7 wm)E R 3E I8 HACE) 434
¥, Waters ACQUITY HSS T3 column (100 mmx 2.1 mm, 1.8 m)
JFEARERE D AR, R IE B T s BT AT RO R
. FENRHERIYBEERERT, A FKAH0.1%F %), B A%
ZHEO.1%FR), CiSBhE QR Uiz, 0-1 min, 30%B; 1-4 min,
30%B-50%B; 4-15 min, 50%B-100%B; 15-20 min, 100%B ;20-23
min, 100%B-30%B; 25min, {1k . SEK MR EE R LR, A
FHRZKAR(0.1%F [2), B A1 FHEZ(0.1%H R) . LI AF b (6 Ao
BE 4N T B 7% ,0-1 min, 5%B;1-7.5 min,5-75%B;7.5-15 min,
75-100%B;15-17.5 min, 100%B; 17.5-18 min, 100-5%B; 20 min,
1k . HEUE S R EIERREE Q1 TR, 0-2 min, 1%B;2-8 min,
1-85% B;8-12 min, 85-100% B;12-20 min, 100% B;20-22 min,
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100-1%B;25 min, {51k, AL M EHE S H0N 5516 S(GSD):
S55psi; FHBIMNFIAR (GS2):55psi; “Lfii L (CUR):35psi; /&
(TEM):600°C ; 53413 HL {37 (DP) . 85V ; Rl fig 7 (CE) : 10V ; BN
HLIE(IS): 5500V, R JH{E B MMM (IDA)R R 5T, il
AR 35V, A3 10 MIUHEASREE 1A QC FEAKIFH Iy
R E AT REME
L4 HiRs

% H] MarkerView1.2.1(AB SCIEX, USA)4& B — 2 Jii 1 44
P&, ZAREH AR IE AN Total Area JH—4kJ5 § A SIMCA 47
Z 4G5t o Hr. BEATARM MM E A4 (Principal component
analysis, PCA) 4347 W B M 9 1E 38 fivse /N — 36 2 51 43 BT (Or-
thogonal partial least squares discriminant analysis, OPLS-DA) 43+
#r, P VIP (Variable importance in projection) >1, CUFJK A &
0 {EAN [Peorr<0.52 S brifidii e 22 S+ . {4 ] IBM SPSS
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Mann-Whitney U #5 3 ,P<0.05 H A B E 2= 5. fl A
PeakView (AB SCIEX, USA) $& U7 22 5 St iy — s
f& BY METLIN (metlin.scripps.edu) #1 HMDB (Human
Metabolome Database) % & Ul =1, %55 J5 At 4t
L 2 P 45 o AT AN A2 3 TAERRIE oAt

2 R

2.1 db/db /MR BF A X4 B I B AN ZH LR Y TIC B

#57.() UPLC-QTOF-MS J7#: FIr R 4E 2 i B F IR (TIC)
B R, I AL ZUREAS A B R A e s B 0 R[]
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4.0e8

3.6¢8

20 40 60 80 100 120 140 160 180 200 220 240

167 |

1267 [|om {101

80c6 L.

4.0¢6 ol MU Tal = iy o b oy
{ P\ i

0.00
20 40 60 80 100 120 140 160 180 200 220 240

B 1 ARREWH S EFRE
i AME R ER Y BB TR E ;BB REER G 2B FiRE;
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Fig.1 LC-MS total ion chromatography (TIC) of hydrophilic

Note: (A) and lipophilic (B) metabolites in serum and hydrophilic (C) and lipophilic (D) metabolites in tissue.

22 ERRIEMIFIE

TR M B ER PCA Mk S0 8e BT i, B dAsi LA
FERRIREA I SR LR SRR R EERTS . 78 PCA
(Fig.2A) #1,R?X=0.674; 7£ PCA [&] (Fig.2C) }, R2X=0.602; 7F
PCA [ (Fig.2E) #1,R2X=0.743; 7E PCA [& (Fig.2G) ', R2X=0.
654, KT 0.5, H QC BHRELE &, PLHIREACR A I [H] 4%
ARE B IR R AT R R TR M 22 5,
R F Wt OPLS-DA RSB W 5 v OB adAss, i e vl
TEMZE 53 . 75 OPLS-DA & (Fig.2B.2D )i, db/db /N il 4H
TR AR A/ BRUZ 1t 35 Ra 43 8 B S S ARG R2X 43501
0.556 F10.521,R2Y Fy 0.981 F1 0.92, Q2 4352k 0.97 F1 0.865,
TRHA I AR TIOR3 97% 1 86.5%, E OPLS-DA
&l (Fig.2F.2H) 1, db/db /|N B2 AP AE /)N Bl H 2R3 43 B
T4, RN A R2X 4351k 0.747 i1 0.56,R2Y K

0.982 F1 0.973, Q2 433k 0.944 F1 0918, {3 HH13 ¥ A7 )
T SR 1k 94.4% K1 91.8%., B AR () R?Y I Q2 H7E
0.5 LA I, H2ZEH/NT 0.3, SR HIASIRY (Y X 43 A5 3 AN T50 000 66 7 24
Bl TS EAR BRI . L VIP>1 il [Peorr[>0.52, Fid &
MSTREAS R, X 2 AEGe it o W i 2] 0 A8t dE A 7 B 4k e 1
GIRT, EPRAAR T P<0.05 (975 &, 28, 78 = AR [ 1 Y
I3 FZHGUREA i BE -4 7 18 AL [RLEA v e 22 AR
W, R 1 R 12 JRIAT 16 JAl% sh ) 5256 4 Akt B4 45
Ao 22 A, XA OCHR B AP A T B T
SESRNE 3 P o il 22 AR RIS AR I T
Pt ) S 5 H B AR 7E Bl ) S5 50 20 FHONS BEZH 10035 A2 20
R K, AN 4 Fis.
2.3 ROC 2t By 2 X1

PL VIP>1, [Peorr>0.52 FITES i FE 25 A4 . H R



- 2804 -

DREMES#H#E biomed.cnjournals.com Progress in Modern Biomedicine Vol21 NO.15 AUG.2021

@c

S

Oﬁamplc B

a;] OSampIr D
it @qc

10

: o

15 PLS-DA

0O
®
s
Lo

“25 220 415 -0 5 0 5 10 15 20 25
100028 * 1]

= OPLS-DA

mwT
B db/db

BwT

B dbab
20 \

: z10
z o 80 e L )
-5 O g
z-10
o 268l oo &
18 o -20
-20 -30
25 Q 40
40 30 20 10 =:cw'| 10 20 30 40 a0 20 10 0 10 20 30
100828 *11]
PCA
" OPLS-DA
E w» O sample F s BT
@ 40 B dbidb

=30

50 40 30 20 <10 0 10 20 30 40 S0
an
G PCA

P QO Sample
15 @
10

5
g 0

=

o

-15 @

" o

-25

40 30 20 10 0 10 20 30 40

30
50
-3 20 10 0 10 20 30
103288 1]
40 OPLS-DA BT
B abidb

10801 o]t
22388

% N
S

)
=

-15 -10 -5 0 5 10 15

1.05287 *1f1]

2 do/db NRREFENBESHFITHITER
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Fig.2 Multivariate statistical analysis of db/db mice and WT controls.

Note: A. Score plot for PCA model of hydrophilic metabolites in db/db mice and controls serum. B. Score plot for OPLS-DA model of hydrophilic

metabolites in db/db mice and controls serum. C. Score plot for PCA model of lipophilic metabolites in db/db mice and controls serum. D. Score plot for

OPLS-DA model of lipophilic metabolites in db/db mice and controls serum. E. Score plot for PCA model of hydrophilic metabolites in db/db mice and

controls tissue. F. Score plot for OPLS-DA model of hydrophilic metabolites in db/db mice and controls tissue. G. Score plot for PCA model of lirophilic

metabolites in db/db mice and controls tissue. H. Score plot for OPLS-DA model of lipophilic metabolites in db/db mice and controls tissue.

A 2 E SR Dk B A, T B R LR IR (EPA), %
Z R (Tyrosine), 5 M2 (Leucine) =22 A Al 15 0 U
FIBTEIZ IR, A&l (Fig3A) Bz o W e i =M
HEATEA W) e BB A 43T, FR ST 03 R A 2
Wiy ROC 2k, AHUEHE (Sensitivity) Hi524 (Specificity) 1
Mk F i (AUC) BriF s Wisifie. 450 3R EPA, k2Rl
SLER = A BRA LW BT R R 2 Wit g8 , B P<0.05, 51
A2 WL N 2R« Logit[P=T2DM]=-6.052*[EPA]+5.837*[ Ty-
rosine]+1.985*[Leucine]-14.092, [P=T2DM]¥] 43 5 {H (cut off) >k
0.47, W2 WA rh [P=T2DM] 2 Fitill &y T2DM AYHE 3R,
[EPA], [Tyrosine] 5j[Leucine] 53| /m AL ¥4 N EPA , Tyrosine
Hil Leucine 7K. W (Fig.3B) iz, 414 1) ROC fify

28 F 1 A1 (AUC) 4 0.988 (95%C1:0.967-1.000, Sensitivity=98.
1%, Specificity=98.1%). 45 R R I YA A HA T R LW
RhE, EPA, Tyrosine Fll Leucine A LI/F N T2DM HUAR &)
3 3tig

XFF T2DM TR f S h5 W) R s AT E R
o FRATTE R B EARTB, ORI -5 40 AR 3R
PR S S S bR AN, T T2DML, R4 2%
YER R GEAE B —AN 43 3, 43 S ) AR 2 2 AR i AR
A AEHR AR 27, RS A  ZH Bl s R R A /N 1R
AR T 0 3R AR AL S AR TR
FER B h, SeniFRATTESE AR ()2 FHR S s 8l
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Table 1 Potential diagnostic biomarkers between db/db mice and normal controls(NC)
Serum Fold Change (T2DM/NC) Tissue Fold Change (T2DM/NC)
Metabolites
8W 12W 16W 8W 12w 16W
Linoleic acid 0.63 0.51 0.51 091 0.78 0.81
Linoelaidic acid 0.76 0.67 0.64 091 0.78 0.74
Hydroxyeicosate-
o 1.89 1.87 1.87 1.15 1.22 1.25
traenoic acid
Palmitic acid 1.69 1.60 1.74 1.15 1.25 1.44
Eicosapentaenoic
) 0.79 0.70 0.60 0.86 0.78 0.65
acid
Cholestanol 1.23 1.30 1.31 1.20 1.36 1.52
PAF C-18 1.40 1.68 2.03 1.15 1.21 1.43
Lysine 1.26 1.24 1.28 1.87 1.80 2.05
Glutamine 0.85 0.85 0.87 0.83 0.76 0.64
Leukotriene B4 1.46 1.60 2.00 1.25 1.43 1.64
Adenylic acid 1.28 1.30 1.51 1.14 1.22 1.26
Fructose 1.21 1.21 1.26 1.56 1.53 1.56
Glucose 251 2.56 2.52 1.34 1.71 191
Tryptophan 0.77 0.78 0.79 0.81 0.74 0.69
Tyrosine 1.73 1.95 2.12 1.30 1.44 1.70
Leucine 1.42 2.00 2.23 1.64 1.75 2.12
LysoPC(18:1) 1.29 1.34 1.23 1.36 1.47 1.70
LysoPC(18:2) 1.27 1.31 1.27 1.32 1.43 1.59
A B
v _ °
ol O «, Aminoacyl-tRNA biosynthesis
L s -
- Arachidonic acid metabolism Losles mcxtetblen: < Linoleic acid metabolism
ol
. <4
i
—~nds ° = o Arg.mme biosynthesis
o — |e a S v e @ Glycerophospholipid metabolism
s Glycerophospholipid metabolism %) 2 1 ¢ Arachidonic 2o metabghsnf
ohn ® S
S o 0 [ ]
- = Phenylalanine, tyrosine and tryptophan metabolism < . @  Phenylalanne, tyrosine and txy{atophan metabolism
3 - Alanine, asparfate and glutamate metabolism
Steroid hormone biosynthesis teroid hormone biosynthesis
w | ®  ©Pyruvate meB)ohsm « | oPyruvate metabolis
S |eg® Stasch and sucrose metabolissi S goéw Starch and sucrose metabolism
:o o O Purine metabolism = s Pgnne metabolism
g =0 T T T T \ S Tt T T T T 1
0.0 0.2 04 0.6 08 1.0 0.0 0.2 04 0.6 08 1.0
Pathway Impact Pathway Impact

B 3 12 FiR(A)F0 16 F#&B)db/db /NRFNEFE X R BHBE B EE I
Fig.3 Joint Pathway Analysis for metabolic pathway in 12 weeks (A) and 16 weeks (B) db/db mice and controls

TS b 240 N 22 A i i sl R A AR 2 T 0. A
TRITBER) S i B AR BUAE A= Wy AR RN AL BN B3 972 1 o B
A RS A A BORE , AR 1) S W2 A Tl 5 A PR
SECH N IR SO RE AN LR BT, A AR
HIN AR B £ BERFE T2DM X R i S5 AL % Je—
AMREFRSIE o SR, AU T 2 B TR,
PRZER TSR, 70 9 55 o LA I BT P

LR S bR R ) AT A R FT , WAk ] T T2DM R H I 7Y
(Isolated Postchallenge Diabetes) ] [X 432, 5, T2DM 5 —{C
Wi AR BRI T M R BIFIR 2, it 2R & X T2DM 8
NI A 0 T g 3 S A B 1) 40 AT o AT A AR T B
FAFERAR RS - BB (LC-MS), SAH @GRS - g
(GC-MS) ML H (11 - BTk (CE-MS)4% ., LC-MS L
FoEE L R R AR 55 3, & R R e,
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