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Abstract: Breast cancer is the most frequently diagnosed cancer in women and a major cause of
cancer-related deaths. Among its subtypes, triple-negative breast cancer (TNBC), which is defined by
the absence of estrogen receptors (ER), progesterone receptors (PR) and human epidermal growth
factor receptor 2 (HER2) expression, is particularly aggressive and tends to grow and spread fast.
Doxorubicin (DOX) is widely used in clinical chemotherapy for TNBC. Studies have shown that this
anticancer drug takes effect by inserting into DNA strands, enhancing free radical production, and
causing oxidative damage to mitochondria. However, its molecular mechanism remains incompletely
understood. Single-cell metabolomics has advanced rapidly in recent years, emerging as a powerful
tool for studying tumor heterogeneity and disease mechanisms. In comparison to bulk analysis,
single-cell metabolomics minimizes metabolite alterations introduced by sample preparation and
better captures the actual metabolic state of cells. Studying the metabolic effects of DOX at the

single-cell level helps clarify its anti-tumor mechanisms. In this study, a nanocapillary-based
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electrospray ionization mass spectrometry (ESI-MS) technique was used to explore the mechanism of
DOX in single MDA-MB-231 cancer cells. This capillary-based method enables in situ sampling and
metabolite identification in single living cells. Orthogonal partial least squares discriminant analysis
(OPLS-DA) of the control group and DOX-treated MDA-MB-231 cells revealed a significant
distinction between the metabolic profiles of DOX-treated and control groups, including 20
differential metabolites with variable importance in the projection (VIP) values greater than 1.
Moreover, the heatmap demonstrated strong clustering within each group and a clear separation
between the DOX-treated and control groups. Pathway enrichment analysis was performed on the
differential metabolites to explore their association with anti-tumor mechanisms. Among them, the
upregulation of 5-deoxyribose-1-phosphate is consistent with the mechanism of DOX-induced DNA
damage. In addition, alanine, aspartate, and glutamate metabolism pathways were significantly
enriched, which suggests that DOX affects tumor cells not only through causing DNA damage, but
also by disrupting amino acid metabolism. In summary, this work reveals the antitumor mechanism of
DOX from a single-cell perspective. The information obtained can effectively reveal drug
mechanisms at the single-cell scale and may support more accurate cancer treatment strategies. It can
also provide a technical reference for further studies on tumor metabolism. Subsequent studies may
further extend the application of this technique in real tumor cell growth environments.
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Table 1 Metabolites identified in single MDA-MB-231 cells

(w7 s L HLUTTAL VS
Metabolite name m/z Charge number Formula
NADH 664.1175 1 C,Hy,N,0,,P,
NAD 662.1018 1 C,H,;N,0,,P,
UDP-D-Galacturonic OR UDP-D-Glucuronate 579.0270 1 C,sH,;,N,0,4P,
Guanosine-3,5-diphosphate 442.0171 1 C,,HsN50,,P,
ADP 426.0221 1 C,oH5sN50,,P,
UDP 402.9949 1 CoH,N,0,,P,
CDP 402.0109 1 CyH,5N;0,,P,
S-Lactoylglutathione 378.0977 1 C3H; N;0,S
GMP OR 2-GMP OR 3-GMP 362.0507 1 C,oH,NsO5P
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(w7 cifia HLTT AR 43 Fat
Metabolite name mlz Charge number Formula
AMP OR 3-AMP 346.0558 1 C,H,NsO,P
Glycerophosphoinositol 333.0592 1 CoH,;,0,,P
CAMP 328.0452 1 C,oH,NsOP
UMP 323.0286 1 CyH,;N,0,P
CMP 322.0446 1 CoH ,N;O5P
TRP-Asp 318.1095 1 C;sHsN;05
GSH 306.0765 1 C,oH;N;04S
GSSH 305.0687 2 CyH3,NO,,S,
CTMP 303.0388 1 C,oH;;N,0O.P
UDP-GlcNAc 302.5335 2 C;H,;N;0,,P,
Galactosyl 4-hydroxyproline OR 4-Hydroxyproline galactoside 292.1038 1 C,;H,;sNOg
Glutamine-glutamate 290.0994 1 C,H,7N;0,
UDP-D-Glucose OR UDP-Galactose 282.0202 2 C,sH,4N,0,,P,
Phosphogluconic acid 275.0174 1 C¢H,50,,P
Glucose 6-phosphate OR Glucose 1-phosphate OR 259.0224 1 C¢H,;0,P
myo-Inositol 1-phosphate OR myo-Inositol 6-phosphate
ATP 252.4906 2 C,oH¢NsO,5P;
Glycerophosphoglycerol 245.0432 1 C¢H,5s04P
Biotin 243.0809 1 C,oH;¢N,O5S
Cytidine 242.0782 1 CyH;3N;05
UTP 240.9770 2 CoH;sN,0,5P;
CTP 240.4850 2 CoH ¢N;0,,P;
D-Ribulose 5-phosphate 229.0119 1 CsH,,04P
GPEA 214.0486 1 CsH ,NO4P
5-Deoxyribose-1-phosphate OR Deoxyribose 5-monophosphate OR 213.0170 1 CsH,,0,P
Deoxyribose 1-phosphate OR Deoxyribose 5-phosphate
N-Lactoyl ethanolamine phosphate 212.0329 1 CsH,,NOP
Phosphocreatine 210.0285 1 C,H,(N;0,P
L-Dopa 196.0615 1 CyH;;NO,
D-Mannonic acid OR Gulonic acid OR Gluconic acid OR 195.0510 1 C¢H,,0,
Galactonic acid
Citric acid 191.0197 1 CeH;0;
3-Phosphoglyceric acid OR 2-Phosphoglyceric acid 184.9857 1 C;H,0,P
Phosphorylcholine 182.0593 1 CsH,sNO,P
Glyceraldehyde phosphate 180.9544 1 C;H,;0,P
L-Tyrosine 180.0666 1 CoH,;NO;
Fructose OR Glucose OR Galactose 179.0561 1 C¢H,,04
Ascorbic acid OR Diglyceride 175.0248 1 C¢HOq
N-Acetyl-L-aspartic acid 174.0408 1 CeHoNO;
L-Arginine 173.1044 1 C¢H,N,0,
Glycerol 3-phosphate 171.0064 1 C;H,O4P
Glutathione thiol 168.5207 2 CoH7N;0,S,
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(w7 cifia HLTT AR 43 Fat
Metabolite name mlz Charge number Formula
Phosphoenolpyruvic acid 166.9751 1 C;H;04P
L-Phenylalanine 164.0717 1 CyH,,NO,
L-Glutamic acid 146.0459 1 CsHyNO,
Oxoglutaric acid 145.0142 1 C;H(O;
L-Thyronine 135.5428 2 CsH;sNO,
Malic acid 133.0142 1 C,HOs
Aspartic acid 132.0302 1 C,H,NO,
L-Asparagine OR Glycyl-glycine 131.0462 1 C4HgN,04
Leucine OR Isoleucine 130.0874 1 C¢H,5;NO,
Asparaginamide OR Creatine 130.0622 1 C,HyN;0,
Taurine 124.0074 1 C,H;NO,S
Nicotinic acid 122.0248 1 CsH;NO,
Purine 119.0363 1 CsH,N,
L-Threonine 118.0510 1 C,HyNO,
Succinic acid 117.0193 1 C,H,O,
L-Valine 116.0717 1 CsH;;NO,
L-Proline 114.0561 1 C;HyNO,
Uracil 111.0200 1 C,H,N,0,
Hypotaurine 108.0125 1 C,H,NO,S
L-Serine 104.0353 1 C;H;NO;
Cysteinyl 103.0097 1 C;H(NOS
Malonic acid 103.0037 1 C;H,0,
N-Ethylglycine OR 3-Aminobutanoic acid OR 102.0561 1 C,Hy,NO,
y-Aminobutyric acid
L-Lactic acid 89.0244 1 C;H(O4
L-Alanine OR Sarcosine OR Lactamide 88.0404 1 C;H,NO,
Pyruvic acid 87.0088 1 C;H,0;4
Glycine 74.0248 1 C,H;NO,
Glyoxylic acid 72.9931 1 C,H,0;
Acetic acid 59.0139 1 C,H,0,
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Fig. 1 Bright-field images of MDA-MB-231 cells treated with different concentrations of
DOX during a 48 h period
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Fig.2 Scanning electron microscope (SEM) image of 400 nm nanocapillary (a), bright-field images (b, c)
and mass spectra (d, e) of single cell sampling using a nanocapillary
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Fig. 3 OPLS-DA scoreplot (a), VIP plot (b), heatmap (c) and metabolic pathway enrichment analysis dot plot (d)
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Fig. 4 Schematic diagram (a) of the conversion of L-alanine, succinate, and L-glutamate in mitochondria and

their levels in cells (b, ¢, d)



824

B e 4R Hae

I, Je 200 R T 2o 49 i 2 R R AR 4 A AT
it At o X — I R g A A R R AR R
5 13l 40 M 157 % 245 ) B A, (E 2 i AR
A, B RAF AT

3 HFHig

AT 5T 3 T 90 K B Y0 A4S HL T 55 F S B
AR 2% 7 1k, ¥ DOX 4b # J5 B4~ MDA-
MB-231 4 fitd N AR AR L HEAT R GEA0HT . 455
FH, DOX A 251 4N fifd 5 DNA AH AR 9
W L, HNAER . K& 2R a2 AR
Bk A B RS, X — 45 AU EGHIE T DOX i
i Tt DNA Ty & #5508 16 pL ], 1
7~ T FE R A AE 25 WG 9T o R B AR
o 2550, TR ENE B 0 iR 4l 24 5
AR AE B P 25 W V8 AL O 1 B AT B R W
T1 o KR AT i — 2 B A T B S o A0 e & R
JEIAREE T B A AR K AR Ak, R A PR A
Jo A IR S SR LT 2 0 KRR B

5% k-

[1] NIERENGARTEN M B. Global cancer statistics 2022[J].
Cancer, 2024, 130(15): 2 568.

[2] YE F, DEWANIEE S, LI Y, JHA N K, CHEN Z S,
KUMAR A, VISHAKHA, BEHL T, JHA S K, TANG H.
Advancements in clinical aspects of targeted therapy and
immunotherapy in breast cancer[J]. Molecular Cancer,
2023, 22(1): 105.

[3] FOULKES W D, SMITH I E, REIS-FILHO J S. Triple-
negative breast cancer[J]. New England Journal of
Medicine, 2010, 363(20): 1 938-1 948.

[4] LEON-FERRE R A, GOETZ M P. Advances in sys-
temic therapies for triple negative breast cancer[J]. BMJ,
2023, 381: e071674.

[5] LU B, NATARAJAN E, BALAJI RAGHAVENDRAN
H R, MARKANDAN U D. Molecular classification,
treatment, and genetic biomarkers in triple-negative
breast cancer: a review[J]. Technology in Cancer
Research & Treatment, 2023, 22: 1-10.

[6] WU B B, LEUNG K T, POON E N. Mitochondrial-tar-
geted therapy for doxorubicin-induced cardiotoxicity[J].
International Journal of Molecular Sciences, 2022, 23(3):
1912.

[71 KCIUK M, GIELECINSKA A, MUJWAR S, KOLAT
D, KALUZINSKA-KOLAT Z, CELIK I, KONTEK R.

Doxorubicin-an agent with multiple mechanisms of anti-

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

cancer activity[J]. Cells, 2023, 12(4): 659.

ZHAO Y, MIRIYALA S, MIAO L, MITOV M,
SCHNELL D, DHAR S K, CAI J, KLEIN J B, SUL-
TANA R, BUTTERFIELD D A, VORE M, BATINIC-
HABERLE I, BONDADA S, ST CLAIR D K. Redox
proteomic identification of HNE-bound mitochondrial
proteins in cardiac tissues reveals a systemic effect on
energy metabolism after doxorubicin treatment[J]. Free
Radical Biology & Medicine, 2014, 72: 55-65.
MEREDITH A M, DASS C R. Increasing role of the
cancer chemotherapeutic ~doxorubicin in cellular
metabolism[J]. The Journal of Pharmacy and Pharmacol-
ogy, 2016, 68(6): 729-741.

WANG J, REJMERS T, CHEN L, van der HEIJDEN R,
WANG M, PENG S, HANKEMEIER T, XU G, van der
GREEF J. Systems toxicology study of doxorubicin on
rats using ultra performance liquid chromatography cou-
pled with mass spectrometry based metabolomics[J].
Metabolomics, 2009, 5(4): 407-418.

YUAN Y, FAN S, SHU L, HUANG W, XIE L, BI C,
YU H, WANG Y, LI Y. Exploration the mechanism of
doxorubicin-induced heart failure in rats by integration of
proteomics and metabolomics data[J]. Frontiers in Phar-
macology, 2020, 11: 600 561.

GENG C, CUI C, WANG C, LU S, ZHANG M, CHEN
D, JIANG P. Systematic evaluations of doxorubicin-
induced toxicity in rats based on metabolomics[J]. ACS
Omega, 2021, 6(1): 358-366.

KUMAR A, PATEL S, BHATKAR D, SARODE S C,
SHARMA N K. A novel method to detect intracellular
metabolite alterations in MCF-7 cells by doxorubicin
induced cell death[J]. Metabolomics, 2021, 17(1): 3.
RUSHING B R, MOLINA S, SUMNER S.
Metabolomics analysis reveals altered metabolic path-
ways and response to doxorubicin in drug-resistant triple-
negative breast cancer cells[J]. Metabolites, 2023, 13(7):
865.

VUCKOVIC D. Current trends and challenges in sample
preparation for global metabolomics using liquid chro-
matography-mass spectrometry[J]. Analytical and Bioan-
alytical Chemistry, 2012, 403(6): 1 523-1 548.

ZHU G, SHAO Y, LIU Y, PEI T, LI L, ZHANG D,
GUO G, WANG X. Single-cell metabolite analysis by
electrospray ionization mass TrAC
Trends in Analytical Chemistry, 2021, 143: 116 351.
ZHU H, ZOU G, WANG N, ZHUANG M, XIONG W,

spectrometry[J].

HUANG G. Single-neuron identification of chemical


https://doi.org/10.1002/cncr.35444
https://doi.org/10.1186/s12943-023-01805-y
https://doi.org/10.1056/NEJMra1001389
https://doi.org/10.1056/NEJMra1001389
https://doi.org/10.3390/ijms23031912
https://doi.org/10.3390/cells12040659
https://doi.org/10.1111/jphp.12539
https://doi.org/10.1111/jphp.12539
https://doi.org/10.1111/jphp.12539
https://doi.org/10.1007/s11306-009-0165-3
https://doi.org/10.3389/fphar.2020.600561
https://doi.org/10.3389/fphar.2020.600561
https://doi.org/10.3389/fphar.2020.600561
https://doi.org/10.1021/acsomega.0c04677
https://doi.org/10.1021/acsomega.0c04677
https://doi.org/10.1007/s11306-020-01755-2
https://doi.org/10.3390/metabo13070865
https://doi.org/10.1007/s00216-012-6039-y
https://doi.org/10.1007/s00216-012-6039-y
https://doi.org/10.1007/s00216-012-6039-y
https://doi.org/10.1016/j.trac.2021.116351
https://doi.org/10.1016/j.trac.2021.116351

oMl BUNIESE. MO B 0 B s ) 2 L LR 2 B A AL

825

[18]

[19]

[20]

[21]

[22]

[23]

constituents, physiological changes, and metabolism
using mass spectrometry[J]. Proceedings of the National
Academy of Sciences of the United States of America,
2017, 114(10): 2 586-2 591.

XU M, PAN R, ZHU Y, JIANG D, CHEN H. Molecular
profiling of single axons and dendrites in living neurons
using electrosyringe-assisted electrospray mass
trometry[J]. The Analyst, 2019, 144(3): 954-960.
ZHENG X, HOU Z, QIAN Y, ZHANG Y, CUI Q,
WANG X, SHEN Y, LIU Z, ZHOU Y, FU B, SUN R,
TIAN Z, HUANG G, WEI H. Tumors evade immune

spec-

cytotoxicity by altering the surface topology of NK
cells[J]. Nature Immunology, 2023, 24(5): 802-813.

XIA D, JIN R, PAN R, CHEN H Y, JIANG D. In situ
spatial analysis of metabolic heterogeneity in single liv-
ing tumor spheroids using nanocapillary-based electro-
spray ionization mass spectroscopy[J]. Anal Chem, 2023,
95(27): 10221-10230.

HU J, GUAN Q, WANG J, JIANG X, WU Z, XIA X,
XU J, CHEN H. Effect of nanoemitters on suppressing
the formation of metal adduct ions in electrospray ioniza-
tion mass spectrometry[J]. Anal Chem, 2017, 89(3): 1 838-
1 845.

GUILLAUME-GENTIL O, REY T, KIEFER P,
IBANEZ A J, STEINHOFF R, BRONNIMANN R,
DORWLING-CARTER L, ZAMBELLI T, ZENOBI R,
VORHOLT J A. Single-cell mass spectrometry of
metabolites extracted from live cells by fluidic force
microscopy[J]. Analytical Chemistry, 2017, 89(9): 5 017-
5023.

HU J, JIANG X, WANG J, GUAN Q, ZHANG P, XU J,

[24]

[25]

[26]

[27]

(28]

[29]

CHEN H. Synchronized polarization induced electro-
spray: comprehensively profiling biomolecules in single
cells by combining both positive-ion and negative-ion
mass spectra[J]. Analytical Chemistry, 2016, 88(14):
7245-7251.
NICOLET Y. Structure-function relationships of radical
SAM enzymes[J]. Nature Catalysis, 2020, 3(4): 337-350.
BEAUDOIN G A W, LI Q, FOLZ J, FIEHN O, GOOD-
SELLJ L, ANGERHOFER A, BRUNER S D, HAN-
SON A D. Salvage of the 5-deoxyribose byproduct of
radical SAM enzymes[J]. Nature Communications, 2018,
9(1): 3 105.
CRUET-HENNEQUART S, PRENDERGAST A M,
SHAW G, BARRY F P, CARTY M P. Doxorubicin
induces the DNA damage response in cultured human
mesenchymal stem cells[J]. International Journal of
Hematology, 2012, 96(5): 649-656.
WEI Z, LIU X, CHENG C, YU W, YI P. Metabolism of
amino acids in cancer[J]. Frontiers in Cell and Develop-
mental Biology, 2020, 8: 603 837.
GRAY L R, TOMPKINS S C, TAYLOR E B. Regula-
tion of pyruvate metabolism and human disease[J]. Cel-
lular and Molecular Life Sciences, 2014, 71(14): 2 577-
2604.
SELAK M A, ARMOUR S M, MacKENZIE E D,
BOULAHBEL H, WATSON D G, MANSFIELD K D,
PANY, SIMON M C, THOMPSON C B, GOTTLIEB E.
Succinate links TCA cycle dysfunction to oncogenesis by
inhibiting HIF-a prolyl hydroxylase[J]. Cancer Cell,
2005, 7(1): 77-85.

(i H 491 2025-05-27; & 71 H #: 2025-07-15)


https://doi.org/10.1039/C8AN00483H
https://doi.org/10.1038/s41590-023-01462-9
https://doi.org/10.1021/acs.analchem.3c00479
https://doi.org/10.1021/acs.analchem.6b04218
https://doi.org/10.1021/acs.analchem.7b00367
https://doi.org/10.1021/acs.analchem.6b01490
https://doi.org/10.1038/s41929-020-0448-7
https://doi.org/10.1038/s41467-018-05589-4
https://doi.org/10.1007/s12185-012-1196-5
https://doi.org/10.1007/s12185-012-1196-5
https://doi.org/10.1007/s00018-013-1539-2
https://doi.org/10.1007/s00018-013-1539-2
https://doi.org/10.1016/j.ccr.2004.11.022

	1 实验部分
	1.1 主要仪器与装置
	1.2 主要材料与试剂
	1.3 实验条件
	1.3.1 细胞培养
	1.3.2 纳米毛细管的制备
	1.3.3 单个活细胞的采样
	1.3.4 质谱进样参数设置
	1.3.5 代谢物鉴定
	1.3.6 数据分析


	2 结果与讨论
	2.1 DOX对MDA-MB-231细胞的毒性
	2.2 纳米毛细管采样与代谢物鉴定
	2.3 DOX处理引起单细胞代谢物与代谢通路的变化

	3 结论
	参考文献

