E T =R BRI 30 18 X X5 4 1Y 28 1= X 16 B = #8 55 HER2 PR 2| BR 7=
ZERBHM S EWIRE

Wb, BBEH, EAE, FEA, AR, AEA", RE (LRI, T 20 222005; 2. F 50
BERHAE 22 B, FRE 211100)

HWE. B KR =4 ER (ticarboxylic acid cycle, TCA) 8 % R4 4 £ A F A K B F % 4K 2(human epidermal growth factor
receptor 2, HER2 ) FR/PESURR 3 th S 2k B ft 25 Fn A R Gl ML P o R T AL, SF iR b b S W sk S R 2 A A W B E A AT &
Y1, Fik ABFR R R A TR G204 &% B B8 R ¢ (ultra-high-performance liquid chromatography-mass spectrometry , UPLC-
MS/MS) &4 Je 6y KT 5 7 A W S 2R 247t 25 4m I Am SRS 20 B P TCA A8 X AR 4 (M BB R -5 Sk BR | S+ 4 4 BR L o )
BB SRR G BB SE R B e T AR IR AT AR W T ik 6 Rtk A R Aok B B AT S AR AR R SR SR R
= 3k 3% 3] 7] 5-#7 (orthogonal partial least-squares discrimination analysis, OPLS-DA ) 3% YL &% it 25 Fe B 4m L B TCA A8 5% X35 4 49
Rk £F L P <0.05 Fo £ 5423 (fold change, FC) > 1.5 3% <0.67 A 44 5 ik h £ F R84, £ & F L #H & M (support
vector machine, SVM) 5 ik 32 5 % % & 25 o AR A A %X & T 4F wh £ (receiver operating characteristic curve, ROC) %} £ F
R Fn SVM B &9 o FAG BHATHRAE . BR AR R AR Y 0940 XARK R B r R T 0.994, Pk 54975 ik
FEHEH 9% ~105% 4555 5 % 5 % 3 (coefficient of variation, CV) ¥4 /s F 15% , OPLS-DA A A v | 4 B 40 Fu AT 25 40 21 B 5
BAH L, oSk B AA 2 I R SRR F B AR sk R I R F % (P <0.05) . ROC &
MR TRIRHAER G DR AR A iy & T &A% (area under curve, AUC) 3 X F 0.9, B84 3 A% £ F Rt & 52 SVM aif 25 47 B 43¢
Aoy AUC %5 1.000, 51 TCA XK MM E ok LA S Aok tm i F AR 09 KL KPR G LA ERR
TAE Sy A M An &4 xF HER2 Fabe SURRR Wb S 2R S A ad 26 04945 B AR 2 1B

KR HER2 Fa M SUIRE ; W 22k At 25 Z R M AR X Rt s e Rl a0 5 s A AR &
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Exploring Trastuzumab Resistance Biomarkers for HER2-positive Breast Cancer Based on Targeted
Metabolomics of TCA-Related Metabolites

WEI Bangbang', CAO Yiwei', DONG Chuntao', LI Debang', XU Feifei*, SI Xinxin'*, CHEN Yun® (1. School of
Pharmacy, Jiangsu Ocean University, Lianyungang 222005, China; 2. School of Pharmacy, Nanjing Medical University, Nanjing
211100, China)

ABSTRACT: OBJECTIVE To investigate the levels of tricarboxylic acid cycle ( TCA)-related metabolites in human epidermal
growth factor receptor 2 (HER2) -positive breast cancer trastuzumab-resistant and trastuzumab-sensitive cells, as well as to screen po-
tential biomarkers of trastuzumab resistance. METHODS Targeted metabolomics was adopted to detect TCA-related metabolite levels
including citrate, cis-aconitate, isocitrate, alpha-ketoglutarate, succinic acid,fumaric acid, malic acid and oxaloacetic acid based on ul-
tra-high-performance liquid chromatography-mass spectrometry ( UPLC-MS/MS) in trastuzumab-resistant and trastuzumab-sensitive
cells. The linearity, accuracy and precision of the method were validated. Then, orthogonal partial least-squares discrimination analysis
(OPLS-DA) was used to compare the relative differential expression in trastuzumab-resistant and trastuzumab-sensitive cells. Differen-
tially expressed metabolites were screened according to P <0. 05, fold change (FC) >1.5 or FC <0. 67. Finally, a multivariable mod-
el based on SVM and receiver operating characteristic (ROC) curve analysis was used to assess the classification accuracy of each me-
tabolite. RESULTS For all TCA-related metabolites, the standard curves were linear, the correlation coefficients (r) were greater
than 0. 994, the established method accuracy was 94% — 105% and the precision coefficient of variation (CV, % ) was less than
15% . Trastuzumab-resistant and trastuzumab-sensitive cells were clearly separated from each other in the OPLS-DA model. Malic

acid, succinic acid and fumaric acid were significantly upregulated in trastuzumab-resistant cells (P <0.05) compared to trastuzumab-

EEWB: WK BRI AT H P (81703557)
YEER N R, 9 WL AE R ) SR AR A 2 TS o b CEWAEE . WA, L AR AR R B 1A R
A1 T 245 A HL 6 Tel: (0518)85895791
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sensitive cells. The areas under the curves (AUCs) of malic acid, succinic acid and fumaric acid were greater than 0. 9 and the SVM

model yielded the highest AUC of 1. 000. CONCLUSION TCA-related metabolites are differentially expressed in trastuzumab-resist-

ant and trastuzumab-sensitive cells. Succinic acid, fumaric acid and malic acid can serve as biomarkers that may provide potential val-

ue for the diagnosis of trastuzumab resistance in HER2-positive breast cancer.

KEY WORDS: HER2-positive breast cancer; trastuzumab-resistance; TCA-related metabolity; targeted metabolomic; biomarker

RERFLE A H 45 B, 20U R At
TR G RN Lo Ve B e ok
49 15% ~20% LIRS #H0 A2k K T2 2
(human epidermal growth factor receptor 2, HER2) 13}
Feik'™ . HER2 FHAEFLIRE 1 R — R R R 1R
ZEOR AR IR, AN T A R R B RLRT =
[ LA , HER2 FH ML s i0 o B 2% , A A7
WBE" . R BAYIE ) HER2 PHEFLARE 8 %
M —ZIA T hnifE il S P45 A HER2 Jfudh4h
ISR, 400 PR JoR e 2 BEL A S i 0o L A
[[E &R E U Racrca RN TNV ES7 3K )
TBYT I ZE W HER2 [H M FL IR B i A 30% 1) i
FAEIGIT —4F POt BT 25 Y 9 ol T
HER2 #1385 1 X357 Bk , HER2 RS i R
At PR I AL £ B B,
HUBE RS T B AR T B R T RR g
e i R b HER2 B A4 7 it 9 il 22 R B0 2Y
HIZWH ARG . RS BE DA 5 e sk 2 R
HAH = 4E 7 1 24 2 A 00 A2 10 5 B T T
S BRTTXE LR 1 R TR 245 1 7 0 12 D R % i
ZPERIA T DR AR T T A5 0 0 A A 2
Y 08 T i 22 PR SABTI 241 1%) LR LR FZ
AT R R

HER2 BHAAEZL MR 1 S — R AR B, A
BT LAR A G A o 0o 40 6 ] 3 5 i R e
IR B B RS A 3 o A R R SR
BR G FF (tricarboxylic acid cycle, TCA) {E A HERACHET
FRORZ Lo TH8 855, A e W 400 20 80 BT 7 A 1 DA TR R 2 A
LML S I AT HE 1) 50 2 A AL, IR 7 7 2R
ATP FZ A e =, WIE 1, PF5E4E H, TCA
FASCACH i i 5 T B A = R 1 7 A R AR E
P8 A% WO RS P SO o2 2 Oy AR g
FEUE R 250k 10 % A o BEEATR 10 BB 1Y
AR 2 P A3 MR SR SE I 7 Z AR A G a1 |k
A, 3 O FA R B0 I ) R A A R B2 AR OC I
¥ 2 (nuclear factor-E2-related factor 2, NRF2) i }%
WS o B A BIF 5T AR W, B B R E S A ) 3R
GMP-AMP 4 ( cyclic GMP-AMP synthase, cGAS)-

FPIE 22 ek 2024 4E 2 A 59 45 4 )

T4t ZE-B (interferon-B, TFN-B) i FE R Hl CD8 T 4
M1 %% 12 B IR R B, 45 B W R B R B iR
PEFET-32-1 ( programmed cell death protein 1, PD-1)
FREIT ™ o BRI S [ 4 10 5 A 7] U
Bho P B 12 W§-5K 71 5 B ( phosphatase and tensin
homologue deleted on chromosome 10, PTEN) [ 55
211 o7 2 e A R Ak S B FATR A DA T V3% i T JUL I
3-1¥/if# ( phosphati dylinositol 3 kinase, PI3K) /i k.
22 B WR/ 7 Z R 18 B ( serine/threonine kinase, AKT)
5T I 2 B SRR B AN g 1 AR A T e
BRCIRIT TR 2 R 2 L T 22 32 L A T 24 1 SEL IR
A, 25 AR B B R R T S R IR AT
PRI AE KT b 22 5, S SRR A Ry a2 ARy T 245 1% ok
REAEWIRR R 7 SR T 1 i 22 Bk LR 24 40 e R
SR AR D HEAT A 56T TCA M ARSI Y R 5
W5,

co,

’_L' Acetyl CoA
Pyruvic acid
l Condensation

Oxaloacetic acid Citric acid

[2H] Oxidative DchydratimN/ HO
dehydrogenation
Malic acid cis-Aconitic acid
0 .
Hydration [T TCA K_, Hydration
H,0
Fumaric acid Isocitrate acid

Oxidative
dehydrogenation
[2H] ’

Succinic acid

Substrate phosphm'ylali:n\ Succinyl CoA A/Q)Ega“‘e decarboxylation

Oxidative
decarboxylation Co,

a-Ketoglutaric acid

B1 =#ABMMEH(TCA)EH
Fig.1 TCA pathway

ET RN EIE RIS R U AR B
2N T HRIEAER N T A S WA S o
TR A A i s A (035 - B B I (ultra-
high-performance liquid chromatography-mass spec-
trometry, UPLC-MS/MS) ¥l TCA AH A 5 47 78 il
IR 25 40 i (HCC195 | JIMT-1 ) 1 50 24 iy
(BT474 SK-BR-3) H Ay Fe ik KF- 22 2 F 22 AR
W 7 S FR 1A ML (support vector machine, SVM)
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it 24573 JE AR, i iod 521 AR 126 (receiver op-
erating characteristic curve, ROC) 3 #r HAF S ith 23k
AR 2512 W R AR S ) 2 WAL R, DA Dy il 22
BRI 25 PR 112 W S (VB TE 1 AR AR 259

1 #RF7TE
L1 i 535

N HER2 FH 1 20 B g il 22 2R B0 4T 0% 20 iR
(SK-BR-3 .BT-474) FIfiit 25 41 il ( HCC1954 JIMT-1)
(5 E 4 M F= Yo o0 ) s Dulbeceo’s PR Eagle
B gRIE (475 :11960044 ) . RPMI 1640 35775 (175 .
11875093) McCoy’ s 5A 35353 (155:16600082) .

G4 L3 (5845 :10099141C) (3£ [H Gibeo 24 H]) 5

T2 L H R 5 N bR R 2 T 2 R R I R R (62
5. A105807, 98.0% ) . ¥ # R ( t% 5. C434173,
99.5% ) JNE-2 3k 12 (575 : A111231,99. 0% ) . 41
HRIR (5% %5 : 1106830, 93. 0% ) |, o-fii I — 12 (1% 5:
K105570,99. 0% ) . 3% 31 & (1% 5 : B299883,95.0% ) .
w5 (5745 D154295,98.0% ) , - SR R (17 5
M101126,99.0% ) #1 &L [t & g ( 2 5. 0107187,
98.0% ) (L T AR BRI A TR AT o
L2 3 JR il A T bR e 2 Fe T3 B T R

KPR 8 il TCA AHICACE, 8 AR5k
o 20% HBE KSR (% 100 pmol = L™ %6F 2
ST ) P B 5 mmol - L™ [y B — R v b AR TECT
TRAFTE - 80 “CUKAR £ Mo G %5 i WA B HE A 45 MK
SRR G LA AR 5 br HEVE W, TR B A vV W P A
IR IS Sk R | S A TR oo I3 TR B FATR
B E R SRR N B £ R VR FE 43 ] Dy 250,500
500,300,250 ,300,300 500 wmol « L™, J&@ it &K
i TR T ) J00 R 91k B TR AR I VP T ST A
Mk, 7 B TCA AHOCACHH 73 I B T BRI
(lower limit of quantitation, LLOQ) .k ¥ & i #&
(lower of quality control, LQC) ., H ¥k & Jii #%5 ( medi-
um of quality control, MQC) Fl /5 ¢ B Jfi 3% ( high of
quality control, HQC ) 3t 4 F i & 1Y) i 52 ( quality
control, QC) , MI#5IR ML KR S FIE IR | - T
TR VBEHIMR LW SR S R R Y LLOQ 43 i Ry
0.5.0.5.5.1.,0.1,0.5.0.5 wmol + L', LQC 435K
1.5.1.5.15.3.,0.3.1.5.1.5 pmol - L™",MQC 4351
50,100,100 50,3050 .50 wmol - L', HQC 4351
4 100,200,200 ,120 .60 ,120 120 pmol + L™',
1.3 @pEs

HCC1954 FI BT-474 46 g 73 53| 7E % 10% H) i 2
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IR RPMI-1640 2 3L i 1 %% | SK-BR-3 Fil JIMT-1
AN o B AE T 15% B i 2 L35 9 McCoy” s SA A0
DMEM Figedkrpdids , & B AR AL A 1% 1975 %
RMBEEER. FiR 4 Fdiiily T 37 C,5% CO,1E;
FAETh R . RERR 2 d SRR RO B SR AR KRS
) 90% I}, i FH 0. 25% Jige £ 1 I 16 22 40 i 27 Js
B EA B SR AR B IR L b SE UL AR
1.4 40 R 4 A w4

R 19 0. 9% NaCl %5 3 3 G U6 41 i 7
WGBSR A 1.5 mL 4K, T -80 C ik
FEHPOICE 2 b S R ) 0 5 ECZ R FH s ok PR
fi% ( bicinchoninic acid, BCA) i 4785 (e 5 <€ ;28
A3 AR - 80 C 1ivd H i (7% 100 wmol -
L™ (% S RA IR ) 64 TSR, 7853 IR A
HELDIE RS EIIRCT 4 °C el z8 %, 1 100 plL &
FRG3EK 2090 FARSE 7K VAU O TR E ot J v i 2 I
N R I
1.5 UPLC-MS/MS 2#f

fdi ] Agilent 1260 = R0UAH (431 HR 1B G6460 —
W PYAT T 1%, (6 7% 41 % F Phenomenex Gemini-NX
Cis 110 A (2 mm x30 mm, 3 wm) JImshAe A SRR
S3%00. 2% WL 1) B AW, T s AH B 2 AR 70 %
0. 2% WER I /K IS W o R FHZR MR B Dk i 5 30 H 1)
A R B, RS E B E N : 0 ~ 1 min, 1%
Al ~2.5 min, 1% ~90% A;2.5 ~3 min,90% A
3~3.5min,90% ~1% A;3.5 ~4 min,1% A, %
AR 25 C, N 0.4 mL - min ™', JEAR
5wl U o3 A SR A2 R 2 22 By i ( multiple
reaction monitoring, MRM) , B8 T~ I 5 45 Hy W5 58 &5 1~
P, A 5 2 BE Sy g R B E gk
1] 2y 35 ms, R O 330 °C, TR A
12 L+ min ™" AL TRTI N 241 kPa, IR B4R
HL R R 4 000V,
1.6 B AL 38 A0 A7

M ] Agilent MassHunter Qualtative Analysis
(version B. 06. 00) {4 %} TCA #8 &4C 1 4 o4 1% &8
isf (] | 0 T AR g R TAF R LL ( signal-to-noise ratio,
S/N) AT HEE AT o df 3t SIMCA-P (version 14. 1)
AL IAE S i dwe /> — 3 F1 531 73 At (orthogonal par-
tial least squares-discriminant analysis, OPLS-DA) , fifi
JH GraphPad Prism ( version 8.3) i 47 £% %4 [8] 13 4y
Mr 28 & B A KR ROC 4 #r, i Fl R studio
(version 4. 3.0) ' pheatmap Fll ggplot2 £ i# 17 &
SIAT AN JCL & 3, SVM A 1 SVML i 24 53 2 A5

FPIE 22 ek 2024 4F 2 H A 59 45 4 )




A, IR FEBOR A AEAS ¢ ke DA P <0.05 22
SAGITFE L, UL 2E A5 (fold change, FC) >
1.5 i1 <0. 67 prUEdiik t TCA A2 5 .

2 # B
2.1 TCA # xR g & iR 16
FIFH UPLC-MS/MS 5 8 Ff TCA AHIEAR AN

2.5%10%
Citric acid
2.0%10*
Isocitric acid
Malic acid

1.5%10° \
2
G
8 Succinic acid
S

1.0x10* —

Oxaloacetic acid

0 1

0.5x10" o

0

B2 TCA AKX A4 % KB g ) 3 o 1

2
t/ min

cis-Aconitic acid

Acetaminophen
a-Ketoglutaric acid | (internal standard)

WAME B PIRIFR TS S S, , B AR DL S s
AV —RBEE 7 (Q) M FEi () E L,
PEAL B T-X R 24 e e IR FRE BB 1, 7. MRM J7k,
W 2, it TCA Ho A ARTE A bR vV RO E 45 A PR
FEISTA], 750 ~4 minZ INZRVEGEIA %002 8 At
Wy, e ] 4 AE 0.5 ~2.5 min, 8 Ff TCA
AR BB TS E B3 1,

= Citric acid m/z 190.9 — 111.0

= Citric acid m/z 190.9 — 87.0

= cis-Aconitic acid m/z 172.9 — 129.0

== cis-Aconitic acid m/z 172.9 — 85.1

= Isocitric acid m/z190.9 — 111.0

= Isocitric acid m/z 190.9 — 85.1

= a-Ketoglutaric acid m/z 145.0 — 101.0

= o-Ketoglutaric acid m/z 145.0 = 57.2

= Succinic acid m/z 117.0 — 99.0

= Succinic acid m/z 117.0 — 73.1

— Fumaric acid m/z 115.0 — 71.1

= Malic acid m/z 133.0 = 115.0

== Malic acid m/z 133.0 = 71.1

= Oxaloacetic acid m/z 131.0 — 87.0

= Oxaloacetic acid m/z 131.0 = 43.2

= Acetaminophen m/z 150.0—107.0
Acetaminophen m/z 150.0—118.0

Fig.2 Multiple reaction monitoring channel chromatogram of TCA-related metabolites

R 1 TCA xR 89 T S Bk AL

Tab.1 Optimization of mass spectrometry parameters for TCA-related metabolites

IR m/z Optimization of MS parameters
Component
/min (Q1) Fragmentation/V m/z(Q3") CEV)/eV m/z(Q32) CE?)/eV

Citric acid 1. 098 190.9 70 111.0Y 15 87.0 15
cis-Aconitic acid 1. 996 172.9 70 129. 01 2 85.1 5
Isocitric acid 0.819 190.9 70 111.0 10 85. 11 10
a-Ketoglutaric acid 1.557 145.0 60 101.0 D 2 57.2 5
Succinic acid 1.298 117.0 70 991) 5 73.1 5
Fumaric acid 1.777 115.0 60 711D 2

Malic acid 0. 680 133.0 70 115.01 5 71.1 10
Oxaloacetic acid 0. 498 131.0 60 87.0 1 2 43.2 10
Acetaminophen (internal standard) 2.482 150.0 110 107.0 30 118.0 15

T ctg — PRRTIHA ; CF — Rl A i D @ RO F S 75 Q1 - —BF F5Q3 - “F BT

Note: ¢y — retention time; CE — collision of energy;

2.2 FREdA AETE GEREMREEESE
A I PR Z W28 R B A o AR IR A
HEE R, LMY -5 P ps g i AR EEAE A PN AL B, Xof
IO7 e BE SR A B A T 2R A [T UE  A, BT S PR el T
A B FLAT R M AR ™ R A TR AR,
oo 7 MAHSCAC AR e 2 AR S R B 2K

hE 22 2 7 2024 4E 2 45 59 B 4 )

D) quantitative Q3 ; Q1 — primary parent ion; Q3 — secondary daughter ion.

F0.994, 24 S/N ZEF 3 & H 4 H FR (limit of de-
tection, LOD) ,S/N KF 10 #+& H LLOQ, il i %f
7 AR LLOQ \LQC MQC A1 HQC £4-FA7 A
5 KRGS 3 d, 23 SRR EE L H LA K
H DRG0 Ao IR 2 k3 L Al MRS 5 S
SRR 2 Fin . 7 RGO HERR BETE 94% ~
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105% ,LLOQ Ky H [A]F1 H RS %5 B2 78 55 B8 (coeffi- 4540 CV /NT 15% , %007 15 19 T J3 FUR 25 1
cient of variation, CV)3/NF20% 5 .77 B e B 5 K47,

T2 TCAMRKRAWEE T F A KWTE EREAREL

Tab.2 Regression equations, linear ranges, accuracy and precision of the assays for TCA-related metabolites

Regression Linear range LOD LLOQ QC Accuracy Precision
Component r
equation /pmol + L~! /pmol + L=1 /umol + L=' /pumol - L1 /% Intra-day CV/%  Inter-day CV/%
Citric acid y =0.100 4x —0. 025 63 0.5-125 0.997 3 0.1 0.5 0.5 94.57 12.72 12.32
1.5 103.53 8.23 8.41
50 97.37 5.08 5.15
100 101. 03 4.72 4.71
cis-Aconitic acid ¥ =0.100 2% —0. 049 86 0.5-250 0.994 2 0.1 0.5 0.5 95.19 10.76 11.85
L5 96. 98 9.74 10.42
100 103.55 9.03 9.11
200 98.42 7.56 8.44
Isocitric acid y =0.001 615x —0. 004 234 5-250 0.9%4 7 0.5 5 5 104. 85 9.41 11.47
15 103.9 7.42 7.31
100 102. 69 6.06 6.15
200 98.52 5.10 5.71
a-Ketoglutaric acid ¥y =0.005 797x —0. 000 195 4 1-150 0.99 1 0.2 1 1 9. 18 10.73 11.55
3 95.81 9.09 10. 67
50 102.27 7.79 8.71
120 97.17 5.78 6. 12
Succinic acid ¥y =0.009 153x —0. 000 452 4 0.1-75 0.998 8 0.02 0.1 0.1 9. 64 9.25 9.76
0.3 9.70 8.06 8.62
30 102. 41 6.71 7.02
60 100. 82 4.07 5.14
Fumaric acid y =0.002 386x +0. 002 617 0.5-150 0.9995 0.1 0.5 0.5 94.10 6.98 7.49
L5 98.24 6.77 7.11
50 101. 30 5.92 6.35
120 102.92 4.49 5.22
Malic acid y =0.085 06x +0. 004 496 0.5-150 0.99 9 0.05 0.5 0.5 97.23 8.05 8.19
1.5 101. 82 6.17 6.26
50 99.38 5.41 5.97
120 99.09 4.15 4.97
2.3 OPLS-DA {2 57 447 PRI S I R F L ROR Q*FE Y il A 4331

HHE TCA FRACHY 1Y 5E 1K F i OPLS- VT 0.4 F10. 05, GEW] OPLS-DA #RIBA S 115,
DA B, PURKAMIZL N R AE R JEE mp , 2L IR B a3 DLIRI 3B, DA ERASREW], TCA FHSACHYI (e i 22 2k
WIE, Hf R°X =0.999,R°Y =0.810,Q° =0.611, Sy 2420 H RSB A0 i b 47 76 22 S ik s, T
BB BAT BB GE Sy, I 3A, JEad 200 E Tk R0 T,

A OPLS-DA SK-BR-3 B Permutation oRrR2
W BT-474 0.8+
Lo HCC1954 0.6
(% W MT-1 0.4
= 054 % 8 024
= S o
é 0 !~ ! =4 027
o
g @ & -04-
~ 0.5 IS
go &~ -0.6
104 0.8
-1.0 | |
-15 | | | : | | 12 . : . : T
-4 3 2 A 0 1 2 3 02 0 02 0.4 0.6 0.8 1.0
1.000 05%7[1] Similarity(y, y_.)

perm’

SK-BR-3,BT-474 — [l Z 2k BT fURRAN N ; HCC1954  JIMT-1 — i1 2 PRSPy 25 4001 s R2 — SR Re Q2 — Tl ey o

SK-BR-3, BT-474 — trastuzumab-sensitive cells; HCC1954, JIMT-1 - trastuzumab-resistant cells; R2 — explanation rate; Q2 — prediction ability.

B3 % Bk B OR 4 B AR T 25 40 B B I 5 f o /N = R #1 | 44T (OPLS-DA) 4% 4 ] (A) v OPLS-DA #2 7! oy & #4042 B (B)

Fig. 3 OPLS-DA score of trastuzumab-sensitive and trastuzumab-resistant cells (A) and permutation test of the OPLS-DA model (B)
- 306 -

Chin Pharm J, 2024 February, Vol. 59 No. 4 HE 2245 2024 4F 2 H 56 59 H55 4 1



2.4 zpareA TCA 48X R4 1 4 &

8 Al TCA A G i A7 6 FP AR &
HIER PG E N, R EEJEFITE0. 910 1 ~104. 417 4
o gt K KRS BRIARR R IR AR
MR HA Geit 2538 (P <0.05) , HAp AR AR 1

pmol - L

225 OGS R, 6 BRI 1E T 25 21 AN U A
RS R 4A . IR UCR R A Z 1]
8 SR IR, VU Fob 40 P9 AN ) A ) 2 B SRR 2 )
AN WIS, 2 WA AR AS 19 [] i 4 0 4 [ A A
2 50k, WA 4B

A Citric acid cis-Aconitic acid Isocitric acid B ! ; Group
12 P=0.407 20 P=0.059 40 P=0.401 0 W Trastuzumab-resistant
[ 1 I 2 ..
-4 Trastuzumab-sensitive
9 15 30
%] 1T %] ; Malic acid
§ 6 g 10 g 20
S S N
3 5 10
Succinic acid
0 T 0 0 T
& & & & & &
S S Fe® &S St S
S F S & & e
& L FE & & & &S @8 Fumaric acid
Succinic acid Fumaric acid Malic acid
15 P=0.001 15 P=0.001 80 P=0.001
Isocitric acid
60
-~ 10 ~ 10 -
= = 2
25 S = » Citric acid
0 0 0
) N ) X ) X . .
& e & o & e SIS S & & cis-Aconitic acid
RO SO S P S W o
e &9 N SO &
& & & & &S & & &G

B4 T 2 i A GORk 0 e o B TCA AR RO A& B (A) MM E(B). n=12,x %5

Fig.4 Expression of TCA-related metabolites (A) and heatmap (B) in resistant and sensitive cells. n =12 ,x +s

2.5 HEXHERWGMGEEE TN ERRAD
i 25

PLP<0.05.FC>1.5 Fl <0.67 kg etk
S, A5 R RN R IRHRR AN E SR A %
TR 25 40 i b 3% R, AR e g1t
(P >0.05)  Hvs DR i n ¥ H 22 R A A
K, LB S a2 2 AR 2L [m] 45 7 ity 22 B
PLifit 24540 i TCA 38 KP4 el AE

Fumaric acid @

'
'
'
'
'
'
! ' Malic acid @@
H Succinic acid
s 4
= 1
= '
> 1
& ! ' Trends
g | . oup

O No significant

Log:(IFC)
BS TCA A8 x K # 4K L HE
Fig. 5 Volcano plot of TCA-related metabolite

ThEZG AR 2024 422 HAS 59 B 4
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